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Abstract

Diabetic cardiomyopathy (DCM) is commonly defined as cardiomyopathy in
patients with diabetes mellitus in the absence of coronary artery disease and
hypertension. As DCM is now recognized as a cause of substantial morbidity and
mortality among patients with diabetes mellitus and clinical diagnosis is still
inappropriate, various expert groups struggled to identify a suitable biomarker
that will help in the recognition and management of DCM, with little success so
far. Hence, we thought it important to address the role of biomarkers that have
shown potential in either human or animal studies and which could eventually
result in mitigating the poor outcomes of DCM. Among the array of biomarkers
we thoroughly analyzed, long noncoding ribonucleic acids, soluble form of
suppression of tumorigenicity 2 and galectin-3 seem to be most beneficial for
DCM detection, as their plasma/serum levels accurately correlate with the early
stages of DCM. The combination of relatively inexpensive and accurate speckle
tracking echocardiography with some of the highlighted biomarkers may be a
promising screening method for newly diagnosed diabetes mellitus type 2
patients. The purpose of the screening test would be to direct affected patients to
more specific confirmation tests. This perspective is in concordance with current
guidelines that accentuate the importance of an interdisciplinary team-based
approach.

Key Words: Diabetic cardiomyopathy; Heart failure; Biomarkers; Diabetes mellitus;
Cardiomyopathy
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Core Tip: Diabetic cardiomyopathy (DCM), which affects 12% of diabetics, is an under-
recognized and lethal complication of diabetes. Thus, there is an urgent need for
reliable and available biomarkers for DCM detection. To date, none of the conducted
studies have been successful in identifying such biomarkers. Hence, in concordance
with current guidelines that accentuate the importance of an interdisciplinary team-
based approach, we propose the combination of speckle tracking echocardiography and
a few novel biomarkers as a screening method for DCM in patients with new onset
diabetes mellitus type 2.

Citation: Kumric M, Ticinovic Kurir T, Borovac JA, Bozic J. Role of novel biomarkers in
diabetic cardiomyopathy. World J Diabetes 2021; 12(6): 685-705

URL: https://www.wjgnet.com/1948-9358/full/v12/i6/685.htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i6.685

INTRODUCTION

The first records of diabetic cardiomyopathy (DCM) date back to 1972[1], when it was
first observed in the post-mortem analysis of diabetics who died of heart failure (HF),
having no evidence of coronary artery pathology or any other pathology that could
explain the observed structural changes. These findings were supported by the
Framingham study in which HF was five times more common among patients with
diabetes mellitus (DM)[2], even after the adjustment for hypertension and coronary
heart disease. DCM is now commonly defined as cardiomyopathy in patients with DM
in the absence of coronary artery disease, valvular disease, and hypertension, or any
other conventional cardiovascular risk factor for that matter[3]. Diagnostic criteria
include left ventricular diastolic dysfunction and/or reduced left ventricular ejection
fraction, pathological left ventricle hypertrophy and interstitial fibrosis[4]. However,
timely and appropriate diagnosis is still fairly challenging in everyday clinical practice
[5]. The reason behind the exigent diagnosis of this clinical entity lies in the long
asymptomatic phase of the disease. DCM initially presents with clinically covert
myocardial fibrosis, dysfunctional cardiac remodeling and associated diastolic
dysfunction, later progressing to systolic dysfunction, and eventually to overt HF. The
changes that lead to DCM are triggered by hyperinsulinemia and increased insulin
resistance, whereas the underlying molecular changes that are involved in the
pathophysiologic development of DCM include: Abnormalities in the adenosine
monophosphate-activated protein kinase, nuclear factor x-light-chain-enhancer of
activated B cells (NFxB), nuclear factor erythroid 2-related factor 2, mitogen-activated
protein kinase (MAPK), cyclic adenosine 5'-monophosphate-responsive element
modulator, peroxisome proliferator-activated receptors (PPARs), O-linked N-acetyl-
glucosamine, protein kinase C (PKC), micro ribonucleic acid (microRNA) and exosome
pathways[4]. As DCM is now recognized as a cause of substantial morbidity and
mortality among patients with diabetes mellitus, affecting 12% of patients with
diabetes, various expert groups struggle to identify a suitable biomarker that will help
in the recognition and management of DCM]6,7]. The rising burden of DM, estimated
to afflict 592 million people by 2035[8], calls attention to this matter even more.
Similarly, the prevalence of DM in HF could be over 40%, while in patients with DM,
the prevalence of HF ranges from 10% to 22%[9,10]. Unfortunately, so far none of the
conducted studies have resulted in the implementation of either conventional cardiac
biomarkers or new diagnostic tools in DCM management, yet the current guidelines
accentuate the importance of an interdisciplinary team-based approach[11]. Therefore,
in this study we sought to address the role of certain biomarkers that have shown
potential in either human or animal studies and which could eventually result in
mitigating the poor outcomes of DM by participating in the prevention and/or
treatment of DCM.

PATHOPHYSIOLOGY OF DIABETIC CARDIOMYOPATHY

So far, most of the underlying pathophysiological mechanisms leading to DCM have
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been disclosed[12]. The pathogenesis of DCM is complex and consists of the following
systemic and cardiac processes triggered by hyperinsulinemia and increased insulin
resistance: impaired coronary microcirculation, dysregulation of the sympathetic
nervous system activity and the renin-angiotensin-aldosterone system (RAAS),
inappropriate immune response, metabolic disequilibrium of the myocardium and
abnormalities of the sub-cellular components. Underlying these pathophysiological
events, a role for several proteins and signaling pathways has emerged: adenosine
monophosphate-activated protein kinase, PPARs, O-linked N-acetylglucosamine,
Sodium-Glucose Cotransporter 2 (SGLT2), PKC, MAPK, NFxB, erythroid 2-related
factor 2, microRNA and exosomes[4,13]. Other important mediators implicated in
almost every step of DCM development are reactive oxygen species. It is important to
point out that these processes are not independent, instead they mutually interact and
result in HE. In this review, we highlight some of the above-mentioned pathways
relevant for comprehension of the role of biomarkers, as greater details of DCM
pathophysiology are beyond the scope of this review. The development of HF in DM
is gradual and consists of three distinct phases.

Insulin cell signaling is comprised of two major transduction pathways. The first
being phosphatidylinositol 3-kinase-protein kinase B (PI3K-AKT) and the other being
MAPK][13]. The PI3K-AKT pathway mainly exerts the metabolic functions of insulin,
most important being glucose transporter-4 (GLUT4) cell-surface expression and
endothelial nitric oxide (NO) synthase (eNOS) expression. In contrast, the MAPK
pathway promotes growth, hypertrophy and remodeling[14]. In an insulin resistant
state, these pathways are imbalanced in favor of the MAPK pathway, creating a base
for DCM development[15]. Attenuation of the PI3K-AKT and up-regulation of the
MAPK pathway are a result of complex interactions between ROS, overfeeding, RAAS
activity and many other components which we will discuss further.

Coronary microcirculation seems to be impaired in DM, mediated by multiple
pathophysiological processes[16]. Stiffness of small blood vessels is commonly
observed among patients with DM, driven by hyperinsulinemia-induced vascular
smooth muscle cells differentiation to an osteoblast-like phenotype[17]. In an insulin-
resistant state, owing to reduced eNOS levels, NO synthesis is reduced, whereas its
degradation is accelerated as a consequence of a heightened state of oxidative stress
[18,19]. As it promotes vasodilation via guanylyl cyclase activation, a negative balance
of NO leads to coronary vasoconstriction[20]. Recent studies suggest a role of the
endothelial-to-mesencyhmal transition (EndoMT) in this setting. EndoMT is a
mechanistic phenomenon that explains the loss of normal vascular phenotype of
endothelial cells, increased cardiac fibroblast content and cardiac fibrosis in the
diabetic heart[21]. Importantly, Widyantoro et al[22] showed that cardiac fibrosis in the
diabetic myocardium is due to stimulation of the EndoMT pathway. It seems that this
detrimental cascade which is translated from vasculature onto myocardium could be
an important contributor to the onset of HF with preserved ejection fraction (HFpEF)
[23].

Altered sympathetic nervous system activity is one of the established hallmarks of
DM][24]. The over-expression of 31-adrenergic receptors has been shown to promote
myocyte hypertrophy, interstitial fibrosis and myocyte apoptosis[25]. Conversely,
sympathetic denervation as a part of cardiac autonomic neuropathy (CAN) is also an
important feature of DM. Interestingly, myocardial regions of persistent sympathetic
innervation exhibit the greatest deficits of vasodilator reserve[26], thus indicating an
association between CAN and impaired myocardial blood flow.

It has been shown that hyperglycemia increases the transcription of angio-
tensinogen and angiotensin II (At II) production from the local angiotensin converting
enzyme, hence increasing the RAAS activity[27]. Accordingly, obesity is also
associated with up-regulation of the RAAS[28]. On the other hand, RAAS activity
influences insulin signal transduction pathways on multiple levels, which results in an
abundance of cardiac and systemic repercussions[29]. By stimulating the creation of
ROS via nicotinamide adenine dinucleotide phosphate oxidase, as well as by direct
phosphorylation of the insulin receptor substrate-1 serine residues, At II inhibits the
metabolic PI3K signaling pathway. As eNOs production is mainly dependent on the
PI3K pathway[30], At II reduces NO synthesis and thus promotes endothelial
dysfunction of myocardial blood vessels[31]. Additionally, aldosterone activation of
the mineralocorticoid receptors results in increased ROS production, increased sodium
channel expression and activation of serum/glucocorticoid-regulated kinase 1.
Altogether, this leads to reduced production of NO and consequently vascular
stiffness and impaired cardiac relaxation[32]. Conversely, the MAPK pathway enhance
-ment by At II and ROS induces vascular remodeling[33].
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Low-grade systemic inflammation and increased polarization towards the pro-
inflammatory M1 macrophages and TH1 lymphocytes is fairly common among obese
patients and in an insulin-resistant state[15,34,35]. Although regulatory T cells
attenuate inflammation in the myocardium, it has been proposed that the secreted pro-
inflammatory cytokines, chemokines and growth factors could result in increased
cardiac fibrosis and impaired diastolic relaxation[36,37].

An influx of glucose to the myocardial cells is mainly exerted via insulin-mediated
GLUT4, whereas free fatty acids (FFA) uptake depends on fatty acid translocase
(CD36) expression[14,38]. Under physiological circumstances, the heart can use both
glucose and FFA as a source of energy. However, in an insulin-resistant state, the
expression of GLUT4 diminishes, whereas CD36 expression on plasma membrane is
up-regulated. Moreover, elevated levels of intracellular FFA stimulate PPAR-alpha
expression, which leads to an increased uptake and oxidation of FFA. Hence,
myocardial metabolism shifts from glucose to FFA oxidation, making the myocardium
less energy-efficient[39]. As DCM progresses, the expression of genes regulating beta-
oxidation of fatty acids is down-regulated, thereby further mitigating the metabolic
efficiency of the myocardium[40]. Hyperglycemia leads to the accumulation of the
advanced glycation end-products (AGE) via non-enzymatic glycation. The AGE induce
extracellular matrix cross-linking thus promoting myocardial fibrosis and impaired
passive relaxation[13]. Additionally, AGE can stimulate a pro-inflammatory state by
binding to the receptors for AGE[41,42]. It should be noted that a relatively novel
group of anti-diabetic agents, the SGLT2 inhibitors, have been shown to attenuate
hyperglycemia-induced cardiac dysfunction in lipodystrophic mice[43]. In con-
cordance, they exert a cardioprotective effect manifested by improved systolic
function, decreased fibrosis and reduced inflammation in At II infusion-induced
cardiomyopathy in diabetic mice[44], elucidating the beneficial effects of SGLT2
inhibitors observed in human studies[45]. Mechanisms by which SGLT2 inhibition
mitigates DCM and HF in general is an increase in natriuresis, osmotic diuresis,
plasma volume contraction, reduction of blood pressure and arterial stiffness and
lastly, by providing highly energy-efficient substrates for cardiac metabolism, such as
B-hydroxybutyrate[43,45].

Mitochondrial damage is one of the pivotal pathophysiological mechanisms that
contribute to DCM. Substrate overflow induces mitochondrial ROS production and
impaired oxidative phosphorylation. Consequently, this leads to altered mitochondrial
Ca?" handling, which prolongs diastolic relaxation time (diastolic dysfunction) and in
later stages leads to cell death[46-48]. Apart from mitochondrial damage, excessive
ROS also impair post-translational protein modifications that occur in the endoplasmic
reticulum and interfere with insulin signaling pathways. Endoplasmic reticulum stress
further stimulates ROS production and favors myocyte apoptosis.

MicroRNAs, small non-coding RNAs, take part in the regulation of mitochondrial
function, ROS production, Ca** handling, apoptosis, autophagy and fibrosis, all of
which are regarded as important mechanisms in diabetes induced HF[13]. These
microRNAs are transported in exosomes, recently recognized extracellular vesicles
involved in cell-to-cell communication[49].

The development of DCM can be divided in three distinct phases (Figure 1)[13]. In
the initial phase, there are no obvious changes in the myocardium tissue and systolic
function is preserved[50]. However, using echocardiography and magnetic resonance
imaging (MRI) in rodents, authors observed subtle anomalies that indicate impaired
diastolic relaxation. MRI findings that pointed to the impaired diastolic relaxation
were slow initial and peak filling rates, whereas abnormal myocardial performance
index, long period of isovolumic relaxation and impaired septal annular wall motion
were the observed echocardiographic diastolic parameters[51,52,15]. In humans, early
DCM is characterized by increased cardiac stiffness and impaired cardiac relaxation
with consequent reduction in early diastolic filling and an increase in atrial filling [50,
53]. In addition, another hallmark is a decrease in the myocardial blood-flow reserve
that can be detected by various imaging techniques[54]. Needless to say, the whole
initial phase is completely asymptomatic. As underlying pathophysiological
mechanisms continue to exhibit their deleterious cellular effects on cardiac tissue,
DCM becomes more and more evident. In the advanced phase, as myocardium
becomes hypertrophic and increasingly permeated with fibrous tissue, left ventricular
mass and wall thickness both increase and hence, diastolic dysfunction becomes
clinically apparent. In this phase, patients may notice first symptoms which
correspond to the symptoms observed in HFpEF, the most prominent being exercise
intolerance[55,56]. In the late phase of DCM development, except for diastolic dysfun-
ction, further progression of cardiac remodeling finally results in mitigation of systolic
function and consequent HF with reduced ejection fraction[12]. It is important to note
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that DCM staging still remains theoretical, since it is difficult to reach a definite
diagnosis of DCM. However, we believe that staging is useful because it highlights the
importance of timely DCM diagnosis.

BIOMARKERS IN DIABETIC CARDIOMYOPATHY

Role of traditional cardiac biomarkers in the management of diabetic
cardiomyopathy

Established cardiac biomarkers used for detection in patients with HF have failed to
timely recognize DCM. Brain natriuretic peptide (BNP) correlation with HF is blunted
owing to the association between BNP and insulin resistance[57]. In contrast, N-
terminal pro-BNP and ANP have been able to predict HF in experimental DCM rat
models[58,59]. Furthermore, both natriuretic peptides successfully demonstrated
diastolic dysfunction in diabetics and in conjunction with 2D echocardiography [60,
61]. However, their value as a biomarker was limited to symptomatic patients, those
with pseudo-normalized mitral flow pattern and those with a restrictive filling pattern
[60]. There was no correlation of these natriuretic peptides with diastolic dysfunction
among asymptomatic patients and those with relaxation abnormalities. Additional
studies also demonstrated a lack of correlation among asymptomatic patients with
diastolic dysfunction and overall poor correlation with most of the echocardiography
parameters[62,63]. In conclusion, the utility of natriuretic peptides in pre-clinical DCM
detection is limited; however, BNP seems to be an independent predictor of poor
outcomes in this cardiomyopathy[64-66].

Another family of entrenched cardiac markers are the troponins, a set of proteins
that control the calcium-mediated interaction between actin and myosin. This
multiprotein complex consists of troponin C which binds calcium, troponin T (TnT)
which binds to tropomyosin and troponin I (Tnl) which prevents actin-myosin
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interaction[67]. Cardiac troponin I and T are commonly used in routine clinical
practice due to their high sensitivity and specificity for the detection of myocardial
injury[68]. Both human and animal studies suggest that Tnl and TnT are constitutively
phosphorylated in diabetes via PKC, leading to depressed myofilament function and
Ca? responsiveness[69,70]. Of note, losartan, an At II receptor blocker seems to
abrogate Tnl phosphorylation[71]. Although it is well-known that TnT and TnlI are
elevated among patients with diabetes, especially among those with concomitant
coronary artery disease, to our knowledge no studies have investigated the difference
in troponin plasma levels between diabetics with DCM and diabetics without DCM[72,
73]. Taken together, established laboratory biomarkers measuring myocardial injury
and mechanical hemodynamic overload of the ventricles are not specific markers of
DCM.

Novel biomarkers of diabetic cardiomyopathy

Cardiotrophin-1 (CT-1), a member of the glycoprotein 130 family, is a potent inducer
of cardiomyocyte hypertrophy in vitro[74]. CT-1 secretion is stimulated by various
triggers: mechanical stretch of cardiomyocytes, hypoxic stress, ROS, At II, aldosterone,
urocortin, glucose, insulin and fibroblast growth factor-2[75-82]. Triggered by any of
the above-mentioned, CT-1 modulates myocardial contractility, fibrosis and cardiac
conduction via activation of the JAK/STAT and MAPK pathways (Figure 2)[83,84].
Apart from its effects on heart remodeling, CT-1 also takes part in cardiac glucose
metabolism by increasing insulin-stimulated glucose uptake[85,86]. In line with this,
plasma CT-1 levels are positively correlated with basal glycemia and left ventricular
hypertrophy[87]. Other studies showed elevated plasma levels of CT-1 in recently
diagnosed diabetics and neonates exposed to maternal diabetes[88], but interestingly,
reduced levels in obese non-diabetics[89,90]. Moreover, low CT-1 plasma levels seem
to be associated with decreased risk of both metabolic syndrome and DM type 2 in
obese subjects[91]. Although CT-1 is to a great extent implicated in DCM, there are two
major setbacks that prevent CT-1 implementation in the DCM diagnostic algorithm
[92]. Firstly, CT-1 is also expressed by various tissues such as liver, lung, kidney and
skeletal muscle[93]. Secondly, CT-1 plasma level alterations are also associated with
other types of cardiomyopathies, including ischemic, making it less specific[84].

Insulin-like growth factor binding protein 7 (IGFBP7) is a part of the IGFBP
superfamily of homogenous proteins which regulate the IGF signaling pathway by
binding with insulin and IGFs[94]. Unlike IGFBP 1-6, IGFBP7 has low binding affinity
to IGF but high affinity to insulin[95]. Owing to its high binding affinity to insulin,
IGFB7 may interfere with the biological response of insulin, subsequently inducing
insulin resistance and is involved in the development of diabetes, as shown by
multiple studies (Figure 2)[96,97]. Apart from its role in insulin signaling, IGFBP7 is
associated with multiple processes including fibrogenesis and tumor development [98,
99]. IGFBP7 has also been implicated in HF where it serves as a novel prognostic
biomarker for heart failure with reduced ejection fraction and shows a significant
correlation with the presence and severity of the echocardiographic parameters of
abnormal diastolic function[100]. In a recent study, the potential of IGFBP7 in
improving the diagnosis of acute HF has been highlighted[101]. The most important
evidence of IGFBP7 utility in the setting of DCM was provided by Shaver et al[102]
who tested the potential of various serum biomarkers in a West Virginian population.
The authors compared plasma levels between controls and diabetics (DM group), but
more importantly, between diabetics with diastolic dysfunction (DM, DD+ group) and
diabetics without diastolic dysfunction (DM, DD- group). IGFBP7 plasma levels were
significantly higher in the DM, DD+ group in comparison to the DM, DD- group.
Given their role in insulin resistance, fibrogenesis, HF development and the results
presented by Shaver et al[102], we argue that further research of IGFBP7 in this manner
is valuable as it could be a candidate for early detection of DCM.

Another important finding by Shaver et al[102] is in regards to transforming growth
factor-p (TGF-p), a ubiquitous fibrogenic cytokine that promotes extracellular matrix
accumulation[103]. As a result of increased ROS production, TGF- is up-regulated in
patients with diabetes[104]. Additionally, TGF- correlates with the degree of cardiac
fibrosis[105]. Of note, although most of the TGF-p-induced cardiac fibrosis is exerted
by modulating the fibroblast phenotype and function[106], an additional mechanism
that may contribute to fibrosis is TGF-p-mediated induction of EndoMT[107,108], a
deleterious process implicated in HFpEF pathophysiology[23]. Shaver et al[102]
reported higher plasma levels of TGF-P in patients with both DM and DD in
comparison to the other two groups, respectively. Therefore, TGF-p could serve as a
marker in DCM management. This is in line with previous studies conducted on this
topic. By using FT23, an orally active anti-fibrotic compound, Tan et al[109] success-
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fully demonstrated the TGF-pB-mediated attenuation of diastolic dysfunction in an
experimental model of DCM. In line with the latter, Smad3, a signaling pathway by
which TGF-P exerts a part of its pro-fibrotic features, has been shown to mediate
diabetic cardiac hypertrophy, fibrosis, and diastolic dysfunction[110,111].

Activin A, a protein secreted by epicardial adipose tissue (EAT) is another member
of the TGF-f superfamily that seems to be involved in the development of DCM[112].
Greulich et al[113] demonstrated that excessive activation of Activin A-signaling
results in contractile dysfunction and insulin resistance in high fat diet fed guinea pigs.
The underlying mechanism seems to be inhibition of insulin-mediated phosphory-
lation of rrAkt, a key regulator of myocardial glucose uptake (Figure 2)[114]. In
addition, authors also observed decreased calcium ATPase-2a expression and
sarcomere shortening. By cultivating rat cardiomyocytes with EAT byoptates derived
from diabetics, Blumensatt et al[115] highlighted the role of microRNA in Activin A-
induced insulin inhibition and led to further disclosure of DCM pathophysiology.
Finally, the potential of Activin A as a biomarker in diabetes has been exploited by
Chen et al[116]. These authors reported an association between Activin A plasma levels
and both impaired myocardial glucose metabolism and left ventricular remodeling in
patients with uncomplicated type II diabetes[116]. In contrast to diastolic dysfunction
and HF, Activin A is not elevated in uncomplicated DM, which could be beneficial for
its utility as a biomarker. However, we doubt that Activin A will find clinical implic-
ations in this manner, as its plasma levels are affected by metformin, a ubiquitous
diabetes medication, and the secretion of Activin A is not limited to EAT but it is also
expressed by many other cells[116-121].

Considering the importance of ROS overproduction in DCM pathophysiology and
the well-known ROS-induced inflammatory response, multiple authors have tested the
potential of inflammatory markers in this setting. A recent study on core gene
biomarkers in patients with DCM addressed the vital role of interleukin-6 in DCM
pathophysiology[122]. Furthermore, Shaver et al[102] found that both interleukin-6
and tumor necrosis factor-alpha are more increased in patients with both DM and DD
in contrast to patients with DM exclusively. Nevertheless, owing to the low specificity
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of the two, it seems that growth differentiation factor-15 (GDF-15), another inflam-
matory marker, has a much better chance of being implemented in DCM diagnosis
[123]. GDF-15, another member of the TGF-f3 superfamily is produced in response to
oxidative stress and inflammation by multiple cell types, including macrophages,
adipocytes, and cardiovascular cells[123]. Elevated plasma levels of GDF-15 seem to be
associated with increased risk in fatal and non-fatal cardiovascular events of
community-dwelling subjects and patients with cardiovascular disease, as shown by
multiple studies[125-127]. Interestingly, in these studies GDF-15 levels were higher
among patients with established DM type 2. Additionally, several studies addressed
the contribution of GDF-15 in diastolic dysfunction[128,129]. As demon-strated by
Dominguez-Rodriguez et al[130], elevated levels of GDF-15 can predict DCM
development in the absence of other risk factors, such as age, smoking, hypertension
and known cardiovascular disease. Importantly, multiple authors have shown that
GDF-15 expression in various tissues is higher in pre-diabetes and DM type 2 patients
in comparison to individuals without the mentioned metabolic disorders, making
GDE-15 a promising biomarker for identification of DCM and its repercussions among
diabetics[131,132]. Notably, a new class of GFRAL (high affinity binding receptor for
GDF-15)/RET (receptor tyrosine kinase)-based drugs for the treatment of obesity and
metabolic syndrome could improve cardiovascular risk in individuals with metabolic
diseases by mediating the endogenous effects of GDF-15[133].

Galectin-3 is a lectin family protein that has been associated with fibrosis and
inflammation in cardiac, kidney and liver diseases[134,135]. Galectin-3 levels correlate
with accumulation of AGE, oxidative stress products and pro-apoptotic pathways
which directly promote endothelial dysfunction[136,137]. Perhaps the most important
role of galectin-3 is its role in HF, where galectin-3 is an important mediator by which
multiple molecules, such as At II and aldosterone, exert their pro-fibrotic activity and
where it is able to promote oxidative stress with well-known repercussions[138-143].
The first evidence to support these findings were provided by Sharma et al[144] in a
study which demonstrated that galectin-3 was the strongest differentially regulated
gene associated with HF. Subsequently, a number of authors produced abundant
evidence that successfully associated galectin-3 with HF in both animal models and in
human studies, leading to the Food and Drug Administration approval of galectin-3 as
a novel biomarker for predicting cardiovascular adverse events in 2010[145-149]. It is
important to note that inhibition of galectin-3 could be an important target molecule in
the HF therapeutic approach, based on its potential to undermine cardiac fibrosis and
mitigate poor outcomes of HF. Multiple studies have highlighted the link between DM
type 2 and galectin-3. The Dallas Heart Study associated galectin-3 with diabetes
prevalence and incidence even after adjustment for conventional metabolic and
cardiovascular risk factors[150]. Furthermore, in young obese patients without known
cardiovascular disease, galectin-3 is associated with the presence of left ventricular
diastolic dysfunction and elevated pulmonary artery systolic pressure, indicating its
possible role in screening for preclinical metabolic heart disease[151]. On the other
hand, in patients with HF, galectin-3 plasma levels were higher among those with
impaired glucose metabolism (Figure 2)[152]. Finally, the possible role of galectin-3 in
the DCM diagnostic approach was evaluated in a recent study by Flores-Ramirez et al
[153]. The study showed that galectin-3 is elevated in diabetic patients with mild
depressed ejection fraction and is associated with a diminished global longitudinal
strain, an easy and reproducible echocardiographic tool in the evaluation and follow-
up of DCM[154].

The soluble form of suppression of tumorigenicity 2 (sST2) is a interleukin-33 (IL-33)
decoy receptor that tones down the Th2 inflammatory response via the IL-
33/ST2/sST2 axis (Figure 3)[155]. Consequently, the protective effects of IL-33 in
atherosclerosis and cardiac remodeling are mitigated, as this axis is an important
component of the autocrine/paracrine mechanism that prevents tissue injury[156,
157]. Increased plasma concentrations of sST2 are not specific for a single disorder in
humans which undermines its value as a biomarker[158]. However, increased plasma
levels of sST2 have been linked to a worse prognosis in numerous diseases, the most
important being HF[159-162]. In line with this, sST2 is now included in the 2017
ACCF/AHA guidelines for additive risk stratification of patients with acute and
chronic HF[163]. In the case of diabetes, Fousteris et al[164] demonstrated higher
plasma concentrations of sST2 among patients with DM type 2 in comparison to
healthy controls. More importantly, authors observed even higher levels of sST2 in
patients with both DM type 2 and grade I left ventricular diastolic dysfunction, an
early finding in DCM[165]. The presented data suggest a possible association between
sST2 and the early stages of DCM; however, a larger body of evidence is needed to
support these findings.
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Long noncoding RNAs (IncRNAs) are a diverse subgroup of noncoding RNAs
comprised of sequences longer than 200 nucleotides that act as epigenetic regulators of
gene expression[166]. There is a large body of evidence indicating that IncRNAs are
implicated in cardiac development, function and diseases[167,168]. Recent studies
suggest that circulating IncRNAs could serve as diagnostic and prognostic biomarkers
of cardiac remodeling and survival in cardiovascular diseases[169,170]. Both in vitro
and in vivo studies showed that IncRNAs are involved in the pathophysiology of
diabetes and its complications[171-173]. The most important study that addressed the
potential of multiple IncRNAs as early DCM biomarkers was conducted by de
Gonzalo-Calvo et al[174]. These authors compared a panel of IncRNAs that are directly
involved in either diabetic conditions or cardiovascular disease and attempted to
determine their relationship with MRI indices of cardiac dimensions and function.
Long intergenic non-coding RNA predicting cardiac remodeling (LIPCAR) was
inversely associated with E/A peak flow, an established indicator of diastolic
dysfunction. In addition, LIPCAR serum levels positively correlated with grade I
diastolic dysfunction. However, although LIPCAR was also correlated with waist
circumference, plasma fasting insulin, subcutaneous fat volume and HDL-C, which
could seemingly undermine LIPCAR value as a specific biomarker of cardiac
impairment, the observed correlation with cardiac dysfunction was independent of the
aforementioned. On the other hand, smooth muscle and endothelial cell-enriched
migration/ differentiation-associated long noncoding RNA (SENCR) and myocardial
infarction-associated transcript (MIAT) IncRNAs serum levels were both associated
with left ventricular mass to volume ratio, a marker of cardiac remodeling, even after
adjustment for possible confounding factors. Notably, the highest left ventricular mass
to volume ratios were observed in patients with the highest MIAT and SENCR
expression. It is also important to point out that neither SENCR nor MIAT levels
correlated with other clinical, biochemical, or metabolic parameters, which supports
the hypothesized utility of these IncRNAs as biomarkers of left ventricular
remodeling.

MicroRNAs are small noncoding RNA molecules which regulate gene expression by
post-transcriptional mechanisms[175]. These molecules control around 30% of all
protein-coding genes of the mammalian genome[176]. Additionally, microRNAs are
also paracrine mediators of cell-to-cell communication transported via exosomes, a
mechanism which has lately become an emerging research field for understanding the
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development of cardiac pathology[177]. The release of circulating exosomes filled with
microRNA in the bloodstream from cardiomyocytes, driven by oxidative stress or
hypoxia/reoxygenation, as well as stable microRNA-protein complex transport, makes
microRNA an attractive target for analytical studies[178-182]. Recent pre-clinical level
studies identified several distinct microRNAs which have been involved in DCM
pathophysiology. Among many, we highlighted those we thought most suitable for
DCM diagnosis based on their pathophysiologic role in DCM: microRNA-223 which
regulates Glut4 receptor expression and cardiomyocyte glucose uptake and
microRNA-133a which is implicated in cardiac hypertrophy and myocardial matrix
remodeling[183-185]. Despite their potential, there are currently no ongoing clinical
trials regarding the role of microRNAs in this manner. Perhaps the biggest setback in
using microRNAs as markers is discordance between human and animal serum
microRNAs associated with DCM[186]. The only exceptions are microRNA-34a, a
regulator of high glucose-induced apoptosis and microRNA-30d, a molecule involved
in the process of cardiomyocyte pyroptosis[187,188].

CONCLUSION

Despite substantial efforts to establish appropriate diagnostic biomarkers of DCM, this
entity is not even diagnosed among clinicians, mainly due to the absence of agreement
among experts[4]. Hence, new strategies must be applied in order to ameliorate poor
outcomes of diabetes-related HF. In an ideal setting, DCM would be recognized in the
early asymptomatic phase, before irreversible myocardial damage occurs. Different
imaging approaches such as Phase-MRI, Speckle tracking echocardiography (STE) and
nuclear imaging have been successful in the recognition of early metabolic myocardial
changes in both animal and human studies[189-194]. However, most of these are
limited by price and availability, whereas STE, although promising, can have reduced
accuracy in irregular ventricular remodeling and wall thinning[6]. Importantly, global
longitudinal strain, an echocardiographic measurement, seems to be more impaired in
DM vs healthy controls whereas among diabetics, it is more impaired in patients with
albuminuria in comparison to patients without it[195]. In addition, patients with
uncomplicated DM type II show a similar time-dependent pattern of global longit-
udinal strain change, altogether indicating subclinical systolic dysfunction in patients
with diabetes that is associated with duration and extent of the disease[196]. Of the
aforementioned biomarkers, we believe that IncRNA, sST2 and galectin-3 will be the
most beneficial for DCM detection, as their plasma/serum levels accurately correlate
with the early stages of DCM.

In addition, there are several molecules which are rarely debated in this manner and
which we find valuable for further research based on their functional properties.
Catestatin, a pleiotropic cardioprotective peptide that counterbalances the negative
effects of the sympathetic nervous system, is implicated in both the metabolic
syndrome and HF[197]. Specifically, alongside sST2, our recent study suggested that
catestatin plasma levels reflect myocardial fibrosis and sympathetic overactivity
during the acute worsening of HF[198]. With regard to diabetes, catestatin has been
shown to increase glucose uptake and up-regulate GLUT4 plasma expression in rat
cardiomyocytes[199], as well as improve insulin sensitivity in mice with diet-induced
obesity[200].

To sum up, further research is needed to improve DCM approach strategies. The
combination of relatively inexpensive and accurate STE with some of the highlighted
biomarkers seems promising (Table 1); however, well-designed studies with long-term
follow-up and validation are obligatory for implementation in everyday clinical
practice. With the exception of “What to test?”, rather more important questions are
“When and whom to test”. Given that DCM affects around 12% of diabetics, we need a
predictive scoring system to establish that a patient is at risk of DCM development, as
they all are. Thus, screening methods should be applied for all newly-diagnosed type 2
DM patients. In DM type 1, due to the discrepancy in certain pathophysiological
aspects in respect to DM type 2, further research is needed to reach proper conclusions
[201,202]. With regard to “When to test?”, as DCM progression deteriorates heart
function stepwise and as new therapeutic strategies that specifically target early phase
mechanisms emerge, it will be vital to detect DCM as soon as possible. Finally, we
argue that an effort must be made to create an easy and reproducible algorithm which
will, by using a combination of STE and biomarkers, direct affected patients to
confirmation tests such as Phase-MRI. Consequently, in patients with validated DCM,
new specific therapies that target early phase mechanisms could be applied. This type
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Table 1 Promising novel biomarkers in diagnostic approach to diabetic cardiomyopathy

Biomarker

Pathophysiological pathway Supporting evidence

LncRNA (LIPCAR, MIAT, SENCR)

sST-2

TGF-B

Galectin-3

GDEF-15

Epigenetic regulation of multiple genes involved in diabetes and Liu et al[171]; Yan et al[172]; Carter et al[173];
cardiac dysfunction de Gonzalo-Calvo et al[174]

IL-33 decoy receptor that tones down Th2 inflammatory response  Fousteris et al[164]; Kiencke et al[165]
via the IL-33/ST2/sST2 axis

The main pro-fibrotic factor in heart failure: it modulates the Shaver et al[102]; Iglesias-De La Cruz et al
fibroblast phenotype and function and mediates induction of [104]; Asbun et al[105]

EndoMT

Mediator by which multiple molecules (e.g. angiotensin II and Ho et al[146]; Ueland et al[147]; Sharma et al
aldosterone) exert their pro-fibrotic activity and promote oxidative [148]

stress

Regulator of inflammatory pathways involved in regulation of Berezin[123]; Dominguez-Rodriguez et al[130]

apoptosis, cell repair and cell growth

RNA: Ribonucleic acid; LncRNA: Long noncoding ribonucleic acid; LIPCAR: Long intergenic non-coding ribonucleic acid predicting cardiac remodeling;
MIAT: Myocardial infarction-associated transcript; SENCR: Smooth muscle and endothelial cell-enriched migration/differentiation-associated long
noncoding ribonucleic acid; sST2: Soluble form of suppression of tumorigenicity 2; GDF-15: Growth differentiation factor-15; TGF-B: Transforming growth

factor-3; EndoMT: Endothelial-mesenchymal transition.
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of approach is needed to stratify patients because most of the new therapies will be
very costly.
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Abstract

The risk of fracture is increased in both type 1 diabetes mellitus (T1IDM) and type
2 diabetes mellitus (T2DM). However, in contrast to the former, patients with
T2DM usually possess higher bone mineral density. Thus, there is a considerable
difference in the pathophysiological basis of poor bone health between the two
types of diabetes. Impaired bone strength due to poor bone microarchitecture and
low bone turnover along with increased risk of fall are among the major factors
behind elevated fracture risk. Moreover, some antidiabetic medications further
enhance the fragility of the bone. On the other hand, antiosteoporosis medications
can affect the glucose homeostasis in these patients. It is also difficult to predict
the fracture risk in these patients because conventional tools such as bone mineral
density and Fracture Risk Assessment Tool score assessment can underestimate
the risk. Evidence-based recommendations for risk evaluation and management
of poor bone health in diabetes are sparse in the literature. With the advancement
in imaging technology, newer modalities are available to evaluate the bone
quality and risk assessment in patients with diabetes. The purpose of this review
is to explore the patho-physiology behind poor bone health in diabetic patients.
Approach to the fracture risk evaluation in both TIDM and T2DM as well as the
pragmatic use and efficacy of the available treatment options have been discussed
in depth.
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Core Tip: Diabetes mellitus, either type 1 or type 2, has adverse effects on bone that
translate into an elevated fracture risk. Different pathophysiological mechanisms
contribute to poor bone health in patients with diabetes. Diagnosis of bone fragility in
diabetic patients is challenging as traditional fracture predictors underestimate fracture
risk in this population, contributing to the concept that diabetes affects bone quality.
While waiting for further evidence, the prevention and management of bone fragility in
diabetes should include identification of patients at risk, correction of modifiable risk
factors, appropriate choice of antidiabetic medications and use of antiosteoporosis
drugs with proven efficacy.
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INTRODUCTION

The prevalence of diabetes mellitus (DM) is increasing worldwide, along with
diabetes-related renal and cardiovascular complications, in particular, resulting in an
enormous burden on healthcare systems[1].DM adversely affects the skeleton as well,
and the increased risk of fragility fractures is an important complication in diabetics
[2]. Given the different pathogenic mechanisms of type 1 DM (T1DM) and type 2 DM
(T2DM), they exhibit a unique relationship with bones. Recent evidence shows that
both T1IDM and T2DM are associated with an increased risk of fracture[3]. However,
the relative contribution of low bone strength and increased incidence of falls behind
the higher fracture risk in diabetic patients remains unknown. Fracture risk increases
with duration of disease, poor glycemic control and the presence of vascular complic-
ations[4]. From a clinical standpoint, there are several challenges in the management
too. Both bone mineral density (BMD) T-score and Fracture Risk Assessment Tool
(FRAX) underestimate fracture prediction in patients with diabetes, particularly T2DM
[5]. Moreover, antidiabetic medications have differential effects on bone homeostasis
and fracture risk. The coexistence of DM and osteoporosis runs the risk of significant
associated morbidity and mortality; it may also lead to significant debilitation. Thus,
understanding their complex interaction is integral to providing optimal care for these
patients. The purpose of this manuscript is to review the current knowledge of the
factors and interconnected mechanisms that negatively affect several determinants of
bone strength in patients with DM. In addition, keeping future perspectives in mind,
the considerations regarding management in this population from the glycemic and
the skeletal point of view are discussed.

EFFECT OF INSULIN AND INSULIN RESISTANCE OVER BONE

Insulin is anabolic for bones. Animal studies have clarified the complex mechanism
through which insulin regulates bone turnover. Insulin exerts direct anabolic actions
by activation of its cognate receptor. This insulin-like growth factor 1 (IGF-1) receptor
has a crucial role in the execution of anabolic effects of insulin on osteoblasts[6]. As a
result, insulin-deficient conditions like TIDM are typically associated with low levels
and/or action of IGF-1. The role of amylin (cosecreted with insulin from pancreatic p-
cell, thus low in T1IDM) is unclear to date. Few studies have shown high serum levels
of this factor to correlate with high bone mass[7]. However, further studies are needed
to conclude its role in bone health in TIDM.
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On the other hand, insulin resistance (IR), the most important feature of T2DM,
affects bone quality directly in two ways. First, high blood glucose in circulation
induces osteoblast resistance to the actions of IGF-1[8]. Second, high concentrations of
advanced glycated end products (AGEs) impair the stimulatory actions of IGF-1 on
osteoblasts[9]. Additionally, IR and adipose tissue dysregulation contribute to chronic
low-grade inflammation, which can promote bone loss. In this population, loss of
Dock 7 protein and silencing of Thy-1 expression induce higher bone resorption and
increased adipogenesis, which leads to the impaired bone formation which in turn
contributes to low bone mass[10]. Obesity-induced hypogonadism has also been
implicated in the pathogenesis of low bone mass in IR state[11].

Mechanical loading is crucial for bone health as it stimulates the mechanosensitivity
of osteoblasts through the Wnt-p-catenin pathway. It also increases the expression of
Runt-related transcription factor 2 and consequently promotes osteogenesis. It inhibits
dickkopf-related protein 1 and sclerostin secretion, resulting in attenuated bone
resorption[12]. Some suggest skeletal loading may be compromised in consequence of
a decrease in muscle strength due to decreased glucose uptake by muscles; however,
this postulation is yet to be confirmed. Animal data show high-fat diet-induced
obesity, achieved after 14-24 wk of high-fat diet consumption, leads to higher bone
resorption, lower bone formation, poor quality of bone architecture and loss of bone
strength[13]. Thus, both insulin deficiency and IR is associated with low bone mass.
Nevertheless, hyperinsulinemia secondary to IR might contribute to high BMD in
T2DM.

BONE HEALTH IN T1DM

Fracture risk in TIDM

The risk for fractures in patients with TIDM is three-fold higher than in the general
population[14,15]. According to a large meta-analysis, the pooled relative risk in
patients with TIDM compared to controls was 3.78 (95% confidence interval (CI): 2.05-
6.98; P< 0.001) for hip fractures and 2.88 (95%CI: 1.71-4.82; P< 0.001) for vertebral
fractures[15]. Studies suggest a stronger association of hip and vertebral fractures with
T1DM (relative risk 6.3 and 6.94, respectively) compared to T2DM (relative risk 1.7 and
1.38, respectively) in both men and women[16]. The increased risk of fractures in
patients with TIDM extends through the entire life span and starts 10 to 15 years
earlier than nondiabetic populations[17]. The fracture risk is related to the duration of
diabetes, with some studies revealing a near-linear relationship[18], and some suggest
a bimodal relationship, with the highest incidence occurring within the first 2.5 years
of diagnosing DM and a second peak occurring after 5 years[19]. Most studies fail to
establish any association with glycemic control. However, the risk is higher in TIDM
with microvascular complications.

Mechanisms of increased bone fragility in TIDM

The increased fracture risk in TIDM is not solely explained by changes in BMD. Other
mechanisms involving alterations in bone quality, microarchitecture and bone
turnover have been suggested. Figure 1 summarizes the pathophysiologic events
leading to increased risk of fractures in TIDM.

BMD in T1DM: Studies on BMD in subjects with TIDM have reported a decrease in
BMD ranging from 8% to 67% with the hip being the worst affected (approximately
37%) followed by vertebrae (approximately 22%)[16,20]. A high proportion of
25(OH)D deficiency and low IGF-1 in children and adolescents with T1IDM has been
found, which might contribute to low axial BMD[21]. Data regarding the age of onset
of osteopenia in patients with TIDM are conflicting, as studies show low Z-scores in
children and young adults, but no differences in adults with T1IDM in comparison to
nondiabetics. A recent meta-analysis showed a significant reduction of BMD in
children with TIDM[22]. Normalization of BMD or bone size over time in patients
with T1DM is seen in longitudinal studies. Poor glycemic status can adversely affect
BMD during childhood and adolescence, even though dual-energy X-ray absorp-
tiometry (DXA) may not identify osteoporotic range for BMD[23]. An inverse
correlation between BMD scores with glycated hemoglobin/hemoglobin Alc (HbAlc)
and the duration of diabetes has been noticed in many but not all studies, yet the
association with microvascular complications have been more consistent[24-26].
Results of the trabecular bone score (TBS) in T1IDM have been inconsistent. Diabetics
with microvascular disease have been seen to have lower total, cortical and trabecular
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volumetric BMD on high-resolution peripheral quantitative computed tomography
(HRpQCT) of the radius[27].

Bone turnover in TIDM: Low levels of bone formation markers like osteocalcin (OC)
have been seen in patients with TIDM. OC is of particular interest in TIDM because its
effects on both insulin production and insulin sensitivity have been demonstrated.
Markers of bone resorption including procollagen typel N-terminal propeptide
(PINP) and C-terminal cross-link of collagen (CTX) are either low or unaltered in
T1DM. These together hint towards T1DM as an overall, low bone turnover state [28,
29].

Data on bone histomorphometry, the gold standard for the study of bone turnover
is scarce in TIDM. No differences were seen in bone formation or resorption markers
in a cohort of TIDM compared to controls. However, among those with a history of
fractures, reduced activation frequency and increased degree of mineralization and
nonenzymatic collagen crosslinks, were observed that suggest a low turnover state[30].

Bone geometry-size and structure: T1IDM predominantly affects the cortical bone
structure, whereas changes to trabecular bone are less pronounced. Lower cortical
thickness but with the increased cross-sectional area has been demonstrated in long
bones. The overall bone size is not smaller, but they have a larger endosteal circum-
ference likely due to an enlarged trabecular bone compartment[31]. Though there are
no differences in trabecular microarchitecture from controls, patients with TIDM and
concomitant microvascular disease have thinner trabeculae, a lesser number of
trabeculae per unit volume with increased spacing in between as observed on
HRpQCT and magnetic resonance imaging[32]. A recent study using HRpQCT in
adolescents shows detrimental changes in tibial and radial microarchitecture and bone
strength, even before changes in BMD occur. Thus, the reduction in bone strength
must have been related to poor glycemic control earlier in life. This study highlights
that changes in bone microarchitecture and strength in early life in those with T1DM,

rather than bone density, can predict the increased risk of fracture observed in adults
[33].

Alteration in bone tissue quality: Although much is unknown, some analogy can be
drawn with changes in T2DM, including accumulation of AGEs, increased collagen
cross-linking, altered expression of noncollagenous protein expression and occlusion
of vascular channels with microvascular disease, all of which can stiffen the organic
matrix and increase fragility.

Reduced bone turnover in T1IDM leads to the accumulation of aging bone material,
and shifts to a more carbonated bone mineral matrix, which can detrimentally
influence bone tissue strength[34,35].

Nonosseous factors contributing to bone fragility: Recurrent hypoglycemic episodes,
low body weight, microvascular complications especially peripheral neuropathy,
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autonomic neuropathy and retinopathy can all contribute to the increased risk of falls
in patients with TIDM. Additional factors like concomitant uncorrected hypothy-
roidism, celiac disease, hypogonadism and low IGF-1 levels can also contribute to poor
muscle strength. However, data regarding the relative contribution of these factors
and susceptibility to fracture risk are not yet available.

BONE HEALTH IN T2DM

Epidemiology of fracture risk in T2DM

Patients with T2DM carry less fracture risk than the TIDM category but are subject to
an increased risk of overall fractures (5%-24%)[16,36-38]. The meta-analyses that
evaluated the fracture risk in T2DM patients are summarized in Table 1. Among the
skeletal sites, increased risk of hip fracture (8%-70%) has been reported consistently in
most of the meta-analyses[14,39-42]. Young age, prolonged duration of diabetes, use of
insulin[39] and Asian ethnicity[40] are the factors that have been associated with a
higher risk of hip fracture in diabetic patients. However, the risk of fracture is not
comparable at all the skeletal sites. Increased risk of new (incident) vertebral fracture
has been reported by Koromani et al[43], but the same meta-analysis also reports a
lesser rate of prevalent vertebral fracture in diabetic patients in comparison to controls
[43]. Among the other nonvertebral fractures, significantly increased risk of the ankle
[37,44,45], wrist[16,45] and arm fractures[37,44] have been reported in some but not in
all the meta-analyses.

BMD in T2DM patients

In a meta-analysis[46] of 15 observational studies, BMD at different sites was
compared between 3437 T2DM patients and 19139 controls. The pooled analyses
showed a significant increase in BMD at hip (0.06 g/cm?), femoral neck (0.04 g/cm?)
and spine (0.06 g/cm?). The meta-regression analysis showed higher HbAlc, body
mass index, young age and male gender to be associated with high BMD in T2DM
patients[46]. In another meta-analysis[16], where pooled analysis of BMD was
evaluated in both TIDM and T2DM patients, BMD was found to be significantly
increased in the latter but decreased in TIDM patients. In this meta-analysis also, body
mass index was a significant predictor of BMD in T2DM patients. Obesity and
hyperinsulinemia could be the major reasons behind the higher BMD in type 2 diabetic
patients. Even in prediabetic male patients, BMD was found to be higher at the
femoral neck in a study from South Korea[47]. However, BMD was significantly less at
the femoral neck among obese T2DM children at the time of diagnosis of diabetes[48].
In a study from India, no significant difference in BMD was found between T2DM and
controls[49]. Though different studies show inconsistent results, most have reported
higher BMD in adult T2DM patients than in controls. The risk of increased bone
fragility in T2DM patients with relatively higher BMD suggests a paradoxical
phenomenon, contrary to the findings in the general population.

Structural bone quality in T2DM

Alteration in bone microarchitecture leading to poor bone quality can be one of the
major reasons behind the increased fracture risk in T2DM patients. TBS can act as a
surrogate for bone microarchitecture. A meta-analysis that included 40508 individuals
from 12 studies found significantly lower TBS (standardized mean difference: -0.31,
95%Cl: -0.45 to -0.16) in patients with T2DM than controls[50]. Even TBS in patients
with prediabetes was also significantly lower (standardized mean difference: -0.13,
95%CI: -0.23 to -0.04) than those with normal blood glucose[50]. Higher accretion of
pentasodine, an AGE, had been correlated with lower TBS in patients with diabetes
[51].

HRpQCT is a noninvasive technique, apart from TBS, that has been used to evaluate
bone architecture. In a study of elderly female diabetic patients, cortical porosity was
higher at the radius (P<0.05) and tibia leading to a decrease in compressive biomech-
anical properties[52]. In another study, postmenopausal diabetic patients with fragility
fracture had higher endocortical bone surface, intracortical pore volume and greater
relative porosity at the distal tibia and ultra-distal radius than those without fracture
[53].

Diabetic patients with microvascular disease had inferior cortical bone quality than
those without microvascular disease[54]. Diabetes-related vascular changes (cortical
microangiopathy) had been postulated as the reason behind the poor cortical bone
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Table 1 Summary of meta-analyses evaluating risk of fracture in patients with type 2 diabetes mellitus

Ref. Fracture site ?QI;‘; zil‘;ect Pvalue Risk factors (site)
Vilaca et al[39], 2020 Hip RR 1.33 (1.19-1.49) S) Younger age, female gender, insulin use, longer duration of
diabetes (hip)
Nonvertebral RR1.19 (1.11-1.28) S
Koromani et al[43], 2020 Vertebral (incident) OR 1.35(1.27-1.44) S
Vertebral (prevalent) OR 0.84 (0.74-0.95) S
Wang et al[36], 2019 All RR 1.22 (1.13-1.31) S
Hip RR127(116-1.39) S
Distal forearm RR 0.97 (0.66-1.09) NS
Upper arm RR 1.54 (1.19-1.99) S)
Ankle RR 1.15 (1.01-1.31) S
Vertebrae RR 1.74 (0.96-3.16) NS
Liu et al[44], 2018 Limb RR 1.18 (1.02-1.35) S| Female gender (leg/ankle)
Leg/ Ankle RR 1.80 (1.13-2.87) S
Humerus RR 1.27 (0.60-2.68) NS
Wrist/hand/foot RR 1.26 (0.94-1.71) NS
Forearm RR 0.98 (0.78-1.23) NS
Vilaca et al[45], 2019" Ankle RR 1.30 (1.15-1.48) S
Wrist RR 0.85 (0.77-0.95) S
Moayeri et al[37], 2017 All RR 1.05 (1.04-1.06) S Older age, male gender, duration of diabetes. Insulin use,
Corticosteroid use (overall)
Hip RR 1.20 (1.17-1.23) S
Vertebral RR 1.16 (1.05-1.28) S
Foot RR 1.37 (1.21-1.54) S
Wrist RR 0.98 (0.88-1.07) NS
Proximal humerus RR 1.09 (0.86-1.31) NS
Ankle RR 1.13 (0.95-1.32) NS
Jia et al[38], 2017 All IRR1.23 (1.12-135) S
Hip IRR 1.08 (1.02-1.15) S
Vertebrae IRR 1.21 (0.98-1.48) NS
Ni and Fan[42], 2017 All LBMF RR 1.24 (1.09-1.41) S Female gender
Dytfeld and Michalak[40], ~ Hip OR 1.30 (1.07-1.57) S Cohort studies, Studies conducted in Asia (hip)
= Vertebral OR 1.13 (0.94-1.37) NS
Fan et al[41], 2016 Hip RR 1.34 (1.19-1.51) S
Vestergaard[16], 2007 Hip RR 1.38 (1.25-1.53) S
Wrist RR1.19(1.01-141) S
Vertebrae RR 0.93 (0.63-1.37) NS
All RR 0.96 (0.57-1.61) NS
Janghorbani et al[14], 2007  Hip RR 1.7 (1.3-2.2) S|

IStudy included both type 1 and type 2 diabetes.

Low energy fractures.

Low energy fractures in postmenopausal women. CI: Confidence interval; IRR: Incidence rate ratio; LBMF: Low bone mass-related fractures; NS: Not

significant; OR: Odds ratio; RR: Relative risk; S: Statistically significant.
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quality in diabetic patients with a fracture[55]. Moreover, cortical porosity was
significantly higher in T2DM patients with peripheral vascular disease in comparison
to controls, and cortical porosity was inversely correlated with transcutaneous oxygen
tension[56]. On the other hand, in the Maastricht Study[57], T2DM patients with
HbAlc <7% have superior cortical bone quality than those with poor glycemic control,
but no significant relation was found with the microvascular disease.

To summarize, change in bone microarchitecture as evidenced by poor cortical bone
quality in T2DM patients can explain to some extent the paradox of increased bone
fragility despite preserved BMD in these patients. Bone material strength index (BMSi)
as calculated by in vivo bone microindentation acts as a surrogate marker of bone
strength. Reduced BMSi has been reported in T2DM patients in comparison to
nondiabetic controls[58,59]. Adiposity is related to decreased BMSi and increased
cortical porosity in T2DM patients[60].

Bone turnover in T2DM

The studies that evaluated bone turnover markers (BTMs) in diabetic patients mostly
identified diabetes as a low turnover disease. A meta-analysis that included 22 studies
comprising of both TIDM and T2DM patients reported lower levels of both bone
resorption (urinary N-terminal cross-linked telopeptide of type-I collagen) and
formation (OC) markers[61]. However, subgroup analysis of T2DM patients showed
only a trend towards lower OC levels in comparison to nondiabetic controls. In
another recent meta-analysis[62], a pooled analysis showed significantly lower
resorption markers (CTX and tartrate-resistant acid phosphatase) as well as formation
markers (OC and PINP) in T2DM patients. Moreover, sclerostin was found to be
significantly higher in T2DM patients[62]. The elevated sclerostin level can be the link
between hyperglycemia, low bone turnover and increased fracture risk in T2DM[63,
64]. In a bone histomorphometry study, reduced mineralization surface, mineral
apposition rate, bone formation rate and adjusted apposition rate along with a
significant increase in mineralization lag time had been reported in eight (six type 2
and two type 1) diabetic patients in comparison to control[65]. In another study,
significantly reduced mineralization surface, osteoblast surface and bone formation
rate had been found in T2DM patients in comparison to nondiabetic control[66].

Pathophysiology of bone disease in T2DM

The increased fracture risk in T2DM is due to increased bone fragility and a greater
risk of falls in these patients. Diminished vision, peripheral neuropathy, poor balance,
diabetic arthropathy and hypoglycemic episodes can all increase the risk of falls in
these patients. Moreover, antidiabetic medications can also increase fracture risk
(discussed in next section). A brief outline of the pathophysiology of bone disease in
T2DM has been illustrated in Figure 2. The detailed discussion of various
pathophysiological mechanisms is beyond the scope of this review. The readers can
find more detailed discussions on this topic elsewhere[2,67].

IMPACT OF DIABETES TREATMENTS ON BONE METABOLISM:
CURRENT EVIDENCE

The complexity of bone changes in diabetes is made more complicated by the plethora
of effects that pharmacotherapy induces. Therapeutic agents for diabetes affect bone
quality and fracture risk by different mechanisms. First, they can affect bone formation
and resorption at the molecular level. Second, some agents induce weight loss that can
independently be associated with a reduction of bone mass. Third, agents that increase
the chance of fall especially in the elderly can increase the chance of fracture,
irrespective of bone quality. The effects of individual agents are discussed in Table 2
[68-87].

Opverall, insulin, metformin and glucagon-like peptide 1 analogs have a beneficial
effect, and pioglitazone and bariatric surgery have a negative effect on bone
morphology. Agents like sulfonylureas, dipeptidyl peptidase-4 inhibitors and sodium-
glucose cotransporter-2 inhibitors do not have any direct beneficial or detrimental
effects on bone morphology. But the fracture outcome data with all these agents
depend on concomitant weight loss and risk for hypoglycemia. To date, only
pioglitazone, insulin and bariatric surgery have demonstrated an increased risk for
fracture in a real-world setting. However, whether insulin actually increases the
fracture risk is controversial. Insulin-treated patients on average have longer disease
duration and a higher prevalence of micro-and macrovascular complications. Thus,
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Table 2 The effect of diabetes therapies on skeletal parameters and fracture risk

Agents Effect on bone Additional effects on  Effect on bone markers Effect on fracture Overall
- metabolism fracture risk and BMD effect
Insulin Anabolic Increases fall risk[68] No negative effect Hip, peripheral and osteoporotic fracture  Effect on
risk is magnified[69]. A propensity bone +ve.
matched cohort analysis demonstrated Fracture

adjusted sub hazard ratio of 1.38 (95%CI:  risk 1
1.06-1.80) for major fractures with insulin

use as compared with nonusers[70].

Females are more prone. No increased

risk with glargine use[71]

Metformin  Anabolic (via AMPK).  Reductions in oxidative In a meta-analysis the use of metformin  Effect on
Skew the mesenchymal stress and cell apoptosis was associated with a reduced risk of bone +ve.
stem cells from the fracture (RR 0.86, 95%CI: 0.75-0.99). It Fracture
adipogenic to the was mostly prescribed in the early stages risk |
osteogenic arm[72] and of T2DM, and there was less
inhibit osteoclast hypoglycemia that might explain fewer
differentiation[73] fractures with metformin[74]

Sulfonylurea Negligible effect Increases fall risk due to  Negligible effect A recent meta-analysis including 11 Effect on

hypoglycemia studies involving 255644 individuals bone-
showed 14% increase in the risk of neutral.
developing fracture[75]. Most of the Fracture

fractures were attributable to increased ~ risk </1
fall due to hypoglycemia[76]

Pioglitazone Proadipogenic. Inhibits None The bone resorption An updated meta-analysis including Effect on
osteoblast marker(CTX) was elevated, 24544 participants from 22 RCTS showed bone -ve.
differentiation. Inhibits while indicators of bone significantly increased incidence of Fracture
osteoclast formation were reduced[78].  fracture was found in women (OR=1.94;  risk 1
differentiation[77] It was also associated with 95%CI: 1.60-2.35; P<0.001), but not in

significant reduction in BMD  men (OR=1.02; 95%CI: 0.83-1.27; P=0.83).

among women at the lumbar ~ The fracture risk was independent of age,

spine as well in femoral neck. and there was no clear association with
duration of TZD exposure[79]

DPP-4 Preclinical studies None None The overall risk of fracture did not differ  Effect on
inhibitors demonstrated between patients exposed to DPP-4 bone-
antiresorptive evidence inhibitors and controls (RR, 0.95; 95%CI:  neutral.
[80] 0.83-1.10; P = 0.50) in a meta-analysis Fracture
including 62 RCTs[81] risk &
GLP-1 Pro-osteoblast. By virtue of weightloss, BMD did not significantly The Bayesian network meta-analysis Effect on
Analogues  Suppress sclerostin and  they are supposed to change after exenatide- suggested that GLP-1 RAs had a bone +ve.
increase osteocalcin[82] cause a decrease in BMD  induced weight loss (-3.5 + decreased bone fracture risk compared to  Fracture
0.9 kg); suggesting that other antihyperglycemic drugs, and risk <
exenatide treatment exenatide is the safest agent with regard
attenuated BMD decrements  to the risk of fracture[84]
after weight loss[83]
SGLT-2 Preclinical data are Weight loss causes BMD A randomized controlled A recent meta-analysis including 30 Effect on
inhibitors conflicting loss. Increased PTH due  study (104 wk) found that RCTs demonstrated that the incidence of bone <.
to phosphate canagliflozin induced bone fractures was not significantly Fracture
reabsorption reductions in hip BMD different between patients taking SGLT2  risk <
(=1.2% relative to placebo) inhibitors and placebo[86]
8]
Metabolic No direct effect. Massive weight loss Patients undergoing gastric ~ In a large database from the United Effect on
surgery Mechanical unloading,  causes a reduction of bypass surgery, BMD was Kingdom. RYGB is associated with a43% bone -ve.
nutritional deficiencies BMD. The severity of 5%-7% lower at the spine and increased risk of nonvertebral fracture Fracture
and hormonal changes  bone outcomes seems to  6%-10% lower at the hip compared with AGB, with risk increasing risk 1
are catabolic to bone be related to the degree ~ compared with nonsurgical ~ >2 yr after surgery. The risk was highest

of malabsorption varies  controls, as assessed by QCT  after 5 yr of surgery (HR 3.91)[87]
depending on different  and dual-energy X-ray
procedures absorptiometry[87]

AGB: Adjustable gastric banding; AMPK: AMP-activated protein kinas; BMD: Bone mineral density; CI: Confidence interval; CTX: C-terminal cross-linked
telopeptide; DPP-4: Dipeptidyl-peptidase 4; GLP-1: Glucagon -like peptide-1; HR: Hazard ratio; OR: Odds ratio; PTH: Parathormone; QCT: Quantitative
computed tomography; RCT: Randomized controlled trial; RYGB: Roux-en-Y gastric bypass; RR: Relative risk; SGLT-2: Sodium-glucose cotransporter 2;
T2DM: Type 2 diabetes mellitus; TZD: Thiazolidinedione; 1: Increase; |: Decrease; <»>: Unchanged; +ve: Positive; -ve: Negative.

insulin use may just be a surrogate for severity or duration of T2DM, risk of
hypoglycemia, presence of complications or increased risk of fall, which may explain
the increased fracture risk in patients with T2DM. However, given there is a paucity of
evidence of fracture outcome data from randomized controlled trials (RCTs) as a
primary outcome, the conclusions reached herein are subject to change with additional
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future evidence.

PREDICTION OF FRACTURE RISK IN INDIVIDUALS WITH DIABETES: AN
EMERGING CHALLENGE

Given the increasing number of patients with diabetes and consequently increasing the
population-attributable risk of fracture, it is imperative to find out predictors of
fracture. Even with increased fracture risk in diabetes, risk stratification of patients
with diabetes is still lacking.
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Clinical and radiologic assessment

The association between standard clinical risk factors (CRFs) for osteoporotic fractures
as well as incident fractures is comparable in individuals with and without diabetes
[88]. Nevertheless, other factors specific to the diabetic population need to be
considered. For the duration of diabetes, studies have shown positive associations
with fracture risk[89]. Poor glycemic control may impact differently on fracture risk
depending on the type of diabetes. In some studies, a higher risk of fracture was
observed in the presence of chronic complications of diabetes[16,90]. However, the
impact of diabetic complications on fracture risk is debatable. In patients with
diabetes, a history of fall is of particular importance. T2DM patients with fractures
have more frequent episodes of fall and are more likely to be affected by peripheral
neuropathy and reduced physical performance[91]. Vitamin D deficiency is also more
common in patients with diabetes, and it is generally accepted that vitamin D-deficient
subjects are at greater risk of fractures, but specific data on vitamin D-deficient
patients with diabetes are not available[92].

In day-to-day practice, fracture risk is usually determined by measuring BMD (at
the lumbar spine and the proximal femur) and by CRF assessment. These well-
established RFs are part of a questionnaire-based FRAX released in 2008[93]. In
general, BMD measured by DXA is regarded as the gold standard for bone health
assessment in clinical practice. However, the estimated fracture probabilities by the
BMD T-score and FRAX significantly underestimate fracture risk in patients with
T1DM and T2DM]3,5]. This situation poses considerable challenges for the primary
prevention of fragility fractures in these patients.

Risk assessment modalities

The bone status and fracture risk in diabetic patients may be evaluated by different
approaches: BMD, CRFs, fracture probability, bone microarchitecture and bone
strength.

BMD, CRFs, fracture probability: Studies have consistently demonstrated lower BMD
in patients with TIDM compared to subjects without diabetes[16] and higher BMD in
patients with T2DM. Importantly, for patients with both TIDM and T2DM, the BMD
T-score underestimates the fracture risk[5,16]. Schwartz et al[5] showed that a T-score
in a diabetic woman that is associated with risk of hip fracture corresponds to a T-
score of approximately 0.5 units lower in a nondiabetic woman[5]. Though BMD
underestimates the risk of fracture, it stratifies the risk in elderly patients with T2DM
[94].

The FRAX algorithm allows for calculations of the 10year probability of fracture.
The assessment is based on CRFs and the hip BMD T-score and permits for the
incorporation of secondary osteoporosis for example in T1IDM but not in T2DM. One
prospective study found that the FRAX algorithm underestimated fracture risk in
patients with T2DM][5], and a retrospective cohort study showed that FRAX underes-
timated the risk of hip fracture and major osteoporotic fracture in a group of combined
T1DM and T2DM patients[3].

Overall, neither BMD T-score nor the FRAX tool provides a satisfactory fracture risk
evaluation for patients with diabetes, and additional considerations on this topic are
described in the next section.

Bone microarchitecture and bone quality: HRpQCT can be used to image and
quantify volumetric BMD and bone microarchitecture including cortical porosity at a
low radiation dose. Further, the estimated bone strength and failure load can be
calculated. An association between high cortical porosity and T2DM was first
described by Burghardt and others[52,53,95]. As determined by finite element analysis,
pathologic cortical microarchitecture translated into major deficits in stiffness, failure
load and cortical load fraction[52]. Recently, the Framingham Study found that T2DM
patients had lesser cortical volumetric BMD, higher cortical porosity and smaller tibial
cross-sectional area, independent of age, sex, weight and height[96]. Although the
HRpQCT data is promising and could be a better fracture risk predictor than DXA,
this research technique is unlikely to become widely available for routine clinical use.

A newer approach for the assessment of bone quality is bone indentation. Some
studies using tibial outer cortex microindentation have shown that the estimated BMSi
is reduced in T2DM compared to controls[59,97]. Moreover, AGE accumulation is
negatively related to BMSi[97]. Nevertheless, its wide use as a clinical tool is restricted
because of the invasive procedure. Taken together, available data points towards
deficits in the cortical compartment and lesser resistance to the indentation in patients
with diabetes.
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The TBS is a parameter that reveals bone microarchitecture through analysis of DXA
image pixel gray-level variations. Leslie et al[98] evaluated 2356 diabetic women (both
T1DM and T2DM) and 27051 women without diabetes and revealed lower TBS in
diabetic patients in comparison to controls in spite of higher lumbar spine and hip
BMD in patients with diabetes. Current studies suggest the potential of TBS in fracture
risk prediction for diabetic patients[99-101]. Clinical studies directly comparing
differences in TBS between T1DM and T2DM are scarce. To summarize, because TBS is
DXA based, it can be accessed without the need of new equipment, and TBS is more
helpful for predicting fracture risk when combined with BMD. However, there is a
lack of evidence demonstrating how post-treatment TBS improvement can decrease
fracture risk[102].

Histomorphometry and BTMs: Studies in rodent models have found a reduced rate of
bone turnover, worse microstructure, and lower strength in TIDM and T2DM.
However, as the bone biopsy is an invasive test, only a small number of clinical studies
have investigated the bone quality of patients using bone histomorphometry[102].
Moreover, results are inconsistent among different studies. A recent paper has shown
that premenopausal women with T2DM have low bone turnover rates compared to
healthy controls, and histomorphometry parameters are influenced by disease control
and the presence of chronic complications[103]. Additional high-quality studies are
necessary to determine the histologic changes of diabetic bone.

BTMs have been extensively investigated in patients with DM. A recent meta-
analysis on levels of circulating BTMs in children and adolescents withT1DM reported
reduced levels of OC compared to subjects without diabetes, while data were not
conclusive for CTX and PINP[104]. Another meta-analysis evaluating BTMs in both
T1DM and T2DM subjects showed increased levels of alkaline phosphate in diabetic
patients and decreased OC, CTX, and 25 (OH) vitamin D levels compared to controls
[61]. Neither PINP, N-terminal propeptide typel collagen, deoxypyridinoline, bone-
specific alkaline phosphatase nor parathyroid hormone (PTH) differed significantly
from controls. This meta-analysis also reported considerable heterogeneity between
the studies. Newer evidence suggested BTMs are decreased as CTX, OC, PINP, u-N-
terminal propeptide type 1 collagen and PTH were lower in T2DM than controls[105-
107]. The association between BTMs and fracture has been evaluated in cross-sectional
trials. CTX and sclerostin may potentially predict fractures, but longitudinal trials are
required[108,109]. In general, BTMs are poorly related to fracture risk in patients with
diabetes as bone marker levels differ from study to study. It should also be pointed out
that nephropathy may alter bone turnover and modify fracture risk in diabetes.

BTMs seem to be lower in patients with diabetes, whereas bone-specific alkaline
phosphatase is normal to higher, suggesting that the matrix becomes hyperminer-
alized in diabetic patients[110]. This may clarify, in part, the paradox of low bone
strength and increased BMD.

Evaluation of bone health in TIDM

There are no specific recommendations on BMD screening for TIDM patients.
Following pediatric guidelines in children and adolescents with TIDM, osteoporosis
can only be diagnosed in the presence of vertebral compression fractures or clinically
significant long bone fractures (=2 long-bone fractures up to the age of 10 years and =3
long-bone fractures up to age 19 years) with a BMD Z-score of 2.0 or lower[111]. The
preferred sites for bone mineral content and areal BMD measurements in children
include spine and total body less head but not the hip. However, there is a lack of
normative data in children, and areal BMD requires adjustments for differences in
height and bone size. The effects of height and bone size on BMD can be offset by an
automated radiogrammetric measurement of cortical BMD of the second to fourth
metacarpal bones using BoneXpert, expressed as a bone health index, and one study
has reported significantly decreased cortical bone density using this technique in
children and adolescents with TIDM[112].

The FRAX algorithm is used to estimate an individual’s 10year probability of major
osteoporotic fracture and hip fracture in subjects greater than 40 years of age.
However, TIDM is considered as a cause of secondary osteoporosis, and therefore it
increases fracture probability only if BMD is not included in the calculations[20]. A
low TBS value can increase the predicted fracture probability in TIDM[113].

To date, it is not clear who should undergo a BMD assessment among T1DM
patients. One single study suggested a number of risk factors for fractures in patients
with T1DM, the presence of which should dictate the need for DXA scanning and
further evaluation. Figure 3 provides an approach for investigating osteoporosis in
T1DM.
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Evaluate for additional risk factors:
h/o known vertebral #/kyphosis/height loss/back pain
h/o fragility #
Poor glycemic control
Associated celiac disease, hypogonadism,
on glucocorticoids for Addison's disease, vit D deficiency
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Low BMI

Microvascular complications

High daily insulin dose
Recurrent hypoglycemias
Post menopausal women and elderly men

BMD-DXA (with TBS, VFA)
FRAX for those > 40 yrs of age
Exclude other secondary causes for osteoporosis

Diagnosis of osteoporosis/low BMD for age

Calcium and vitamin D
supplementation if necessary

Physical activity

Anti-osteoporotic therapy

Assess calcium intake and vitamin
D status
Supplementation if necessary

Physical activity

F/U with periodic
re-evaluation

Figure 3 Algorithm for evaluation of bone health in type 1 diabetes mellitus. BMI: Body mass index; BMD-DXA: Bone mineral density by dual energy
X-ray absorptiometry; F/U: Follow up; FRAX: Fracture Risk Assessment Tool; H/o: History of; TIDM: Type 1 diabetes mellitus; TBS: Trabecular bone score; VFA:

Vertebral fracture assessment.

Jaishideng®

WJD | https://www.wjgnet.com 717

Evaluation of fracture risk in patients with T2DM-an algorithm

The identification of fracture risk in patients with T2DM remains challenging and the
optimal approach has not yet been established. An algorithm for the evaluation of
fracture risk in diabetic patients is proposed in Figure 4. This approach may change
over time as additional evidence accumulates.

COMPREHENSIVE MANAGEMENT OF FRACTURE RISK IN PATIENTS
WITH DIABETES

Nonpharmacologic management

Patients with diabetes should modify their lifestyle with optimal exercise and a
balanced diet. Exercise is beneficial to improve bone strength and bone biomechanical
properties[114]. Nevertheless, weight loss-associated muscle and bone loss may
enhance the risk of sarcopenia and skeletal fragility. Sarcopenia and sarcopenic obesity
should be prevented by sufficient protein intake and weight-bearing exercise to reduce
the risk of falls and frailty[115]. Calcium and vitamin D are important in the
maintenance of bone health and are included in the treatment of osteoporosis. Even
though the skeletal benefits of vitamin D supplementation in diabetes have not been
shown, in correspondence to the nondiabetic population, daily intake of 800 IU
vitamin D may be advocated. Nevertheless, it may not be enough to attain optimal
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Type 2 diabetes

Hip or vertebral fracture Other fragility fracture* No fracture
Y \
Morphometric | DXA (+ TBS) Diabetes-specific CRF? No other CRF
vertebral fracture X-ray thoracic & lumbar spine [ and /for
< age > 50 yrs
DXA/FRAX
every 2-3 yr
4 N
T-score < -2.0° and/or FRAX
(adjusted for T2DM*)
14 A}
> country-specific < country-specific
intervention threshold intervention threshold
y y Annual clinical reassessment
Osteoporosis treatment i H_/ o relevant fractures
Risk factors
DXA (+ TBS) every 2 yr

Figure 4 Evaluation of fracture risk in patients with type 2 diabetes mellitus. ': = 1 nonvertebral nonhip fragility fracture might be required to initiate
therapy; % Diabetes-specific clinical risk factors (diabetes duration, antidiabetic medications,, hemoglobin A1c and microvascular complications); *: In diabetes,
fracture risk at T-score < -2 equivalent for nondiabetes at T-score < -2.5; *: See text. CRF: Clinical risk factor; TBS: Trabecular bone score; DXA: Dual energy X-ray
absorptiometry; T2DM: Type 2 diabetes mellitus; FRAX: Fracture Risk Assessment Tool; H/o: History of. Modified from Ferrari et al[123]: Ferrari SL, Abrahamsen B,
Napoli N, Akesson K, Chandran M, Eastell R, El-Hajj Fuleihan G, Josse R, Kendler DL, Kraenzlin M, Suzuki A, Pierroz DD, Schwartz AV, Leslie WD; Bone and
Diabetes Working Group of IOF. Diagnosis and management of bone fragility in diabetes: an emerging challenge. Osteoporos Int 2018; 29:2585-2596.Copyright
©The Author(s) 2018. Published by Springer Nature.

serum levels (30 ng/mL) in T2DM. Sufficient calcium intake (1000 mg/d) is also
recommended (preferably from food sources). For children and adolescents with
T1DM, calcium and vitamin D supplementation is particularly important. Screening
for celiac disease and early introduction of gluten-free diet is very important in TIDM
subjects. Other nonpharmacological measures like avoidance of smoking, decrease in
sodium intake and limitation in alcohol consumption (< 3 units/d) remain vital.

Optimal management of diabetes in patients with concomitant osteoporosis
Glycemic control and diabetic chronic complications: Although strict glycemic
control does not necessarily lessen the fracture risk[116], numerous studies have
suggested that poor glycemic control enhances the fracture risk compared to control in
T1DM[117,118] and T2DM[119,120]. Therefore, for diabetic patients, a smooth
reduction in blood glucose level is required to avert hypoglycemia and its
consequences, including fracture[121]. A strong association has been documented
between diabetic complications and risk of fracture[119,122]. Peripheral neuropathy,
retinopathy and any impairment of vision, predisposition to hypoglycemia,
hypotension and recent history of fall should be taken into account and corrected
where possible.

Choose antidiabetic drugs carefully: Medications used in the treatment of T2DM may
have an impact on bone metabolism. For people with diabetes at high fracture risk,
antidiabetic agents with neutral effects or even with a protective effect on bone, like
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metformin, dipeptidyl peptidase-4inhibitors or glucagon-like peptide-1RA, should be
preferred. Thiazolidinediones should be used with caution in elderly patients with
T2DM who are at risk for fracture, especially in postmenopausal women, and the
concurrent use of thiazolidinediones and sulfonylureas should be avoided in
particular. Caution should be exercised when using sodium-glucose cotransporter-2
inhibitors in elderly patients with cardiovascular diseases or those taking high-dose
diuretics. Insulin should be used with caution and careful measures to prevent
hypoglycemia.

Indications for treatment of osteoporosis in diabetic patients

In individuals with diabetes, treatment should be considered at more favorable BMD
and FRAX values compared to the nondiabetic population. Recently, the Bone and
Diabetes Working Group of the International Osteoporosis Foundation[123]
recommended use of an intervention threshold of a BMD T-score of -2.0 at the hip or
spine in patients with diabetes (Figure 4). Although possibly appropriate in Western
populations, this proposed adjustment and absolute cut-off may not apply to Asian
and the Middle East populations. This working group also suggested a monitoring
every 2 years of BMD in diabetes. If significant BMD loss is observed upon two
consecutive measurements (= 5% in 2 years), or the T-score reaches close to -2.0,
treatment should be considered (Figure 4).

Risk assessment tools, such as FRAX, do not entirely capture the elevated risks in
patients with T2DM. Therefore, for a given FRAX score, a higher risk of fracture is
observed in T2DM patients than in patients without T2DM[5]. As T2DM confers an
elevated fracture risk that is not dependent on standard CRFs, it has been suggested
that inclusion of T2DM be considered in future FRAX versions[3]. The FRAX
calculated fracture risk in diabetes is estimated to be equivalent to an addition of 10
years of age or decreasing the BMD T-score by 0.5 SD[5]. Rheumatoid arthritis input to
FRAX as a proxy for the T2DM effect is one option. Clinically, such a FRAX
adjustment for T2DM can be useful despite limitations[124].

Osteoporosis therapies-efficacy in diabetes and cautions
Does diabetes modify the effectiveness of medications for osteoporosis? There is
very little information available from comparative studies on the efficacy of
osteoporosis therapies in diabetes-induced osteoporosis in general and in T1IDM
specifically. This has been worsened by the fact that diabetes is frequently an exclusion
criterion for enrollment in clinical trials. In addition, there are concerns that in the
setting of diabetes, antiresorptive therapies that suppress bone turnover may not be as
effective[125]. Regarding antiresorptive therapies in people with diabetes, the efficacy
of bisphosphonates and raloxifene in diabetic individuals are discussed here. Until
now, the efficacy of denosumab in diabetes has been investigated in only one study.
Post hoc analyses of RCTs comparing results in people with diabetes randomized to
treatment vs placebo have provided the strongest clinical evidence concerning the
efficacy of bisphosphonates in diabetic population. In any particular trial, however, the
number of diabetic patients is often insufficient to evaluate the fracture-related
outcome. Conducted among postmenopausal women in the United States, a post hoc
analysis of the Fracture Intervention Trial, showed that the lumbar spine and hip
BMDs were increased following alendronate therapy for 3 years relative to placebo in
women with T2DM[126]. The size of these effects is comparable in diabetic and
nondiabetic women. Risedronate efficacy in diabetic patients is established from the
results of three RCTs that were conducted in Japan[127]. Risedronate has similar
effects on bone resorption and formation markers and BMD at the lumbar spine in
diabetic and nondiabetic patients. Similar antifracture efficacy for bisphosphonates has
been reported in diabetic compared with nondiabetic subjects by observational studies
[128,129]. No trials or observational studies have assessed whether the efficacy of
osteoporosis therapies in the diabetic population differs by BMD T-score. Analyses of
two different RCTs of raloxifene, a nonsteroidal selective estrogen receptor modulator,
show similar efficacy for diabetic and nondiabetic women for the prevention of
vertebral fractures[130,131]. However, raloxifene also has the limitation of lack of
efficacy in nonvertebral fractures similar to results in nondiabetic women. A meta-
analysis of antiosteoporosis medications in TIDM and T2DM patients indicated that
the efficacy of alendronate, risedronate and raloxifene in improving BMD and

decreasing fracture rate is comparable between diabetic and nondiabetic individuals
[132].
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Effects of denosumab in diabetic patients with osteoporosis have been investigated
in the subgroup analysis of the FREEDOM study and FREEDOM extension[133].
Long-term denosumab treatment reduced the risk of vertebral fractures and increased
BMD in both diabetic and nondiabetic women with osteoporosis. No reduction in
nonvertebral fractures has been observed.

Anabolic agents are of special interest in diabetes, which is associated with lower
bone formation, in comparison to postmenopausal osteoporosis that is characterized
by increased turnover[125]. Rodent studies are available for PTH and sclerostin
antibodies. For PTH 1-34 (teriparatide), post hoc analyses of the DANCE observational
study show that effects on nonvertebral fracture risk and BMD gain are similar in
patients with T2DM and controls. Furthermore, patients with T2DM have a larger
increase in femoral neck BMD during 18 mo of treatment with teriparatide in
comparison to controls[134]. At present, clinical studies on the effectiveness of anti-
sclerostin monoclonal antibody (romosozumab) in patients with diabetes are not
available.

Overall, both antiresorptive and anabolic therapies reduce the risk of fractures in
diabetic patients. Table 3 summarizes the efficacy of osteoporosis therapies in patients
with diabetes.

Special points when diabetic patients receive osteoporosis therapy: For osteoporosis
treatment in diabetes, a vitamin D-sufficient status must be attained through supple-
mentation, and current evidence supports the use of both antiresorptive and anabolic
agents[135]. People with diabetes may develop some degree of renal impairment and
gastrointestinal complications. Therefore, it is imperative to assess renal function and
gastrointestinal symptoms prior to starting antiresorptive drugs. Denosumab may be a
favored choice in patients with diabetes who are older and/or have a worsening
kidney function. Because diabetes is characterized by poor bone quality and low bone
turnover, when sequential osteoporosis treatment is considered, an anabolic agent
should be administered initially, followed by an antiresorptive drug[135].

A higher frequency of atypical femur fractures and osteonecrosis of the jaw is
observed with the use of bisphosphonates and denosumab[125]. There is conflicting
evidence on diabetes being associated with an increased incidence of atypical femur
fractures[136]. In the oncology population, diabetes is considered a risk factor for the
development of osteonecrosis of the jaw. In this population, the combined effects of
osteoporosis therapy and diabetes are unknown.

Antiosteoporosis medications and glucose metabolism

The presence of crosstalk between the bone and energy metabolism has been
established with animal models. Thus, the possible effects of antiosteoporosis drugs on
glucose metabolism should be noted. Specifically, rodent models point out that OC has
favorable effects on glucose metabolism[137]. Given that bone resorption inhibitors
suppress OC, the concern is there that these therapies might enhance the risk of
diabetes. Post hoc analyses of randomized trials of alendronate, zoledronic acid and
denosumab indicated that the risk of diabetes is not increased by the use of antire-
sorptive therapies[138].

Observational studies have also shown that bisphosphonate use is associated with a
lower risk of incident diabetes[139,140]. These findings provide reassurance that
antiresorptive therapy will not increase the risk of incident diabetes. Mouse studies
have found that downregulation of receptor activator of nuclear factor kappa-B
signaling leads to improved hepatic insulin sensitivity and plasma glucose levels[141].
This appears to imply that receptor activator of nuclear factor kappa-B ligand blocking
may have a favorable effect on diabetes prevention. Clinical trials, however, did not
prove any correlation between denosumab (human monoclonal antibody that inhibits
receptor activator of nuclear factor kappa-B ligand) treatment and fasting glucose, IR
or diabetes risk[138]. Regarding raloxifene effects on glycemic control, a post hoc
analysis found no difference in fasting glucose or HbAlc changes over 3 years between
raloxifene and placebo in women with and without diabetes[142]. Using the Danish
registry data, an observational study reported that raloxifene was associated with a
reduced incidence of diabetes[128].

PTH 1-34 improved IR and increased serum OC in T2DM rats[143]. One short study
revealed that teriparatide did not affect glucose metabolism after 6 mo of treat-ment
[144]. However, another study showed that after 6 mo of treatment with teriparatide
(20 pg/d) fasting glucose and Homeostatic Model Assessment for IR index increased
in postmenopausal women[145].
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Table 3 Effects of osteoporosis medications in patients with type 2 diabetes mellitus

Medication Effect on glucose metabolism BMD Risk of fracture
Alendronate Reduction in the risk of diabetes Increase NA /unchanged
Risedronate Reduction in the risk of diabetes Increase NA

Etidronate NA NA Unchanged
Denosumab No effect on blood glucoselevels Increase Decrease

Raloxifene Improves insulin sensitivity NA Decrease/unchanged
Teriparatide No effect blood glucose levels Increase Unchanged

BMD: Bone mineral density; NA: Not available.

In conclusion, the data indicate that antiosteoporosis medications have minimal, if
any, effects on glucose metabolism (Table 3). The findings of a reduction in the risk of
developing diabetes with bisphosphonate use merit further investigation. Strategies
for the best possible management of patients with T2DM and coexisting osteoporosis
have been detailed elsewhere[146]. Figure 5 provides an outline of management.

Osteoporosis targeted pharmacotherapy in TIDM

Given that T1DM is a low bone turnover state, anabolic agents like intermittent
recombinant human PTH therapy and antisclerostin agent romosozumab seem to be
interesting therapeutic options, but there are no human studies in the T1IDM
population. Bisphosphonates have shown no difference in efficacy in TIDM compared
to T2DM or nondiabetics)[126]. However, caution must be exercised while using
bisphosphonates in women of reproductive age. Denosumab increases predominantly
cortical BMD, which makes it another intriguing option in T1DM, but there is no data
yet. A novel agent, recombinant IGF-1, has shown promising results in TIDM rodent
models[147].

Emerging treatment options

A potential new antiosteoporosis treatment, romosozumab, is a monoclonal antibody
against sclerostin that causes a loss of osteoblast inhibition along with inhibition of
osteoclast activation. Romosozumab improves BMD at different skeletal sites and
decreases the risk of fracture compared with placebo or other antiosteoporosis
treatments[148]. Because elevated levels of sclerostin in diabetes may contribute to
bone disease, it will be interesting to investigate the effect of romosozumab in diabetic
patients. Further, research into the role of PTH for bone protection in patients with
diabetes can provide interesting insights into its use as it is by far the best treatment
for this patient population. Because AGEs play an important role in the pathogenesis
of DM and osteoporosis, prevention of AGE-induced glycation of proteins connected
with the maintenance of bone health can be a potential way of managing diabetes-
induced osteoporosis.

CONCLUSION

Both T1DM and T2DM are associated with bone fragility although via different
mechanisms. The situation seems more complex in T2DM as BMD is elevated, and the
bone quality alterations are multifactorial. The contribution of antidiabetic
medications, if any exists, appears limited except through the induction of hypo-
glycemic episodes responsible for falls. Diabetes-associated osteoporosis and fracture
are important complications to consider when evaluating patients with long-standing
DM. However, there is no clear consensus on how to screen for fracture risk and when
to initiate treatment of osteoporosis in patients with DM. Therefore, realistic measures
should be taken, with special attention to the prevention of falls. Good glycemic
control is essential for reducing the risk of bone fragility, but hypoglycemia should be
avoided and medications with a neutral effect on bone metabolism are preferred.
Future research should continue evaluating the structural determinants of bone
fragility in diabetes and improving the fracture prediction tools to facilitate timely
intervention and fracture prevention. The available data, albeit small, suggest that
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antiosteoporosis medications are equally effective in patients with and without
diabetes. Dedicated trials investigating the effects of new osteoporosis drugs, such as
sclerostin antibodies, on bone strength and fracture outcomes in diabetes are needed.
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Abstract

Insulin resistance is the rate-limiting step in the development of metabolic
diseases, including type 2 diabetes. The gut microbiota has been implicated in
host energy metabolism and metabolic diseases and is recognized as a quantit-
atively important organelle in host metabolism, as the human gut harbors 10
trillion bacterial cells. Gut microbiota break down various nutrients and produce
metabolites that play fundamental roles in host metabolism and aid in the identi-
fication of possible therapeutic targets for metabolic diseases. Therefore,
understanding the various effects of bacterial metabolites in the development of
insulin resistance is critical. Here, we review the mechanisms linking gut
microbial metabolites to insulin resistance in various insulin-responsive tissues.

Key Words: Insulin resistance; Skeletal muscle; Liver; Adipose tissue; Intestine; Gut
bacterial metabolites
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Core Tip: Since the gut microbiota has been implicated in host energy metabolism and
metabolic diseases, understanding mechanisms linked to insulin resistance is a first
step in discovery of new drugs and novel targets against metabolic diseases. Here, we
review the mechanisms linking gut microbial metabolites to insulin resistance in major
target tissues of insulin.
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INTRODUCTION

Insulin resistance is a pathological state in which tissues do not respond normally to
insulin in the process of glucose metabolism. Insulin is an endocrine hormone that
binds to insulin receptors on the plasma membrane of target cells, which induces an
anabolic response to nutrient availability[1]. Insulin directly regulates glucose
homeostasis by acting on skeletal muscle, the liver, and adipose tissue. These tissues
have different functions in metabolic homeostasis that are regulated via tissue-specific
insulin signaling pathways. In skeletal muscle, insulin stimulates glucose uptake and
storage by increasing the expression of glucose transporters (GLUTs) and glycogen
synthesis[1,2]. In the liver, insulin activates glycogen synthesis and de novo lipogenesis
and suppresses gluconeogenesis[1,2]. In adipose tissue, insulin suppresses lipolysis
and increases both glucose and fatty acid uptake and lipogenesis[1,2]. In the insulin-
resistant state, peripheral glucose disposal is impaired and hepatic gluconeogenesis
and adipose lipolysis are not suppressed by insulin. Insulin resistance increases
circulating glucose level, which results in increased insulin production in p cells as a
compensatory response and hyperinsulinemia, leading to a vicious cycle that
promotes further insulin resistance[1,3]. Non-treated and prolonged insulin resistance
causes hyperglycemia and type 2 diabetes, and can lead to its complications including
hyperlipidemia, metabolic syndrome, nonalcoholic fatty liver disease, and cardio-
vascular diseases[3,4].

Various factors have been implicated in the pathogenesis of insulin resistance,
including genetic predisposition, aging, obesity, and a sedentary lifestyle. More
recently, the gut microbiota has been considered to be a key factor leading to the
insulin resistance[5]. The gut microbiota regulates host dietary intake, energy
metabolism, and energy expenditure[6]. Changes in the composition of the intestinal
bacteria might alter energy metabolism and exert various effects on the important
metabolic organs, such as skeletal muscle, the liver, and adipose tissue[6]. In addition,
the gut microbiota produces thousands of metabolites that accumulate in the
gastrointestinal system and can be transferred to distant organs[7]. Lots of recent
metabolomics studies examined the association of gut microbiota-derived metabolites
with metabolic disease and their effects on host metabolism[8-10]. Therefore,
understanding the various effects of bacterial metabolites in the development of
insulin resistance becomes critical for discovering novel targets and developing new
drugs against metabolic diseases. In this review, we review studies that provide
evidence for a relationship between gut bacterial metabolites and insulin resistance,
and summarize current mechanisms linking gut microbial metabolites to the
development of insulin resistance in various metabolic organs, including skeletal
muscle, liver, adipose tissue, and intestine.

EFFECTS OF GUT BACTERIAL METABOLITES ON THE PATHOGENESIS
OF INSULIN RESISTANCE

We split this section into four parts for each metabolic organ, and briefly describe the
pathophysiology of insulin resistance first followed by further discussions on current
mechanisms linking gut microbial metabolites to the development of insulin
resistance. The mechanisms for each organ are graphically presented in Figure 1 and
the studies for each metabolite are summarized in Table 1.

Skeletal muscle

Skeletal muscle is the primary organ for glucose disposal, accounting for up to 70% of
glucose uptake in our body[11]. Insulin promotes glucose uptake in skeletal muscle by
translocating the GLUT4 to the plasma membrane[12]. In insulin-sensitive skeletal
muscle, the insulin receptor substrate 1-phosphoinositide-3-kinase (PI3K)-AKT arm of
the insulin signaling cascade is activated, which increases glucose uptake and
glycogen synthesis[1]. In insulin-resistant skeletal muscle, proximal insulin signaling
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Table 1 The effects of diet-derived gut bacterial metabolites on the pathogenesis of insulin resistance in various organs

. Target
Category Metabolite g Effects Ref.
organ
Carbohydrate
Fiber-derived  Acetate Skeletal Increased lipid oxidation in vivo ~ Yamashita et al[75]
muscle
Liver Decreased lipogenesis in vivo den Besten et al[47] and
Yamashita et al[51]
Increased lipid oxidation in vivo ~ den Besten et al[47], Yamashita et
al[51], Kondo et al[52] and
Sahuri-Arisoylu et al[53]
Adipose  Stimulated adipogenesis in vitro  Ge et al[60]
tissue
Inhibited lipolysis in vitro and in  Hong et al[59], Ge et al[60] and
vivo Jocken et al[61]
Increased browning in vitro and  Sahuri-Arisoylu et al[53] and
in vivo Hanatani et al[73]
Whole Increased energy expenditure den Besten et al[47], Canfora et al
body and fat oxidation in vivo and in  [77] and van der Beek et al[78]
humans
Propionate Liver Suppressed gluconeogenesis in  Yoshida et al[29]
vitro
Decreased lipogenesis in vivo den Besten et al[47]
Increased lipid oxidation in vivo ~ den Besten et al[47]
Adipose  Increased adipogenesis in vitro  Ge et al[60]
tissue
inhibit lipolysis in vitro and in Hong et al[59] and Ge et al[60]
vivo
Improved inflammation in ex Al-Lahham et al[66]
Vivo
Intestine  Promoted gluconeogenesis in De Vadder et al[91]
vivo
Whole Increased energy expenditure den Besten et al[47], Canfora et al
body and fat oxidation in vivo and in  [77] and Chambers et al[79]
humans
Butyrate Skeletal Increased lipid oxidation in vitro  Gao et al[48]
muscle and in vivo
Liver Decreased lipogenesis in vivo den Besten et al[47]
Increased lipid oxidation in vivo ~ den Besten et al[47], Gao et al[48]
and Mollica et al[49]
Adipose  decreased lipolysis in vitro Obhira et al[67]
tissue
Improved inflammation in vitro ~ Ohira et al[67]
Increased thermogenesis in vivo ~ Gao et al[48] and Li et al[74]
Intestine ~ Promoted gluconeogenesis in De Vadder et al[91]
vitro and in vivo
Whole Increased energy expenditure den Besten et al[47], Gao et al[48]
body and fat oxidation in vivo and in  and Canfora et al[77]
humans
Succinate Intestine ~ Promoted gluconeogenesis in De Vadder et al[92]
vivo
Protein
Protein- Hydrogen sulfide Liver Increased gluconeogenesis in Zhang et al[32]
derived vitro
Decreased glycogen synthesis in ~ Zhang et al[32]
vitro
Indole Adipose Increased inflammation in vivo Virtue et al[10]
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tissue
Indole-3-carboxylic acid Adipose Increased inflammation in vivo Virtue et al[10]
tissue
Phenylacetic acid Liver Increased lipogenesis in ex vivo ~ Hoyles et al[46]
and in vivo
Lipid and others
Linoleic acid- ~ 10-ox0-12(Z)-octadecenoic acid Adipose  Induced adipogenesis in vitro Goto et al[55]
derived tissue
Increased thermogenesis in vivo ~ Kim et al[81]
Conjugated linoleic acid Adipose Increased energy expenditure Takahashi et al[82], Park et al[83]
tissue and Lee et al[84]
Ferulic acid- Ferulic acid 4-O-sulfate and Dihydroferulic acid 4-O-  Skeletal Increased glucose uptake in vitro Houghton et al[19]
derived sulfate muscle
Resveratrol- Trans-resveratrol 4’-O-glucuro-nide and Trans- Skeletal Increased glucose uptake in vitro  Houghton et al[19]
derived resveratrol 3-O-sulfate muscle
Berries- Isovanillic acid 3-O-sulfate Skeletal Increased glucose uptake in vitro  Houghton et al[19]
derived muscle
Catecin- 4-hydroxy-5-(3,4,5-trihydroxyphenyl) valeric acid, 5-  Skeletal Increased glucose uptake in vitro Takagaki et al[22]
derived (3/4,5-trihydroxyphenyl)-y-valerolac-tone, and 5-(3- muscle
hydroxyphenyl) valeric acid
Catecin- 5-(3,5-dihydroxyphenyl)-y-valerolactone Skeletal Increased glucose uptake in vitro Takagaki et al[22]
derived muscle and in vivo
Bacteria- Extracellular vesicles Skeletal Decreased glucose uptake in vivo Choi et al[20]
derived muscle
Choline- Trimethylamine N-oxide Liver Increased gluconeogenesis inex  Chen et al[33] and Gao et al[43]

derived

vivo and in vivo

Adipose Promoted inflammation in vivo ~ Gao et al[43]
tissue
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WJD | https://www.wjgnet.com 733

events are impaired, which blocks the function of insulin to translocate GLUT4 to
plasma membrane and to stimulate glycogen synthesis[1]. Furthermore, when calorie
loads exceed the glucose uptake capacity of skeletal muscle, the circulating glucose
mostly returns to the liver, triggering hepatic de novo lipogenesis[3], which causes
ectopic fat deposition in the liver and other tissues, further exacerbating insulin
resistance[13]. Therefore, impaired glucose uptake in skeletal muscle has been
considered as a major culprit of type 2 diabetes[14-16] and targeted as a therapeutic
strategy against insulin resistance[17,18].

A recent study suggests that microbial products derived from phenolic acids may
increase glucose uptake in skeletal muscle under insulin-stimulated condition[19].
Microbiota-produced phenolic metabolites are derived from ferulic acid, resveratrol,
and berries. The ferulic acid-derived metabolites, ferulic acid 4-O-sulfate and dihydro-
ferulic acid 4-O-sulfate, and the resveratrol-derived metabolites, trans-resveratrol 4’-O-
glucuronide and trans-resveratrol 3-O-sulfate, increased 2-deoxy-D-[1-*C(U)]-glucose
uptake in LHCN-M2 human skeletal muscle cells[19]. Isovanillic acid 3-O-sulfate,
which is primarily derived from berries, increased glucose uptake in myotubes
through GLUT4-PI3K-AKT-dependent mechanisms and stimulated dose-dependent
glucose uptake[19]. On the other hands, a study has been shown that bacterial-derived
metabolite-complex can decrease glucose uptake, though the exact composition of the
complex is not defined[20]. Gut bacteria-derived extracellular vesicles (EVs), which are
phospholipid spherical bilayer, are ubiquitously produced by gram-negative bacteria
[20]. Especially, Pseudomonas panacis-derived EVs increasing in a high-fat diet (HFD)-
fed mice compared to regular chow-fed mice as well as gut microbe-derived EVs from
HFD-fed mice stools induced insulin resistance, including impairment of insulin
signaling both in vitro and in vivo, and impairment of glucose uptake by decreasing
insulin-dependent GLUT4 translocation, both in myotubes and adipocytes [20].

Insulin-independent glucose uptake is also activated by microbial metabolites.
Activation of AMP-activated protein kinase (AMPK) in response to exercise regulates
the translocation of GLUT4 storage vesicles and promotes insulin-independent glucose
uptake[21]. In particular, 5-(3,5-dihydroxyphenyl)-y-valerolactone has been shown to
increase GLUT4 translocation via activation of AMPK through an insulin-independent
pathway in skeletal muscle both in vitro and in vivo[22]. The antidiabetic green tea
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Figure 1 The mechanisms linking microbial metabolites to insulin resistance. In skeletal muscle, insulin stimulates glucose uptake by translocating
glucose transporter (GLUT) 4 via insulin receptor substrate (IRS)-phosphoinositide-3-kinase (PI3K)-AKT signaling. Isovanillic 3-O-sulfate increases glucose uptake by
activating PI3K-AKT pathway. Gut bacteria-derived extracellular vesicles (EVs) decrease glucose uptake by inhibiting AKT phosphorylation. Glucose uptake is also
increased via AMP-activated protein kinase (AMPK) activation, insulin-independent. 5-(3,5-dihydroxyphenyl-y-valerolactone activates AMPK phosphorylation, which
enhances glucose uptake. Although mechanisms have been unknown, other ferulic acid, resveratrol, and catechin-derived microbial metabolites also enhance
glucose uptake (left upper panel). In liver, insulin activates glycogen synthesis and de novo lipogenesis and suppresses gluconeogenesis via IRS-PI3K-AKT
signaling. Propionate increases the phosphorylation of both AKT and AMPK, which suppresses gluconeogenesis. Hydrogen sulfide stimulates gluconeogenesis via
phosphoenolpyruvate carboxykinase activation and reduces glycogen synthesis via the inhibition of glucokinase activity. Trimethylamine N-oxide (TMAO) increases
gluconeogenesis via PKR-like ER kinase-FOXO1 pathway. Phenylacetic acid inhibits AKT phosphorylation. All short chain fatty acids (SCFAs), including acetate,
propionate, and butyrate, activate AMPK phosphorylation, which lead to decrease lipid accumulation (left lower panel). In adipose tissue, insulin stimulates glucose
and fatty acid uptake and suppress lipolysis. Failure to suppress lipolysis in insulin-resistant adipose tissue increases circulating free fatty acids and glycerol, which
leads to an increase in ectopic fat accumulation in the liver and muscle and stimulates hepatic gluconeogenesis. 10-oxo-12(Z)-octadecenoic acid (KetoA) increases
insulin-stimulated glucose uptake and energy expenditure via TRPV2 activation. KetoA also increases the production and secretion of adiponectin via peroxisome
proliferator-activated receptor-y activation. TMAO increases inflammation in adipocyte. Indole and I13CA have anti-inflammatory effects. Conjugated linoleic acid
enhances energy expenditure by increasing the expression of uncoupling proteins (UCPs) genes. All SCFAs inhibit lipolysis. Acetate inhibits lipolysis by suppressing
HSL and stimulates also browning by increasing the expression of browning-related genes. Butyrate and propionate attenuate inflammation. Propionate increases
glucose uptake by increasing GLUT4 expression. Butyrate enhances energy expenditure by upregulating PPAR-y coactivator 1 and UCPs genes (right upper panel).
The intestine, as discussed in this review, is an organ that actively interacts with gut bacteria and accumulates microbial metabolites. Intestinal lipoprotein secretion
and gluconeogenesis are suppressed by insulin. In intestine, propionate and succinate act as gluconeogenic substrate, which activate gluconeogenesis via G6Pase
activation. Butyrate increases cyclic adenosine monophosphate levels, which upregulates the expression of gluconeogenic genes and increases gluconeogenesis.
Through this mechanisms, increased intestinal gluconeogenesis suppresses hepatic gluconeogenesis (right lower panel). Black lines represent insulin resistance-
related events and blue lines represent action of metabolites. Grey boxes represent the effects of adipose tissue on other tissues. EVs: Extracellular vesicles;
PEPCK: Phosphoenolpyruvate carboxykinase; GK: Glucokinase; TMAO: Trimethylamine N-oxide; PERK: PKR-like ER kinase; FOXO1: Forkhead box protein O1;
cAMP: Cyclic adenosine monophosphate; CREB: cAMP-response element binding protein; G6PC: Glucose 6-phosphatase catalytic subunit; PCK1:
Phosphoenolpyruvate carboxykinase 1; TRPV1: Transient receptor potential vanilloid 1; PPAR: Peroxisome proliferator-activated receptor; I3CA: Indole-3-carboxylic
acid; CLA: Conjugated linoleic acid; HSL: Hormone-sensitive lipase; PRDM16: PR domain containing 16; PGC1: Peroxisome proliferator-activated receptor-gamma
coactivator 1; G6Pase: Glucose 6-phosphatase.

catechin (-)-epigallocatechin gallate (EGCG) is further degraded by Flavonifractor
plautii[23], and several gut bacteria-derived EGCG metabolites, including 5-(3,5-
dihydroxyphenyl)-y-valerolactone, 4-hydroxy-5-(3,4,5-trihydroxyphenyl)valeric acid,
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5-(3,4,5-trihydroxyphenyl)-y-valerolactone, and 5-(3-hydroxyphenyl) valeric acid, have
been shown to promote 2-deoxy-glucose uptake in myotubes in vitro[22]. It has been
reported that Flavonifractor plautii was decreased in fecal microbiota of subjects with
mild fasting hyperglycemia[24].

Liver

The liver is a central organ that coordinates whole-body metabolism, including
carbohydrate, lipid, and protein metabolism. The liver is responsible for gluconeo-
genesis, glycogenolysis, glycogen synthesis, and de novo lipogenesis[1]. In contrast to
skeletal muscle, hepatic glucose uptake is not regulated by insulin but blood glucose
levels because GLUT2, a transporter with a high K, for glucose, is abundantly
expressed in the liver and not translocated by insulin stimulation[25]. Rather than
regulating the glucose uptake, in the liver, insulin suppresses hepatic glucose
production by reducing the transcription of gluconeogenic enzymes[26,27] and
induces a shift from net glucose production to net glucose storage by simultaneous
regulation of glycogenolysis and glycogen synthesis[2]. However, in an insulin-
resistant state, these regulations are not controlled by insulin, and the non-suppressed
hepatic glucose production under insulin stimulated condition has been considered as
a maker for hepatic insulin resistance[1,28]. It has been reported that propionate, a gut
microbial product derived from carbohydrate fermentation, regulates hepatic glucon-
eogenesis under insulin stimulated condition[29]. Previously, stable isotope studies in
both humans and animals have showed that propionate is used as a gluconeogenic
substrate in the liver rather than being directly oxidized[30,31]. Recently, it was
reported that propionate effectively suppresses hepatic glucose production in both
presence and absence of long chain fatty acid by increasing the expression of gluconeo-
genesis-related genes, including G6PC and PCK1, via the G protein-coupled receptor
(GPCR) 43-mediataed AMPK signaling pathway under insulin-stimulated condition as
well as increases AKT phosphorylation in HepG2 hepatocyte[29]. In addition to
insulin-stimulated condition, it has been reported that gut bacterial metabolites
regulate hepatic glucose production under non-insulin stimulated basal condition [32,
33]. Hydrogen sulfide, a product of protein fermentation, is not only generated in the
body but also produced by sulfate-reducing bacteria, including Desulfovibrio,
Desulfobacter, Desulfomonas, and Desulfobulbus, in the colon[32,34] and affects the basal
hepatic glucose production. Under basal condition, this metabolite impairs glucose
homeostasis by stimulating gluconeogenesis via increased phosphoenolpyruvate
carboxykinase activity and decreased glucokinase by reducing glycogen synthesis in
HepG2 human hepatoma cells[32]. In type 2 diabetes patients, it has been reported that
the plasma hydrogen sulfide levels were reduced compared to healthy subjects[35,36],
suggesting clinical association of microbial metabolites in hypergly-cemia.
Trimethylamine N-oxide (TMAOQO), which is known as a gut bacterial metabolite
derived from choline, is converted by hepatic enzymes from trimethylamine, a
choline-derived microbial metabolite, in liver[37]. The production of TMAO is
completely suppressed in both antibiotics-treated humans and mice but the plasma of
TMAO levels return to normal after the withdrawal of the antibiotics[38,39]. It has
been reported that TMAO increases with insulin resistance in both humans and
animals[40-42]. In mice, TMAO treatment promoted glucose intolerance, while a
reduction of TMAO prevented glucose intolerance[33]. Under basal condition, the
treatment of TMAO in mice activated PKR-like ER kinase and increased gluconeogenic
gene expression, including G6pc and Pckl, via the forkhead box protein O1
transcription factor, which promoted hyperglycemia[33,43].

In addition to glucose metabolism, insulin also controls lipid metabolism in the
liver. Since insulin normally promotes net hepatic de novo lipogenesis, one might
expect decreased de novo lipogenesis in an insulin-resistant state; however, hepatic
insulin resistance is highly associated with hepatic steatosis[1,3], and de novo
lipogenesis is consistently elevated in insulin-resistant liver tissue[3]. This
phenomenon has been termed “selective hepatic insulin resistance,” as glucose metabo
-lism is affected by insulin resistance but lipid metabolism is not affected[44]. The
increased de novo lipogenesis could be partly accounted by hyperinsulinemia, but still
there are selective insulin resistance between glucose and lipid when considers the
action of insulin per se[3,4]. Nevertheless, microbial metabolites can regulate the
hepatic lipid metabolism. Phenylacetic acid is a microbial metabolite derived from
aromatic compounds and produced by Bacteroides spp., which have aromatic amino
acids fermentative activities[45]. Plasma phenylacetic acid positively correlates with
the nonalcoholic fatty liver disease activity score in humans[9,46]. Phenylacetic acid
induced the accumulation of hepatic triglycerides both in cellular and animal studies
[46]. The metabolite also reduced insulin-induced AKT phosphorylation in human
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primary hepatocytes[46]. In contrast, short chain fatty acids (SCFAs), including acetate,
propionate, and butyrate, decreased hepatic lipid accumulation. Administration of all
three SCFAs in HFD-fed mice decreased not only total body fat content, without a
change in food intake, but also the expression of genes related to hepatic lipogenesis
and fatty acid synthase[47]. In addition, hepatic lipid oxidation capacity in SCFA-fed
mice was increased via upregulation of mitochondrial uncoupling protein (UCP) 2
expression and activation of AMPK[47-49]. The SCFA acetate inhibited fatty acid
synthesis in the liver via activation of AMPK. Oral administration of acetate stimulated
the phosphorylation of AMPK, which inactivates carbohydrate-responsive element-
binding protein[50], and in turn modulated the transcription of lipogenic genes in the
liver[51]. Acetate also suppressed the increases in whole-body fat mass and hepatic
lipid accumulation by increasing the expression of genes encoding peroxisome prolif-
erator-activated receptor (PPAR) a and fatty acid oxidation-related proteins through
AMPK a2 in the liver[52]. In mice, acetate treatment improved liver mitochondrial
function by increasing the number of cristae, the location of the electron transport
chain, per mitochondria, and the expression of complexes III, IV, and V[53]. Another
SCFA, butyrate, increased mitochondrial mass and area and improved fatty acid
oxidation in the liver of HFD-fed mice[49].

Adipose tissue

Adipose tissue is an energy storage organ[5]. In adipose tissue, insulin-stimulated
glucose uptake also occurs via GLUT4 translocation, which is greatly reduced in
insulin resistant condition, such as obesity and type 2 diabetes[54]. A linoleic acid-
derived fatty acid generated by gut lactic acid bacteria, 10-ox0-12(Z)-octadecenoic acid
(KetoA), induced adipocyte differentiation via activation of PPARYy, and increased the
production of adiponectin and insulin-stimulated glucose uptake in 3T3-L1 murine
adipocytes[55]. However, physiologically, adipose tissue is not quantitatively
significant in insulin-stimulated glucose disposal because it accounts for < 5% of blood
glucose uptake in our body[16]. Rather than glucose metabolism, insulin may have
more critical roles in lipid metabolism of adipose tissues, thus the suppression of
lipolysis is an important function of insulin in adipose tissue[4]. Failure to suppress
lipolysis in insulin-resistant adipose tissue increases circulating free fatty acids and
glycerol[15,56], and affects in hepatic glucose production[1]. These increased levels of
circulating free fatty acids lead to an increase in ectopic fat accumulation in the liver
and muscle, further exacerbating insulin resistance[15]. In addition, the glycerol
released from adipose tissue serves as a gluconeogenic substrate and stimulates
hepatic gluconeogenesis[1]. Suppression of lipolysis also reduces the levels of acetyl-
CoA, an allosteric activator of pyruvate carboxylase, decreases pyruvate carboxylase
activity[57]. As a result, gluconeogenic flux, involving glycerol and acetyl-CoA, is
diminished, resulting in decreased hepatic gluconeogenesis[57]. Therefore, the
regulation of lipolysis in adipose tissue is considered a therapeutic strategy against
insulin resistance[58]. In the SCFAs, it has been reported both acetate and propionate
stimulate adipogenesis and inhibit lipolysis via activation of GPCR43 but not GPCR41
[59,60]. Acetate might inhibit basal and beta-adrenergic receptor-mediated
intracellular lipolysis via attenuation of hormone-sensitive lipase phosphorylation in
human adipose tissue-derived adipocytes and lead to a reduction in non-esterified
fatty acid release[61]. Injection of acetate into fasted mice led to decreased plasma free
fatty acid levels via activation of GPCR43[60].

Adipose tissue also functions as an endocrine organ and releases adipokines, lipids,
and cytokines, which regulates whole-body metabolism[62]. Adipose tissue can secrete
molecules associated with improved insulin sensitivity, including adiponectin and
branched fatty acid esters of hydroxyl fatty acids[63]. Chronic low-grade inflammation
occurs in obese individuals with insulin resistance, which is mainly induced by
adipose tissue inflammation[64]. Inflammation of adipose tissue is caused by
macrophage infiltration, which impairs the insulin sensitivity of insulin target organs,
resulting in insulin resistance[65]. TMAOQO, a microbial metabolite derived from choline,
promoted adipose tissue inflammation in HFD-fed mice by increasing mRNA and
serum levels of monocyte chemoattractant protein-1 (MCP-1), the proinflammatory
cytokine, and decreasing mRNA and serum levels of interleukin (IL)-10, the anti-
inflammatory cytokine, in adipose tissue[43]. Conversely, the SCFAs propionate and
butyrate improved adipose tissue inflammation. Propionate may have a directly
beneficial effect on adipose tissue in overweight subjects, as it reduced the mRNA
expression and secretion of inflammatory cytokines and increased the mRNA
expression of genes involved in lipogenesis (e.g., LPL, SREBP1c) and glucose uptake (
e.g., GLUT4)[66]. Butyrate suppressed lipolysis and inflammatory responses, including
the upregulation of tumor necrosis factor-a, MCP-1, and IL-6, which are generated by
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the interaction of adipocytes and macrophages [67]. It has been reported that gut
bacterial metabolites derived from protein fermentation have anti-inflammatory
effects in adipose tissue. Indole-3-carboxylic acid and indole, a tryptophan-derived
microbial metabolites, are decreased in the cecal contents of HFD-fed mice compared
to regular chow-fed mice[10]. These metabolites increased energy expenditure and
improved insulin sensitivity by decreasing the expression of the microRNA miR-181,
which is upregulated in HFD feeding and increases white adipose tissue (WAT)
inflammation[10].

Brown adipose tissue and whole body energy expenditure

Unlike WAT, because brown adipose tissue (BAT) is responsible for energy
expenditure by burning fatty acids to produce heat, it is an important organ that
effects on whole body energy metabolism[68]. Similarly increasing beige adipocytes in
WAT, a process termed “browning,” results in increased heat production and energy
expenditure[69]. Therefore, enhanced BAT activity and browning of WAT are
important for energy expenditure and are thought to influence insulin sensi-tivity[68,
69]. It has been reported that gut bacterial metabolites derived from carbohydrates and
fatty acids increase energy expenditure via browning of WAT and/or enhancing the
function of BAT. SCFAs, including acetate, propionate, and butyrate, which are
products of dietary fiber fermentation by gut bacteria. Acetate is mainly produced by
Bifidobacteria and Lactobacillus and propionate is largely produced by Bacteroides and
Veillonella, such as Bacteroides eggerthii, Bacteroides fragilis, and Veillonella parvula[70,71].
Butyrate is mostly produced by anaerobic bacteria, including Faecalibacterium
prausnitzii, and Eubacterium rectale[72]. Acetate enhanced beige fat differentiation of
white adipocytes in vitro[73]. Acetate and butyrate promoted browning in adipocytes
[53,74]. In obese diabetic mice, acetate also induced browning of adipocytes by
increasing thermogenesis-related gene expression, altered adipocyte morphology, and
increased the thermogenic capacity of adipose tissue, independent of BAT, in HFD-fed
mice[53,73]. Butyrate exerted an anti-obesity effect in animal models by strengthening
the function of BAT. This anti-obesity effect occurs by increasing in energy
expenditure and fat oxidation through upregulation of the expression of thermo-
genesis-related genes in BAT, such as PPAR-y coactivator 1-a (PGCla) and UCP1[48,
74]. All SCFAs stimulated lipid oxidation by activating AMPK in the liver and adipose
tissue[47]. Similarly, in skeletal muscle, acetate improved oxygen consumption by
increasing the expression of lipid oxidation-related genes and AMPK activity in
animal models[75]. Butyrate increased oxygen consumption and energy expenditure
both in vitro and in vivo. These effects are caused by activation of AMPK and inhibition
of histone deacetylases, which activate PGCla and subsequently increase the
expression of PPARS, thus promoting fatty acid oxidation and increasing the
proportion of type I muscle fibers, which are characterized by their high oxidative
capacity[48]. In contrast to animal models, treatment of both lean and metabolic
syndrome subjects with butyrate had no effect on BAT function[76], and open to
debate over the single treatment. However, infusion of SCFA mixtures of acetate,
propionate, and butyrate increased fat oxidation and whole-body energy expenditure
in overweight/obese men[77,78]. These effects were observed following treatment
with each SCFA alone as well as mixtures of the SCFAs. Propionate increased whole-
body energy expenditure and fat oxidation in healthy and overweight/obese humans
[79]. These findings suggested that SCFAs affect whole-body energy expenditure
through a combination of mechanisms in different tissues, including skeletal muscle,
the liver, and adipose tissue.

There are several studies show that fatty acid-derived microbial metabolites effect
on energy expenditure. KetoA, a linoleic acid-derived microbial metabolite, has been
suggested as the regulator of host energy metabolism. The anti-obesity effect of KetoA
is shown via the activation of transient receptor potential vanilloid 1 (TRPV1), a
member of the TRPV channel family, which has been reported to be important for the
regulation of energy metabolism in adipocytes[80,81]. KetoA-induced TRPV1
activation enhanced energy expenditure by increasing the function of both BAT and
WAT in diabetic mice[81]. Conjugated linoleic acid (CLA) is also mainly produced
from linoleic acid by lactic acid bacteria, and enhances energy expenditure via increase
in the expression of UCPs genes in adipose tissue[82,83]. Mice fed CLA-producing
bacteria, Lactobacillus rhamnosus PL60, are prevented from diet-induced obesity and
hepatic steatosis[84].

Intestine
The small intestine takes up glucose from the intestinal lumen mainly through
sodium-glucose cotransporter 1 and transports glucose from enterocytes to the blood
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via GLUT2[85]. Although it has been reported that insulin inhibits the translocation of
GLUT2 from the basolateral surface to the apical epithelial membrane, the role of
insulin in intestinal glucose uptake is unclear[85,86]. Insulin signaling has been
implicated in both increased and decreased glucose uptake from the intestinal lumen
to the enterocytes in both humans and in vitro studies[87]. Beside the glucose uptake,
insulin’s action on lipid metabolism and gluconeogenesis seems to be well established
in intestine. Insulin modulates lipoprotein metabolism in the intestine and suppresses
lipoprotein secretion[86]. Production of apolipoproteinB48-containing chylomicrons
by the small intestine increases insulin resistance[86,88]. Like liver, the intestine shows
gluconeogenic capacity. Intestinal glucose production is suppressed by insulin and
increased in insulinopenic states, such as a 48-h fasting and type 1 diabetes[89,90]. In a
postprandial state, intestinal gluconeogenesis (IGN) accounts for about 5%-7% of the
total endogenous glucose production[91-93]. A protein-rich diet increases the
expression of genes involved in IGN in the intestine and the regulatory enzymes in
gluconeogenesis and glutaminase[94]. In intestine, the peptides digested from protein-
rich diet act on p-opioide receptors presenting in the portal vein nerves[94], which
signals to the brain and releases of the neuromediator vasoactive intestinal peptide
from brain during the postprandial period[95]. This neuromediator activates adenylate
cyclase and increases cAMP levels, which induces the expression of IGN-related genes
[95]. The IGN-related enzymes are progressively induced during the postprandial
period, and the amount of enzyme is maintained during the post-absorptive period[94,
96]. In addition, because protein-rich diets provide major IGN substrates, including
glutamine and glutamate, these substrates can be utilized by IGN induced during the
post-absorptive period[97]. It was recently reported that IGN protects against diabetes
and obesity by suppressing hepatic gluconeogenesis and positively regulating glucose
homeostasis[91,92]. Gastric bypass surgery also has been reported to increase IGN and
suppress hepatic gluconeogenesis in diabetic animal model[93,98].

It has been reported that IGN is induced by the SCFAs and succinate, the gut
microbial metabolites derived from carbohydrate fermentation[91,92]. The SCFA
propionate, as a gluconeogenic substrate, activated G6Pase activity and increased IGN
gene expression via vasoactive intestinal peptide released from brain through a gut-
brain neural circuit involving the free fatty acid receptor 3-dependent stimulation [91,
95]. Propionate showed the strongest capacity to induce intestinal glucose production
among SCFAs[91]. Another SCFA, butyrate increased the levels of ATP, a substrate of
adenylate cyclase, which promoted the production of cyclic AMP[91]. Cyclic AMP
functions as an intracellular messenger that stimulates the expression of genes
involved in gluconeogenesis[99]. Through this mechanism, butyrate promoted glucon-
eogenesis in enterocytes[91]. Microbial-derived succinate not only showed an anti-
obesity effect but also improved glucose tolerance and insulin sensitivity. Succinate
functioned as a gluconeogenic substrate such as propionate, and it was shown to
promote activation of gluconeogenesis in the intestine of high-fat and high-sucrose
diet-fed mice[92]. In addition, succinate-fed wild-type mice showed a decreased
capacity for hepatic glucose production, and this suppression of hepatic gluconeo-
genesis was absent in succinate-fed G6pc intestinal-specific knockout mice[92]. In
humans, it has been reported that succinate-producing bacteria, including Bacter-
oidaceae and Prevotella, were found to be increased in fecal samples of patients with
non-alcoholic steatohepatitis[92,100].

CONCLUSION

Since the association between microbiome and metabolic diseases in the last 20 years
has been increasingly revealed, microbial metabolites are considered to be the link
between microbiome and metabolic diseases. This review summarized the role of
microbial metabolites in the major mechanisms representing insulin resistance in each
tissue. Through this, in addition to SCFAs, which has been studied a lot in the past,
recent studies have found some candidates that protein-derived (e.g., hydrogen
sulfide, Indole-3-carboxylic acid, and phenylacetic acid) and lipid-derived microbial
metabolites (e.g., KetoA and CLA) can play a role in the pathogenesis of insulin
resistance. However, metabolites by gut bacteria are highly diverse depending on
intestinal environments (e.g., dietary substrates, host enzyme, acidity, temperature,
and antibiotics), yet only limited number of metabolites have been identified and
functionally studied in metabolic diseases. Indeed, according to Human Microbiome
Database, over 100 thousand of metabolites are exited in our body, but only hundreds
are counted as bacterial-specific (https://hmdb.ca/statistics).
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What makes this even more challengeable is the complex etiology of insulin
resistance. In glucose and lipid metabolism, each organ is highly interrelated. Muscle
insulin resistance can divert ingested glucose into the liver, and increase hepatic de
novo lipogenesis and gluconeogenesis. Adipose tissue insulin resistance can release
lipogenic and gluconeogenic substrates to liver as well intestinal IGN reversely
controls the hepatic gluconeogenesis. In order to develop bacterial metabolites as a
therapeutic agent for insulin resistance in humans, not only clarifying the exact
mechanism of action for which stage of insulin resistance, but also understanding
metabolic complexities between multiple organs should be conducted in parallel.
Nevertheless, insulin resistance is a common prerequisite for various metabolic
diseases, the discovery of metabolites that specifically act on insulin resistance is a
strategy to overcome metabolic diseases in terms of more fundamental etiology and
early prevention, and more research should be conducted.
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Abstract

At present, Alzheimer’s disease (AD) and type 2 diabetes mellitus (T2DM) are two
highly prevalent disorders worldwide, especially among elderly individuals.
T2DM appears to be associated with cognitive dysfunction, with a higher risk of
developing neurocognitive disorders, including AD. These diseases have been
observed to share various pathophysiological mechanisms, including alterations
in insulin signaling, defects in glucose transporters (GLUTs), and mitochondrial
dysfunctions in the brain. Therefore, the aim of this review is to summarize the
current knowledge regarding the molecular mechanisms implicated in the
association of these pathologies as well as recent therapeutic alternatives. In this
context, the hyperphosphorylation of tau and the formation of neurofibrillary
tangles have been associated with the dysfunction of the phosphatidylinositol 3-
kinase and mitogen-activated protein kinase pathways in the nervous tissues as
well as the decrease in the expression of GLUT-1 and GLUT-3 in the different
areas of the brain, increase in reactive oxygen species, and production of
mitochondrial alterations that occur in T2DM. These findings have contributed to
the implementation of overlapping pharmacological interventions based on the
use of insulin and antidiabetic drugs, or, more recently, azeliragon, amylin,
among others, which have shown possible beneficial effects in diabetic patients
diagnosed with AD.
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Core Tip: Alzheimer’s disease and type 2 diabetes mellitus are highly prevalent chronic
diseases that have shown a significant association. Important pathways have shown to
be involved in this relationship, including the phosphatidylinositol 3-kinase and
mitogen-activated protein kinase pathways, among others. This has led to the develop-
ment of therapeutic approaches that can overlap and address both diseases. Some of the
most promising interventions include the use of azeliragon, amylin, and glucagon-like
peptide-1.
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INTRODUCTION

Alzheimer’s disease (AD) and type 2 diabetes mellitus (T2DM) are highly prevalent
diseases in elderly patients[1,2]. According to the International Diabetes Federation, 1
in 11 people had DM in 2019, amounting to approximately 463 million cases
worldwide, of which 90% is attributed to T2DM. These alarming numbers have
quadrupled since 1990, with a prevalence of 9.3% in adults[3-5]. Moreover, numerous
complications have been associated with this disorder, among which are renal disease
[6], retinopathy[7], dermopathy|[8], peripheral vasculopathy[9], and cognitive
alterations[10]. The latter have been investigated recently, due to the prominent link
between T2DM and any type of neurocognitive disorder, especially AD.

As a progressive, degenerative, and irreversible disorder, AD is characterized by
neuronal loss, the formation of senile plaques composed of extracellular deposits of
amyloid beta, and the presence of neurofibrillary tangles (NT) in neuronal
microtubules [11]. Recent studies have demonstrated a higher incidence of AD in
patients with T2DM in comparison to those without comorbidities. This epidemiologic
association has spawned various hypothetical pathophysiological links between both
diseases[12]. These studies focus on the role of insulin as a necessary hormone for
glucose metabolism in the central nervous system (CNS), with receptors widely
localized in the hippocampus, frontal area, and entorhinal cortex, which are all
structures involved in memory and learning[13].

Insulin resistance (IR) is a key alteration of this hormone’s signaling and is the
pathogenic cornerstone of T2DM, where it promotes a chronic state of hyperinsu-
linemia and hyperglycemia[14]. IR has been associated with the disruption of amyloid
protein metabolism in the brain, tau phosphorylation in microtubules[15], and the
formation of reactive oxygen species (ROS) in the mitochondria. Thus, these conditions
may contribute to the pathogenesis and development of AD.

Therefore, the aim of this narrative review is to summarize the current knowledge
on the molecular mechanisms linking T2DM with the development of AD, along with
possible emerging therapeutic strategies.

MOLECULAR BASIS OF GLUCOSE METABOLISM IN THE BRAIN

Of all organs, the brain requires the largest energetic demand[16] (Figure 1). Under
physiological conditions, a constant supply of glucose, which is the main substrate, is
necessary for a normal metabolic functionality. Glucose traffic to the brain is regulated
in the endothelial wall of the capillaries by the blood-brain barrier (BBB), a structure
composed of two semipermeable membranes, one luminal and one abluminal[17].
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Figure 1 Molecular basis of brain glucose and insulin metabolism. Glucose transporter (GLUT)-1 and GLUT-3 are widely expressed in the brain blood
barrier (BBB), allowing glucose transport. Likewise, GLUT-1, GLUT-2, GLUT-3, and GLUT-4 are present in the membrane of glial cells, whereas GLUT-1, GLUT-3,
GLUT-4, and GLUT-8 are expressed in neurons. These allow the transport of glucose to the intracellular environment, ready for energetic metabolism. On the other
hand, it has been proposed that insulin crosses the BBB through a saturable transporter and then couples to the insulin receptor substrate (IRS) in the neuronal
membrane, causing a conformational change that phosphorylates IRS-1/2, which mainly activates the AKT and extracellular signal-regulated kinase (ERK)-1/2
pathways. After a phosphorylation cascade, this activates mTOR and various transcriptional factors involved in the growth and cellular differentiation of the nervous
system. Glu: Glucose; GLUT: Glucose transporters; IR: Insulin receptor; MCT: Monocarboxylate transporter; IRS: Insulin receptor substrate; GRB2: Growth factor
receptor-bound protein 2; SOS: Son of Sevenless homolog; RAF: Rapidly accelerated fibrosarcoma kinase; MEK: Mitogen-activated protein kinases; ERK:
Extracellular signal-regulated kinase; PI3K: Phosphatidylinositol 3-kinase; PIP-3: Phosphatidylinositol (3,4,5)-trisphosphate; PDK1: Phosphoinositide-dependent
kinase-1; AKT: Protein kinase B; TCA cycle: Tricarboxylic acid cycle.

Both are aligned next to endothelial cells, regulating the transportation of hydrophilic
metabolic substrates, such as carbohydrates and amino acids, in the CNS[18].

Glucose is a polar and hydrophilic molecule, preventing its diffusion through the
blood capillaries. Thus, it needs a system of specific transporters[16]. Glucose trans-
porters (GLUTs) in the cells of superior organisms are classified into two large
families: the family of facilitated diffusion GLUTs and the family of sodium and
glucose co-transporters. GLUTs are glycoproteins located in the plasmatic membrane.
They have a range between 45 and 55 kDa and their N- and C-terminal ends are both
located in the cytoplasm[19].

GLUTs in the nervous system: GLUT-1 and GLUT-3

GLUT-1 and GLUT-3 isoforms display the highest affinity for glucose. Therefore, their
presence in tissues that exclusively depend on glucose for their metabolic require-
ments is extremely important[16]. They are expressed in the endothelial cells of the
BBB as well as the plasma membranes of neurons and glial cells[20].

The GLUT-1 gene is located in the 1p35.31.3 chromosome, which is widely
expressed in numerous tissues, and is considered the main GLUT of the BBB[16]. It is
3-4 times more abundant in the luminal membrane than the abluminal membrane and
mediates the transport of glucose from the blood to astrocytes. GLUT-1 isoforms vary
on molecular weight. 55-kD GLUT-1 is expressed in the endothelial cells of the brain
blood vessels, whereas 45-kD GLUT-1 is mainly expressed in astrocytes. GLUT-1 is
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highly hydrophobic, and its high glucose affinity (Km = 1-2 mmol/L) allows it to
transport glucose into cells at virtually any concentration[17], with selectivity for D-
glucose. Therefore, it is thought to act as a basal GLUT that maintains stable glucose
levels in the CNS[20].

GLUT-3 works in harmony with GLUT-1, allowing the vectorial transport of glucose
to neurons[16]. It is a high-affinity GLUT (Km = 1-2 mmol/L) found primarily in the
brain, although low levels of GLUT-3 have been detected in the myocardium, placenta,
liver, and muscle. Regarding its kinetic properties, it appears to alternate between the
intake and release of glucose[21]. Current hypotheses suggest the facilitated transport
of glucose involves conformational changes in the tertiary structure of the transporter.
This is triggered by the presence of glucose in its binding site on the extracellular
portion of the transporter and its progressive movement to the intracellular portion of
it, where another binding site is found[19].

The expression of GLUT in the nervous system varies across different cells.
Astrocytes express different isoforms of the GLUT family, including GLUT-1, GLUT-2,
and GLUT-4. These cells cover 99% of the BBB and it is through these GLUT isoforms
that glucose is able to cross this barrier[18]. Meanwhile, neurons express GLUT-3,
GLUT-4, and GLUT-8. Despite the expression of these GLUT isoforms, it has been
investigated whether astrocytes, which take glucose and release lactate, are a
necessary mediator between glucose and neurons or, as the conventional hypothesis
proposes, neurons receive glucose directly from the interstitial fluid of the brain in
aerobic conditions[21]. Through this process, glucose would enter the glycolytic
pathway and the tricarboxylic acid pathway for its later oxidation, which provides the
cell with the necessary energy to maintain cellular function[17]. The aforementioned
glucose transportation mechanism can become the limiting step in certain situations,
including the development of hypoglycemia and other conditions, such as AD, mainly
limiting blood flow, BBB permeability, and changes in GLUT-1 expression[18].

Role of insulin in the brain

Insulin is a peptide hormone necessary for maintaining glucose homeostasis[22]. In the
brain, it has important neuroprotective and neuromodulatory functions, such as
regulating its growth, repairing dendritic cells and neurons, and having anorexigenic
effects on the hypothalamus, among other effects[23]. It is chiefly synthesized in the
pancreas[24], although the presence of insulin mRNA in neurons suggests that it may
be locally produced in the nervous tissues, especially in the hypothalamus, cerebral
cortex, olfactory bulb, substantia nigra, and pituitary gland[16]. Insulin may also
intervene in learning and memory brain functions, especially verbal memory, as
evidence shows this hormone modulates the secretion of neurotransmitters, such as
acetylcholine, and favors synaptic plasticity[22].

Once in the plasma, insulin can cross the BBB via active transportation mediated by
its receptor, which is abundantly expressed in neurons and, in lower quantities, in glial
cells[22]. After binding to its receptor, insulin promotes the autophosphorylation of
tyrosine residues, triggering its intrinsic tyrosine kinase activity and phosphorylating
the insulin receptor substrate (IRS) coupling protein in the tyrosine residue[24]. The
majority of this response is coupled to IRS-1 and IRS-2, which are ubiquitously
expressed and the main mediators of insulin-dependent mitogenesis, and the
regulation of glucose metabolism in the majority of cell types[21]. Historically, IRS-1
was the first insulin substrate to be identified and represents the prototype of IRS
family proteins, whereas IRS-2 is mainly involved in the regulation of brain growth.
The phosphorylation of tyrosine residues on IRS activates Akt, which phosphorylates
substrates, such as the mammalian target of rapamycin (mTOR) and the glycogen
synthase kinase-3 (GSK3), among other targets[25]. Insulin also activates the
extracellular signal receptor kinase (ERK) pathway by activating type 1 and type 2
ERKs[24]. These molecules can modify the expression of certain genes (c-fos, Elk-1)
involved in cell growth and differentiation[22].

PATHOGENESIS OF AD: NEUROBIOLOGICAL PRINCIPLES

AD is a neurogenerative disorder that results in a gradual and irreversible deteri-
oration of memory and other cognitive functions. It can also be frequently accom-
panied by other manifestations, such as psychosis, depression, and behavioral
alterations[26]. Various environmental, genetic, and biologic factors participate in its
pathogenesis[27,28]. Genetic data suggest that AD may be the result of the dysfunction
in the amyloid protein precursor pathway, where the production of presenilin 1
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(PSEN1) and presenilin 2 (PSEN2) takes place. The PSEN1 gene is located in
chromosome 14, whereas the PSEN2 gene is located in chromosome 1[29]. Although
mutations in these genes lead to the familiar autosomal presentations of AD, the
presence of the E4 allele of the E apolipoprotein (APOE) is the main genetic suscept-
ibility factor that has been identified. People with E4/4 homozygotes are eight times
more likely to suffer AD compared to those who do not have these alleles[30].

Amyloid metabolism: Senile plaques

Physiologically, neuronal cells release soluble amyloid beta, which is a peptide with a
molecular weight of 4 kD and a length of 42-43 amino acids. The main types of
amyloid (AP40 and AP42) emerge as a product of the normal secretion of the
transmembrane amyloid protein precursor after a proteolytic process that requires the
participation of secretases (a B y). a-Secretase acts on the amyloid beta peptide,
promoting its breakdown in two segments, which are nexin II and soluble amyloid
beta peptide, which has 16 amino acids[31].

Afterward, the a-2-macroglobulin acts forming the BA-A2M complex, which will
couple to a protease enzyme to reenter the neuron[32]. During this process, the
secretases cleave the BA peptide from 40 to 42 amino acids. Such enzymes include the
beta secretase (acting on amino acid 1) and gamma secretase (40-42 activity). The
accumulation in the interstitial tissue of insoluble 1-42 beta amyloid fragments goes
through various transformations in relation to its protein structure until it acquires a
folded shape that is difficult to break down. Furthermore, other stable proteins are
associated with this process, such as the serum amyloid P component[33]. The
presence of these structures leads to the activation of the immune system, especially
the phagocytic cells of the CNS (microglia), which perpetuate the lesion due to
pseudoinflammation and the release of ROS. However, recent studies have suggested
that the participation of amyloid beta is attributed to its deposit on the brain blood
vessels, which leads to degeneration and hemorrhages, which are important events in
the physiopathology of AD[34].

Neurofibrillary metabolism: NT

Tau is a protein that is highly associated with neuronal microtubules[35]. Through its
isoforms and phosphorylation, tau protein interacts with tubulin to stabilize the
structure of neuronal microtubules, allowing for an efficient synaptic activity[36]. The
tau hypothesis indicates that an excessive or abnormal phosphorylation of this protein
results in the transformation to a paired helical filament conformation (PHF-tau). This
leads to its precipitation and autoaggregation, which slows the axonal transport and
causes neurodegeneration due to possible apoptosis[37]. NT can be intracellular and
extracellular. Intracellular NT are hyperphosphorylated and usually found in
abundance in the neuritic component of the neuritic plaque. Meanwhile, extracellular
NT are the result of neuronal death and the denomination of the insoluble fibrillar
skeleton and is characterized by insoluble neurofibrillary components that are difficult
to proteolyze. These persist even after neuronal death as remains in the extracellular
medium|[38].

AD, IR, AND T2DM: PHYSIOPATHOLOGICAL LINKS

General glucose metabolism involves various intracellular processes, including
glycolysis, the Krebs cycle, and oxidative phosphorylation. Likewise, it requires
extracellular factors, such as its transportation from the circulation to the intracellular
environment, in which insulin has a key regulating role[12]. T2DM is associated with
the progressive loss of sensitivity to this hormone in a growing IR state, which is also
present in AD. This outlines a possible overlap in the pathogenesis of both condi-tions
[39].

T2DM has been associated with changes in cognition and cognitive dysfunction,
reporting a higher risk of developing any type of neurocognitive disorder, including
AD[40]. Indeed, various clinical and preclinical studies suggest that these disorders
may share multiple biochemical characteristics and signaling pathways[41] (Figure 2).

Different studies have demonstrated the association between IR and AD, even in the
absence of hyperglycemia or DM. In this sense, it has been found that neurocognitive
functions dependent on insulin in patients with sporadic AD could play an important
role in the physiopathology of this disease, causing disruptions of insulin signaling in
the brains of these individuals[42]. Similarly, a second study examining AD patients
non-homozygous for the APOE-¢4 allele reported the presence of fasting insulinemia
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Figure 2 Pathophysiological links between Alzheimer’s disease and type 2 diabetes mellitus. Alterations in insulin signaling (1), particularly insulin
resistance (IR), decrease the bioavailability of intracellular glucose, altering the synthesis of acetylcholine precursors, which affects synaptic transmissions related to
cognition. Likewise, IR alters the intracellular signaling cascade of the PI3K (phosphoinositide 3-kinase), MAPK (mitogen-activated protein kinase), GSK-3 (glycogen
synthase kinase-3), and IDE (insulin-degrading enzyme) pathways. This increases tau hyperphosphorylation. On the other hand, the low expression of glucose
transporter (GLUT)-1 and GLUT-3 in the different brain regions (2) is related to the downregulation of hexosamines, which decreases O-GlcNAcylation and increases
tau hyperphosphorylation. Moreover, mitochondrial dysfunction (3) caused by functional and structural changes in mitochondria and the production of ROS (4)
increase protein aggregation and compromise both the intracellular and membrane components of the neurons. Moreover, mitophagy and autophagy dysfunction (5)
also contribute to the development and progression of Alzheimer’s disease in type 2 diabetes mellitus. PI3K: Phosphoinositide 3-kinase; MAPK: Mitogen-activated
protein kinase; IDE: Insulin-degrading enzyme; GSK-3: Glycogen synthase kinase-3; PSEN1: Presenilin 1; ROS: Reactive oxygen species.

Respiratory chain

and a lower concentration of insulin in the cerebrospinal fluid (CSF), which shows
decreased brain insulin uptake[43]. These findings together with those reported by
other studies[44,45], suggest that insulin signaling disruption can be particularly
important in the physiopathology of AD in those individuals who are not homozygous
for the APOE-¢4 allele.

More recent studies point out that due to its effects on neurodegeneration, brain
glucose metabolism, and cognitive performance, peripheral IR could be associated
with the pathophysiology of AD in pre-diabetic[46] and non-diabetic patients[47,48]. A
study that included 130 non-diabetic patients with AD reported that IR was
independently associated with decreased glucose metabolism in the hippocampus and
with a lower volume of gray matter[47]. Likewise, a second study reported that high
serum insulin levels were significantly associated with severe AD presentations. This
significance persisted when non-diabetic patients were excluded[48]. In fact, different
studies have shown a decrease in AD incidence[49] and improvement of cognitive
performance and brain insulin metabolism in patients with AD that have been treated
with insulin or insulin-sensitizing drugs. This provides further evidence of the role of
IR in the pathogenesis of AD[15,50,51].

Abnormalities in insulin signaling: Phosphatidylinositol 3-kinase and mitogen-

activated protein kinase pathways
The terms “type 3 diabetes mellitus” or “brain insulin resistance” have been coined to
describe the dysfunction of insulin signaling seen in AD[52]. IR decreases the
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availability of glucose needed for neuronal synaptic transmissions due to the
deficiency of certain metabolites produced in the glycolytic pathway, such as
coenzyme A and succinyl coenzyme A. These are key precursors for the synthesis of
acetylcholine, the main neurotransmitter related to cognition[53]. Similarly, it has been
proposed that IR induces a series of changes in molecular mechanisms that promote
the synthesis and degradation of the amyloid beta peptide and the hyperphos-
phorylation of the tau protein[54].

Dysfunction in insulin signaling mainly affects the efficiency of the phosphatidylin-
ositol 3-kinase (PI3K). Studies have reported that the brains of patients suffering from
AD and T2DM have decreased levels of PI3K, which leads to nervous tissue degene-
ration. Furthermore, deficient insulin signaling leads to hypoglycemia, which is
characteristically found in AD. A decrease in the O-GlcN-acylation of tau has also been
observed in the brains of these patients, which is a consequence of hypoglycemia as O-
GlcN-acylation is a glucose-dependent process[55,56]. However, this is not the only
pathway involved in the pathogenesis of AD. Other factors, such as the mitogen-
activated protein kinase (MAPK) pathway, GSK-3, insulin-degrading enzyme (IDE),
and microvascular dysfunction, also play an important role in tau hyperphos-
phorylation. In this sense, a decrease in GSK-3 phosphorylation and increase of its
activity can facilitate y-secretase activities and the processing of the amyloid precursor
protein, resulting in higher levels of intracellular amyloid beta peptide[57]. Altern-
atively, IDE is a zinc metalloprotease that participates in the degradation of different
extracellular substrates, such as insulin and amyloid beta. Therefore, its low quantities

contribute to an increase in brain amyloid beta levels, especially in the hippocampus
[58].

Abnormalities in GLUT-1 and GLUT 3

In regard to GLUTS, clinical studies have revealed that part of the brain hypometa-
bolism in individuals with AD and T2DM may be attributed to a decrease in the
expression of GLUT-1 and GLUT-3 in the different areas of the brain[59,60]. Possible
causes appear to be post-translational, as no changes have been found in the GLUT-1
ARNm levels in the cerebral cortex[61]. Alterations in glucose transport lead to a
reduction in its metabolism, which is associated with the down-regulation of the
hexosamine biosynthesis pathway. This involves a decrease in the O-glycosylation of
the Ser/Thr residues of tau protein by the 3-N-acetylglucosamine (or O-GIcNA
cylation), which leads to its abnormal hyperphosphorylation and the formation of NT,
contributing to the progression to AD[62].

Moreover, reduced neuronal levels of GLUT-3 have also been identified in patients
with T2DM][63]. Likewise, this decrease in the O-GlcNAcylation and hyperphos-
phorylation of tau has been correlated with decreased levels of GLUT-1 and GLUT-3 in
the brain tissue samples of patients with AD[64]. Similarly, other research groups have
found a decreased expression of GLUT-1 and/or GLUT-3 in the brain cortex[65] and
the dentate gyrus of the hippocampus[66], which were related to the formation of NT.
However, the decrease in the expression of these GLUTs, rather than being the main
cause of the hypometabolism observed in patients with AD, is more likely to be the
result of a decrease in energy demand[64]. Further studies are needed to confirm the
direct link between the alterations of GLUTs and neurodegeneration.

Oxidative stress and mitochondrial dysfunction in AD and T2DM

The brain is particularly vulnerable to oxidative damage and mitochondrial
dysfunction because of the neurons” high metabolic rate, their dependence on
mitochondria to obtain energy, and their low antioxidant defenses[67,68]. Numerous
findings have indicated that mitochondrial dysfunction and oxidative stress are
implicated in the physiopathology of AD and T2DM][69,70].

Regarding mitochondrial disorders, a decrease in the activity of the pyruvate
dehydrogenase and a-ketoglutarate dehydrogenase complexes has been found in the
brains of patients with AD. Both complexes are involved in the Krebs cycle, which can
lead to mitochondrial dysfunction, glucose hypometabolism, and neuronal oxidative
stress[71,72]. Similarly, brain hypometabolism in individuals with AD is related to a
disruption in mitochondrial oxidative phosphorylation[73]. Cytochrome c oxidase is
the complex with greater alterations in the respiratory chain in neurons from different
cortical regions[74-76]. Moreover, mitochondrial dysfunction in AD is associated with
an imbalance in mitochondrial fusion and fission, alterations in mitochondrial
permeability, calcium homeostasis, and the release of proapoptotic factors[77,78].
Furthermore, the accumulation of amyloid beta deposits in the mitochondria of
individuals with AD alters the functions of the respiratory chain and other mitoch-
ondrial components, which impacts multiple neuronal properties and activities[79-82].
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On the other hand, the increase in ROS and their effects on biomolecules have been
associated with the development of cell disorders related to age in AD and DM.
Therefore, oxidative stress is one of the main mediators in the processes underlying
both diseases[83,84]. Oxidative damage to structural components of the neuronal
membrane affects enzymes, ionic channels, and receptors anchored to it. Likewise, it
also affects intracellular structures, such as organelles (mitochondria) and DNA or
RNA, be it through lipidic peroxidation, nitration, nitrosylation, or carbonylation[85].
Likewise, oxidative stress can lead to the formation of peroxides, carbonyls, advanced
glycation end products (AGEs), and advanced oxidation protein products.
Furthermore, this results in the denaturalization and aggregation of proteins[86].

The increase in ROS inhibits the cellular production of energy and decreases insulin
secretion and sensitivity[87]. Similarly, oxidative damage affects a variety of signaling
pathways related to the unfolded protein response and protein degradation, which
could lead to IR[88]. Finally, studies have found that mitochondrial disorders related
to age increase the oxidative stress in individuals with T2DM, contributing to the
development and progression of AD[89-91].

Autophagy in AD and T2DM

Autophagy is a catabolic process which is both constitutive and inducible, wherein a
cell uses the liposomal machinery to degrade components or cellular organelles that
are damaged or senescent. This process can also recycle biomolecules that are then
available for the ensemble of new cell structures[92]. Different studies have reported
that autophagy is a crucial deleterious process in AD and T2DM[93-95]. Furthermore,
evidence suggests autophagic dysfunction in B-pancreatic cells and other peripheral
tissues could contribute to IR[96,97]. This can occur through the deposit of amyloid in
the islets, mitochondrial dysfunction, or disorders in regulatory mechanisms, such as
the AMPK pathway and the mTOR pathway[69,97-99]. All of these factors are
involved in the regulation of autophagy, glucose homeostasis, and peripheral insulin
sensitivity.

Moreover, autophagy also intervenes in synaptic plasticity, axonal myelinization,
and inflammatory modulation by glial cells. Therefore, alterations in this process
contribute to the occurrence and development of neurodegenerative disorders, such as
ADI[100-102]. This association has been supported by animal and human studies
related to AD, reporting alterations in genes and proteins associated with autophagy
[95]. Transgenic mice studies have focused on the role of defective lysosomal
degradation in the pathogenesis of this condition[103,104]. Studies in patients with AD
have reported that mutations in PSEN1 contribute to the defective proteolysis of
autophagy substrates[105]. Furthermore, it has been suggested that the excess of
autophagy vacuoles reported in dystrophic neurons in such patients is the result of a
defective clearance of the autophagosome[106]. Likewise, a significant reduction in the
expression of Beclin-1 has been observed in AD patients, which is a fundamental
protein in the stages of initiation and maintenance of autophagy, interfering with
autophagy activities[107]. Furthermore, dysfunctions in mitophagy have also been
identified. This mechanism participates in the detection and elimination of damaged
mitochondria. It has also been associated with AD as it induces the deterioration of
neuroplasticity by increasing the levels of ROS and decreasing the levels of cellular
energy[108,109]. Alterations at the beginning of autophagy, deficient clearance of
autophagy substrates, and dysfunction in mitophagy constitute the physiopathological
processes important in AD[110].

In synthesis, various associations between T2DM and the development of neurocog-
nitive disorders, specifically AD, have been reported over the years. However, some
authors suggest that this association may be confounded by factors, such as smoking,
hypertension, APOE E &4, or brain infarctions, which could explain the progressive
emergence of cognitive deterioration and clinical diagnosis of AD in patients with
T2DM[111]. At any rate, various epidemiological and postmortem studies (Table 1)
have observed the high frequency of AD in patients with T2DM, which could be
explained by the different common pathophysiological mechanisms explained in the
previous section[112-120].

NEW STRATEGIES FOR THE TREATMENT OF AD

Concerning the multiple pathophysiological links between T2DM and AD, the
neuroprotective effects of lifestyle interventions, antidiabetic drugs, and other
molecules have gained interest in the scientific community in the past years (Table 2).
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Table 1 Epidemiological studies on the link between Alzheimer’s disease and type 2 diabetes mellitus

Ref. Methodology Results
Gudalaet  Meta-analysis with 28 prospective observational studies which A 56% risk of developing AD [RR = 1.56 (95%Cl: 1.41-1.73), P < 0.05] was
al[112] evaluated the association between diabetes and the risk of reported in patients with diabetes
developing AD
Profenno  Meta-analysis of 16 cross-sectional studies evaluating the The presence of diabetes significantly and independently increased the
et al[113] relationship between diabetes and AD risk of AD [OR = 1.54 (95%CI: 1.33-1.79; P < 0.001]
Oharaetal Prospective study that evaluated the association between glucose  AD incidence was significantly higher in subjects with T2DM compared
[114] tolerance status and the development of neurocognitive disorders to subjects with normal tolerance to glucose [HR = 2.05 (95%CI: 1.18 to
in 1017 individuals > 60 yr 3.57), P=0.01]
Xu et al Prospective study that examined the association between diabetes Individuals with non-diagnosed diabetes had a HR of 3.29 (95%CI: 1.20-
[115] and the different types of neurocognitive disorders in 1248 older ~ 9.01) P < 0.05 for AD diagnosis
adults. Diagnoses were based on the DSM-III-R criteria
Xu et al Prospective study that evaluated the association between T2DM  T2DM diagnosis was significantly associated with neurocognitive
[116] and neurocognitive disorders and AD in 1301 older adults disorders [HR = 1.5 (95%CI: 1.0-2.1) P = 0.04] and AD [HR = 1.3 (95%CI:
0.9-2.1) P <0.05]
Peilaetal  Prospective study that examines the association between T2DM T2DM was significantly associated with AD diagnosis [RR = 1.8 (95%CI:
[117] and neurocognitive disorder incidence in 2574 Japanese-American 1.1-2.9) P < 0.05]
men. Diagnosis of neurocognitive disorder was performed
through physical exam and MRI according to the NINCDS-
ADRDA and DSM-1V criteria
McIntosh  Prospective study that examined the relationship between T2DM,  Untreated diabetic individuals had higher levels of p-tau, p-tau/Ap1-42,
etal[118]  biomarkers, and the risk for suffering from neurocognitive and t-tau/ AB1-42 in their CSF than normoglycemic or prediabetic

disorders in 1289 dementia-free participants. AD biomarker levels
were measured from the CSF. Neurocognitive disorders were
evaluated through the CDRSB

individuals (P < 0.05). The untreated group did not progress to
neurocognitive disorder in higher rates than normoglycemic individuals
[HR =1.602 (95%CI: 1.057-2.429); P = 0.026]

AD: Alzheimer’s disease; T2DM: Type 2 diabetes mellitus; RR: Relative risk; HR: Hazard ratio; DSM-III-R: Diagnostic and Statistical Manual of Mental
Disorders, revised third edition; CSF: Cerebrospinal fluid; CDRSB: Clinical Dementia Rating Sum of Boxes; p-tau: Phosphorylated tau; t-tau: Total tau;
AP1-42: B-amyloid 1-42; MRI: Magnetic resonance imaging; NINCDS: National Institute of Neurological and Communicative Disorders and Stroke;
ADRDA: Alzheimer’s Disease and Related Disorders Association; CI: Confidence interval; OR: Odds ratio.

Lifestyle interventions such as nutritional counseling and physical activity are
among the first indications made to diabetic and insulin-resistant patients as
established by international guidelines[121]. A systematic review by Dunkley et al[122]
reported the efficacy of these interventions in diabetes prevention, similar to what was
observed by a second systematic review in which high-risk T2DM patients
participated in lifestyle interventions, observing that there was a lower incidence of
T2DM among these subjects[123].

Numerous benefits have also been observed in the context of lifestyle interventions
and cognitive decline. As it has been reported, nutritional behaviors such as calorie
restriction and the inclusion of an antioxidant-rich diet have shown a beneficial effect
in slowing the progression of neurodegenerative illnesses[124]. In addition, dietary
interventions with meals characterized by low saturated fat and low glycemic index
have shown improvement not only in insulin sensitivity but also in molecular markers
of AD, such as an increase of AB42 in the CSF, which normally shows reduced levels
in patients with AD[125].

Furthermore, when examining the impact of healthy lifestyle behaviors in AD
incidence, two longitudinal studies found that there is an additive effect. In
consequence, those individuals who practiced two to three behaviors such as
following the Mediterranean diet, performing physical activity, and having a low
consumption of alcohol showed a lower incidence of AD than those performing only
one or none of these behaviors[126]. Overall, lifestyle interventions for diabetic
patients, patients with IR, and patients with AD show benefits at the metabolic and
cognitive levels and are recommended as part of non-pharmacological treatment and
preventive interventions for these conditions.

There are numerous pharmacological interventions for the treatment of T2DM and
AD. The systematic administration of insulin has been widely associated with a
decrease in the pathological accumulation of amyloid beta as well as with cognitive
improvement[127], especially in declarative memory[128,129] and attention[127].
Nevertheless, the use of insulin has not yet proven to be a safe and effective treatment
for AD. Furthermore, there are adverse effects such as hypoglycemia[130], which is
one of the main issues associated with insulin therapy, related in some cases to higher
cardiovascular risk and, subsequently, death[131,132]. Likewise, repeated episodes of
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Table 2 Summary of key evidence and ongoing trials on Alzheimer’s disease and type 2 diabetes mellitus

Antidiabetic

Ref. Methodology Results
drug

Craft et al[137] Intranasal Randomized, double-blind, placebo-controlled trial which ~ Treatment with 20 UI of insulin improved delayed
insulin evaluated the effects of intranasal insulin administration in ~ memory (P < 0.05). According to caretakers, a functional

Alp et al[164]

Beta-glucan
and gliclazide

104 adults with amnestic mild cognitive impairment or
mild to moderate AD

Preclinical assay including mice with induced diabetes.
These were subdivided into six groups among which two
groups received treatment with beta-glucan or gliclazide.
Different parameters were used to determine the level of
oxidative stress, including paraoxonase-1, total
antioxidative status, and malondialdehyde

improvement was observed in the groups receiving 20 and
40 UI of insulin, respectively (P < 0.01)

Mice with induced diabetes with no treatment presented
high levels of malondialdehyde with a decrease in
paraoxonase-1. Groups treated with beta-glucan and
gliclazide presented a return of these values to normal
levels after treatment, showing a decrease in brain
oxidative stress (P < 0.05)

Mostafaetal ~ Metformin Preclinical study in mice in which a group received The functionality of mice receiving scopolamine and a

[174] scopolamine and metformin at and the other group dose of metformin of 100 mg/kg per day was better than
received scopolamine and rivastigmine. Malondialdehyde,  the group that was not administered with metformin.
Akt, phosphorylated Akt, phosphorylated tau, and They also presented less inflammation and oxidative stress
acetylcholinesterase levels were determined compared with the group receiving rivastigmine. An

increase in phosphorylated Akt was observed

Qi et al[188] Liraglutide Forty mice were divided into four groups. The group with A protective effect in cognitive performance was observed
amyloid beta-induced AD was administered with in mice administered with liraglutide. Likewise, less
liraglutide for 8 weeks and their cognitive performance was structural changes in pyramidal neurons were observed,
evaluated using a Morris water labyrinth as well as a decrease in tau phosphorylation

Adler et al Amylin The amylin levels in AD patients, patients with mild Lower levels of amylin in patients with AD and mild

[209] cognitive dysfunctions, and the control group were cognitive dysfunction were observed compared with the
determined. Likewise, pramlintide, an amylin analog, was ~ control group. Mice administered with pramlintide
administered in AD mice in which oxidative stress and showed improvement in cognition and synaptic markers
cognition were evaluated as well as a decrease in oxidative stress in the

hippocampus

NCT01843075 Liraglutide Multicenter, randomized, double-blind, placebo-controlled -

[190] Phase IIb study in patients with mild AD

NCT03980730 Azeliragon Multicenter, randomized, double-blind, placebo-controlled, -

[208] Phase II/1II studies to evaluate the safety and efficacy of
azeliragon as a treatment for subjects with mild AD

NCT02462161 Intranasal Pilot phase I clinical trial that will examine the effects of -

[142] insulin aspart  intranasal insulin aspart on cognition, daily function, blood,
and cerebral spinal fluid markers of AD

NCT02503501 Intranasal A phase II, single center, randomized, double-blind, -

[143] insulin placebo-controlled study that will evaluate the safety and

glulisine effectiveness of intranasal glulisine in patients with

probable AD

AD: Alzheimer’s disease.

hypoglycemia caused by insulin therapy could be involved in the worsening of the
cognitive deficit observed in certain patients with DM[133,134]. Therefore, this limits
the use of insulin as treatment in patients with AD and other cognitive disorders[135].
Furthermore, pharmacological preparations for insulin injections do not entirely cross
the BBB, limiting its distribution in the CNS[136]. Therefore, intranasal insulin
administration emerges as a highly viable alternative[137-143].

Although only a few studies have evaluated its short-term effect on healthy
individuals[138,139], the chronic administration of intranasal insulin in cognitively
normal patients has been associated with higher memory performance. In this context,
a study performed by Reger et al[140] showed that patients with cognitive defects who
were administered with intranasal insulin (20 IU, 2x/d) displayed an improvement in
both memory recall and their functional state based on the observations of their
caretakers. Similar findings were reported by Benedict et al[139] who administered
intranasal insulin (3% /d, 40 IU/doses) for 8 wk, which led to an improvement in late
words recall. Likewise, a phase II/III clinical assay conducted by Craft et al[141]
included patients with AD or mild cognitive deficits who were treated with intranasal
insulin through a special device (Kurve Technology). Significant score improvements
were found at months 15 and 18 (-5.70 and -5.78 points, nominal P = 0.004 and 0.018).

Alternatively, leptin and ghrelin are hormones with several functions in energetic
balance and have a possible role in the pathophysiology and treatment of AD[144].
Indeed, late-life weight loss and midlife obesity — both of which involve dysfunctions
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in leptin signaling — have been associated with a higher risk of developing AD[145].
Midlife obesity is linked to high levels of circulating leptin, which leads to the central
resistance to these pathologically high levels. This has been described among obese
individuals as a component in IR and T2DM. Meanwhile, late-life weight loss has been
related to low circulating levels of leptin[145,146]. Low brain leptin signaling has been
found to worsen hippocampus functionality and decrease the neuroprotection against
various central processes in the pathogenesis of AD, such as the metabolism of
amyloid beta and tau[145,147]. The administration of leptin may renew insulin
sensitivity by interacting with the insulin receptor and its signaling pathway[148-150]
and by decreasing the pro-inflammatory response[146]. Likewise, in mice with AD,
leptin has shown a promising therapeutic effect, improving the formation of memory,
synaptic plasticity, and performance in learning activities[151-153].

On the other hand, many researchers have recently focused on evaluating the
influence of the ghrelin-insulin system in glucose homeostasis. Ghrelin is unable to
improve insulin sensitivity as it is activated with low levels of blood glucose and acts
as a counterregulatory hormone[154]. However, it activates a vast number of signaling
pathways for growth factors that compensate the loss of insulin signaling[155].
Although a large long-term impact in glycogenic metabolism has not been observed,
the administration of ghrelin in AD patients has emerged as a possible therapeutic
target by improving the pathological markers of the disease. This could be due to an
interaction with the growth hormone secretagogue receptor la (GHSR1a).
Ghrelin/GHSR1a signaling plays an important role in the synaptic physiology of the
hippocampus and memory maintenance through the regulation of the D1 dopamine
receptor (DRD1)[155,156]. Current emergent evidence suggests that the disruption of
GHSR1a function induces hippocampal stress and memory deficits[157]. Furthermore,
animal model studies have reported that the administration of ghrelin or analogs, such
as MK0677 and LY444711, can inhibit the accumulation of amyloid beta and the
hyperphosphorylation of tau protein by phosphorylating GSK-3p via the AMPK and
PI3K/ Akt pathways[158-160]. This may also reduce oxidative stress, excitotoxicity,
and neuroinflammation and improve cognition and memory[158,161,162].

Clinical evidence has shown that the use of certain oral hypoglycemic drugs is
associated with a lower risk of dementia[163]. Sulfonylureas have been observed to
modulate diabetes-induced oxidative stress[70]. In this context, Alp et al[164] reported
that the administration of gliclazide can potentiate antioxidant mechanisms and
decrease the oxidative index in the brain of diabetic rats. These findings are consistent
with that of Baraka and ElGhotny[165] and Abdallah et al[166], in which the adminis-
tration of glibenclamide in mice reduced the hyperphosphorylation of tau and
modulation of oxidative stress. However, further research is required to demonstrate
the efficacy of sulfonylureas as a possible treatment for AD. In addition, it has been
demonstrated that just as insulin therapy, sulfonylureas also have severe hypogly-
cemic effects[167,168], and repeated hypoglycemia episodes could lead to cognitive
alterations or a worsening of cognitive deficits.

Evidence regarding the use of metformin in the treatment of AD has been partic-
ularly controversial recently. In theory, it could decrease tau phosphorylation[169] and
the interleukin-1B-mediated activation of phosphokinases Akt and MAPK[170].
Moreover, it can inhibit complex 1 of the mitochondrial respiratory chain, inducing an
increase in cyclic adenosine monophosphate (cAMP) and activating PKA and AMPK
[171,172]. Likewise, a study evaluated the ability of metformin treatment for a year in
mice models of AD, reporting a gender-dependent effect, wherein AMPK activation in
female mice improved memory and learning, while in male mice memory and
cognitive behavior worsened, possibly due to hormonal issues[173]. Furthermore,
Mostafa et al[174] reported that only low doses of metformin (100 mg/kg) in rats were
associated with a delay in memory loss, possibly due to the suppression of Akt.
Despite this, a study assessing the risk of AD in patients treated with antidiabetics
found that those with long-term metformin treatment were associated with worse
cognitive performance[175]. Long-term studies, with a greater number of patients and
a standardized methodology, are needed to understand the true role of metformin in
AD treatment, as current evidence appears contradictory.

The use of TZD has also been a subject of study for the treatment of AD, as they
cause an overexpression of PPARYy in the temporal cortex, which has been associated
with a decrease in amyloid beta plaque formation, a decrease in B-secretase levels, and
the expression of PPA. Likewise, it modulates calcium homeostasis in the
hippocampus, in association with an improvement in cognition[176-178]. Cheng et al
[179] reported that pioglitazone can improve memory and cognition in the early stages
of AD. Similarly, in a pilot study performed in individuals with AD and T2DM, Sato et
al[180] have found that patients treated with pioglitazone for 6 mo showed cognitive
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improvement compared with the placebo group. However, another study in which
AD patients without diabetes were treated with TZD for 18 mo did not find any
significant cognitive improvement[181]. Currently, an active clinical assay
(NCT1931566) with a more extensive sample intends to determine the efficacy of
pioglitazone treatment for a longer period in patients with mild cognitive impairment
[182].

Since the activation of glucagon-like peptide 1 (GLP-1) receptors and glucose-
dependent insulinotropic polypeptides (GIP) in the CNS has been associated with
neuroprotective effects[183], the use of GLP-1 and GIP analogs in AD has emerged as a
promising therapeutic option. In preclinical studies, the administration of liraglutide
in mice has demonstrated to decrease tau hyperphosphorylation and the deposition of
amyloid plaque. Likewise, it prevents neuronal loss and the deterioration of synaptic
plasticity and promotes beneficial effects on neurogenesis and brain microcir-culation
[184-188]. A pilot study that evaluated the administration of liraglutide for 6 mo in AD
patients did not find any significant cognitive improvement. However, it was shown
that patients treated with GLP-1 agonists had less deterioration of glucose metabolism
compared with those treated with placebo[189]. Moreover, a clinical trial assessing the
efficacy of liraglutide in a larger group of patients with AD is ongoing[190].

With regard to GIP, different analogs have been able to show improvement in
neurodegenerative diseases. Gault and Holscher[191] reported that the use of D-ala2-
GIP and N-glyc-GIP analogs reversed the synaptic plasticity alterations that had been
induced by amyloid. D-Ala2-GIP has also been reported to decrease the amyloid
plaque load, chronic inflammation, and oxidative stress, improving memory formation
and synaptic plasticity as well as normalizing neurogenesis in AD animal models[192,
193]. Based on these findings, the therapeutic effect of novel dual GLP-1/GIP agonists
has been evaluated, as well as more recent triple GLP-1/GIP/glucagon agonists[194].
Clear neuroprotective effects have also been observed, reducing inflammation,
oxidative stress, and apoptotic signaling and protecting memory formation and
synaptic activity[194-196]. On the other hand, the administration of DPP4 inhibitors,
such as saxagliptin and vildagliptin, have also been associated with a decrease in
amyloid beta deposition, tau phosphorylation, and improvement in memory retention
[197,198]. However, these findings are limited to preclinical studies in mice.

Similarly, sodium-glucose transport protein 2 inhibitors (SGLT2i) have been proven
to have neuroprotective effects in animal models[199]. This has been reported in obese
and diabetic mice, in which positive results on metabolic and brain function
parameters have been observed. In addition, the attenuation of physiopathological
processes like mitochondrial dysfunction, IR, inflammation, oxidative stress, and
apoptosis as well as improvement in cognition, neurogenesis, synaptic density, and
synaptic plasticity of the hippocampus has been reported[200-202].

These findings have been recently observed in AD-T2M mice in a study performed
by Hierro-Bujalance et al[203], in which it was reported that empagliflozin can reduce
the density of the senile plaque and the levels of amyloid beta in the brain cortex and
hippocampus.

There is a scarce number of studies providing clinical evidence on the use of SGLT2i
in AD. In this sense, Wium-Andersen et al[204] performed a nested case-control study
in which they established that the use of SGLT2i reduces the risk of dementia in
diabetic patients (odds ratio of 0.58; 95% confidence interval: 0.42-0.81; P < 0.05).
Currently, a double-blind, randomized, placebo-controlled, parallel group, 12-wk
study is underway. Its goal is to investigate the effect of dapagliflozin in patients who
possibly have AD[205].

Azeliragon, a novel drug, has been reported to decrease amyloid deposition and
brain inflammation by antagonizing the AGE receptor[206,207]. Based on the
preliminary results from a phase III 18-month clinical trial in AD patients, the use of
azeliragon decreased pro-inflammatory markers, hippocampus atrophy, and cognitive
deterioration. More clinical trials are needed to confirm these findings[208]. Finally,
amylin, which can cross the BBB and has effects at the CNS level, has been suggested
to have a role in mood disorders as well as neurodegenerative disorders[136]. In AD
patients, amylin plasma levels are considerably low, and the administration of
analogs, such as pramlintide, has been associated with a decrease in neuroinflam-
mation, oxidative stress, and memory improvement in AD mice[209]. Therefore, its
potential use in clinical studies in the upcoming years could be promising.
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CONCLUSION

Different studies have demonstrated the existence of a marked association between
T2DM and the development of AD. Significant advances in the field of neuroendo-
crinology have investigated the underlying molecular mechanisms involved in the link
between both disorders. Although various confounding factors may intervene in this
relationship, studies have found that these diseases may share pathophysiological
phenomena, including several abnormalities in insulin signaling in the PI3K and
MAPK pathways in the brain tissues as well as the disruption of mitochondrial
function, autophagy, GLUTs 1 and 3, and oxidative stress. This overlap leads to new
common therapeutic perspectives, and various antidiabetic treatments have been
implemented in multiple large-scale clinical and epidemiological studies. However,
future clinical trials on the efficacy of these novel therapeutic interventions are needed
to better characterize the true scope of this prospect.
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Abstract

A large amount of evidence has supported a clinical link between diabetes and
inflammatory diseases, e.g., cancer, dementia, and hypertension. In addition, it is
also suggested that dysregulations related to Ca*signaling could link these
diseases, in addition to 3'-5'-cyclic adenosine monophosphate (cAMP) signaling
pathways. Thus, revealing this interplay between diabetes and inflammatory
diseases may provide novel insights into the pathogenesis of these diseases.
Publications involving signaling pathways related to Ca* and cAMP, inflam-
mation, diabetes, dementia, cancer, and hypertension (alone or combined) were
collected by searching PubMed and EMBASE. Both signaling pathways, Ca* and
cAMP signaling, control the release of neurotransmitters and hormones, in
addition to neurodegeneration, and tumor growth. Furthermore, there is a clear
relationship between Ca* signaling, e.g., increased Ca* signals, and inflammatory
responses. CAMP also regulates pro- and anti-inflammatory responses. Due to the
experience of our group in this field, this article discusses the role of Ca* and
cAMP signaling in the correlation between diabetes and inflammatory diseases,
including its pharmacological implications. As a novelty, this article also includes:
(1) A timeline of the major events in Ca*/cAMP signaling; and (2) As coronavirus
disease 2019 (COVID-19) is an emerging and rapidly evolving situation, this
article also discusses recent reports on the role of Ca* channel blockers for
preventing Ca* signaling disruption due to COVID-19, including the correlation
between COVID-19 and diabetes.
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Core Tip: There are several reviews in the literature on diabetes and inflammatory
diseases. Nonetheless, to my knowledge, this is the first review which clearly discusses
the role of Ca?/3'-5'-cyclic adenosine monophosphate (cAMP) signaling in the link
between diabetes and inflammatory diseases. This article also includes a timeline of the
major events in Ca*/cAMP signaling, and discusses recent reports on the role of Ca*
channel blockers for preventing Ca?* signaling disruption due to coronavirus disease
2019 (COVID-19), including the correlation between COVID-19 and diabetes.

Citation: Bergantin LB. Diabetes and inflammatory diseases: An overview from the perspective
of Ca?'/3'-5'-cyclic adenosine monophosphate signaling. World J Diabetes 2021; 12(6): 767-
779

URL: https://www.wjgnet.com/1948-9358/full/v12/i6/767 .htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i6.767

INTRODUCTION

The concept of a complex clinical link between diabetes and inflammatory diseases,
e.g., cancer, dementia, and hypertension, has been described in several reports[1-12].
Observational reports provided the first evidence for the link between inflammation
and diabetes[11]. An interesting study correlated inflammation and diabetes by
showing, in animal models, that tumor necrosis factor-alpha is correlated with both
obesity and insulin resistance[13]. In addition, an epidemiologic link between inflam-
mation and diabetes was made when circulating concentrations of markers, and
mediators, of inflammation were demonstrated to be increased in these diseases[14-
17], e.g., white cells, interleukin (IL)-6, fibrinogen, C-reactive protein, plasminogen
activator inhibitor-1, and sialic acid. Besides diabetes, the link between cancer and
inflammation was proposed in 1863 by Virchow, which postulated that the etiology of
cancer is related to chronic inflammation[18]. It is now clear that persistent cell prolif-
eration at sites that are abundant in inflammatory cells, DNA-damage-promoting
agents, growth factors, and activated stroma, actually increases the risk of neoplasia
[19]. Inflammation also plays a central role in dementia, e.g., Alzheimer’s disease (AD)
[20]. For instance, persistent stimulation of immune cells, and macrophages in the
brain (microglia), has been shown to aggravate both amyloid and tau pathology,
which then may operate as a link in the etiology of the disease[20]. Finally, recent
interest has focused on studying the avenues, and inflammatory mediators, through
which immune cells operate to lead to hypertension and end-organ injury[21].

Currently, it is also well-known that dyshomeostasis of Ca*, through an increase in
Ca? levels within the cells [Ca*]c, is correlated with the pathogenesis of diabetes,
cancer, hypertension, and dementia[9,10,12,22-26]. In fact, there is a clear relationship
between Ca** signaling, e.g., increased Ca* signals, and inflammatory responses|[10,
27]. Corroborating this idea, several studies have highlighted that Ca*" channel
blockers (CCBs), classic antihypertensive medicines, can improve cognitive function,
in addition to decreasing the symptoms of both cancer and diabetes[12,28-31]. A
pharmacological tenet for these exciting findings is linked with reestablishing [Ca*']c,
in addition to modulating 3'-5'-cyclic adenosine monophosphate (cAMP) signaling
pathways (Ca*/cAMP signaling)[9,10,24,25]. Due to the experience of our group in
this field[9,10,12,24,25,32-36], this article discusses the contributions of Ca* and cAMP
signaling in the correlation between cancer, hypertension, diabetes, and dementia.
Publications involving dementia, diabetes, hypertension, and cancer were obtained by
examining PubMed and EMBASE, using a search strategy with a high sensitivity for
studies of etiology, as follows: (1) Searches applied the following strings: Risk (in title
or abstract) odds ratio (OR) risk [as a Medical Subject Heading (MeSH) term, not
exploded] OR cohort studies (as a MeSH term) OR group (as a text word). Outcomes
of these searches were linked with sets conceived with diabetes OR dementia OR
cancer OR hypertension OR inflammation; and (2) Bibliographies of the articles
obtained were also reviewed for possible data sources.

This article included as a novelty: (1) A timeline of the major events in Ca*/cAMP
signaling; and (2) As coronavirus disease 2019 (COVID-19) is an emerging and rapidly
evolving situation, this article also discusses recent reports on the role of CCBs for
preventing Ca* signaling disruption due to COVID-19, including the correlation
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between COVID-19 and diabetes.

CANCER, HYPERTENSION, DIABETES, AND DEMENTIA: A CLINICAL
LINK

Basic mechanisms

Dementia: Dementia, like AD, and aging are classically associated with each other[10,
24,37,38]. Dementia is often characterized by synaptic dysfunction and death of
neurons, leading to a gradual decline in cognitive abilities[24,38]. Among the hallmark
features of AD, an accumulation of plaques containing the amyloid beta (Af) peptide
is established; then in the preclinical phase of AD, AP is among the most prevalent
pathological markers[10,24,38]. Briefly, the amyloid precursor protein (APP)
undergoes proteolysis, thus producing AP as a product, which can be quantified from
both blood and cerebrospinal fluid, and by imaging[10,24]. In addition, Ca*
dyshomeostasis has also been associated with dementia, resulting in the death of
neurons[10,24,33,37]. AB has been linked with both an increased [Ca*]. and an
enhanced susceptibility to neuroexcitotoxicity[10,37]. Ca* signaling has been invest-
igated due to modulation of neuronal death[37].

Cancer: Like dementia, cancer dramatically affects the health of individuals, and is
considered an uncontrolled division of the body’s cells[9,39]. Ca*" dysregulations have
also been observed in carcinogenesis[9,39-44]. For example, several studies corrob-
orated the involvement of Ca* channels overexpression, or hyperactivation, in
different types of cancer[40-44]. For instance, a Ca*-binding protein that exerts a
protagonist role in intracellular Ca** homeostasis is regucalcin (RGN), a protein which
was observed to have reduced expression in cancer of the prostate gland[45,46]. It has
also been observed that an elevation of [Ca®*]c stimulates diverse responses to the
proliferation of cells from both neoplastic and non-neoplastic cancer of the prostate
gland, suggesting a correlation with RGN expression[9,45,46]. Furthermore, increased
expression of RGN reduced the migration of NSCLC A549 cells from adenocarcinoma
of lung in vitro[45,46]. The protein and mRNA expression of RGN was also decreased
in (1) HepG2 cells from human hepatoma; (2) MCF-7 cells from breast cancer; and (3)
LNCaP cells from prostate cancer[35,36]. Thus, reduced expression of RGN may be
correlated with the stimulation of carcinogenesis[45,46]. Besides RGN, there are other
Ca**-binding proteins that regulate Ca? homeostasis, which are implicated in cancer.
In addition, expression levels of S100B, TM4SF3 and OLFM4 have been discovered to
be highly associated with metastasis of liver cancer[9,47]. These findings confirm the
participation of Ca? dyshomeostasis in cancer, opening new perspectives for the
advancement of therapeutics linked to Ca* signaling.

Hypertension: Sympathetic hyperactivity, due to dysregulation of Ca* signaling as in
dementia and cancer, has been correlated with hypertension. In fact, studies by
Miranda-Ferreira et al[48,49] validated this principle by demonstrating changes in the
kinetics of the release of catecholamines from spontaneously hypertensive rats (SHRs),
when compared with normotensive rats. Ca* signaling is argued to be an issue
involved in these differences. The authors[48,49] reinforced that Ca® dyshomeostasis
might explain the increased release of catecholamines seen in SHRs, when compared
with normotensive rats.

Diabetes: Like dementia, cancer, and hypertension, diabetes is also a serious medical
condition. Diabetes is presently categorized according to its origin. For example, in
type 1 diabetes if there is a deficiency of insulin released by the pancreas, then it can be
categorized as a juvenile diabetes; while in type 2 diabetes if there is resistance to
insulin, then it can be categorized as adult-onset diabetes[50]. From a cellular point of
view, whereas a physiological increase in the cytoplasmic concentration of Ca* is a
significant trigger for releasing insulin, an abnormal elevation of [Ca®]c could
stimulate P-cell apoptosis, then decrease insulin levels, contributing to diabetes[9,12,
25]. Besides Ca*", cAMP modulates the release of various hormones, including insulin
released from pancreatic 3-cells[51,52]. Although increasing cAMP levels, e.g., via
adrenaline, might stimulate the production of hepatic glucose, increasing levels of
cAMP in pancreatic B-cells may stimulate insulin release. The start signal for release of
insulin is achieved by elevating [Ca?']c, and this signal is later amplified via cAMP[53].
Additionally, cAMP is also implicated in other cellular phenomena of p-cells, e.g.,
inhibiting apoptosis[53].
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Nowadays, a clinical link between these discussed diseases (hypertension, cancer,
diabetes, and dementia) has been described in several reports[1-12,25,26].

A clinical link

Cancer and dementia: A link between dementia and cancer can be established through
numerous cellular phenomena that are implicated in the etiology of both diseases, e.g.,
inflammation, oxidative stress, and angiogenesis[1,3,54]. For instance, inflammatory
biomarkers linked with a lower cognitive performance have been shown to be
increased, including fibrinogen and IL-6[1-3]. In fact, several proteins may be involved
in the etiology of this link, e.g., AP peptide[1-3]. It is suggested that Ap peptide overex-
pression is correlated with cancer as the overexpression of APP has been found in
several tumors, and was then linked with cell proliferation, migration, and invasion
[1]. In addition, a recognized tumor suppressor protein, the BRCA1 protein, has been
linked to AD[2]. Thus, AP pathology can partially result from overactivation of
BRCAI1, and then promote neurodegeneration[2]. Converging with this concept,
plasma levels of AP peptide have been found to be increased in patients with different
cancer types[3].

In addition, a deficiency in DNA repair mechanisms and/or oxidative stress could
lead to DNA damage, an issue which is also important for the etiology of both cancer
and dementia[55]. A reduced capacity to repair damaged DNA due to genetic
polymorphisms can be correlated to an augmented risk of both cancer and cognitive
impairment. Genetic defects in DNA damage repair mechanisms could lead to
syndromes such as xeroderma pigmentosum and ataxia telangiectasia, characterized
by an augmented risk of cancer and cognitive problems[55]. Thus, understanding the
clinical link between cancer and dementia could result in novel therapeutics for both
diseases. Therefore, it is essential to determine the etiology of this link, e.g., by
analyzing the preclinical phases of both diseases.

Hypertension and cancer: A correlation between hypertension and a higher incidence
of cancer has been established by epidemiological and clinical reports[4-8]. However,
this correlation is not completely elucidated, and has been highly discussed. For
example, the Metabolic Syndrome and Cancer Project assessed this issue, and included
cohort studies from Norway, Austria, and Sweden[4]. The goal of the Metabolic
Syndrome and Cancer Project was to study the association between metabolic issues
and the increased incidence of cancer[4,5]. Patients from cohorts related to the
Metabolic Syndrome and Cancer Project were enrolled in health inspections between
the 1970’s and 2000’s[4]. The study observed a strong correlation between
hypertension and an enhanced incidence of prostate, oropharynx, rectum, pancreas,
bladder, lung, and kidney cancer[4]. Additionally, strong correlations between
hypertension and an enhanced incidence of pancreas, breast, corpus uteri cancer and
malignant melanoma were observed in women. A positive correlation was also
observed for esophagus cancer in men and women[4,5]. Indeed, cancer incidence is
augmented linearly by increasing blood pressure levels[4-6]. The augmentation of
cancer incidence among men was 1% to 2% points higher in hypertensive patients,
compared with normotensive men[4-6].

Finally, in observational reports on renal cell carcinoma, hypertension has been
documented as a cancer risk factor[4-8]. A meta-analysis of 18 studies observed a 1.6-
fold increase in the incidence of renal cell carcinoma in hypertensive patients[7].
Nonetheless, this positive association between hypertension and increased cancer
incidence could occur in other disorders, such as obesity[7,8]. Moreover, CCBs,
antihypertensive drugs which decrease the influx of Ca** into the cells, have shown
anti-cancer activity[31].

Diabetes and hypertension: Diabetes is correlated with a higher risk of developing
hypertension[56]. Several findings reinforce a clear interaction between diabetes and
hypertension[57]. Scientific data suggest that obesity, inflammation, oxidative stress,
and insulin resistance could be associated with these diseases[56,57]. Advances in the
knowledge of how to prevent these diseases may provide new insights, and
perspectives, for the treatment of both diseases.

In fact, hypertension and diabetes are highlighted as the leading risk factors for
atherosclerosis, including heart attacks and strokes[58]. For instance, in the Hong
Kong Cardiovascular Risk Factor Prevalence report, just 42% of patients with diabetes
had regular blood pressure, and just 56% of patients with hypertension had regular
glucose homeostasis[58]. In the United States, patients with type 2 diabetes have a
prevalence of hypertension ranging from approximately 50% to 80%[59]. In fact, a
prospective cohort report from the United States concluded that hypertensive patients
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had an increased risk of almost 2.5-fold for developing type 2 diabetes[60]. It is clear
that diabetes and hypertension are present in the same individual more often than
would occur by causality, suggesting both common genetic and environmental factors
in their etiology.

Diabetes and dementia: The concept of an association between diabetes and memory
dysfunctions has been frequently explored[50,61-63]. Type 2 diabetes has been linked
with a decrease in both processing and speed of psychomotor functioning, in addition
to a memory deficit associated with speech and fluency[61-63]. Additionally, patients
with diabetes have a lengthier walking pace[61-63]. In fact, mild cognitive impairment
was observed in approximately 42% of diabetic patients[64]. The association between
diabetes and cognitive imbalance was examined in a report[65], and the authors
concluded that patients with type 2 diabetes had a lower score in the Mini-Mental
State Examination[65]. An interesting study[66] assessed if lesions in the brain,
associated with both vascular and degenerative disorders, could be the cause of the
association between diabetes and cognitive deficit[66]. The authors concluded that
memory performance in diabetic patients was significantly reduced[66].

In addition, these findings were confirmed by reports involving neuroimaging[67].
Brain atrophy was concluded to be highly correlated with type 2 diabetes[67], which
usually progresses up to 3 times faster[68,69]. Patients suffering from type 2 diabetes
have also demonstrated an enhanced incidence of dementia, e.g., AD[70,71]. In fact,
approximately 17.5% of people with type 2 diabetes have shown a modest to a serious
deficiency in day-to-day activities[72,73], while 11.3% have shown a loss of cognition,
and 14.2% have shown symptoms of depression[74], consequently adversely
influencing cognition[75].

A decrease in brain glucose metabolism manifested before the beginning of a
quantifiable cognitive decline in cohorts of patients at risk of AD[76-79]. Reports from
in vitro and animal experiments propose that a decrease in brain glucose metabolism
comes first and, therefore, may stimulate the neuropathologic cascade, finally resulting
in cognitive decline in AD[76,77]. Additionally, aging is associated with an augmented
risk of worsening glucose homeostasis, which, in turn, may increase the risk of
decreasing brain glucose uptake[76,79]. Thus, pharmacotherapy to decrease the risk of
AD could provide the following: (1) Improve insulin sensitivity, and then restore
glucose homeostasis; or (2) Reduce the decline in brain glucose metabolism by
applying strategies that carefully stimulate a maintainable ketonemia[76,79].

Diabetes and cancer: A relationship between diabetes and an increased risk of several
types of cancer has also been described[9,18,19]. It is now clear that persistent cell
proliferation in conditions with abundant inflammatory cells, growth factors,
stimulated stroma, and DNA-damage-promoting molecules, increases neoplastic risk
[19]. In addition, an inflammatory process is also involved in the etiology of diabetes
[17], thus it could be an issue which could link both diseases.

In fact, in laboratory reports, metformin, the most frequently used drug in patients
with type 2 diabetes, has been demonstrated to prevent cell proliferation and decrease
colony development, causing partial cell cycle arrest in cancer cell phenotypes[9,19];
thus, it is important not to neglect the disruption of glucose homeostasis as a relevant
mediator of this link between diabetes and cancer.

Hypertension and dementia: Midlife hypertension (aged 40-64 years) increases the
incidence of AD in later life (= 65 years); and hypertension has been linked with
increased amyloid deposition and neurofibrillary tangles, both hallmarks of AD[12].
Indeed, the brain of patients with hypertension, when compared with normotensive
patients, had higher concentrations of B-amyloid plaques, atrophy, and neurofibrillary
tangles[12,20]. Thus, hypertension has been recognized as a risk factor for the
deposition of cortical fibrillar f-amyloid[12].

Diabetes and COVID-19: COVID-19, triggered by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), is an emerging and rapidly evolving situation[80,81]. It is
accepted that angiotensin-converting enzyme 2, which is a component of the renin-
angiotensin-aldosterone system, is the key entry receptor for SARS-CoV-2[80,81].
Intriguingly, some reports have observed increased severity of COVID-19 in
patients with diabetes. To assess this issue, a meta-analysis[80] was performed by
conducting a literature review of Scopus, PubMed, Science Direct, and Web of Science.
Observational studies, case-reports, and case-series reports that analyzed diabetes in
COVID-19 patients were included in the meta-analysis[80]. It was concluded that
diabetes is a risk factor, and plays a role in disease severity and the mortality of
individuals with COVID-19. This study also provided suggestions, and guidelines,
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which could be helpful for the prevention and treatment of diabetic patients suffering
from COVID-19[80]. As already discussed in the present article, hyperglycemia may
modulate both immune and inflammatory processes, thus prejudicing patients and
resulting in severe COVID-19, and possible fatal consequences.

In addition, a retrospective clinical report involving hospitalized patients with
COVID-19 and hypertension, concluded that therapy with the CCB amlodipine
besylate was correlated with decreased mortality[82]. In fact, CCBs were described to
possess antiviral activity against several evolving viruses, including bunyaviruses,
arenaviruses, and flaviviruses[82]. Furthermore, CCBs were described to possess anti-
inflammatory ability to control patients” intracellular Ca** levels, including decreasing
the death rate in septic animal models with severe inflammatory outcomes[83,84].
Severe inflammatory outcomes are described to be linked to a critical COVID-19 result
[85]. Thus, it is plausible that CCBs may operate in a synergistic way by combining
their antiviral efficacy with alleviation of inflammatory responses[85].

Complementing the present discussion, and in addition to Ca* signaling, the
participation of cAMP signaling (Ca*/cAMP signaling) in the correlation between
cancer, hypertension, diabetes, and dementia is considered.

CANCER, HYPERTENSION, DIABETES, AND DEMENTIA: PARTICIPATION
OF CA*/CAMP SIGNALING

Fundamental mechanisms

Our reports on Ca*/cAMP signaling have recognized the participation of these
cellular processes in regulating the release of both neurotransmitters and hormones, as
well as the death of neurons and tumor growth[9,10,12,24,25,32-36,86,87]. Our studies
proved that by decreasing the influx of Ca*via voltage activated Ca?" channels
(VACCs), adenylyl cyclases (ACs) are stimulated (thus increasing the levels of cAMP,
and the Ca*/cAMP signaling interaction, Figure 1).

Considering this working model, CCBs-responses can be significantly increased
through their pharmaceutical association with cAMP-enhancer agents [such as
phosphodiesterase inhibitors]. The working model through which the release of both
transmitter and hormone can be significantly augmented by regulating Ca*/cAMP
signaling is related to (1) elevating the concentrations of transmitters and hormones in
the secretory apparatus; and (2) enhancing the release of transmitters and hormones
[10,12]. Actually, Ca* signaling is essential for supporting the release process: Via
rising cAMP levels, this can augment the release of Ca* from endoplasmic reticulum
(ER), thus increasing the release of transmitters and hormones. The timeline of the
major events in Ca?*/cAMP signaling can be found below (Table 1).

Additionally, a higher [Ca*]c from critical dysregulations of Ca®* signaling, such as
an enhanced Ca? influx, has been linked to dementia, diabetes, hypertension, and
cancer[9,10,12,24,25]. For instance, it was observed that L-type Ca*" channels are
significantly up-regulated in different types of cancer cells, contributing to abnormal
cell proliferation[9,40-44]. The pharmaceutical modulation of these channels could
then improve the therapeutics for antitumor purposes.

As well as cancer, dysregulations related to aging have also been detected in Ca*"
signaling pathways, stimulating the death of neurons, e.g., an increase in intracellular
Ca* levels, an augmented Ca? influx via the VACC and abnormalities in Ca*
regulation in ryanodine and IP;-sensitive Ca*" stores[10,12,24].

Opposing Ca* signaling, stimulation of cAMP/protein kinase/cAMP-response
element binding protein pathways can reduce both neuronal death and abnormal cell
proliferation, thus resulting in anti-cancer and anti-dementia effects[38-91]. Thus, both
the death of neurons and abnormal cell proliferation may also be a consequence of
reduced activity of signaling pathways controlled by cAMP, as well as an increase in [
Ca?]c, resulting from disruption of Ca*"/cAMP signaling interactions. Indeed, there is
a clear relationship between Ca* signaling, e.g., increased Ca* signals, and inflam-
matory responses[92]. cAMP also modulates inflammatory responses: medicines
which increase intracellular levels of cAMP can diminish the generation of pro-inflam-
matory factors, and enhance the generation of anti-inflammatory molecules[93].
Furthermore, whereas a physiological increase in the cytoplasmic concentration of Ca*"
is a significant trigger to release insulin, an abnormal elevation in [Ca*]c could
stimulate P-cell apoptosis, then decrease insulin levels, contributing to diabetes[9,12,
25]. Together with Ca*", cAMP modulates the release of various hormones, as well as
insulin from the pancreatic -cells[51,52]. Although increasing cAMP levels, e.g., via
adrenaline, might stimulate the biosynthesis of hepatic glucose, increasing cAMP
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Table 1 Timeline of the major events in Ca*/3'-5'-cyclic adenosine monophosphate signaling

1970s 1980s and 1990s 2000s and 2010s 2019-2020
Major Verapamil Other CCBs (besides 2013. Bergantin et al[32] discovered that the ~ Bergantin[12,25,86,87] discussed the
events paradoxically verapamil) also paradoxical increase in the contractions of involvement of CaZ*/cAMP signaling in
enhanced the paradoxically enhanced ~ smooth muscles, produced by CCBs, was the pathogenesis of several diseases,
contractions of the contractions of due to an interaction of Ca?*/cAMP including hypertension, diabetes,
smooth muscles, e.g., smooth muscles, e.g., rat signaling neurodegenerative diseases, asthma, and
rat vas deferens vas deferens cancer

2015-2016. Bergantin et al[24] proposed that
the pharmacological manipulation of Ca**
/cAMP signaling could be a new therapeutic
strategy for increasing neurotransmission in
psychiatric disorders, and producing
neuroprotection in neurodegenerative

diseases
Articles PMID: 1143442 PMID: 3113986; PMID: ~ PMID: 23849429; PMID: 26516591; PMID: PMID: 30117399; PMID: 30639385; PMID:
indexed in 2466518 27349146 30771427; PMID: 30648516; PMID:
PubMed 31291877; PMID: 31456527; PMID:
(PMID) 31995022; PMID: 32077833; PMID:

32186273; PMID: 32026774; PMID:
32065096, PMID: 32562933; PMID:
33210037; PMID: 33176668

CCBs: Ca?* channel blockers; cAMP: 3'-5'-cyclic adenosine monophosphate.

Table 2 A list of several Ca** channel blockers and 3'-5'-cyclic adenosine monophosphate signaling-enhancer compounds

CCBs cAMP signaling (enhancer compounds)
Verapamil Rolipram

Nifedipine 3-isobutyl-1-methylxanthine (IBMX)
Diltiazem Forskolin

Isradipine Aminophylline

Amlodipine Theophylline

Nicardipine Paraxanthine

CCBs: Ca®* channel blockers; cAMP: 3'-5'-cyclic adenosine monophosphate.

levels within pancreatic B-cells can stimulate insulin release. A start signal for the
release of insulin is achieved through an increase in Ca?* concentration, and after this
signal is amplified via cAMP[53]. Besides the cellular effect of increasing the biosyn-
thesis of insulin, cAMP is implicated in other cellular processes of p-cell, e.g.,
stimulating both proliferation and differentiation of the cell, and by rescuing the cells
from death[53]. These effects are summarized in Figure 2.

A medical correlation

Ca?"/cAMP signaling has been highlighted as a protagonist in hypertension, cancer,
diabetes, and dementia[9,10,12,24,25,32-36,86,87]. Considering the experience of our
group in this field, our reports undoubtedly show that Ca* release from the ER can be
induced by an increase in [cCAMP].. Therefore, considering the participation of Ca*
/cAMP signaling pathways in modulating the release of both neurotransmitters and
hormones, as well as tumor growth and neurodegeneration, dysregulations of these
signaling pathways can result in disorders such as hypertension, dementia, diabetes,
and cancer[9,10,12,24,25,32-36,86,87].

In addition, several findings have confirmed that CCBs, despite their classical
antihypertensive effect, can attenuate the symptoms of dementia, diabetes, and cancer
[9,10,12,29,94-96]. Similar effects could be achieved by increasing [cAMP]c[9,10,12,24,
88-90]. Please see Table 2.

Undeniably, an increase in the release of neurotransmitters, and a reduction in the
death of neurons in the CNS (e.g., limbic brain sites), could cause as a consequence a
decrease in symptoms related to dementia, a working model that can be controlled by
Ca? and cAMP signaling pathways[10,12,25,33]. Analogous to dementia[10,12,33],
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Decreasing Ca** influx through
L-type Ca?* channels
(e.g., endorsed by CCBs)

Increases AC activity and,
consequently, elevating cAMP
levels - named as Ca?*/cAMP
signalling interaction

CCBs-effects can be increased
by cAMP-stimulating compounds
(like PDEs inhibitors)

Cellular responses

Figure 1 Pharmaceutical modulation of Ca*/3'-5'-cyclic adenosine monophosphate signaling. Decreasing Ca?*influx through L-type Ca? channels,
e.g., endorsed by Ca? channel blockers (CCBs), enhances adenylyl cyclase activity (and consequently increases 3'-5'-cyclic adenosine monophosphate (CAMP)
levels; identified as a Ca?*/cAMP signaling interaction), and these effects of CCBs could be increased by cAMP-enhancer compounds (such as phosphodiesterase
inhibitors). CCBs: Ca?* channel blockers; cAMP: 3-5'-cyclic adenosine monophosphate; AC: Adenylyl cyclase; PDEs: Phosphodiesterases.

Disruption of Ca2+/cAMP signalling

T [Ca2+], l [cAMP],

Abnormal cellular consequences

Increase of the Increase of the Stimulation of Increase of B-cell
neuronal death catecholamines’ abnormal cell apoptosis and
release proliferation decrease of the
insulin levels

Symptoms and clinical consequences

Neurodegeneration Sympathetic Tumor growth Dysregulations of
and hyperactivity the glucose
neuroinflammation homeostasis

and stimulation of

inflammatory
processes
Disorders
Dementia Hypertension Cancer Diabetes

Figure 2 The Ca/3'-5'-cyclic adenosine monophosphate signaling dysregulations and their consequences. Up arrow: Increasing; Down arrow:
Decreasing. [Ca%],: Intracellular concentration of Ca?; [cAMP].: Intracellular concentration of 3-5'-cyclic adenosine monophosphate.

discoveries have shown that CCBs can also mitigate the symptoms of both cancer and
diabetes[9,12,94-96]. Reestablishing the dyshomeostasis associated with Ca* signaling
is a working model for these CCBs-mentioned responses, reached due to intervening
in the Ca*/cAMP signaling interactions. In fact, CCBs stimulate the activity of ACs,
following an increase in [cAMP], promoting Ca* release from the ER, ultimately
inducing the release of both neurotransmitters and hormones, and decreasing the
death of neurons and attenuating tumor growth. Considering that the link between
diseases (cancer, diabetes, hypertension, and dementia) could be a consequence of
persistent dysregulations of [Ca?], the persistent increase in [Ca?*].might also disturb
Ca?"/cAMP signaling interactions.

CONCLUSION

Both Ca?" and cAMP signaling pathways regulate the release of neurotransmitters and
hormones, including those involved in neurodegeneration and tumor growth.
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Furthermore, there is a clear relationship between Ca* signaling, e.g., increased Ca*"
signals and inflammatory responses. cAMP also regulates pro- and anti-inflammatory
responses. It is concluded that both signaling pathways play an important role in the
link between diabetes and inflammatory diseases, thus impacting therapeutics
including CCBs and medicines which increase the levels of cAMP. Finally, as COVID-
19 is an emerging and rapidly evolving situation, it is also concluded that Ca** channel
blockers could be useful for preventing Ca** signaling disruption due to COVID-19.

ACKNOWLEDGEMENTS

Dr. Leandro Bergantin would like to thank the reviewers and editors for their
suggestions to improve this manuscript.

REFERENCES

1

10

11

12

13

15

Lim S, Yoo BK, Kim HS, Gilmore HL, Lee Y, Lee HP, Kim SJ, Letterio J, Lee HG. Amyloid-p
precursor protein promotes cell proliferation and motility of advanced breast cancer. BMC Cancer
2014; 14: 928 [PMID: 25491510 DOIL: 10.1186/1471-2407-14-928]

Wezyk M, Szybinska A, Wojsiat J, Szczerba M, Day K, Ronnholm H, Kele M, Berdynski M,
Peplonska B, Fichna JP, Ilkowski J, Styczynska M, Barczak A, Zboch M, Filipek-Gliszczynska A,
Bojakowski K, Skrzypczak M, Ginalski K, Kabza M, Makalowska I, Barcikowska-Kotowicz M,
Wojda U, Falk A, Zekanowski C. Overactive BRCA1 Affects Presenilin 1 in Induced Pluripotent
Stem Cell-Derived Neurons in Alzheimer's Disease. J Alzheimers Dis 2018; 62: 175-202 [PMID:
29439343 DOI: 10.3233/JAD-170830]

Jin WS, Bu XL, Liu YH, Shen LL, Zhuang ZQ, Jiao SS, Zhu C, Wang QH, Zhou HD, Zhang T,
Wang YJ. Plasma Amyloid-Beta Levels in Patients with Different Types of Cancer. Neurotox Res
2017; 31: 283-288 [PMID: 27913965 DOI: 10.1007/s12640-016-9682-9]

Stocks T, Van Hemelrijck M, Manjer J, Bjorge T, Ulmer H, Hallmans G, Lindkvist B, Selmer R,
Nagel G, Tretli S, Concin H, Engeland A, Jonsson H, Stattin P. Blood pressure and risk of cancer
incidence and mortality in the Metabolic Syndrome and Cancer Project. Hypertension 2012; 59: 802-
810 [PMID: 22353615 DOI: 10.1161/HYPERTENSIONAHA.111.189258]

Stocks T, Borena W, Strohmaier S, Bjorge T, Manjer J, Engeland A, Johansen D, Selmer R,
Hallmans G, Rapp K, Concin H, Jonsson H, Ulmer H, Stattin P. Cohort Profile: The Metabolic
syndrome and Cancer project (Me-Can). Int J Epidemiol 2010; 39: 660-667 [PMID: 19380371 DOI:
10.1093/ije/dyp186]

Andreotti G, Boffetta P, Rosenberg PS, Berndt SI, Karami S, Menashe I, Yeager M, Chanock SJ,
Zaridze D, Matteev V, Janout V, Kollarova H, Bencko V, Navratilova M, Szeszenia-Dabrowska N,
Mates D, Rothman N, Brennan P, Chow WH, Moore LE. Variants in blood pressure genes and the
risk of renal cell carcinoma. Carcinogenesis 2010; 31: 614-620 [PMID: 20047954 DOI:
10.1093/carcin/bgp321]

Corrao G, Scotti L, Bagnardi V, Sega R. Hypertension, antihypertensive therapy and renal-cell
cancer: a meta-analysis. Curr Drug Saf 2007; 2: 125-133 [PMID: 18690958 DOI:
10.2174/157488607780598296]

Seretis A, Cividini S, Markozannes G, Tseretopoulou X, Lopez DS, Ntzani EE, Tsilidis KK.
Association between blood pressure and risk of cancer development: a systematic review and meta-
analysis of observational studies. Sci Rep 2019; 9: 8565 [PMID: 31189941 DOI:
10.1038/s41598-019-45014-4]

Bergantin LB. Diabetes and cancer: Debating the link through Ca**/cAMP signalling. Cancer Lett
2019; 448: 128-131 [PMID: 30771427 DOI: 10.1016/j.canlet.2019.02.017]

Bergantin LB, Caricati-Neto A. The "Calcium Paradox" and its Impact on Neurological and
Psychiatric Diseases. Cambridge Scholars Publishing; 2018

Tsalamandris S, Antonopoulos AS, Oikonomou E, Papamikroulis GA, Vogiatzi G, Papaioannou S,
Deftereos S, Tousoulis D. The Role of Inflammation in Diabetes: Current Concepts and Future
Perspectives. Eur Cardiol 2019; 14: 50-59 [PMID: 31131037 DOI: 10.15420/ecr.2018.33.1]
Bergantin LB. Hypertension, Diabetes and Neurodegenerative Diseases: Is there a Clinical Link
through the Ca2+/cAMP Signalling Interaction? Curr Hypertens Rev 2019; 15: 32-39 [PMID:
30117399 DOI: 10.2174/1573402114666180817113242]

Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis factor-alpha:
direct role in obesity-linked insulin resistance. Science 1993; 259: 87-91 [PMID: 7678183 DOI:
10.1126/science.7678183]

Ogston D, Mcandrew GM. Fibrinolysis in obesity. Lancet 1964; 2: 1205-1207 [PMID: 14215560
DOI: 10.1016/s0140-6736(64)91042-6]

Emerging Risk Factors Collaboration, Kaptoge S, Di Angelantonio E, Lowe G, Pepys MB,
Thompson SG, Collins R, Danesh J. C-reactive protein concentration and risk of coronary heart
disease, stroke, and mortality: an individual participant meta-analysis. Lancet 2010; 375: 132-140

WJD | https://www.wjgnet.com 775 June 15,2021 | Volume12 | Issueb6


http://www.ncbi.nlm.nih.gov/pubmed/25491510
https://dx.doi.org/10.1186/1471-2407-14-928
http://www.ncbi.nlm.nih.gov/pubmed/29439343
https://dx.doi.org/10.3233/JAD-170830
http://www.ncbi.nlm.nih.gov/pubmed/27913965
https://dx.doi.org/10.1007/s12640-016-9682-9
http://www.ncbi.nlm.nih.gov/pubmed/22353615
https://dx.doi.org/10.1161/HYPERTENSIONAHA.111.189258
http://www.ncbi.nlm.nih.gov/pubmed/19380371
https://dx.doi.org/10.1093/ije/dyp186
http://www.ncbi.nlm.nih.gov/pubmed/20047954
https://dx.doi.org/10.1093/carcin/bgp321
http://www.ncbi.nlm.nih.gov/pubmed/18690958
https://dx.doi.org/10.2174/157488607780598296
http://www.ncbi.nlm.nih.gov/pubmed/31189941
https://dx.doi.org/10.1038/s41598-019-45014-4
http://www.ncbi.nlm.nih.gov/pubmed/30771427
https://dx.doi.org/10.1016/j.canlet.2019.02.017
http://www.ncbi.nlm.nih.gov/pubmed/31131037
https://dx.doi.org/10.15420/ecr.2018.33.1
http://www.ncbi.nlm.nih.gov/pubmed/30117399
https://dx.doi.org/10.2174/1573402114666180817113242
http://www.ncbi.nlm.nih.gov/pubmed/7678183
https://dx.doi.org/10.1126/science.7678183
http://www.ncbi.nlm.nih.gov/pubmed/14215560
https://dx.doi.org/10.1016/s0140-6736(64)91042-6

Bergantin LB. Diabetes and inflammatory diseases

Jaishideng®

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

[PMID: 20031199 DOI: 10.1016/S0140-6736(09)61717-7]

Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens CH. Inflammation, aspirin, and the
risk of cardiovascular disease in apparently healthy men. N Engl J Med 1997; 336: 973-979 [PMID:
9077376 DOI: 10.1056/NEJM199704033361401]

Duncan BB, Schmidt MI, Pankow JS, Ballantyne CM, Couper D, Vigo A, Hoogeveen R, Folsom AR,
Heiss G; Atherosclerosis Risk in Communities Study. Low-grade systemic inflammation and the
development of type 2 diabetes: the atherosclerosis risk in communities study. Diabetes 2003; 52:
1799-1805 [PMID: 12829649 DOI: 10.2337/diabetes.52.7.1799]

Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow? Lancet 2001; 357: 539-545
[PMID: 11229684 DOI: 10.1016/S0140-6736(00)04046-0]

Coussens LM, Werb Z. Inflammation and cancer. Nature 2002; 420: 860-867 [PMID: 12490959
DOI: 10.1038/nature01322]

Kinney JW, Bemiller SM, Murtishaw AS, Leisgang AM, Salazar AM, Lamb BT. Inflammation as a
central mechanism in Alzheimer's disease. Alzheimers Dement (N Y) 2018; 4: 575-590 [PMID:
30406177 DOI: 10.1016/j.trci.2018.06.014]

De Miguel C, Rudemiller NP, Abais JM, Mattson DL. Inflammation and hypertension: new
understandings and potential therapeutic targets. Curr Hypertens Rep 2015; 17: 507 [PMID:
25432899 DOI: 10.1007/s11906-014-0507-z]

Hemminki K, Hemminki O, Forsti A, Sundquist K, Sundquist J, Li X. Surveillance Bias in Cancer
Risk After Unrelated Medical Conditions: Example Urolithiasis. Sci Rep 2017; 7: 8073 [PMID:
28808281 DOI: 10.1038/s41598-017-08839-5]

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, Iwatsubo T, Jack CR Jr, Kaye
J, Montine TJ, Park DC, Reiman EM, Rowe CC, Siemers E, Stern Y, Yaffe K, Carrillo MC, Thies B,
Morrison-Bogorad M, Wagster MV, Phelps CH. Toward defining the preclinical stages of
Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association
workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 2011; 7: 280-292
[PMID: 21514248 DOIL: 10.1016/j.jalz.2011.03.003]

Bergantin LB, Caricati-Neto A. Challenges for the pharmacological treatment of neurological and
psychiatric disorders: Implications of the Ca(2+)/cAMP intracellular signalling interaction. Eur J
Pharmacol 2016; 788: 255-260 [PMID: 27349146 DOI: 10.1016/j.ejphar.2016.06.034]

Bergantin LB. Debating the "bidirectional link" between diabetes and depression through the Ca?*
/cAMP signalling: Off-label effects of Ca®>" channel blockers. Pharmacol Res 2019; 141: 298-302
[PMID: 30639385 DOI: 10.1016/j.phrs.2019.01.008]

Marques R, Peres CG, Vaz CV, Gomes IM, Figueira M1, Cairrdo E, Verde I, Maia CJ, Socorro S.
Sa-Dihydrotestosterone regulates the expression of L-type calcium channels and calcium-binding
protein regucalcin in human breast cancer cells with suppression of cell growth. Med Oncol 2015; 32:
228 [PMID: 26255063 DOI: 10.1007/s12032-015-0676-x]

Dalal PJ, Muller WA, Sullivan DP. Endothelial Cell Calcium Signaling during Barrier Function and
Inflammation. Am J Pathol 2020; 190: 535-542 [PMID: 31866349 DOI:
10.1016/j.ajpath.2019.11.004]

Vaz CV, Rodrigues DB, Socorro S, Maia CJ. Effect of extracellular calcium on regucalcin expression
and cell viability in neoplastic and non-neoplastic human prostate cells. Biochim Biophys Acta 2015;
1853: 2621-2628 [PMID: 26171977 DOI: 10.1016/j.bbamcr.2015.07.006]

Wu CL, Wen SH. A 10-year follow-up study of the association between calcium channel blocker use
and the risk of dementia in elderly hypertensive patients. Medicine (Baltimore) 2016; 95: 4593
[PMID: 27512890 DOI: 10.1097/MD.0000000000004593]

Tully PJ, Peters R, Pérés K, Anstey KJ, Tzourio C. Effect of SSRI and calcium channel blockers on
depression symptoms and cognitive function in elderly persons treated for hypertension: three city
cohort study. Int Psychogeriatr 2018; 30: 1345-1354 [PMID: 29559030 DOI:
10.1017/S1041610217002903]

Yoshida J, Ishibashi T, Nishio M. G1 cell cycle arrest by amlodipine, a dihydropyridine Ca2+
channel blocker, in human epidermoid carcinoma A431 cells. Biochem Pharmacol 2007; 73: 943-953
[PMID: 17217918 DOI: 10.1016/j.bcp.2006.12.011]

Bergantin LB, Souza CF, Ferreira RM, Smaili SS, Jurkiewicz NH, Caricati-Neto A, Jurkiewicz A.
Novel model for "calcium paradox" in sympathetic transmission of smooth muscles: role of cyclic
AMP pathway. Cell Calcium 2013; 54: 202-212 [PMID: 23849429 DOI: 10.1016/j.ceca.2013.06.004]
Caricati-Neto A, Garcia AG, Bergantin LB. Pharmacological implications of the Ca(2+)/cAMP
signaling interaction: from risk for antihypertensive therapy to potential beneficial for neurological
and psychiatric disorders. Pharmacol Res Perspect 2015; 3: e00181 [PMID: 26516591 DOI:
10.1002/prp2.181]

Caricati-Neto A, Bergantin LB. Pharmacological modulation of neural Ca2+/camp signaling
interaction as therapeutic goal for treatment of Alzheimer's disease. J Syst Integr Neurosci 2017; 3
[DOI: 10.15761/JSIN.1000185]

Caricati-Neto A, Bergantin LB. The passion of a scientific discovery: the "calcium paradox" due to
Ca2+/camp interaction. J Syst Integr Neurosci 2017; 3 [DOI: 10.15761/JSIN.1000186]
Caricati-Neto A, Bergantin LB. From a "eureka insight" to a novel potential therapeutic target to
treat Parkinson's disease: The Ca2+/camp signalling interaction. J Syst Integr Neurosci 2017; 4 [DOI:
10.15761/JSIN.1000187]

Bezprozvanny I, Mattson MP. Neuronal calcium mishandling and the pathogenesis of Alzheimer's

WJD | https://www.wjgnet.com 776 June 15,2021 | Volume12 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/20031199
https://dx.doi.org/10.1016/S0140-6736(09)61717-7
http://www.ncbi.nlm.nih.gov/pubmed/9077376
https://dx.doi.org/10.1056/NEJM199704033361401
http://www.ncbi.nlm.nih.gov/pubmed/12829649
https://dx.doi.org/10.2337/diabetes.52.7.1799
http://www.ncbi.nlm.nih.gov/pubmed/11229684
https://dx.doi.org/10.1016/S0140-6736(00)04046-0
http://www.ncbi.nlm.nih.gov/pubmed/12490959
https://dx.doi.org/10.1038/nature01322
http://www.ncbi.nlm.nih.gov/pubmed/30406177
https://dx.doi.org/10.1016/j.trci.2018.06.014
http://www.ncbi.nlm.nih.gov/pubmed/25432899
https://dx.doi.org/10.1007/s11906-014-0507-z
http://www.ncbi.nlm.nih.gov/pubmed/28808281
https://dx.doi.org/10.1038/s41598-017-08839-5
http://www.ncbi.nlm.nih.gov/pubmed/21514248
https://dx.doi.org/10.1016/j.jalz.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27349146
https://dx.doi.org/10.1016/j.ejphar.2016.06.034
http://www.ncbi.nlm.nih.gov/pubmed/30639385
https://dx.doi.org/10.1016/j.phrs.2019.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26255063
https://dx.doi.org/10.1007/s12032-015-0676-x
http://www.ncbi.nlm.nih.gov/pubmed/31866349
https://dx.doi.org/10.1016/j.ajpath.2019.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26171977
https://dx.doi.org/10.1016/j.bbamcr.2015.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27512890
https://dx.doi.org/10.1097/MD.0000000000004593
http://www.ncbi.nlm.nih.gov/pubmed/29559030
https://dx.doi.org/10.1017/S1041610217002903
http://www.ncbi.nlm.nih.gov/pubmed/17217918
https://dx.doi.org/10.1016/j.bcp.2006.12.011
http://www.ncbi.nlm.nih.gov/pubmed/23849429
https://dx.doi.org/10.1016/j.ceca.2013.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26516591
https://dx.doi.org/10.1002/prp2.181
https://dx.doi.org/10.15761/JSIN.1000185
https://dx.doi.org/10.15761/JSIN.1000186
https://dx.doi.org/10.15761/JSIN.1000187

Jaishideng®

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Bergantin LB. Diabetes and inflammatory diseases

disease. Trends Neurosci 2008; 31: 454-463 [PMID: 18675468 DOI: 10.1016/j.tins.2008.06.005]

St George-Hyslop PH, Petit A. Molecular biology and genetics of Alzheimer's disease. C R Biol
2005; 328: 119-130 [PMID: 15770998 DOI: 10.1016/j.crvi.2004.10.013]

Kale VP, Amin SG, Pandey MK. Targeting ion channels for cancer therapy by repurposing the
approved drugs. Biochim Biophys Acta 2015; 1848: 2747-2755 [PMID: 25843679 DOI:
10.1016/j.bbamem.2015.03.034]

Gomez-Ospina N, Tsuruta F, Barreto-Chang O, Hu L, Dolmetsch R. The C terminus of the L-type
voltage-gated calcium channel Ca(V)1.2 encodes a transcription factor. Cell 2006; 127: 591-606
[PMID: 17081980 DOI: 10.1016/j.cell.2006.10.017]

Dziegielewska B, Gray LS, Dziegielewski J. T-type calcium channels blockers as new tools in cancer
therapies. Pflugers Arch 2014; 466: 801-810 [PMID: 24449277 DOI: 10.1007/s00424-014-1444-7]
Ohkubo T, Yamazaki J. T-type voltage-activated calcium channel Cav3.1, but not Cav3.2, is
involved in the inhibition of proliferation and apoptosis in MCF-7 human breast cancer cells. Int J
Oncol 2012; 41: 267-275 [PMID: 22469755 DOI: 10.3892/ij0.2012.1422]

Gackiére F, Bidaux G, Delcourt P, Van Coppenolle F, Katsogiannou M, Dewailly E, Bavencoffe A,
Van Chuoi-Mariot MT, Mauroy B, Prevarskaya N, Mariot P. CaV3.2 T-type calcium channels are
involved in calcium-dependent secretion of neuroendocrine prostate cancer cells. J Biol Chem 2008;
283:10162-10173 [PMID: 18230611 DOIL: 10.1074/jbc.M707159200]

Latour I, Louw DF, Beedle AM, Hamid J, Sutherland GR, Zamponi GW. Expression of T-type
calcium channel splice variants in human glioma. Glia 2004; 48: 112-119 [PMID: 15378657 DOIL:
10.1002/glia.20063]

Yamaguchi M, Osuka S, Shoji M, Weitzmann MN, Murata T. Survival of lung cancer patients is
prolonged with higher regucalcin gene expression: suppressed proliferation of lung adenocarcinoma
A549 cells in vitro. Mol Cell Biochem 2017; 430: 37-46 [PMID: 28181135 DOI:
10.1007/s11010-017-2952-x]

Yamaguchi M. Suppressive role of regucalcin in liver cell proliferation: involvement in
carcinogenesis. Cell Prolif2013; 46: 243-253 [PMID: 23692083 DOI: 10.1111/cpr.12036]

Huang MY, Wang HM, Chang HJ, Hsiao CP, Wang JY, Lin SR. Overexpression of S100B,
TM4SF4, and OLFM4 genes is correlated with liver metastasis in Taiwanese colorectal cancer
patients. DNA Cell Biol 2012; 31: 43-49 [PMID: 22011044 DOI: 10.1089/dna.2011.1264]
Miranda-Ferreira R, de Pascual R, de Diego AM, Caricati-Neto A, Gandia L, Jurkiewicz A, Garcia
AG. Single-vesicle catecholamine release has greater quantal content and faster kinetics in chromaffin
cells from hypertensive, as compared with normotensive, rats. J Pharmacol Exp Ther 2008; 324: 685-
693 [PMID: 17962518 DOI: 10.1124/jpet.107.128819]

Miranda-Ferreira R, de Pascual R, Caricati-Neto A, Gandia L, Jurkiewicz A, Garcia AG. Role of
the endoplasmic reticulum and mitochondria on quantal catecholamine release from chromaffin cells
of control and hypertensive rats. J Pharmacol Exp Ther 2009; 329: 231-240 [PMID: 19131584 DOI:
10.1124/jpet.108.147413]

McCrimmon RJ, Ryan CM, Frier BM. Diabetes and cognitive dysfunction. Lancet 2012; 379: 2291-
2299 [PMID: 22683129 DOI: 10.1016/S0140-6736(12)60360-2]

Henquin JC. The interplay between cyclic AMP and ions in the stimulus-secretion coupling in
pancreatic B-cells. Arch Int Physiol Biochim 1985; 93: 37-48 [PMID: 2409943 DOI:
10.3109/13813458509104514]

Bratanova-Tochkova TK, Cheng H, Daniel S, Gunawardana S, Liu YJ, Mulvaney-Musa J,
Schermerhorn T, Straub SG, Yajima H, Sharp GW. Triggering and augmentation mechanisms,
granule pools, and biphasic insulin secretion. Diabetes 2002; 51 Suppl 1: S83-S90 [PMID: 11815463
DOI: 10.2337/diabetes.51.2007.s83]

Tengholm A. Cyclic AMP dynamics in the pancreatic B-cell. Ups J Med Sci 2012; 117: 355-369
[PMID: 22970724 DOI: 10.3109/03009734.2012.724732]

van der Willik KD, Schagen SB, Ikram MA. Cancer and dementia: Two sides of the same coin? Eur
J Clin Invest 2018; 48: ¢13019 [PMID: 30112764 DOI: 10.1111/eci.13019]

Ahles TA, Saykin AJ. Candidate mechanisms for chemotherapy-induced cognitive changes. Nat Rev
Cancer 2007; 7: 192-201 [PMID: 17318212 DOI: 10.1038/nrc2073]

Weycker D, Nichols GA, O'Keeffe-Rosetti M, Edelsberg J, Vincze G, Khan ZM, Oster G. Excess
risk of diabetes in persons with hypertension. J Diabetes Complications 2009; 23: 330-336 [PMID:
18513997 DOLI: 10.1016/j.jdiacomp.2008.04.002]

Cheung BM, Li C. Diabetes and hypertension: is there a common metabolic pathway? Curr
Atheroscler Rep 2012; 14: 160-166 [PMID: 22281657 DOI: 10.1007/s11883-012-0227-2]

Cheung BM. The hypertension-diabetes continuum. J Cardiovasc Pharmacol 2010; 55: 333-339
[PMID: 20422737 DOI: 10.1097/1jc.0b013e3181d26430]

Landsberg L, Molitch M. Diabetes and hypertension: pathogenesis, prevention and treatment. Clin
Exp Hypertens 2004; 26: 621-628 [PMID: 15702616 DOI: 10.1081/ceh-200031945]

Gress TW, Nieto FJ, Shahar E, Wofford MR, Brancati FL. Hypertension and antihypertensive
therapy as risk factors for type 2 diabetes mellitus. Atherosclerosis Risk in Communities Study. N
Engl J Med 2000; 342: 905-912 [PMID: 10738048 DOI: 10.1056/NEJM200003303421301]

Munshi M, Grande L, Hayes M, Ayres D, Suhl E, Capelson R, Lin S, Milberg W, Weinger K.
Cognitive dysfunction is associated with poor diabetes control in older adults. Diabetes Care 2006;
29: 1794-1799 [PMID: 16873782 DOI: 10.2337/dc06-0506]

Sinclair AJ, Girling AJ, Bayer AJ. Cognitive dysfunction in older subjects with diabetes mellitus:

WJD | https://www.wjgnet.com 777 June 15,2021 | Volume12 | Issueb6


http://www.ncbi.nlm.nih.gov/pubmed/18675468
https://dx.doi.org/10.1016/j.tins.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/15770998
https://dx.doi.org/10.1016/j.crvi.2004.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25843679
https://dx.doi.org/10.1016/j.bbamem.2015.03.034
http://www.ncbi.nlm.nih.gov/pubmed/17081980
https://dx.doi.org/10.1016/j.cell.2006.10.017
http://www.ncbi.nlm.nih.gov/pubmed/24449277
https://dx.doi.org/10.1007/s00424-014-1444-z
http://www.ncbi.nlm.nih.gov/pubmed/22469755
https://dx.doi.org/10.3892/ijo.2012.1422
http://www.ncbi.nlm.nih.gov/pubmed/18230611
https://dx.doi.org/10.1074/jbc.M707159200
http://www.ncbi.nlm.nih.gov/pubmed/15378657
https://dx.doi.org/10.1002/glia.20063
http://www.ncbi.nlm.nih.gov/pubmed/28181135
https://dx.doi.org/10.1007/s11010-017-2952-x
http://www.ncbi.nlm.nih.gov/pubmed/23692083
https://dx.doi.org/10.1111/cpr.12036
http://www.ncbi.nlm.nih.gov/pubmed/22011044
https://dx.doi.org/10.1089/dna.2011.1264
http://www.ncbi.nlm.nih.gov/pubmed/17962518
https://dx.doi.org/10.1124/jpet.107.128819
http://www.ncbi.nlm.nih.gov/pubmed/19131584
https://dx.doi.org/10.1124/jpet.108.147413
http://www.ncbi.nlm.nih.gov/pubmed/22683129
https://dx.doi.org/10.1016/S0140-6736(12)60360-2
http://www.ncbi.nlm.nih.gov/pubmed/2409943
https://dx.doi.org/10.3109/13813458509104514
http://www.ncbi.nlm.nih.gov/pubmed/11815463
https://dx.doi.org/10.2337/diabetes.51.2007.s83
http://www.ncbi.nlm.nih.gov/pubmed/22970724
https://dx.doi.org/10.3109/03009734.2012.724732
http://www.ncbi.nlm.nih.gov/pubmed/30112764
https://dx.doi.org/10.1111/eci.13019
http://www.ncbi.nlm.nih.gov/pubmed/17318212
https://dx.doi.org/10.1038/nrc2073
http://www.ncbi.nlm.nih.gov/pubmed/18513997
https://dx.doi.org/10.1016/j.jdiacomp.2008.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22281657
https://dx.doi.org/10.1007/s11883-012-0227-2
http://www.ncbi.nlm.nih.gov/pubmed/20422737
https://dx.doi.org/10.1097/fjc.0b013e3181d26430
http://www.ncbi.nlm.nih.gov/pubmed/15702616
https://dx.doi.org/10.1081/ceh-200031945
http://www.ncbi.nlm.nih.gov/pubmed/10738048
https://dx.doi.org/10.1056/NEJM200003303421301
http://www.ncbi.nlm.nih.gov/pubmed/16873782
https://dx.doi.org/10.2337/dc06-0506

Bergantin LB. Diabetes and inflammatory diseases

Jaishideng®

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

impact on diabetes self-management and use of care services. All Wales Research into Elderly
(AWARE) Study. Diabetes Res Clin Pract 2000; 50: 203-212 [PMID: 11106835 DOI:
10.1016/s0168-8227(00)00195-9]

Alencar RC, Cobas RA, Gomes MB. Assessment of cognitive status in patients with type 2 diabetes
through the Mini-Mental Status Examination: a cross-sectional study. Diabetol Metab Syndr 2010; 2:
10 [PMID: 20205826 DOI: 10.1186/1758-5996-2-10]

Feinkohl I, Keller M, Robertson CM, Morling JR, Williamson RM, Nee LD, McLachlan S, Sattar N,
Welsh P, Reynolds RM, Russ TC, Deary 1J, Strachan MW, Price JF; Edinburgh Type 2 Diabetes
Study (ET2DS) Investigators. Clinical and subclinical macrovascular disease as predictors of
cognitive decline in older patients with type 2 diabetes: the Edinburgh Type 2 Diabetes Study.
Diabetes Care 2013; 36: 2779-2786 [PMID: 23579182 DOI: 10.2337/dc12-2241]

Zhao Q, Roberts RO, Ding D, Cha R, Guo Q, Meng H, Luo J, Machulda MM, Shane Pankratz V,
Wang B, Christianson TJ, Aakre JA, Knopman DS, Boeve BF, Hong Z, Petersen RC; Shanghai
Aging Study (SAS); Mayo Clinic Study of Aging (MCSA). Diabetes is Associated with Worse
Executive Function in Both Eastern and Western Populations: Shanghai Aging Study and Mayo
Clinic Study of Aging. J Alzheimers Dis 2015; 47: 167-176 [PMID: 26402765 DOI:
10.3233/JAD-150073]

Qiu C, Sigurdsson S, Zhang Q, Jonsdottir MK, Kjartansson O, Eiriksdottir G, Garcia ME, Harris TB,
van Buchem MA, Gudnason V, Launer LJ. Diabetes, markers of brain pathology and cognitive
function: the Age, Gene/Environment Susceptibility-Reykjavik Study. Ann Neurol 2014; 75: 138-146
[PMID: 24243491 DOI: 10.1002/ana.24063]

Moran C, Phan TG, Chen J, Blizzard L, Beare R, Venn A, Miinch G, Wood AG, Forbes J,
Greenaway TM, Pearson S, Srikanth V. Brain atrophy in type 2 diabetes: regional distribution and
influence on cognition. Diabetes Care 2013; 36: 4036-4042 [PMID: 23939539 DOI:
10.2337/dc13-0143]

Kooistra M, Geerlings MI, van der Graaf Y, Mali WP, Vincken KL, Kappelle LJ, Muller M, Biessels
GJ; SMART-MR Study Group. Vascular brain lesions, brain atrophy, and cognitive decline. The
Second Manifestations of ARTerial disease--Magnetic Resonance (SMART-MR) study. Neurobiol
Aging 2014; 35: 35-41 [PMID: 23932882 DOI: 10.1016/j.neurobiolaging.2013.07.004]

van Elderen SG, de Roos A, de Craen AJ, Westendorp RG, Blauw GJ, Jukema JW, Bollen EL,
Middelkoop HA, van Buchem MA, van der Grond J. Progression of brain atrophy and cognitive
decline in diabetes mellitus: a 3-year follow-up. Neurology 2010; 75: 997-1002 [PMID: 20837967
DOLI: 10.1212/WNL.0b013e3181f25f06]

Whitmer RA. Type 2 diabetes and risk of cognitive impairment and dementia. Curr Neurol Neurosci
Rep 2007; 7: 373-380 [PMID: 17764626 DOI: 10.1007/s11910-007-0058-7]

Guariguata L, Whiting DR, Hambleton I, Beagley J, Linnenkamp U, Shaw JE. Global estimates of
diabetes prevalence for 2013 and projections for 2035. Diabetes Res Clin Pract 2014; 103: 137-149
[PMID: 24630390 DOI: 10.1016/j.diabres.2013.11.002]

Bruce DG, Casey GP, Grange V, Clarnette RC, Almeida OP, Foster JK, Ives FJ, Davis TM;
Fremantle Cognition in Diabetes Study. Cognitive impairment, physical disability and depressive
symptoms in older diabetic patients: the Fremantle Cognition in Diabetes Study. Diabetes Res Clin
Pract 2003; 61: 59-67 [PMID: 12849924 DOI: 10.1016/s0168-8227(03)00084-6]

Watson GS, Craft S. The role of insulin resistance in the pathogenesis of Alzheimer's disease:
implications for treatment. CNS Drugs 2003; 17: 27-45 [PMID: 12467491 DOL:
10.2165/00023210-200317010-00003]

Yaffe K, Blackwell T, Whitmer RA, Krueger K, Barrett Connor E. Glycosylated hemoglobin level
and development of mild cognitive impairment or dementia in older women. J Nutr Health Aging
2006; 10: 293-295 [PMID: 16886099]

Kodl CT, Seaquist ER. Cognitive dysfunction and diabetes mellitus. Endocr Rev 2008; 29: 494-511
[PMID: 18436709 DOI: 10.1210/er.2007-0034]

Cunnane S, Nugent S, Roy M, Courchesne-Loyer A, Croteau E, Tremblay S, Castellano A, Pifferi F,
Bocti C, Paquet N, Begdouri H, Bentourkia M, Turcotte E, Allard M, Barberger-Gateau P, Fulop T,
Rapoport SI. Brain fuel metabolism, aging, and Alzheimer's disease. Nutrition 2011; 27: 3-20 [PMID:
21035308 DOI: 10.1016/j.nut.2010.07.021]

Cunnane SC, Plourde M, Pifferi F, Bégin M, Féart C, Barberger-Gateau P. Fish, docosahexaenoic
acid and Alzheimer's disease. Prog Lipid Res 2009; 48: 239-256 [PMID: 19362576 DOI:
10.1016/j.plipres.2009.04.001]

Yassine HN, Croteau E, Rawat V, Hibbeln JR, Rapoport SI, Cunnane SC, Umhau JC. DHA brain
uptake and APOE4 status: a PET study with [1-''"C]-DHA. Alzheimers Res Ther 2017; 9: 23 [PMID:
28335828 DOI: 10.1186/s13195-017-0250-1]

Croteau E, Castellano CA, Richard MA, Fortier M, Nugent S, Lepage M, Duchesne S, Whittingstall
K, Turcotte EE, Bocti C, Fiilop T, Cunnane SC. Ketogenic Medium Chain Triglycerides Increase
Brain Energy Metabolism in Alzheimer's Disease. J Alzheimers Dis 2018; 64: 551-561 [PMID:
29914035 DOI: 10.3233/JAD-180202]

Abdi A, Jalilian M, Sarbarzeh PA, Vlaisavljevic Z. Diabetes and COVID-19: A systematic review on
the current evidences. Diabetes Res Clin Pract 2020; 166: 108347 [PMID: 32711003 DOI:
10.1016/j.diabres.2020.108347]

Lim S, Bae JH, Kwon HS, Nauck MA. COVID-19 and diabetes mellitus: from pathophysiology to
clinical management. Nat Rev Endocrinol 2021; 17: 11-30 [PMID: 33188364 DOI:

WJD | https://www.wjgnet.com 778 June 15,2021 | Volume12 | Issueb6


http://www.ncbi.nlm.nih.gov/pubmed/11106835
https://dx.doi.org/10.1016/s0168-8227(00)00195-9
http://www.ncbi.nlm.nih.gov/pubmed/20205826
https://dx.doi.org/10.1186/1758-5996-2-10
http://www.ncbi.nlm.nih.gov/pubmed/23579182
https://dx.doi.org/10.2337/dc12-2241
http://www.ncbi.nlm.nih.gov/pubmed/26402765
https://dx.doi.org/10.3233/JAD-150073
http://www.ncbi.nlm.nih.gov/pubmed/24243491
https://dx.doi.org/10.1002/ana.24063
http://www.ncbi.nlm.nih.gov/pubmed/23939539
https://dx.doi.org/10.2337/dc13-0143
http://www.ncbi.nlm.nih.gov/pubmed/23932882
https://dx.doi.org/10.1016/j.neurobiolaging.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20837967
https://dx.doi.org/10.1212/WNL.0b013e3181f25f06
http://www.ncbi.nlm.nih.gov/pubmed/17764626
https://dx.doi.org/10.1007/s11910-007-0058-7
http://www.ncbi.nlm.nih.gov/pubmed/24630390
https://dx.doi.org/10.1016/j.diabres.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/12849924
https://dx.doi.org/10.1016/s0168-8227(03)00084-6
http://www.ncbi.nlm.nih.gov/pubmed/12467491
https://dx.doi.org/10.2165/00023210-200317010-00003
http://www.ncbi.nlm.nih.gov/pubmed/16886099
http://www.ncbi.nlm.nih.gov/pubmed/18436709
https://dx.doi.org/10.1210/er.2007-0034
http://www.ncbi.nlm.nih.gov/pubmed/21035308
https://dx.doi.org/10.1016/j.nut.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/19362576
https://dx.doi.org/10.1016/j.plipres.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28335828
https://dx.doi.org/10.1186/s13195-017-0250-1
http://www.ncbi.nlm.nih.gov/pubmed/29914035
https://dx.doi.org/10.3233/JAD-180202
http://www.ncbi.nlm.nih.gov/pubmed/32711003
https://dx.doi.org/10.1016/j.diabres.2020.108347
http://www.ncbi.nlm.nih.gov/pubmed/33188364

Jaishideng®

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

Bergantin LB. Diabetes and inflammatory diseases

10.1038/s41574-020-00435-4]

Zhang LK, Sun Y, Zeng H, Wang Q, Jiang X, Shang WJ, Wu Y, Li S, Zhang YL, Hao ZN, Chen H,
Jin R, Liu W, Li H, Peng K, Xiao G. Calcium channel blocker amlodipine besylate therapy is
associated with reduced case fatality rate of COVID-19 patients with hypertension. Cell Discov 2020;
6: 96 [PMID: 33349633 DOI: 10.1038/s41421-020-00235-0]

Silva IVG, de Figueiredo RC, Rios DRA. Effect of Different Classes of Antihypertensive Drugs on
Endothelial Function and Inflammation. /nt J Mol Sci 2019; 20 [PMID: 31337127 DOI:
10.3390/ijms20143458]

D'Elia JA, Weinrauch LA. Calcium Ion Channels: Roles in Infection and Sepsis Mechanisms of
Calcium Channel Blocker Benefits in Immunocompromised Patients at Risk for Infection. Int J Mol
Sci 2018; 19 [PMID: 30134544 DOI: 10.3390/ijms19092465]

Zhou F, Yu T, DuR, Fan G, Liu Y, Liu Z, Xiang J, Wang Y, Song B, Gu X, Guan L, Wei Y, Li H,
Wu X, Xu J, Tu S, Zhang Y, Chen H, Cao B. Clinical course and risk factors for mortality of adult
inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet 2020; 395: 1054-
1062 [PMID: 32171076 DOI: 10.1016/S0140-6736(20)30566-3]

Bergantin LB. The Interplay Between Asthma and Other Diseases: Role of Ca2+/cAMP Signalling.
Endocr Metab Immune Disord Drug Targets 2020; 20: 321-327 [PMID: 31456527 DOI:
10.2174/1871530319666190828145854]

Bergantin LB. Diabetes and Parkinson's Disease: Debating the Link Through Ca2+/cAMP
Signalling. Curr Diabetes Rev 2020; 16: 238-241 [PMID: 31291877 DOI:
10.2174/1573399815666190711113644]

Fajardo AM, Piazza GA, Tinsley HN. The role of cyclic nucleotide signaling pathways in cancer:
targets for prevention and treatment. Cancers (Basel) 2014; 6: 436-458 [PMID: 24577242 DOI:
10.3390/cancers6010436]

Drees M, Zimmermann R, Eisenbrand G. 3',5'-Cyclic nucleotide phosphodiesterase in tumor cells as
potential target for tumor growth inhibition. Cancer Res 1993; 53: 3058-3061 [PMID: 8391385]
Xiao L, O'Callaghan JP, O'Donnell JM. Effects of repeated treatment with phosphodiesterase-4
inhibitors on cAMP signaling, hippocampal cell proliferation, and behavior in the forced-swim test. J
Pharmacol Exp Ther 2011; 338: 641-647 [PMID: 21566211 DOI: 10.1124/jpet.111.179358]

Uddin MS, Stachowiak A, Mamun AA, Tzvetkov NT, Takeda S, Atanasov AG, Bergantin LB,
Abdel-Daim MM, Stankiewicz AM. Autophagy and Alzheimer's Disease: From Molecular
Mechanisms to Therapeutic Implications. Front Aging Neurosci 2018; 10: 04 [PMID: 29441009 DOI:
10.3389/fnagi.2018.00004]

Ribeiro CM. The role of intracellular calcium signals in inflammatory responses of polarised cystic
fibrosis human airway epithelia. Drugs R D 2006; 7: 17-31 [PMID: 16620134 DOI:
10.2165/00126839-200607010-00002]

Raker VK, Becker C, Steinbrink K. The cAMP Pathway as Therapeutic Target in Autoimmune and
Inflammatory Diseases. Front Immunol 2016; 7: 123 [PMID: 27065076 DOI:
10.3389/fimmu.2016.00123]

Novotny M, Klimova B, Valis M. Nitrendipine and Dementia: Forgotten Positive Facts? Front Aging
Neurosci 2018; 10: 418 [PMID: 30618724 DOI: 10.3389/fnagi.2018.00418]

Takada K, Kashiwagi S, Asano Y, Goto W, Takahashi K, Fujita H, Takashima T, Tomita S,
Hirakawa K, Ohira M. Verification of the effects of calcium channel blockers on the immune
microenvironment of breast cancer. BMC Cancer 2019; 19: 615 [PMID: 31234828 DOI:
10.1186/s12885-019-5828-5]

Taghizadehghalehjoughi A, Sezen S, Hacimuftuoglu A, Giilliice M. Vincristine combination with
Ca'? channel blocker increase antitumor effects. Mol Biol Rep 2019; 46: 2523-2528 [PMID:
30903573 DOI: 10.1007/s11033-019-04706-w]

WJD | https://www.wjgnet.com 779 June 15,2021 | Volume12 | Issueb6


https://dx.doi.org/10.1038/s41574-020-00435-4
http://www.ncbi.nlm.nih.gov/pubmed/33349633
https://dx.doi.org/10.1038/s41421-020-00235-0
http://www.ncbi.nlm.nih.gov/pubmed/31337127
https://dx.doi.org/10.3390/ijms20143458
http://www.ncbi.nlm.nih.gov/pubmed/30134544
https://dx.doi.org/10.3390/ijms19092465
http://www.ncbi.nlm.nih.gov/pubmed/32171076
https://dx.doi.org/10.1016/S0140-6736(20)30566-3
http://www.ncbi.nlm.nih.gov/pubmed/31456527
https://dx.doi.org/10.2174/1871530319666190828145854
http://www.ncbi.nlm.nih.gov/pubmed/31291877
https://dx.doi.org/10.2174/1573399815666190711113644
http://www.ncbi.nlm.nih.gov/pubmed/24577242
https://dx.doi.org/10.3390/cancers6010436
http://www.ncbi.nlm.nih.gov/pubmed/8391385
http://www.ncbi.nlm.nih.gov/pubmed/21566211
https://dx.doi.org/10.1124/jpet.111.179358
http://www.ncbi.nlm.nih.gov/pubmed/29441009
https://dx.doi.org/10.3389/fnagi.2018.00004
http://www.ncbi.nlm.nih.gov/pubmed/16620134
https://dx.doi.org/10.2165/00126839-200607010-00002
http://www.ncbi.nlm.nih.gov/pubmed/27065076
https://dx.doi.org/10.3389/fimmu.2016.00123
http://www.ncbi.nlm.nih.gov/pubmed/30618724
https://dx.doi.org/10.3389/fnagi.2018.00418
http://www.ncbi.nlm.nih.gov/pubmed/31234828
https://dx.doi.org/10.1186/s12885-019-5828-5
http://www.ncbi.nlm.nih.gov/pubmed/30903573
https://dx.doi.org/10.1007/s11033-019-04706-w

%

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4239/wjd.v12.i6.780

World Journal of
Diabetes

World | Diabetes 2021 June 15; 12(6): 780-785

ISSN 1948-9358 (online)

MINIREVIEWS

Effect of COVID-19 on management of type 1 diabetes: Pushing the
boundaries of telemedical healthcare

Ines Bilic Curcic, Maja Cigrovski Berkovic, Tomislav Kizivat, Silvija Canecki Varzic, Robert Smolic, Martina

Smolic

ORCID number: Ines Bilic Curcic
0000-0002-8861-5987; Maja
Cigrovski Berkovic 0000-0003-0750-
9785; Tomislav Kizivat 0000-0002-
2523-6007; Silvija Canecki Varzic
0000-0001-9535-7915; Robert Smolic
0000-0003-4614-4344; Martina
Smolic 0000-0002-6867-826X.

Author contributions: Bilic Curcic I,
Smolic M, and Smolic R were
responsible for the concept and
design; Bilic Curcic I, Cigrovski
Berkovic M were responsible for
drafting the manuscript; Kizivat T
was responsible for visualizations;
Smolic M, Smolic R, Kizivat T, and
Canecki Varzic S were responsible
for critical revision of the
manuscript.

Supported by Ines Bili¢-Curcié, No.
ZUP2018-90.

Conflict-of-interest statement:
There is no conflict of interest
associated with the senior author
or other coauthors.

Open-Access: This article is an
open-access article that was
selected by an in-house editor and
fully peer-reviewed by external
reviewers. It is distributed in
accordance with the Creative
Commons Attribution
NonCommercial (CC BY-NC 4.0)
license, which permits others to
distribute, remix, adapt, build

Jaishideng®

WJD | https://www.wjgnet.com

Ines Bilic Curcic, Silvija Canecki Varzic, Department of Endocrinology, University Hospital
Osijek, Osijek 31000, Croatia

Ines Bilic Curcic, Martina Smolic, Department of Pharmacology, Faculty of Medicine Osijek,
Osijek 31000, Croatia

Maja Cigrovski Berkovic, Department of Endocrinology, Diabetes, Metabolism and Clinical
Pharmacology, University Hospital Dubrava, Zagreb 10000, Croatia

Maja Cigrovski Berkovic, Department of Kinesiological Anthropology and Methodology,
Faculty of Kinesiology, University of Zagreb, Zagreb 10000, Croatia

Tomislav Kizivat, Clinical Institute of Nuclear Medicine and Radiation Protection, University
Hospital Osijek, Osijek 31000, Croatia

Tomislav Kizivat, Department of Nuclear Medicine and Oncology, Faculty of Medicine Osijek,
Osijek 31000, Croatia

Silvija Canecki Varzic, Department of Internal Medicine, Family Medicine, and History, Faculty
of Medicine Osijek, Osijek 31000, Croatia

Robert Smolic, Department of Pathophysiology, Faculty of Medicine Osijek, Osijek 31000,
Croatia

Robert Smolic, Department of Pathophysiology, Physiology and Immunology, Faculty of Dental
Medicine and Health, Osijek 31000, Croatia

Martina Smolic, Department of Pharmacology and Biochemistry, Faculty of Dental Medicine
and Health, Osijek 31000, Croatia

Corresponding author: Martina Smolic, MD, PhD, Associate Professor, Department for
Pharmacology, Faculty of Medicine Osijek, J Huttlera 4, Osijek 31000, Croatia.
martina.smolic@mefos.hr

Abstract

The new coronavirus disease 2019 (COVID-19) pandemic posed a great burden on
health care systems worldwide and is an enormous and real obstacle in providing
needed health care to patients with chronic diseases such as diabetes. Parallel to
COVID-19, there have been great advances in technology used for management of
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type 1 diabetes, primarily insulin pumps, sensors, integrated and closed loop
systems, ambulatory glucose profile software, and smart phone apps providing
necessary essentials for telemedicine implementation right at the beginning of the
COVID-19 pandemic. The results of these remote interventions are reassuring in
terms of glycemic management and hemoglobin Alc reductions. However, data
on long-term outcomes and cost reductions are missing as well as proper technical
infrastructure and government health policy support.

Key Words: Diabetes management; Telemedicine; COVID-19; Diabetes type 1

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Mortality and morbidity rates increased during the coronavirus disease 2019
pandemic partially due to disruption in health care delivery. The implementation of
telemedicine imposes itself as a logical solution given technical devices and apps
already available in the management of type 1 diabetes. Presently available data are
scarce but encouraging regarding glycemic control in long standing type 1 diabetes and
new onset type 1 diabetes and minimizing acute complications.
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M. Effect of COVID-19 on management of type 1 diabetes: Pushing the boundaries of
telemedical healthcare. World J Diabetes 2021; 12(6): 780-785

URL: https://www.wjgnet.com/1948-9358/full/v12/i6/780.htm
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INTRODUCTION

Diabetes and coronavirus disease 2019-aftermath to be seen

The coronavirus disease 2019 (COVID-19) pandemic is one of the biggest challenges
humanity has ever encountered with unfathomable aftermaths on all aspects of our
lives including the health care system or rather the disruption of health care delivery.

Interestingly, diabetes and COVID-19 are both pandemics with distinct opposite
features. The COVID-19 pandemic is a newly emerged infectious disease caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). In the short period of
time, it caused over 1850941 deaths[1] rising as a global emergency and changing the
face of health care provision in a short period of time. On the other hand, diabetes is a
slow pandemic, and one of the leading causes of mortality and morbidity worldwide
responsible for over 42 million deaths in 2019[2].

Moreover, clinical presentation of SARS-CoV-2 infection tends to be more severe
with increased mortality rates in people with type 1 and type 2 diabetes, especially
those with poor glycemic regulation and accompanying comorbidities such as obesity,
kidney impairment, and cardiovascular disease[3,4]. An increase in mortality rates in
diabetic patients, both type 1 and type 2, has been observed in the first 3 mo of 2020
compared with the same period in the 5 years prior (from 2014 to 2019), which could
be a consequence of inadequate health care as well as COVID-19[3] emphasizing an
urgent need for practical solutions in remote outpatient health care.

An emerging role of remote outpatient care in diabetes management

If anything, the COVID-19 pandemic accelerated the implementation of telemedicine
worldwide due to mandatory social distancing, and many patients” health care
providers were discovering benefits attached to remote health care[5]. Patients can
receive guidance and consulting from their homes thus avoiding a potential virus
threat, saving time and costs of travel and parking, which is especially convenient for
children and the working population.

Diabetes type 1 and telemedicine-a big step forward
This form of diabetes management is particularly appropriate for type 1 patients
already using available software, such as Dexcom, Care Link, or LabVIEW, able to
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generate ambulatory glucose profile reports, and using smart insulin pens thus
allowing remote monitoring of glucose management and providing consultations
based on available data via phone, video calls, or smart phone applications[6-8].

Indeed, the digital revolution commenced in the type 1 community starting with
insulin pumps, advancing with sensors, integrated and closed loop systems,
ambulatory glucose profile software, and smart phone apps procuring necessary
essentials for swift and timely telemedicine implementation right at the beginning of
the COVID-19 pandemic[9].

This was clearly shown in a study performed in Italy during the COVID-19
lockdown including people with type 1 diabetes using the hybrid closed loop
demonstrating improved glycemic control probably due to the availability of
telemedicine and more active engagement of patients in glycemic management[10].

A study conducted on type 1 diabetes patients from 89 countries encompassing 7477
survey responses showed that 30% believed their healthcare access was negatively
affected, while 28% received remote care through telephone (72%) or video calls (28%).
The majority of those patients considered teleconsulting useful, and hemoglobin Alc
levels positively correlated with affirmative attitude towards telemedicine[11].

Type 2 diabetes and telemedicine-limited experience in the COVID-19 era

In the pre-COVID-19 era, virtual consultations have proven useful, effective, and
accessible in type 2 diabetes management compared to face-to-face visits[12,13]. Still,
outcomes in terms of glycated hemoglobin vary by studies. For instance, Cochrane
meta-analysis of 21 studies comparing standard care to telemedicine in diabetic
patients demonstrated inconsistent results in hemoglobin Alc improvement but a
better effect on low density lipoprotein and blood pressure levels[14]. Another study
showed improvement in hemoglobin Alc levels. However, strong technical support
was engaged including connected devices such as continuous glucose monitoring,
remote lifestyle coaching, and clinical support with a mobile app, which are not
usually on disposal for type 2 diabetes patients[15].

Data on telemedicine and type 2 diabetes in the COVID-19 era are still lacking. In a
recently published study including 763 type 1 and 619 type 2 diabetics, about 40% of
patients stated that all of their diabetes visits were cancelled or postponed, 40% were
switched to telehealth consultations, while half reported lower overall satisfaction
with these visits[16].

Managing new onset diabetes and acute complications in COVID-19 via telemedicine
Infection with SARS-CoV-2 causes an inexplicable rise in glycemia, probably due to
direct toxic effects of the virus itself and wide expression of angiotensin converting
enzyme 2 on islet cells[17,18] presenting with acute hyperglycemia followed by ketosis
or even ketoacidosis requiring an emergency room visit even in previously well-
controlled patients[19,20].

Telemedicine is allowing a continuous and remote communication between patients
and their health care provider and in terms of COVID-19-induced acute hyper-
glycemia offers the only solution in outpatient glycemic management. In this way,
consulting a patient on timely ketone screening and suitable actions could prevent
development of ketosis and diabetic ketoacidosis and relive a burden on hospitals or at
least ensure apt emergency room visits[21].

Recently, two case reports were published, one adult and the other pediatric, where
telemedicine was effectively applied in all aspects of type 1 diabetes management,
consultation, education, and monitoring through available software to generate
ambulatory glucose profiles and using a combination of e-mail, Internet via Zoom, and
telephone calls[22].

Future perspectives in telemedicine implementation

The major obstacle in telemedicine implementation are technical support issues and
government reimbursement policies, which differ by country. Structured background
for integration and reimbursement in most countries is missing. There are two options
presented, one involving private providers depending on private insurance and the
other based on free applications such as WhatsApp, Skype, or Zoom that are not in
accordance with health data privacy conditions and are not an integrated part of
health care registries[23]. In most countries, health insurance covers the costs of
technical devices in the management of type 1 diabetes, which is not the case for type 2
diabetes. Precisely for this reason telemedicine is the most widely used in long
standing type 1 diabetes management but also has potential in new onset type 1
diabetes and prevention of acute complications, especially important in the COVID-19
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era (Figure 1).

Downloading data from devices is a weak link in wider implementation of
telemedicine because the older population is not skilled enough or do not have
technical support necessary to prepare reports for consults. Unfortunately, this
population in particular could benefit the most from remote consulting due to vulner-
ability to SARS-CoV-2 and other infections, walking disabilities, and poorer
socioeconomic status. In addition, the majority of those patients do not have smart
phones and do not use the internet frequently. Thus, improvements in user support
services are necessary at this stage to resolve issues in service delivery[5].

The main question is could telemedicine replace face-to-face visits? One could argue
that even if we have necessary data regarding glycemic management, we still could
not perform a physical exam in order to evaluate cardiovascular health or
polyneuropathy. It should be emphasized that telemedicine in retinopathy screening
has been long recognized[24]. On the other hand, telemedicine and constant contact
with patients enables physicians to act in time, to give advice regarding hypo- or
hyperglycemia, adjust insulin doses, and provide proper actions in case of
emergencies.

The potential in cost reductions and advancements of health care are plausible and
supported by a recently published meta-analysis including 8 studies investigating a
role of telemedicine in the COVID-19 pandemic confirming that telehealth care
improves accessibility of health services[25]. However, there are no definite reports on
long-term outcomes or cost reduction necessary for creating government health care
policies as well as building technical infrastructure.

CONCLUSION

Nonetheless, virtual consultations and/or clinics are inevitable and essential in
providing healthcare in this pandemic, securing communication between type 2
diabetes patients and health care providers necessary in supporting self-management.
Based on present data, technical infrastructure is imperative in delivering high quality
consultations ensuring patient satisfaction.
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Abstract

The oral glucose tolerance test (OGTT) has been widely used both in clinics and in
basic research for a long time. It is applied to diagnose impaired glucose tolerance
and/or type 2 diabetes mellitus in individuals. Additionally, it has been
employed in research to investigate glucose utilization and insulin sensitivity in
animals. The main aim of each was quite different, and the details are also
somewhat varied. However, the time or duration of the OGTT was the same,
using the 2-h post-glucose load glycemia in both, following the suggestions of the
American Diabetes Association. Recently, the use of 30-min or 1-h post-glucose
load glycemia in clinical practice has been recommended by several studies. In
this review article, we describe this new view and suggest perspectives for the
OGTT. Additionally, quantification of the glucose curve in basic research is also
discussed. Unlike in clinical practice, the incremental area under the curve is not
suitable for use in the studies involving animals receiving repeated treatments or
chronic treatment. We discuss the potential mechanisms in detail. Moreover,
variations between bench and bedside in the application of the OGTT are
introduced. Finally, the newly identified method for the OGTT must achieve a
recommendation from the American Diabetes Association or another official unit
soon. In conclusion, we summarize the recent reports regarding the OGTT and
add some of our own perspectives, including machine learning and others.

Key Words: Oral glucose tolerance test; Impaired glucose tolerance; Glucose Utilization;

June 15,2021 | Volume12 | Issue6 |


https://www.f6publishing.com
https://dx.doi.org/10.4239/wjd.v12.i6.786
http://orcid.org/0000-0002-9254-7753
http://orcid.org/0000-0002-9254-7753
http://orcid.org/0000-0002-9254-7753
http://orcid.org/0000-0003-4983-4666
http://orcid.org/0000-0003-4983-4666
http://orcid.org/0000-0003-4858-8475
http://orcid.org/0000-0003-4858-8475
http://orcid.org/0000-0002-4522-584X
http://orcid.org/0000-0002-4522-584X
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
mailto:jtcheng5503@gmail.com

Country/Territory of origin: Taiwan

Peer-review report’s scientific
quality classification

Grade A (Excellent): 0

Grade B (Very good): B
Grade C (Good): C

Grade D (Fair): 0

Grade E (Poor): E

Received: January 14, 2021
Peer-review started: January 14,
2021

First decision: February 12, 2021
Revised: February 24, 2021
Accepted: May 19, 2021

Article in press: May 19, 2021
Published online: June 15, 2021

P-Reviewer: Kim IJ, Mom¢ilovié¢ S,
Novita BD

S-Editor: Wang JL

L-Editor: Filipodia

P-Editor: Li JH

Jaishideng®

WJD | https://www.wjgnet.com 787

Kuo FY et al. OGTT revisiting

Type 2 diabetes; Area under the curve

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Oral glucose tolerance test (OGTT) is a useful tool that has been applied from
the last century to now. It is used to diagnose impaired glucose tolerance and/or type 2
diabetes mellitus in individuals. Basic research also applied it to investigate the glucose
utilization and insulin sensitivity in animals. However, the main aim of each is quite
different, and the details are also somewhat varied. In addition to the merits of OGTT
in bench and bedside, variations between clinical practice and basic research are also
discussed. Notably, recent reports have recommended that the time for OGTT be
shorter in individuals. This conclusion needs to be confirmed officially in advance by
diabetes associations. This new method is also required to be clarified in animal
research. Additionally, perspectives of OGTT application are also conducted in this
review including machine learning. Therefore, this report suggests a new way for
OGTT practice in the future.

Citation: Kuo FY, Cheng KC, Li Y, Cheng JT. Oral glucose tolerance test in diabetes, the old
method revisited. World J Diabetes 2021; 12(6): 786-793

URL: https://www.wjgnet.com/1948-9358/full/v12/i6/786.htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i6.786

INTRODUCTION

The oral glucose tolerance test (OGTT) has widely been used in clinics to diagnose
impaired glucose tolerance (IGT) and/or type 2 diabetes mellitus (T2DM)[1]. The risk
of transient postprandial hypoglycemia in patients with non-alcoholic fatty liver
disease has also been identified using the OGTT[2]. Moreover, non-alcoholic steato-
hepatitis (NASH) linked with T2DM has been a focus, because NASH often occurs
within 5 years in patients with T2DM (about 56.49%)[3]. Therefore, the application of
OGTT for the diagnosis of non-alcoholic fatty liver disease or NASH is also popular in
clinical practice.

The prevalence of T2DM is increasing at an alarming rate and is projected to
increase from 171 million individuals in 2000 to 366 million by the year 2030[4]. In the
United States, the number of adults living with T2DM is estimated to increase from
463.0 million to 700.2 million between 2019 and 2045. The total annual costs of
managing this disease are expected to increase accordingly from 760.3 billion USD to
845.0 billion USD in this period. Therefore, the identification of IGT is important for
T2DM prevention strategies in those who are at high risk. To achieve this, the OGTT
has been suggested[5]. The use of glycated hemoglobin (HbAlc) levels has been
proposed as an alternative to the OGTT. However, using only HbAlc to diagnose
diabetes misses more than half of the diabetes cases established by the OGTT[6].
Therefore, the OGTT was introduced as the most suitable method[7].

The OGTT is also used in basic research, mainly focusing on glucose homeostasis of
animals. Insulin resistance (IR) and insulin sensitivity have been identified using the
results of the glucose- insulin index obtained from the OGTT in animals[8]. The
diagnosis of T2DM was not included in this basic research. IGT in animals was also the
main target in basic studies. Although research in animals may be useful to studying
the basis of human disease, there are clear differences between species regarding
metabolic regulation[9]. Therefore, the OGTT has limitations in basic research[10].

The OGTT has been applied over the last century by using the plasma glucose
concentrations, measured after either an overnight fast or glucose loading, as a useful
tool for diagnosing IGT. Indications for performing the OGTT are numerous, as
described in a recent review article[11]. In this report, we explore the concerns
regarding the OGTT, revisited for both bedside and bench.
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OGTT IN CLINICAL PRACTICE

The OGTT was standardized by establishing an oral glucose load of 75 g and 2-h post-
glucose load glycemia (2hPG), according to the Expert Committee of the American
Diabetes Association (ADA)[12]. Overnight fasting glucose (FPG) and impaired fasting
glycemia (IFG) were also recommended by the ADA. However, the FPG cut-off values
for diabetes and/or IFG are far from being equivalent to the corresponding 2hPG
values according to epidemiological data[13]. Additionally, it has been documented
that impairment in insulin secretion is more relevant in IFG, while faltering insulin
sensitivity is peculiar to IGT[14]. Otherwise, the concerns regarding the OGTT are that
it is time consuming, poorly reproducible, and not well accepted by patients.
Therefore, the ADA expected to include more subjects whose OGTT results were
conclusive for diabetes or IGT, as described previously[15].

Although FPG cannot be equated to 2hPG, it has been demonstrated that the 2hPG
predicts the risk of heart disease more effectively than FPG[16]. Basically, the plasma
glucose levels obtained during the OGTT are related to both insulin sensitivity and
secretion. As B-cell function is already substantially impaired in prediabetes,
shortening the OGTT to use the 30-min or 1-h post-glucose load glycemia (1hPG) has
recently been suggested[11]. Therefore, identifying high-risk individuals using the
1hPG seems an important and novel strategy to prevent the development of T2DM
and cardiovascular disease. The addition of 30-min PG values to traditional glucose
biomarker such as FPG and 2hPG values may assist the identification[11]. However,
the faster the post-load glucose drops towards FPG, or the lower the rise in post-load
glucose, the more efficient the B-cell function[15]. Another review article summarized
the clinical reports to suggest that a ThPG level of > 8.6 mmol/L (or 155 mg/dL) to
identify individuals with reduced {-cell function should be considered for adoption in
clinical practice[17]. One-hour time points during a standard OGTT and the morpho-
logical characteristics of the glucose curve during the OGTT are associated with
heightened risk of incident diabetes. The 30-min PG indicates first-phase insulin
response. Diminution of the 30-min PG suggests p-cell dysfunction as an early lesion
in the development of T2DM.

OGTT THROUGH QUANTITATIVE ANALYSIS

The shape of the glucose curve follows the pattern of a rise and fall in blood glucose
after a fixed glucose loading, most commonly after a 2-h 75 g OGTT. The curve shape
can be grouped into three categories by the blood glucose levels collected at fixed time
points (such as 0, 15, 30, 60, 90, and 120 min) - monophasic (a gradual increase in
glucose with a single peak and then a fall), biphasic (a gradual rise to a peak, a fall in
glucose to a nadir and a subsequent rise), and unclassified (a continuous rise without a
peak). The rationale for using these definitions is mainly due to the association of the
curve shapes with pathological features of T2DM and the ease of categorization. The
monophasic and unclassified curves, compared to the biphasic curve, are associated
with lower insulin sensitivity and decreased p-cell function[18]. Additionally, the
monophasic and unclassified curves are better predictors of prediabetes in individuals
at high risk of diabetes[19]. However, the application of simple shape changes to
diagnosing prediabetes and/or diabetes is challenging, as described recently[11]. A
monophasic curve was identified during a 2-h test, but it became a biphasic curve after
a 3-h test for no discernible reason[20].

Latent class trajectory analysis is another statistical tool that supplies probabilities
for grouping pairs into different morphological classes while considering
measurement error and intra-individual variability[21]. Four patterns have been
described (Classes 1-4) that correspond to increasing glucose levels and declining
insulin sensitivity and secretion with time[22]. However, concerns related to increased
cost and patient burden associated with collecting blood at one to three additional
time points and the expertise required to assess heterogeneity in curve shapes have
limited its clinical use[23].

The area under the curve (AUC) is derived from the OGTT data to calculate the total
rise in blood glucose during the OGTT using the trapezoidal rule[24]. It has been
applied in scientific reports to show the variations in increased blood glucose during
the OGTT. However, a marked difference in fasting blood glucose between individuals
interrupted the data of the AUC. Therefore, the incremental AUC (iAUC) was
developed to minimize this difference[25]. However, the iAUC obtained by
subtracting the baseline value of fasting plasma glucose has been challenged as being
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problematic[24]. Then, the positive incremental AUC (pAUC) was further suggested,
and only the values above the baseline value were considered; those below the
baseline were ignored in studies[25]. The total AUC (tAUC), iAUC, and positive
incremental area under the curve (pAUC) have been applied in clinical practice. It has
been indicated that the tAUC expresses the best correlation with the 2-h glucose level
from the OGTT, and the total glucose response was better represented by the tAUC
than by the iAUC or pAUC in a clinical report[26]. Mathematically, iAUC is suitably
indicated by AAUC. However, AAUC has widely been applied in pharmacokinetics in
another method. Therefore, iAUC is more popular than AAUC for applications in
metabolic research. In epidemiological analysis, the superiority of the AUC for
identifying individuals at high risk for progression to T2DM has been demonstrated
[27]. However, application of the AUC in clinical practice is not popular[11].

Sophisticated mathematical and statistical methods such as machine learning
algorithms have been developed to extract the features from OGTT glucose curves to
predict diabetes[28]. Using a simplified, integrated model that is freely available online
will increase the accessibility for OGTT analysis, as described previously[11].

OGTT IN BASIC RESEARCH

In basic research, the use of the OGTT in animals has mainly focused on glucose
homeostasis. Unlike in clinical practice, the OGTT has not been used for diagnosis in
basic research. IR and insulin sensitivity were identified using the results of the
glucose- insulin index obtained from the OGTT in animals. Generally, IGT is widely
reflected in a larger iAUC of the plasma glucose disappearance curve during the
OGTT. The OGTT showed a marked increase in AUC, ), from the experimental
animals, indicating success in the induction of a diabetic model[8,29]. Diabetic animals
were then used to screen the activity of an investigated substance, either a herbal
extract or a nutrient. When the slope of the glucose disposal phase is markedly
changed and the AUC is lower than that of the vehicle-treated control, it means that
the investigated substance has the ability to alleviate IGT, probably due to enhanced
glucose utilization[9]. Based on this merit, the AUC of OGTT data has been widely
applied in animal research. The shape of the glucose curve during the OGTT is used as
a reference only.

Generally, the animal subjects of these studies were maintained in a room under
constant temperature and humidity, receiving standard chow. The FPG levels were
stable without critical variations between animals, which is quite different from those
of individuals in clinical practice. However, the FPG level can be affected by the use of
agents in animals receiving a repeated daily treatment for several days; this has
pharmacologically been termed as a “chronic effect”. Unlike in clinical practice, the
changed FPG cannot be ignored, as described previously[10]. An agent, either a
chemical compound or a natural product, may interrupt glucose homeostasis during
chronic treatment[30]. Fortunately, no report has applied the iAUC in animals
receiving such chronic treatment[8]. This means that researchers understand the
situation regarding changes in glucose homeostasis induced by an agent during
chronic treatment. Therefore, the AUC is generally used in all reports including
samples that show a critical reduction in FPG after chronic treatment in diabetic
animals.

Moreover, the plasma insulin level during the OGTT has also been a focus of basic
research. Hyperglycemia may stimulate higher secretion of insulin to result in an
increase in the plasma insulin level. Therefore, the shape of the insulin curve in
parallel to that of the glucose curve may assist as a reference for the condition of
insulin secretion and/ or insulin sensitivity. However, it is difficult to assess changes in
insulin potency in clinical practice, and there is a gap in the current scientific literature
on insulin stability.

Overall, the OGTT in clinical practice is not the same as that used in basic research,
as shown in Table 1. However, the merits of the OGTT for diagnostic use in clinics and
for screening activity in basic research have been applied for many years[11]. The
glucose curve supplies a brief indication of insulin sensitivity and secretion on the
blood glucose level after a fixed glucose load. A 2-h 75 g OGTT is widely applied in
clinical practice, and the same has also been applied in basic research, except the
loaded glucose amount was modified. When the OGTT is revised to 30-min or ThPG in
clinical practice, the protocol of the OGTT in basic research should also be improved.
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Table 1 Differences in the oral glucose tolerance test used in clinics and in basic research

Subjects Clinical Practice Basic Research
Main aims Diagnosis Assay of responses
Applications 75 g for 2hPG 2 g for 2hPG

New method 75 g for 30 min or1hPG Unknown
Identification Shape of curve Calculated AUC
Fasting PG Important Included

Plasma insulin Reference Important
Conscious Clear Anesthesia
Cost-effective No Yes

Interpretation
Circadian factor
Bias

Fasting concerns
Reproducibility
Drug interaction
Indications

Others

Diet and exercise

Pain sensation

Yes Can be regulated
Allergy to glucose Artificial errors
Yes No

Not so good Reliable

Yes No

Anemia or borderline PG Less

Age or renal glycosuria Genetics

1hPG: 1-h post-glucose load glycemia; 2hPG: 2-h post-glucose load glycemia; AUC: Area under the curve; PG: Post-glucose load glycemia.
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OGTT IN PERSPECTIVE

The FPG, 2hPG, and HbAlc have been indicated to have performance limitations that
seem to make them unsuitable for the diagnosis of high-risk individuals[11]. An
alternative method is consequently required. Therefore, a 30-min or ThPG OGTT has
been suggested, using a level of = 8.6 mmol/L (or 155 mg/dL) as the criterion in
clinical practice[17]. Recently, diabetes prediction models using the OGTT with or
without other metabolic risk factors have been reported. A historical cohort study
compared the future risk for diabetes among groups using the insulinogenic index
[31]. The time to glucose peak could be a valuable epidemiological tool to indicate {3-
cell function in populations with a high risk of diabetes[32].

New biomarkers in circulation after glucose loading are also helpful in the diagnosis
of T2DM. Fasting is important to the assay but is not favored by the individuals who
received the OGTT. Therefore, circulating biomarkers less influenced by food and/or
feeding are more useful. These biomarkers remain to be found and developed in the
future. It has been demonstrated that the output of incretins, including glucagon-like
peptide-1 and glucose-dependent insulinotropic polypeptide, is negatively associated
with higher IR biomarkers, such as: HOMA-IR, fasting insulin, and fasting free fatty
acid levels[33]. However, endogenous incretins are regulated by glycemia, particularly
intestinal glucose[34]. Therefore, incretins seem unsuitable for use as biomarkers in
clinical practice. Otherwise, delay in the glucose peak time in individuals shows a
gradual aggravation in glucose metabolism and a decrease in insulin sensitivity
and/ or secretion[35]. However, the peak and decline in plasma glucose levels during
the OGTT reflect the interplay between multiple factors. Thus, application of the
OGTT seems limited in the study of the pathogenesis of T2DM without other
indicators as described above.

Reactive hypoglycemia (RH) has been mentioned in clinical practice, probably due
to gastrointestinal dysfunction or insufficiency that leads to relative insulin secretion
or increased insulin sensitivity[36]. Obese individuals have higher rates of RH after a
prolonged OGTT in clinics. Hypoglycemia may be due to a variety of reasons, such as
increased endogenous insulin, low secretion of anti-insulin hormones, or organic
lesions such as insulinoma, proliferation of islet 3 cells, or drug-induced hypoglycemia
caused by overtreatment in patients with diabetes[37]. Biomarkers involved in RH
remain obscure and could be a good target to develop.

June 15,2021 | Volume12 | Issue6 |



Jaishideng®

Kuo FY et al. OGTT revisiting

Osteocalcin levels are negatively associated with glucose[38]. People with diabetes
have lower levels of osteocalcin, higher levels of glucose, and lower levels of insulin
when fasting. During the OGTT, both bone resorption markers and bone formation
markers decrease within 20 min[39], although insulin does not increase osteoblastic
production of osteocalcin in healthy humans. Therefore, endogenous substances
regulated with glucose homeostasis may be suitable for development as biomarkers.

Machine learning has been reported to be capable of predicting glucose tolerance
[40]. A support vector machine along with a rule-based explanation was documented
for extracting features from OGTT data for the prediction of diabetes[28]. The features
deduced from the plasma glucose concentrations provide the optimal feature subset
and have the strongest predictive power for the future development of T2DM. This
may provide a complementary and cost-effective tool for clinicians to screen outcomes.
Moreover, the prediction of IGT via machine learning could also be employed to fill in
IGT status when the OGTT is technically not possible or to estimate retroactively IGT
status from stored fasting samples[40]. Due to this minimization of the limitations,
machine learning is helpful in clinical practice.

CONCLUSION

There is no doubt that the OGTT is a useful tool; it has been applied since 1885, when
it was proposed. It will continue to be used in the future with mild improvements,
made by step by step. It has been widely suggested in recent years that the duration of
the OGTT should be shortened to use the 30-min or ThPG. The glucose level obtained
from a single OGTT could be a valuable tool of high clinical significance and could
enhance prediabetes risk stratification. The derived problem, including the calculation
of the AUC, shall be a concern in the future. Basic research has also applied this tool
with different aims. It is still uncertain whether or not a shorter version of the OGTT is
suitable for animals. Altogether, the OGTT will be able to be applied continuously
from bench to bedside without hesitation once each problem has been addressed.
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Abstract

This article is an extensive review that provides an update on the pathophy-
siology, symptoms, diagnosis, and treatment of diabetic gastroenteropathy. There
is no reported prevalence, but it has been described that patients with type 1
diabetes have a cumulative incidence at 10 years of 5.2%, and type 2 patients, 1%.
Also, in the group of type 1 diabetes, it has been observed that women are more
likely to present this condition (5.8% vs 3.5%). Many factors are associate with its
development (e.g., hyperglycemia, vagal dysfunction, loss of expression of neural
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nitric oxide synthase in the myenteric plexus, alterations in the Cajal interstitial
cell network, and oxidative stress). Gastrointestinal discomfort could be perceived
70% higher in diabetic patients, describing that 25% of diabetic patients
experience gastrointestinal symptoms. Diabetic enteropathy could affect any
portion of the gastrointestinal tract, but esophageal alterations were described in
more than 60% of diabetic patients, also 60% of them present constipation, and
20%, diarrhea. Gastric emptying scintigraphy is useful to evaluate gastroparesis,
therefore, gastric retention of more than 60% at 2 h has a sensitivity of 100% and
specificity of 20% for diagnosis; however, other studies such as breath tests, with a
sensitivity of 89% and a specificity of 80%, or the endoscopic capsule contribute to
the diagnosis. There is no cure; however, management must be multidisciplinary,
focused on slowing the progression of diabetic gastroenteropathy, reducing
symptoms, and restoring function; that includes nutritional recommendation,
maintain glucose levels kept below 180 mg/dL, use of prokinetics, anti-emetics;
nowadays, it has been special interest in surgical treatment, such as pyloroplasty,
also gastric electrical stimulation appears to be another alternative.

Key Words: Gastroenteropathy; Gastroparesis; Diabetes mellitus; Complication; Gastroin-
testinal disease; Treatment

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Diabetic gastroenteropathy is a common complication, poorly diagnosed in
patients with long-term disease. These can present esophageal, gastric, intestinal, and
even anorectal symptoms. Gastrointestinal Symptom Severity Index, Gastroparesis
Cardinal Symptom Index, and Assessment of Constipation Quality of Life scores, as
well as symptomatic assessment scales, contribute to the diagnosis. Apart from gastric
emptying scintigraphy, currently, the use of endoscopic capsules has allowed the
evaluation of abnormal transit. Jejunal fluid aspiration and culture allow assessment of
bacterial overgrowth. Medical treatment, as well as adequate glycemic control,
improve the symptoms, and delay the progression of the disease; in selected patients,
pyloroplasty and gastric electrical stimulation are useful.
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LDP, Palomino Taype KR, Soto Galvez KN, Arriola Torres LF, Coronado Arroyo JC,
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INTRODUCTION

Diabetic gastroparesis was first described in 1945 by Wayne Rundells, later in 1958,
Kassander coined the term gastroparesis diabeticorum[1]. This is one of the most
common complications in patients with long-term type 1 and type 2 diabetes mellitus,
therefore almost one quarter of this population describes gastrointestinal symptoms;
manifesting itself especially in those who evolve with inadequate glycemic control or
with other complications at the same time. It is mainly characterized by presenting
early satiety, prolonged postprandial fullness, abdominal distention, nausea and
vomiting, and abdominal pain[2]. The pathophysiology of diabetic gastroenteropathy
is complex. It is postulated that the enteric nervous system neuropathy induced by
hyperglycemia is one of the main causes. There is also a loss of Cajal's interstitial cells
and enteric glial cells. On the other hand, oxidative stress and inflammation also affect
regenerative processes and signaling[3]. As part of the treatment in some patients is
used insulin, which in this 2020 are 100 years since it was discover (see Figure 1)[4,5],
and around 40 years before the term gastroparesis diabeticorum was coined.

Even though, this diabetic complication has been described five decades ago,
diagnosis and management still represent a challenge for the physicians. The present
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Figure 1 Timeline. Since the discovery of insulin until nowadays[4,5].
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review focuses on the pathophysiology development, clinical, diagnosis, and brings
new data about current and future treatment of this pathology. The aim of this review
is an update on different treatments, including, changes in lifestyle, medical, and also
surgical.

EPIDEMIOLOGY

Approximately 463 million people live with diabetes worldwide, and 32 million
residing in South and Central America[6].

The prevalence of diabetic gastroenteropathy has not been established. Some reports
mentioned a cumulative incidence of diabetic gastroparesis at 10 years of 5.2% for
patients with type 1 diabetes mellitus and 1% for patients with type 2 diabetes mellitus
[7,8]. However, due to the continuous increase in the number of patients with type 2
diabetes, these diabetic patients would represent a bigger group with this complication
(1.

Regarding the symptoms, the prevalence of esophageal dysmotility is 63%, reflux is
41%, 60% of patients present constipation, and 20% manifest diarrhea[10]. These
differences in prevalence probably respond to the lack of recognition of the signs and
symptoms of gastroenteropathy, making it necessary to learn to recognize and treat
them in time.

PHYSIOLOGY

Gastric emptying

Gastric emptying is a physiological process that allows the transit of digested food to
the duodenum[2].It is a mechanical process and is regulated by a complex
neurohormonal control[11,12]. In neuronal control, the parasympathetic participates
through the vagus nerve which afferences fibers arrive from the enteric system to the
nucleus of the solitary tract, and then pass to the vagus dorsal motor nucleus in the
spinal cord, from where it exits to the myenteric plexus (see Figure 2). In the gastric
wall forming two vague motor circuits: Excitatory and inhibitory, which are
distributed in a heterogeneous way (allowing an integrated function in gastric
biomechanics) in the body, antrum, pylorus, and into the interstitial cells of the Cajal
[11]. Additional, there are several neurotransmitters, that participate in neurohumoral
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Figure 2 Control of gut motor function. The motor function of the gut is controlled by parasympathetic and sympathetic nervous systems, enteric neurons and
interstitial cell of Cajal, smooth muscle cells. ICC: Interstitial cell of Cajal; ICCgy,: ICC-submucosal; ICC,.: ICC-deep muscular plexus; ICC,,: ICC-myenteric; ICC,,,:

ICC-intramuscular.
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control at different levels (e.g., Acetylcholine, Noradrenaline, GABA, dopamine, etc.),
and hormones produced in the pancreas, stomach, small intestine, and in the nervous
system (Some delay gastric emptying such as cholecystokinin, GLP- 1, and leptin; and
others accelerate it such as motilin and ghrelin)[11].

The speed of emptying occurs differently according to the consistency and nature of
the food, thus low-calorie liquids leave the stomach very quickly[11-13]. The most
solid foods stay between 2 to 3 h in the stomach (because they are transformed into
smaller particles to form the acid chyme and pass into the duodenum at an average
speed of 1-4 Kcal/min)[14]. However, emptying is not always complete and exists an
interdigestive period in which food particles pass without been digested. Recently,
with advances in non-invasive studies, such as scintigraphy, the physiology of gastric
emptying has been better understood[l1]. The adequate gastric emptying
biomechanics is the result of adequate coordination between the proximal and distal
regions of the stomach[13]. The gastric fundus serves as a reservoir of content
(initially, it relaxes due to nitrogen stimuli)[2,15] and then acts as a pressure pump. In
the gastric body-antrum, the food content is mixed at a speed of 3 peristaltic waves per
minute[12,13,16], the pylorus acts as a gate that filters only the 1-2 mm digested food
and returns the largest foods[17]. In gastric emptying, 2 phases are recognized; the
digestive (wWhose purpose is to transport the chyme to the duodenum) and the interdi-
gestive (which several trains of peristaltic waves have the purpose of complete the
gastric emptying of the indigestible particles); the hormones that accelerate emptying
participate in this latter process[11].

PATHOPHYSIOLOGY

Gastroparesis is defined as delayed gastric emptying in the absence of mechanical
obstruction. Although the exact mechanism of gastric dysfunction and the generation
of symptoms are unknown, there are factors that promote its development, such as
hyperglycemia, vagal dysfunction, loss of expression of neural nitric oxide synthase
(nNOS) in the myenteric plexus, abnormalities of the Cajal interstitial cell network
(ICC) and oxidative stress[17] (see Figure 3).
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Figure 3 Pathophysiology of diabetic gastroparesis. Dysfunction in the Sympathetic nervous system (Celiac Ganglion), parasympathetic nervous system
(Vagus Nerve) and enteric nervous system (Myenteric Interstitial cells of Cajal). Results in the dysfunction of emptying mechanism of the antral pump: phase of
propulsion, emptying, and retropulsion (blue arrows), decrease of relaxes to accommodate meal (black arrows), loss of Nitric Oxide synthase in the enteric nerves
(fundus, pylori), loss of ICC, Type 2 Macrophage altered function with loss of cytoprotective to ICC, smooth muscle atrophy, and increased smooth muscle fibrosis.
NO: Nitric oxide; VIP: Vasoactive inhibitory peptide; ICC: Interstitial of cajal cell.

An acute increase twice or decrease (halve) in blood glucose can cause delayed or
accelerated gastric emptying, respectively[14,18]. Additionally, the alterations in
gastric emptying can produce fluctuations in glycemia, which then affects the gastric
emptying rate, thus creating a vicious cycle. In the hyperglycemic state, pyloric
contractions and antral hypomotility occur, leading to delayed emptying. On the other
hand, hypoglycemia stimulates the vagus nerve[17].

Likewise, vagal dysfunction plays a role in diabetic gastroparesis. When food is
ingested and gastric accommodation is disturbed, patients may experience symptoms
such as early satiety, fullness, and discomfort. Vagal neuropathy can lead to reduced
pyloric relaxation, impaired antral contraction, and impaired antropyloric
coordination [19,20].

Alterations of the enteric nervous system also play an important role. The myenteric
plexus contains a network of nerves found in layers between the longitudinal and
circular intestinal muscular and coordinates gastric motor function. This myenteric
plexus is made up of excitatory (cholinergic), inhibitory (nitrergic) motor neurons,
primary afferent neurons, and interneurons[19]. Excitatory motor neurons induce
muscle contractions by releasing neurotransmitters such as acetylcholine and
substance P while, inhibitory neurons will relax muscle tissue by releasing nitric oxide,
ATP, and vasoactive intestinal peptide[15]. Pathological changes in these pathways
affect motor control and lead to delayed emptying, impaired accommodation, and
gastric dysrhythmia[17].

Non-obese diabetic (NOD) mice showed a reversible loss of gastric nNOS
expression, suggesting that in diabetic patients may exist negative regulation of nNOS
without loss of nitrate neurons[15]. A study in rats administered streptozotocin (STZ)
to induce diabetes found a reversible loss of nNOS after 4-8 wk, which progressed to
irreversible loss due to apoptosis induced by oxidative stress after 12 wk. Because the
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active nNOS enzyme is a dimerized protein, the loss of this dimerization can cause
impaired neuromuscular function, as has been reported in the antrum of STZ-induced
diabetic rats[21].

Loss of ICC has been reported in animal models and diabetic patients with gastro-
paresis. NOD mice and STZ-induced rats show a loss of ICC in both the body and the
antrum[17]. The Gastroparesis Clinical Research Consortium in America collected data
from patients with gastroparesis correlating cellular changes in surgical full-thickness
gastric biopsies with the patient's symptoms[22]. A decrease in ICC and the gastric
emptying rate was observed. In contrast to previous data in animals and humans,
nNOS expression was not significantly decreased in diabetic patients. It should be
noted that the full-thickness biopsies were taken from patients undergoing gastric
neurostimulator placement, and therefore may represent a subgroup that is not repres-
entative of the general population with diabetic gastroparesis[22].

It is well known that diabetes induces a state of oxidative stress and contributes to
the loss of nitrogen function. Increased oxidative stress in NOD mice due to loss of
macrophage heme-oxygenase-1 (HO-1), which normally protects against free radicals
in the enteric nervous system, was associated with loss of ICC inducing a delayed
gastric emptying. The onset of delayed gastric emptying is associated with the loss of a
subset of HO-1 macrophages. Induction of HO-1 reverses the delay in gastric

emptying[2].

CLINICAL MANIFESTATIONS

The prevalence of gastrointestinal discomfort in diabetic patients is higher than in the
general population, reaching up to 70% higher in some community studies[23].

Due to the alteration in the mechanisms of motility and secretion in the
gastrointestinal tract, diabetic enteropathy could affect any portion of the gastroin-
testinal tract, including esophageal alterations, which are observed in more than 60%
of diabetic patients[24,25].

Esophageal alterations

Esophageal motility disorders usually present with symptoms of gastroesophageal
reflux or dysphagia (see Figure 4). However, it can also present as odynophagia,
generally related to esophageal candidiasis[24].

In some cases, gastroesophageal reflux presents as a cough and worsening of
respiratory parameters, delaying the diagnosis[25]. Heartburn is associated with
gastroesophageal reflux in up to 41%][24].

Studies in patients with dysphagia showed that the symptoms are more frequent in
women and white people. Also, about 45% of diabetic patients with dysphagia had
esophageal motor abnormalities. When groups of patients with dysphagia were
compared, diabetic patients had a higher percentage of smoking and body mass index
than the group of non-diabetic patients with dysphagia. Manometry results indicated
that patients with insulin treatment were associated with greater swallowing
weakness, without significant association with glycosylated hemoglobin levels[25].
Acute hyperglycemic episodes are related to lower esophageal motility and greater
dysphagia[12]. Besides, the presence of autonomic and peripheral neuropathy and
retinopathy is associated with a higher frequency of erosive esophagitis compared to
patients without neuropathy[26].

Gastric disorders

Clinical symptoms of gastroparesis include nausea, vomiting, early satiety, postpran-
dial fullness, abdominal distension, belching, and upper abdominal discomfort. These
symptoms may overlap with symptoms seen in functional dyspepsia[27,28].

The cardinal symptoms of gastroparesis usually present in combination, not
individually. Although the symptoms of idiopathic and diabetic gastroparesis are
similar, vomiting and early satiety are more frequent in diabetic gastroparesis;
whereas that abdominal pain is more frequent in idiopathic gastroparesis[27].

A meta-analysis of 92 studies demonstrated that delayed gastric emptying is
associated with gastrointestinal symptoms such as nausea (OR = 1.6, 95%CI: 1.4-1.8),
vomiting (OR = 2.0, 95%ClI: 1.6-2.7), early satiety (OR = 1.8, 95%ClI: 1.2-2.6) and not
significant with abdominal pain (OR = 1.5, 95%CI: 1.0-2.2) with an OR = 2.0; however,
the abdominal pain had a lower association[29]. In patients with documented gastro-
paresis, the association between symptoms and delayed gastric emptying is less clear,
finding nausea as a symptom. In diabetic patients, only a strong association was found

WJD | https://www.wjgnet.com 799 June 15,2021 | Volume12 | Issue6 |



Concepcidén Zavaleta MJ et al. Diabetic gastroenteropathy

Dysphagia,odynophagia,

heartburn,
gastroesophageal reflux Diarrhea, constipation
Diabetic gastroenteropathy
Early satiety, nausea,
' vomiting, bloating v
A\ -
Intestinal
Esophageal Gastric symptoms EVIIDLONS
symptoms ymp
Rule out other
With warr.1ing causes (e.g., Rule out
signs pharmacological) other causes
Y \
End e Endoscopy 4 Malignancy:
: (rule out gastric obstruction) Intestinal transit
»’/ N
Norma Anormal
Normal _ Ano-rectal dysfunction:
v Manometry
] Scintigraphy
Manometry Treatment

Irritable bowel disease

. \A " and celiac disease
Gastric emptying delay at

2 and 4 hours
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between early satiety and delayed gastric emptying. Nevertheless, the neuropathy can
result in gastric motility alterations and decreased symptoms.

In patients with type 1 diabetes have been observed that women are more likely to
have gastroparesis than men (5.8% vs 3.5% P < 0.001), besides, patients with gastro-
paresis usually were older. Patients with gastroparesis generally had a longer duration
of diabetes, higher Hemoglobin Alc levels, and more frequent episodes of severe
hypoglycemia[30], the influence of gender is also observed in patients with type 2
diabetes. The reason for the difference in the prevalence of diabetic gastroparesis
between men and women is unknown; however, gastric motility is dependent on the
neuronal synthesis of nitric oxide, uncoupling of nitric oxide synthase causes a
decreased synthesis of NO, leading to a reduction in smooth muscle relaxion. These
events need a cofactor that is diminished in diabetic female rats, impairs NOS activity
and this mechanism is probably influenced by estrogens[28].

Among the risk factors, obesity in diabetics is associated with an increase in the risk
of approximately ten times. It has been reported that 50% of patients with idiopathic
gastroparesis are overweight or obese, and the symptoms differ with body mass index.
Obese patients have fewer symptoms of loss of appetite or inability to finish a meal but
have higher rates of gastroesophageal reflux[12].

In 25-years follow-up of diabetic patients with gastrointestinal symptoms, it has
been observed that both the symptoms and gastric emptying are relatively stable over
time[23].

Intestinal disorders

The most common symptoms at the intestinal level are constipation, diarrhea, pain,
and bloating. The frequency of chronic constipation is higher than chronic diarrhea in
this group of patients (25% vs 5%)[27].

The NHANES study found that 25% of diabetics had gastrointestinal symptoms, but
unlike previous studies, this one reported that only chronic diarrhea was more
prevalent in diabetics than non-diabetics (11.2% vs 6.0%, P < 0.0001); However, the
prevalence of chronic constipation there were no differences between diabetics and
non-diabetics. Furthermore, diabetic patients with chronic diarrhea tended to use more
hypoglycemic drugs, mainly metformin; and diabetics with chronic constipation had
reduced kidney function. No significant relationship was found between intestinal
symptoms and the presence of retinopathy, glycosylated hemoglobin levels, and
duration of diabetes[31].

Diarrhea usually lasts more than 6 wk, watery, not associated with pain, not bloody,
and its presentation related to the duration of diabetes is variable. It is more common
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in women and develops about 8 years after the diagnosis of diabetes. It occurs with a
frequency interval of normal stools or even constipation, with a sudden increase in
volume and frequency. Nocturnal diarrhea and fecal incontinence are two of the most
distinctive findings of diabetic diarrhea[3].

Rectum and anus disorders
Fecal incontinence occurs more frequently in diabetic patients it’s related to the
duration of diabetes and the presence of microvascular complications. In diabetic
patients, internal anal sphincter tone and anal contraction pressures are reduced[27].
The prevalence of fecal incontinence varies in a range of 7%-15%; however, it is
often not voluntarily manifested by patients. Intestinal disorders such as diarrhea are
an independent risk factor for fecal incontinence. Besides, smoking, obesity, advanced
age, sedentary lifestyle, and female sex are also risk factors for fecal incontinence[8].

SYMPTOMATIC EVALUATION SCALES

Due to the need to monitor gastrointestinal symptoms in patients, the use of question-
naires is preferred. These questionnaires have been changing in recent years; despite
this, some studies related to treatment continue to use non-validated tools for
gastrointestinal symptoms evaluation. Although the questionnaires are considered the
standard for symptomatic evaluation, they are affected by recall bias, which is why
these may not be optimal for monitoring changes in symptoms over time[28].

The questionnaires should specify the terms to be used, use an explicit language,
evaluate all relevant symptoms, produce comparable results when evaluated in
patients with stable symptoms, and detect clinically significant changes[32].

The most widely used questionnaires are the Gastrointestinal Symptom Severity
Index (PAGI-SYM), Gastroparesis Cardinal Symptom Index (GCSI), Gastrointestinal
Symptom Rating Scale (GSRS), Assessment of Constipation Symptom (PAC-SYM), and
the Assessment of Constipation Quality of Life (PAC-QOL)[28].

PAGI-SYM assesses the severity of symptoms of the upper gastrointestinal tract. It
contains 20 items and is divided into 6 sections: heartburn-regurgitation, postprandial
fullness-early satiety, nausea-vomiting, abdominal distention, upper and lower
abdominal pain. It's useful in the evaluation of gastroesophageal reflux, dyspepsia,
and gastroparesis[24,28]. GCSI encompasses three scales that measure nausea-
vomiting, postprandial fullness-early satiety, and abdominal distension. It's a 2-wk
reminder, helps in assessing the severity of gastroparesis symptoms. To assess the
response of gastroparesis to the treatment, the Gastroparesis Cardinal Symptom
Index-Daily Diary (ANMS GCSI-DD) has been created[33].

GSRS contains 15 items combined into 5 groups: reflux, abdominal pain,
indigestion, diarrhea, and constipation. It provides a broader perspective than the
previous questionnaire; however, more research is still needed for an adequate
correlation between the questionnaire scores and the objective measures of gastroin-
testinal disorders. Nevertheless, this instrument is not very sensitive for gastroeso-
phageal reflux[23,33].

PAC-SYM and PAC-QoL were developed to assess the severity of symptoms and
the quality of life in patients with constipation. The first is composed of 12 items and
three groups: abdominal, rectal symptoms, and stool characteristics. The M-PAC-SYM
questionnaire has been developed for patients with chronic constipation and could be
more useful for the evaluation of functional constipation related to diabetes[34].

DIAGNOSIS

Esophageal disorders
The investigation of esophageal symptoms in diabetic patients is carried out in the
same way as in non-diabetic patients. The typical symptoms of gastroesophageal
reflux is sufficient for the diagnosis. Endoscopy and response to antisecretory therapy
are not recommended as a diagnostic means. However, endoscopy shows its
usefulness in the evaluation of complications in the mucosa, as well as in the detection
of candidal esophagitis[23,31].

Esophageal motility disorders can be evaluated with manometry, and a video
fluoroscopic swallowing exam. pH measurement studies can be useful in the
evaluation of gastroesophageal reflux with or without impedance monitoring, which
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allows the evaluation of air and liquid transit (see Figure 4)[23].

Manometry would show delays in esophageal transit times and reduced pressure in
the lower esophageal sphincter. Manometry plus pH measurement serves for a better
assess esophageal motility[23,25].

Gastric disorders

Gastric emptying scintigraphy is the method of choice to evaluate gastroparesis. In this
method, the patient eats a food radiolabelled with Technetium-99, after which gastric
emptying is measured. It can also be used to measure the transit time of the intestine
and colon. Indications for gastric emptying scintigraphy include insulin-dependent
diabetes and post-prandial symptoms or diabetes with poor glycemic control, non-
ulcer-associated dyspepsia, severe esophagitis caused by reflux, nausea, vomiting,
weight loss, upper abdominal discomfort, new early satiety, and evaluate treatment
response with prokinetic drugs. After the ingestion of radiolabeled foods, liquids
diffuse rapidly through the stomach, while solids are mainly concentrated in the
fundus[35]. Normal results are gastric residual less than 60% at 2 h and less than 10%
at 4 h. Higher values indicate gastroparesis. Gastric retention of more than 60% at 2 h
has a sensitivity of 100% and specificity of 20%. Gastric retention of more than 10% at 4
h has a sensitivity of 100% and specificity of 70% for gastroparesis[36].

In the breath test, the non-radioactive isotope C13 is bound to a digestible
substance, generally octanoic acid; which is mixed with solid food, absorbed in the
proximal small intestine, with subsequent metabolization in the liver towards C13-
C02, which is measurable in exhalation. The breath test has a sensitivity of 89% and a
specificity of 80%. Compared to scintigraphy, the test is easier to perform and does not
use radiation; however, concomitant diseases such as celiac disease affect profitability
[28]. This test is carried out over a period of 4 h after 8-h fasting. Breath samples are
collected before meals and collect breath samples every 30 min (see Figure 4)[37].

The wireless capsule continuously measures pressure, pH, and temperature as it
moves through the gastrointestinal tract. The test involves a standardized meal and
subsequent ingestion of the capsule. The data from the capsule is transmitted to a
receiving unit. With this method, it has been observed that around 44% of type 1
diabetic patients with some degree of sensory-motor neuropathy had abnormal transit
in one or more segments, independent of the presence of gastrointestinal symptoms

38]. The change in pH across the segments may represent fermentation in the cecal
region that may influence colonic transit times. The test is limited to specialized
centers and has high costs. It has only 52.5% concordant results with scintigraphy, so
in patients with suspected gastroparesis additional investigations will be necessary[28,
37].

Other methods are the radiopaque markers (capsules containing plastic elements),
which are ingested by the patient and followed through the gastrointestinal tract using
plain abdominal radiographs. It is a widely available and useful test to detect
significant variations in the time of intestinal transit and gastric emptying. Like the test
mentioned above, a normal test does not exclude delayed gastric emptying, so
additional tests are necessary[28].

The aforementioned tests should be performed when the presence of mechanical

obstruction that could produce symptoms similar to gastroparesis has been ruled out
[37].

Intestinal disorders
Due to one of the fundamental causes of gastrointestinal symptoms is an intestinal
bacterial overgrowth, his diagnostic standard is the aspiration and culture of jejunal
fluid. It requires the use of endoscopy and a high probability of external contamination
and false-negative results. Breath tests may help, but they do not have adequate
sensitivity[23,28,37].

In constipation, we can use anorectal manometry for the evaluation of defecation
disorder. The measurement of intestinal transit using the tests described above may be
justified too. A thorough investigation should be conducted to rule out malignancy
(see Figure 4)[25].

Medication used by patients should be considered as a possible cause of diarrhea
and constipation. Furthermore, due to the higher prevalence of the celiac disease in
diabetic patients than in the general population, screening using serological tests is
justified[23,25].
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TREATMENT

There is currently no cure for diabetic gastroenteropathy. Therefore, the goals of
treatment are to delay his progression of the disease, relieve symptoms, control
complications, and restore function. The management of diabetic gastroenteropathy is
multidisciplinary. It requires the participation of multiple specialists such as the
gastroenterologist, endocrinologist, nutritionist, psychologist, interventional
radiologist, and surgeon[23].

In a didactic way, we have divided the management of gastroparesis and diabetic
enteropathy, taking into account that both forms of the disease can coexist.

MANAGEMENT OF DIABETIC GASTROPARESIS

Most patients tend to have a mild-moderate disease and therefore respond to
nutritional recommendations, dietary modifications, and adequate glycemic control, as
well as prokinetic agents or antiemetic medications (with variable efficacy)[39] if there
is no response to the initial measurements[3,40]. A small percentage of patients have
severe disease characterized by inadequate oral tolerance, chronic malnutrition,
weight loss, and frequent hospitalizations. Representing management as a therapeutic
challenge[3].

On the other hand, it is also important to manage the comorbidities that usually
occur in patients with diabetic gastropareses, such as gastroesophageal reflux,
intestinal dysmotility, deficiency of vitamin D, and other micronutrients, bacterial and
fungal infections of the gastrointestinal tract, and macrovascular-microvascular
complications of Diabetes Mellitus[41,42].

Nutritional recommendations

Dietary modifications constitute the first-line management for gastroparesis, such as a
decrease in particle size diet reduces upper gastrointestinal symptoms in patients with
diabetic gastroparesis, even though their efficacy has not been clearly established[43,
44].

Frequently, patients with diabetic gastroparesis tend to have a lower caloric intake
than recommended, as well as significant micronutrient and macronutrient
deficiencies[45]. A diet based on a low content of simple sugars and foods rich in fiber,
as proposed by the American Diabetes Association (ADA) for diabetic patients[46], is
not usually useful for patients with diabetic gastroparesis[3].

Measures to promote gastric emptying or do not delay it is recommended|[3]. That is
why the consumption of fats, fibers, and carbonated liquids, which should delay
gastric emptying, should be minimized[37]. A recommended and staggered approach
is to start with liquids with high nutritional value, followed by soups and shakes, and
later to introduce solid foods that do not delay gastric emptying[3]. Low-fat foods
should be encouraged 4-5 times per day. Patients should be instructed to drink fluids
with meals and sit or walk for 1-2 h after meals.

If all these nutritional recommendations are ineffective, the patient should be
suggested to consume the total calories in liquids, soups, or shakes, since fluid
emptying is frequently preserved[42].

It is necessary to emphasize that all these dietary changes require education to the
patients and their families. It has been found that the prevalence of nutritional
consultations in diabetic patients with gastroparesis is less than 40%[45].

Glycemic control

It is vitally important to optimize glycemic control to minimize the acute symptoms of
diabetic gastroparesis and to improve gastric emptying[3,44]. Random serum to avoid
inhibition of gastric myoelectric motility and control[3].

The treatment used to achieve adequate glycemic control must be individualized[3,
44]. Oral antidiabetics are not recommended for patients with type 2 diabetes with
clinically significant diabetic gastroparesis. The pharmacokinetics of these drugs are
affected by delayed gastric emptying; therefore, agents are not ideal for effective
glycemic control[3,44].

Likewise, the adverse effects of antidiabetic medications also play an important role,
such as gastrointestinal intolerance frequently reported with metformin, hypoglycemia
caused by sulfonylureas, diarrhea and abdominal distension due to alpha-glucosidase
inhibitors, inconsistent effect inhibitors of dipeptidyl peptidase-4 on gastric emptying,
and an unclear impact of SGLT-2 inhibitors. In relation to injectable therapy, GLP-1
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agonists can exacerbate symptoms of delayed gastric emptying|[3,44].

Patients with diabetic gastroparesis by type 1 diabetes and most of the patients with
type 2 diabetes will require insulin for glycemic control[47]. It is recommended to
administer prandial insulin after meals to prevent postprandial hypoglycemia if food
is not fully consumed. Multiple intakes of small foods, aggressive glucose monitoring,
and frequent small doses of rapid-acting insulins are recommended to prevent
postprandial hyperglycemia[3]. Currently, the recommended treatment for glycemic
control in patients with diabetic gastroparesis who receive insulin is continuous
subcutaneous insulin infusion, based on optimizing glycemic control and reducing
hospitalizations[48]; however, we must not forget the economic cost that this usually
entails. The use of premixed insulins is not recommended in this group of patients[9].

Pharmacologic treatment

The drugs most used in the treatment of diabetic gastroparesis usually include
prokinetics and antiemetics[3]. Several novel targeted therapies are still under invest-
igation (see Figure 5).

Prokinetics: Metoclopramide is a D-2 receptor antagonist with antiemetic and
prokinetic effects that increase antral contractions and coordinate antral and duodenal
motility. The maximum daily dose is 40 mg/d. It can be used parenterally when
symptoms are severe. Among the adverse effects is an increase in serum prolactin
concentration. Gynecomastia and galactorrhea can occur in adults, adolescents, and
children; while, adult women can develop oligomenorrhea. Likewise, it can stimulate
aldosterone synthesis and cause uncontrolled hypertension in patients with primary
hyperaldosteronism, and it can also prolong the QT interval in susceptible patients[3].
It is the only drug approved by the United States Food and Drug Administration
(FDA) for the management of gastroparesis; however, in February 2009, the FDA and
the European Medicines Agency established black box warnings for long-term use
(more than 12 wk) of metoclopramide due to the risk of irreversible tardive dyskinesia,
which has limited its use[40]. Domperidone is another dopamine 2 receptor
antagonist, identical to metoclopramide, with equal efficacy to the latter, but with
fewer adverse effects on the central nervous system; because it does not cross the
blood-brain barrier[49]. Daily doses between 10-30 mg, administered 30 min before
meals and at bedtime, have been found to reduce gastrointestinal upset and hospitaliz-
ations due to gastroparesis.

Erythromycin is a macrolide with an agonist effect on motilin receptors in the
gastrointestinal tract. It increases gastric emptying in a dose-dependent manner. It has
been shown to stimulate gastric emptying in patients with diabetic gastroparesis.
Daily dose 50-100 mg administered 3 times a day, in combination with low-volume
diets can be effective for controlling gastroparesis. Cases of QT interval prolongation
have also been found[11,3].

Cisapride is a potent prokinetic agent that, acting in the stomach through 5-
hydroxytryptamine receptors, accelerates gastric emptying from solid foods and
improves dyspeptic symptoms|[3].

There are future prokinetic drugs in development, among which motilin agonists,
ghrelin agonists, and new type 4 5-hydroxytryptamine receptor agonists[11,3].

Antiemetics: Both nausea and vomiting are often the most disabling symptoms in
patients with diabetic gastroparesis. Antiemetic drugs can be serotonin antagonists
such as ondansetron, at doses of 4-8 mg twice a day, or type 1 histamine receptor
antagonists, such as dimenhydrinate at a dose of 50 mg 4 times a day. Both classes of
drugs are often used alone or in combination with prokinetic agents[3].

Other treatment modalities
Botulinum toxin, a potent inhibitor of neuromuscular transmission, has been
postulated to improve gastric emptying and symptoms for several months; however,
double-blind randomized studies have shown that improves gastric emptying, it does
not improve symptoms[50].

Likewise, there has been an interest in the pylorus role in delayed gastric emptying,
which is why some authors propose gastric peroral endoscopic myotomy (G-POEM)
as a treatment modality in refractory patients, be it surgical or endoscopic. P.
Mekaroonkamol reported 03 cases of gastroparesis refractory to conventional
treatment, of varied etiology (e.g., postinfectious, postsurgical, or idiopathic) that
progressed favorably after undergoing G-POEM as salvage therapy[51].

For the select group of patients with severe and refractory disease, gastric electrical
stimulation may be an option. It has been shown to improve nausea, vomiting, quality

WJD | https://www.wjgnet.com 804 June 15,2021 | Volume12 | Issue6 |



Gastroparesis

I\\

Prokinetic

Methoclopramide
Domperidone
Erythromycin
Cisapride

Concepcién Zavaleta M]J et al. Diabetic gastroenteropathy

Treatment of diabetic

gastroenteropaty

Dietary measures
Insulin therapy

Target: Glycemia < 180 mg/dL

A

AN

N

Enteropathy

A

AN

N

Ondansetron

Dimenhydrinate

Slow transit: Procinetic Diet (fiber) + physical Loperamide
Fast transit: Antidiarrheal activity Surgery
opioid Osmotic

SIBO: Rifaximin laxants/stimulants

Lubiprostona
Associated disease: Specific

treatment

Somatostatin analogues . . .
SIBO: Small intestinal bacterial

overgrowth

Figure 5 Management of diabetic gastroenteropathy.

Jaishideng®

of life, and nutritional status after sixth month of treatment[52,53].

A significant number of patients fail medical management and require surgical
treatment. The main role of surgery is the relief of symptoms, decompression of the
stomach, access to enteral nutrition, and stimulating gastric emptying|[3].

MANAGEMENT OF DIABETIC ENTEROPATHY

The alteration of the intestine by diabetes mellitus has a variety of presentations:
chronic diarrhea (involvement of the small intestine), constipation when it affects the
colon, and also fecal incontinence (see Figure 4). All of them are explained by the
multisystemic nature of the disease (autonomic neuropathy, infectious involvement,
and autoimmune disease when in the presence of type 1 diabetes)[40,51,54].

Chronic diarrhea

The prevalence of chronic diarrhea in diabetic patients ranges from 3.7% to 22%[54];
compared to the general population, they have around twice the risk of having
diarrhea (11% vs 6%)[33]. An important part of the management is to assess the
hydration status and electrolyte imbalance that management would need. As in
gastroparesis, the goal is to achieve good glycemic control and diet management. If
these initial measures fail, drug therapy with opioid group antidiarrheals is an option
they can be administered with caution due to their toxicity: megacolon and the
potential worsening of bacterial overgrowth[12].

For small intestinal bacterial overgrowth, antibiotic therapy should be started.
Rifaximin is the best research-based agent for this disorder works selectively on the
gastrointestinal tract, lowers resistance, and improves symptoms in 33% to 99% of
patients[55]. Somatostatin analogs like octreotide and lanreotide also improve
symptoms[10]. Another common cause of diarrhea in diabetic patients is the use of
drugs such as metformin, which reduces the ileal absorption of bile salts, artificial
sweeteners through an osmotic mechanism (seen mainly with sorbitol intake greater
than 20 g), it is split by the intestinal flora that produces hydrogen and short-chain
fatty acids, which are the cause of diarrhea associated with this substance[56].

Nevertheless, there is no specific treatment for chronic diarrhea in diabetic patients.
If a slow transit is targeted, the option would be prokinetics, while if the symptoms are
in favor of rapid transit, the choice would be opiates. The use of somatostatin analogs
that inhibit water secretion, increase absorptive capacity, and suppress the release of
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hormones with gastrointestinal action; is indicated in the failure of conventional
therapies[56].

Constipation

When constipation is the main complaint, good hydration, high-fiber meals, and
routine physical activities are the first recommendations to make. Randomized
placebo-controlled clinical trials are showing that the intake of natural psyllium (10 g
twice a day) or flaxseed (10 g twice a day) reduces constipation symptoms and
improves glycemic control in people with diabetes type 2. There are no studies
specifically investigating the effects of laxatives in people with constipation as a
complication due to diabetic gastroenteropathy[57,58]. Treatment focuses on its
symptomatic management, with the use of a diet that promotes softening of the stool,
and the use of laxatives that increase intestinal transit.

Although without much solid evidence, we can suggest starting using osmotic
laxatives such as polyethylene glycol; if insufficient, stimulant laxatives such as
bisacodyl or picosulfate can be added. Lubiprostone, a chloride channel activator,
increases secretion from the colon, reducing colonic transit time and increasing the
number of spontaneous bowel movements in people with diabetes-related consti-
pation[48,59].

Fecal incontinence
In the management of fecal incontinence, which is often aggravated by diarrhea, a
priority is identifying an underlying cause of diarrhea and addressing it. Often
improves on its own within good glycemic control[10]. Otherwise, a dietary interven-
tion might be recommended, and as it is largely associated with neuropathy and
reduced sensitivity of the anal canal, loperamide, suppositories, or enemas should be
considered. Treatment of refractory cases is very complex and may even require a
stoma[48,51].

Neuromodulatory electrical stimulation of the sacral nerve is an emerging technique
of treatment for fecal incontinence and possible sensitivity in the anal canal. However,
it has not been specifically investigated in people with diabetic gastroenteropathy[60].

CONCLUSION

Diabetes mellitus is a chronic disease with a rising prevalence worldwide, as are its
complications, including gastroenteropathy. Its pathophysiology integrates
hyperglycemia, vagal dysfunction, loss of expression of neural nitric oxide synthase in
the myenteric plexus, alterations in the interstitial cell network of Cajal, and oxidative
stress. The clinical features are gastroesophageal reflux, gastroparesis, constipation,
abdominal pain, and diarrhea. Among the diagnostic studies, manometry together
with pH measurement (evaluating esophageal motility), gastric emptying scinti-
graphy, breath test (evaluating gastroparesis), aspiration, and jejunal culture
(evaluating bacterial overgrowth) stand out. There is no definitive treatment for
diabetic gastroenteropathy- The multidisciplinary approach is considered to seek to
slow the progression of the disease, alleviate symptoms, and restore function. A diet
low in simple sugars and high in fiber is recommended; optimize glycemic control,
with a target glycemia of less than 180 mg/dL. Regarding drug therapy, prokinetics
and antiemetics are included, and if bacterial overgrowth occurs, antibiotic treatment
with Rifaximin. Current evidence is accumulating among the new approaches,
including the use of botulinum toxin, pyroloplasty, and electrical gastric stimulation in
selected patients. Although there are new techniques for diagnosis, but it does not
appear a definitive cure in the near future, remaining a concern, well designed clinical
trials are needed in this field.

ACKNOWLEDGEMENTS

The research team appreciates the contributions, suggestions, and corrections made by
Dr. Julio Hilario Vargas, to publish this manuscript.

WJD | https://www.wjgnet.com 806 June 15,2021 | Volume12 | Issue6 |



Jaishideng®

Concepcién Zavaleta M]J et al. Diabetic gastroenteropathy

REFERENCES

1

10

12

13

17

18

19

20

21

22

23

Kumar M, Chapman A, Javed S, Alam U, Malik RA, Azmi S. The Investigation and Treatment of
Diabetic Gastroparesis. Clin Ther 2018; 40: 850-861 [PMID: 29748143 DOI:
10.1016/j.clinthera.2018.04.012]

Borgoiio CA, Zinman B. Insulins: past, present, and future. Endocrinol Metab Clin North Am 2012;
41: 1-24 [PMID: 22575404 DOL: 10.1016/j.ec1.2012.03.002]

Quianzon CC, Cheikh I. History of insulin. J Community Hosp Intern Med Perspect 2012; 2 [PMID:
23882369 DOI: 10.3402/jchimp.v2i2.18701]

Shen S, Xu J, Lamm V, Vachaparambil CT, Chen H, Cai Q. Diabetic Gastroparesis and Nondiabetic
Gastroparesis. Gastrointest Endosc Clin N Am 2019; 29: 15-25 [PMID: 30396524 DOI:
10.1016/j.giec.2018.08.002]

Krishnasamy S, Abell TL. Diabetic Gastroparesis: Principles and Current Trends in Management.
Diabetes Ther 2018; 9: 1-42 [PMID: 29934758 DOI: 10.1007/s13300-018-0454-9]

Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin N, Colagiuri S, Guariguata L,
Motala AA, Ogurtsova K, Shaw JE, Bright D, Williams R; IDF Diabetes Atlas Committee. Global
and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from
the International Diabetes Federation Diabetes Atlas, 9" edition. Diabetes Res Clin Pract 2019; 157:
107843 [PMID: 31518657 DOI: 10.1016/j.diabres.2019.107843]

Jung HK, Choung RS, Locke GR 3rd, Schleck CD, Zinsmeister AR, Szarka LA, Mullan B, Talley
NJ. The incidence, prevalence, and outcomes of patients with gastroparesis in Olmsted County,
Minnesota, from 1996 to 2006. Gastroenterology 2009; 136: 1225-1233 [PMID: 19249393 DOLI:
10.1053/j.gastro0.2008.12.047]

Choung RS, Locke GR 3rd, Schleck CD, Zinsmeister AR, Melton LJ 3rd, Talley NJ. Risk of
gastroparesis in subjects with type 1 and 2 diabetes in the general population. Am J Gastroenterol
2012; 107: 82-88 [PMID: 22085818 DOI: 10.1038/ajg.2011.310]

Koch KL, Calles-Escandon J. Diabetic gastroparesis. Gastroenterol Clin North Am 2015; 44: 39-57
[PMID: 25667022 DOI: 10.1016/j.gtc.2014.11.005]

Kurniawan AH, Suwandi BH, Kholili U. Diabetic Gastroenteropathy: A Complication of Diabetes
Mellitus. Acta Med Indones 2019; 51: 263-271 [PMID: 31699951]

Goyal RK, Guo Y, Mashimo H. Advances in the physiology of gastric emptying. Neurogastroenterol
Motil 2019; 31: e13546 [PMID: 30740834 DOI: 10.1111/nmo.13546]

Sullivan A, Temperley L, Ruban A. Pathophysiology, Aetiology and Treatment of Gastroparesis. Dig
Dis Sci 2020; 65: 1615-1631 [PMID: 32350720 DOI: 10.1007/s10620-020-06287-2]

Kuo P, Rayner CK, Jones KL, Horowitz M. Pathophysiology and management of diabetic
gastropathy: a guide for endocrinologists. Drugs 2007; 67: 1671-1687 [PMID: 17683169 DOI:
10.2165/00003495-200767120-00003]

Schvarcz E, Palmér M, Aman J, Horowitz M, Stridsberg M, Berne C. Physiological hyperglycemia
slows gastric emptying in normal subjects and patients with insulin-dependent diabetes mellitus.
Gastroenterology 1997; 113: 60-66 [PMID: 9207262 DOIL: 10.1016/s0016-5085(97)70080-5]
Watkins CC, Sawa A, Jaffrey S, Blackshaw S, Barrow RK, Snyder SH, Ferris CD. Insulin restores
neuronal nitric oxide synthase expression and function that is lost in diabetic gastropathy. J Clin
Invest 2000; 106: 373-384 [PMID: 10930440 DOI: 10.1172/JCI18273]

Stevens JE, Jones KL, Rayner CK, Horowitz M. Pathophysiology and pharmacotherapy of
gastroparesis: current and future perspectives. Expert Opin Pharmacother 2013; 14: 1171-1186
[PMID: 23663133 DOI: 10.1517/14656566.2013.795948]

Vanormelingen C, Tack J, Andrews CN. Diabetic gastroparesis. Br Med Bull 2013; 105: 213-230
[PMID: 23363458 DOI: 10.1093/bmb/Ldt003]

Fraser RJ, Horowitz M, Maddox AF, Harding PE, Chatterton BE, Dent J. Hyperglycaemia slows
gastric emptying in type 1 (insulin-dependent) diabetes mellitus. Diabetologia 1990; 33: 675-680
[PMID: 2076799 DOI: 10.1007/BF00400569]

Meldgaard T, Keller J, Olesen AE, Olesen SS, Krogh K, Borre M, Farmer A, Brock B, Brock C,
Drewes AM. Pathophysiology and management of diabetic gastroenteropathy. Therap Adv
Gastroenterol 2019; 12: 1756284819852047 [PMID: 31244895 DOIL: 10.1177/1756284819852047]
Nguyen LA, Snape WJ Jr. Clinical presentation and pathophysiology of gastroparesis. Gastroenterol
Clin North Am 2015; 44: 21-30 [PMID: 25667020 DOI: 10.1016/j.gtc.2014.11.003]

Gangula PR, Maner WL, Micci MA, Garfield RE, Pasricha PJ. Diabetes induces sex-dependent
changes in neuronal nitric oxide synthase dimerization and function in the rat gastric antrum. 4m J
Physiol Gastrointest Liver Physiol 2007; 292: G725-G733 [PMID: 17347455 DOI:
10.1152/ajpgi.00406.2006]

Grover M, Bernard CE, Pasricha PJ, Lurken MS, Faussone-Pellegrini MS, Smyrk TC, Parkman HP,
Abell TL, Snape WJ, Hasler WL, McCallum RW, Nguyen L, Koch KL, Calles J, Lee L, Tonascia J,
Unalp-Arida A, Hamilton FA, Farrugia G; NIDDK Gastroparesis Clinical Research Consortium
(GpCRC). Clinical-histological associations in gastroparesis: results from the Gastroparesis Clinical
Research Consortium. Neurogastroenterol Motil 2012; 24: 531-539, €249 [PMID: 22339929 DOI:
10.1111/5.1365-2982.2012.01894.x]

Du YT, Rayner CK, Jones KL, Talley NJ, Horowitz M. Gastrointestinal Symptoms in Diabetes:
Prevalence, Assessment, Pathogenesis, and Management. Diabetes Care 2018; 41: 627-637 [PMID:
29463666 DOI: 10.2337/dc17-1536]

WJD | https://www.wjgnet.com 807 June 15,2021 | Volume12 | Issueb6


http://www.ncbi.nlm.nih.gov/pubmed/29748143
https://dx.doi.org/10.1016/j.clinthera.2018.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22575404
https://dx.doi.org/10.1016/j.ecl.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23882369
https://dx.doi.org/10.3402/jchimp.v2i2.18701
http://www.ncbi.nlm.nih.gov/pubmed/30396524
https://dx.doi.org/10.1016/j.giec.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/29934758
https://dx.doi.org/10.1007/s13300-018-0454-9
http://www.ncbi.nlm.nih.gov/pubmed/31518657
https://dx.doi.org/10.1016/j.diabres.2019.107843
http://www.ncbi.nlm.nih.gov/pubmed/19249393
https://dx.doi.org/10.1053/j.gastro.2008.12.047
http://www.ncbi.nlm.nih.gov/pubmed/22085818
https://dx.doi.org/10.1038/ajg.2011.310
http://www.ncbi.nlm.nih.gov/pubmed/25667022
https://dx.doi.org/10.1016/j.gtc.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/31699951
http://www.ncbi.nlm.nih.gov/pubmed/30740834
https://dx.doi.org/10.1111/nmo.13546
http://www.ncbi.nlm.nih.gov/pubmed/32350720
https://dx.doi.org/10.1007/s10620-020-06287-2
http://www.ncbi.nlm.nih.gov/pubmed/17683169
https://dx.doi.org/10.2165/00003495-200767120-00003
http://www.ncbi.nlm.nih.gov/pubmed/9207262
https://dx.doi.org/10.1016/s0016-5085(97)70080-5
http://www.ncbi.nlm.nih.gov/pubmed/10930440
https://dx.doi.org/10.1172/JCI8273
http://www.ncbi.nlm.nih.gov/pubmed/23663133
https://dx.doi.org/10.1517/14656566.2013.795948
http://www.ncbi.nlm.nih.gov/pubmed/23363458
https://dx.doi.org/10.1093/bmb/Ldt003
http://www.ncbi.nlm.nih.gov/pubmed/2076799
https://dx.doi.org/10.1007/BF00400569
http://www.ncbi.nlm.nih.gov/pubmed/31244895
https://dx.doi.org/10.1177/1756284819852047
http://www.ncbi.nlm.nih.gov/pubmed/25667020
https://dx.doi.org/10.1016/j.gtc.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/17347455
https://dx.doi.org/10.1152/ajpgi.00406.2006
http://www.ncbi.nlm.nih.gov/pubmed/22339929
https://dx.doi.org/10.1111/j.1365-2982.2012.01894.x
http://www.ncbi.nlm.nih.gov/pubmed/29463666
https://dx.doi.org/10.2337/dc17-1536

Concepcidén Zavaleta MJ et al. Diabetic gastroenteropathy

Jaishideng®

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Chedid V, Brandler J, Vijayvargiya P, Park SY, Szarka LA, Camilleri M. Characterization of Upper
Gastrointestinal Symptoms, Gastric Motor Functions, and Associations in Patients with Diabetes at a
Referral Center. Am J Gastroenterol 2019; 114: 143-154 [PMID: 30166634 DOI:
10.1038/s41395-018-0234-1]

Iyer PG, Borah BJ, Heien HC, Das A, Cooper GS, Chak A. Association of Barrett's esophagus with
type 1I Diabetes Mellitus: results from a large population-based case-control study. Clin Gastroenterol
Hepatol 2013; 11: 1108-1114. 5 [PMID: 23591277 DOIL: 10.1016/j.cgh.2013.03.024]

George NS, Rangan V, Geng Z, Khan F, Kichler A, Gabbard S, Ganocy S, Fass R. Distribution of
Esophageal Motor Disorders in Diabetic Patients With Dysphagia. J Clin Gastroenterol 2017; 51:
890-895 [PMID: 28746079 DOI: 10.1097/MCG.0000000000000894]

Marathe CS, Rayner CK, Wu T, Jones KL, Horowitz M, Feingold KR, Anawalt B, Boyce A,
Chrousos G, de Herder WW, Dhatariya K, Dungan K, Grossman A, Hershman JM, Hofland J, Kalra
S, Kaltsas G, Koch C, Kopp P, Korbonits M, Kovacs CS, Kuohung W, Laferrére B, McGee EA,
McLachlan R, Morley JE, New M, Purnell J, Sahay R, Singer F, Stratakis CA, Trence DL, Wilson
DP. Gastrointestinal Disorders in Diabetes 2000 [PMID: 31986000]

Meldgaard T, Olesen SS, Farmer AD, Krogh K, Wendel AA, Brock B, Drewes AM, Brock C.
Diabetic Enteropathy: From Molecule to Mechanism-Based Treatment. J Diabetes Res 2018; 2018:
3827301 [PMID: 30306092 DOI: 10.1155/2018/3827301]

Vijayvargiya P, Jameie-Oskooei S, Camilleri M, Chedid V, Erwin PJ, Murad MH. Association
between delayed gastric emptying and upper gastrointestinal symptoms: a systematic review and
meta-analysis. Gut 2019; 68: 804-813 [PMID: 29860241 DOI: 10.1136/gutjnl-2018-316405]

Aleppo G, Calhoun P, Foster NC, Maahs DM, Shah VN, Miller KM; T1D Exchange Clinic Network.
Reported gastroparesis in adults with type 1 diabetes (T1D) from the T1D Exchange clinic registry. J
Diabetes Complications 2017; 31: 1669-1673 [PMID: 28989086 DOI:
10.1016/j.jdiacomp.2017.08.014]

Sommers T, Mitsuhashi S, Singh P, Hirsch W, Katon J, Ballou S, Rangan V, Cheng V, Friedlander
D, Iturrino J, Lembo A, Nee J. Prevalence of Chronic Constipation and Chronic Diarrhea in Diabetic
Individuals in the United States. Am J Gastroenterol 2019; 114: 135-142 [PMID: 30410038 DOI:
10.1038/s41395-018-0418-8]

Mouli VP, Ahuja V. Questionnaire based gastroesophageal reflux disease (GERD) assessment scales.
Indian J Gastroenterol 2011; 30: 108-117 [PMID: 21785994 DOI: 10.1007/s12664-011-0105-9]
Revicki DA, Camilleri M, Kuo B, Szarka LA, McCormack J, Parkman HP. Evaluating symptom
outcomes in gastroparesis clinical trials: validity and responsiveness of the Gastroparesis Cardinal
Symptom Index-Daily Diary (GCSI-DD). Neurogastroenterol Motil 2012; 24: 456-463, €215 [PMID:
22284754 DOI: 10.1111/§.1365-2982.2012.01879.x]

Neri L, Conway PM, Basilisco G; Laxative Inadequate Relief Survey (LIRS) Group. Confirmatory
factor analysis of the Patient Assessment of Constipation-Symptoms (PAC-SYM) among patients
with chronic constipation. Qual Life Res 2015; 24: 1597-1605 [PMID: 25522976 DOI:
10.1007/s11136-014-0886-2]

Alipour Z, Khatib F, Tabib SM, Javadi H, Jafari E, Aghaghazvini L, Mahmoud-Pashazadeh A,
Nabipour I, Assadi M. Assessment of the Prevalence of Diabetic Gastroparesis and Validation of
Gastric Emptying Scintigraphy for Diagnosis. Mol Imaging Radionucl Ther 2017; 26: 17-23 [PMID:
28291006 DOTI: 10.4274/mirt.61587]

Farrell MB. Gastric Emptying Scintigraphy. J Nucl Med Technol 2019; 47: 111-119 [PMID:
31167827 DOI: 10.2967/jnmt.117.227892]

Camilleri M. Clinical practice. Diabetic gastroparesis. N Engl J Med 2007; 356: 820-829 [PMID:
17314341 DOI: 10.1056/NEJMcp062614]

Farmer AD, Pedersen AG, Brock B, Jakobsen PE, Karmisholt J, Mohammed SD, Scott SM, Drewes
AM, Brock C. Type 1 diabetic patients with peripheral neuropathy have pan-enteric prolongation of
gastrointestinal transit times and an altered caecal pH profile. Diabetologia 2017; 60: 709-718
[PMID: 28105520 DOI: 10.1007/s00125-016-4199-6]

Asha MZ, Khalil SFH. Pharmacological Approaches to Diabetic Gastroparesis: A systematic review
of randomised clinical trials. Sultan Qaboos Univ Med J 2019; 19: €291-e304 [PMID: 31897312 DOI:
10.18295/SQUMJ.2019.19.04.004]

Careyva B, Stello B. Diabetes Mellitus: Management of Gastrointestinal Complications. Am Fam
Physician 2016; 94: 980-986 [PMID: 28075092]

Kedar A, Nikitina Y, Henry OR, Abell KB, Vedanarayanan V, Griswold ME, Subramony C, Abell
TL. Gastric dysmotility and low serum vitamin D levels in patients with gastroparesis. Horm Metab
Res 2013; 45: 47-53 [PMID: 22956309 DOI: 10.1055/s-0032-1323689]

Ajumobi AB, Griffin RA. Diabetic gastroparesis: evaluation and management. Hosp Physician 2008;
44:27-35 [DOL: 10.12968/hmed.2012.73.8.451]

Olausson EA, Storsrud S, Grundin H, Isaksson M, Attvall S, Simrén M. A small particle size diet
reduces upper gastrointestinal symptoms in patients with diabetic gastroparesis: a randomized
controlled trial. Am J Gastroenterol 2014; 109: 375-385 [PMID: 24419482 DOI:
10.1038/ajg.2013.453]

Jalleh R, Marathe CS, Rayner CK, Jones KL, Horowitz M. Diabetic Gastroparesis and Glycaemic
Control. Curr Diab Rep 2019; 19: 153 [PMID: 31792708 DOI: 10.1007/s11892-019-1281-8]
Parkman HP, Yates KP, Hasler WL, Nguyan L, Pasricha PJ, Snape WJ, Farrugia G, Calles J, Koch
KL, Abell TL, McCallum RW, Petito D, Parrish CR, Duffy F, Lee L, Unalp-Arida A, Tonascia J,

WJD | https://www.wjgnet.com 808 June 15,2021 | Volume12 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/30166634
https://dx.doi.org/10.1038/s41395-018-0234-1
http://www.ncbi.nlm.nih.gov/pubmed/23591277
https://dx.doi.org/10.1016/j.cgh.2013.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28746079
https://dx.doi.org/10.1097/MCG.0000000000000894
http://www.ncbi.nlm.nih.gov/pubmed/31986000
http://www.ncbi.nlm.nih.gov/pubmed/30306092
https://dx.doi.org/10.1155/2018/3827301
http://www.ncbi.nlm.nih.gov/pubmed/29860241
https://dx.doi.org/10.1136/gutjnl-2018-316405
http://www.ncbi.nlm.nih.gov/pubmed/28989086
https://dx.doi.org/10.1016/j.jdiacomp.2017.08.014
http://www.ncbi.nlm.nih.gov/pubmed/30410038
https://dx.doi.org/10.1038/s41395-018-0418-8
http://www.ncbi.nlm.nih.gov/pubmed/21785994
https://dx.doi.org/10.1007/s12664-011-0105-9
http://www.ncbi.nlm.nih.gov/pubmed/22284754
https://dx.doi.org/10.1111/j.1365-2982.2012.01879.x
http://www.ncbi.nlm.nih.gov/pubmed/25522976
https://dx.doi.org/10.1007/s11136-014-0886-2
http://www.ncbi.nlm.nih.gov/pubmed/28291006
https://dx.doi.org/10.4274/mirt.61587
http://www.ncbi.nlm.nih.gov/pubmed/31167827
https://dx.doi.org/10.2967/jnmt.117.227892
http://www.ncbi.nlm.nih.gov/pubmed/17314341
https://dx.doi.org/10.1056/NEJMcp062614
http://www.ncbi.nlm.nih.gov/pubmed/28105520
https://dx.doi.org/10.1007/s00125-016-4199-6
http://www.ncbi.nlm.nih.gov/pubmed/31897312
https://dx.doi.org/10.18295/SQUMJ.2019.19.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28075092
http://www.ncbi.nlm.nih.gov/pubmed/22956309
https://dx.doi.org/10.1055/s-0032-1323689
https://dx.doi.org/10.12968/hmed.2012.73.8.451
http://www.ncbi.nlm.nih.gov/pubmed/24419482
https://dx.doi.org/10.1038/ajg.2013.453
http://www.ncbi.nlm.nih.gov/pubmed/31792708
https://dx.doi.org/10.1007/s11892-019-1281-8

Jaishideng®

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Concepcién Zavaleta M]J et al. Diabetic gastroenteropathy

Hamilton F; NIDDK Gastroparesis Clinical Research Consortium. Dietary intake and nutritional
deficiencies in patients with diabetic or idiopathic gastroparesis. Gastroenterology 2011; 141: 486-
498, 498.¢1-498. €7 [PMID: 21684286 DOI: 10.1053/j.gastro.2011.04.045]

American Diabetes Association. 3. Prevention or Delay of Type 2 Diabetes: Standards of Medical
Care in Diabetes-2020. Diabetes Care 2020; 43: S32-S36 [PMID: 31862746 DOI:
10.2337/d¢20-S003]

Bennett WL, Maruthur NM, Singh S, Segal JB, Wilson LM, Chatterjee R, Marinopoulos SS, Puhan
MA, Ranasinghe P, Block L, Nicholson WK, Hutfless S, Bass EB, Bolen S. Comparative
effectiveness and safety of medications for type 2 diabetes: an update including new drugs and 2-drug
combinations. Ann Intern Med 2011; 154: 602-613 [PMID: 21403054 DOI:
10.7326/0003-4819-154-9-201105030-00336]

Sharma D, Morrison G, Joseph F, Purewal TS, Weston PJ. The role of continuous subcutaneous
insulin infusion therapy in patients with diabetic gastroparesis. Diabetologia 2011; 54: 2768-2770
[PMID: 21842427 DOI: 10.1007/s00125-011-2282-6]

Patterson D, Abell T, Rothstein R, Koch K, Barnett J. A double-blind multicenter comparison of
domperidone and metoclopramide in the treatment of diabetic patients with symptoms of
gastroparesis. Am J Gastroenterol 1999; 94: 1230-1234 [PMID: 10235199 DOI:
10.1111/5.1572-0241.1999.00456.x]

Lacy BE, Crowell MD, Schettler-Duncan A, Mathis C, Pasricha PJ. The treatment of diabetic
gastroparesis with botulinum toxin injection of the pylorus. Diabetes Care 2004; 27: 2341-2347
[PMID: 15451898 DOI: 10.2337/diacare.27.10.2341]

Mekaroonkamol P, Li LY, Dacha S, Xu Y, Keilin SD, Willingham FF, Cai Q. Gastric peroral
endoscopic pyloromyotomy (G-POEM) as a salvage therapy for refractory gastroparesis: a case series
of different subtypes. Neurogastroenterol Motil 2016; 28: 1272-1277 [PMID: 27197717 DOL:
10.1111/nmo.12854]

Abell T, McCallum R, Hocking M, Koch K, Abrahamsson H, Leblanc I, Lindberg G, Konturek J,
Nowak T, Quigley EM, Tougas G, Starkebaum W. Gastric electrical stimulation for medically
refractory gastroparesis. Gastroenterology 2003; 125: 421-428 [PMID: 12891544 DOI:
10.1016/s0016-5085(03)00878-3]

Abell TL, Johnson WD, Kedar A, Runnels JM, Thompson J, Weeks ES, Minocha A, Griswold ME.
A double-masked, randomized, placebo-controlled trial of temporary endoscopic mucosal gastric
electrical stimulation for gastroparesis. Gastrointest Endosc 2011; 74: 496-503. e3 [PMID: 21872708
DOI: 10.1016/j.g1e.2011.05.022]

Lysy J, Israeli E, Goldin E. The prevalence of chronic diarrhea among diabetic patients. 4m J
Gastroenterol 1999; 94: 2165-2170 [PMID: 10445544 DOI: 10.1111/§.1572-0241.1999.01289.x]
Pimentel M. Review of rifaximin as treatment for SIBO and IBS. Expert Opin Investig Drugs 2009;
18: 349-358 [PMID: 19243285 DOI: 10.1517/13543780902780175]

Ebert EC. Gastrointestinal complications of diabetes mellitus. Dis Mon 2005; 51: 620-663 [PMID:
16458726 DOI: 10.1016/j.disamonth.2005.11.002]

Noureddin S, Mohsen J, Payman A. Effects of psyllium vs. placebo on constipation, weight,
glycemia, and lipids: A randomized trial in patients with type 2 diabetes and chronic constipation.
Complement Ther Med 2018; 40: 1-7 [PMID: 30219432 DOI: 10.1016/j.ctim.2018.07.004]
Soltanian N, Janghorbani M. A randomized trial of the effects of flaxseed to manage constipation,
weight, glycemia, and lipids in constipated patients with type 2 diabetes. Nutr Metab (Lond) 2018; 15:
36 [PMID: 29760761 DOI: 10.1186/s12986-018-0273-7]

Christie J, Shroff S, Shahnavaz N, Carter LA, Harrison MS, Dietz-Lindo KA, Hanfelt J, Srinivasan
S. A Randomized, Double-Blind, Placebo-Controlled Trial to Examine the Effectiveness of
Lubiprostone on Constipation Symptoms and Colon Transit Time in Diabetic Patients. Am J
Gastroenterol 2017; 112: 356-364 [PMID: 27922028 DOI: 10.1038/aj2.2016.531]

Haas S, Brock C, Krogh K, Gram M, Lundby L, Drewes AM, Laurberg S. Does Sacral Nerve
Stimulation Improve Continence Through Enhanced Sensitivity of the Anal Canal? Dis Colon Rectum
2016; 59: 1039-1046 [PMID: 27749479 DOI: 10.1097/DCR.0000000000000677]

WJD | https://www.wjgnet.com 809 June 15,2021 | Volume12 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/21684286
https://dx.doi.org/10.1053/j.gastro.2011.04.045
http://www.ncbi.nlm.nih.gov/pubmed/31862746
https://dx.doi.org/10.2337/dc20-S003
http://www.ncbi.nlm.nih.gov/pubmed/21403054
https://dx.doi.org/10.7326/0003-4819-154-9-201105030-00336
http://www.ncbi.nlm.nih.gov/pubmed/21842427
https://dx.doi.org/10.1007/s00125-011-2282-6
http://www.ncbi.nlm.nih.gov/pubmed/10235199
https://dx.doi.org/10.1111/j.1572-0241.1999.00456.x
http://www.ncbi.nlm.nih.gov/pubmed/15451898
https://dx.doi.org/10.2337/diacare.27.10.2341
http://www.ncbi.nlm.nih.gov/pubmed/27197717
https://dx.doi.org/10.1111/nmo.12854
http://www.ncbi.nlm.nih.gov/pubmed/12891544
https://dx.doi.org/10.1016/s0016-5085(03)00878-3
http://www.ncbi.nlm.nih.gov/pubmed/21872708
https://dx.doi.org/10.1016/j.gie.2011.05.022
http://www.ncbi.nlm.nih.gov/pubmed/10445544
https://dx.doi.org/10.1111/j.1572-0241.1999.01289.x
http://www.ncbi.nlm.nih.gov/pubmed/19243285
https://dx.doi.org/10.1517/13543780902780175
http://www.ncbi.nlm.nih.gov/pubmed/16458726
https://dx.doi.org/10.1016/j.disamonth.2005.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30219432
https://dx.doi.org/10.1016/j.ctim.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/29760761
https://dx.doi.org/10.1186/s12986-018-0273-z
http://www.ncbi.nlm.nih.gov/pubmed/27922028
https://dx.doi.org/10.1038/ajg.2016.531
http://www.ncbi.nlm.nih.gov/pubmed/27749479
https://dx.doi.org/10.1097/DCR.0000000000000677

%

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4239/wjd.v12.i6.810

World Journal of
Diabetes

World | Diabetes 2021 June 15; 12(6): 810-826

ISSN 1948-9358 (online)

MINIREVIEWS

Endothelial impairment evaluation by peripheral arterial tonometry in
pediatric endocrinopathies: A narrative review

Alberto La Valle, Marco Crocco, Decimo Silvio Chiarenza, Mohamad Maghnie, Giuseppe d'Annunzio

ORCID number: Alberto La Valle
0000-0003-3447-9163; Marco Crocco
0000-0001-7277-4767; Decimo Silvio
Chiarenza 0000-0002-6877-9511;
Mohamad Maghnie 0000-0002-7183-
5238; Giuseppe d'Annunzio 0000-
0002-1856-2277.

Author contributions: La Valle A,
Crocco M, Chiarenza DS,
d’Annunzio G searched the
literature and drafted the
manuscript; Maghnie M and
d’Annunzio G revised the
manuscript, provided further

comments and editing.

Conflict-of-interest statement: The
authors declare no conflict of
interest.

Open-Access: This article is an
open-access article that was
selected by an in-house editor and
fully peer-reviewed by external
reviewers. It is distributed in
accordance with the Creative
Commons Attribution
NonCommercial (CC BY-NC 4.0)
license, which permits others to
distribute, remix, adapt, build
upon this work non-commercially,
and license their derivative works
on different terms, provided the
original work is properly cited and
the use is non-commercial. See: htt
p:/ / creativecommons.org/ License
s/by-nc/4.0/

Manuscript source: Invited

Jaishideng®

WJD | https://www.wjgnet.com 810

Alberto La Valle, Marco Crocco, Decimo Silvio Chiarenza, Mohamad Maghnie, Giuseppe
d'Annunzio, Pediatric Clinic and Endocrinology, IRCCS Istituto Giannina Gaslini, Genoal6147,
Italy

Alberto La Valle, Marco Crocco, Decimo Silvio Chiarenza, Mohamad Maghnie, Pediatric Clinic and
Endocrinology, IRCCS Giannina Gaslini Institute, Department of Neuroscience, Rehabilitation,
Ophthalmology, Genetics, Maternal and Child Health University of Genoa, Genoal6147, Italy

Corresponding author: Giuseppe d'Annunzio, MD, Adjunct Professor, Medical Assistant,
Pediatric Clinic and Endocrinology, IRCCS Istituto Giannina Gaslini, Via Gaslini 5, Genoa
16147, Ttaly. giuseppedannunzio(@gaslini.org

Abstract

Endothelial dysfunction (ED) is characterized by an imbalance between vaso-
dilator and vasoconstriction agents. Several pathological conditions clinically
diagnosed in childhood and adolescence are characterized by ED and increased
risk for early development of microangiopathic and macroangiopathic
impairment, in particular type 1 diabetes mellitus (T1DM), T2DM, obesity,
metabolic syndromeand pituitary dysfunction associated to various endocrino-
pathies. More recently insulin resistance following chemotherapy or radiotherapy
for tumors, bone marrow transplantation for hematological malignancies (i.e.,
cancer survivors), or immunosuppressive treatment for solid organ transplan-
tation has been observed. Assessment of ED by means of non-invasive techniques
is the gold standard for early ED detection before clinical manifestation. It is
aimed to recognize patients at risk and to avoid the development and progression
of more serious illnesses. Reactive hyperemia-peripheral artery tonometry is a
noninvasive technique to assess peripheral endothelial function by measuring
modifications in digital pulse volume during reactive hyperemia, and represents a
non-invasive, reproducible and operator-independent tool able to detect
precocious ED. This narrative review aimed to provide an overview of the most
important papers regarding ED detection by EndoPat 2000 in children and
adolescents with different endocrine diseases. A comprehensive search of English
language articles was performed in the MEDLINE database without using other
search filters except the publication interval between 2005 and 2020.

Key Words: Pediatric diabetes mellitus; Pediatric endocrinopathies; Metabolic syndrome;
Cancer survivors; Endothelial dysfunction; Peripheral artery tonometry
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Core Tip: This narrative review highlights the use of a non-invasive, reproducible and
non-operator dependent tool aimed to precocious detection of endothelial dysfunctionin
pediatric patients affected by several endocrine diseases, characterized by the risk of
vascular impairment. The review also reports a summary of the most important
published papers related to the topic.
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INTRODUCTION

Vascular endothelium

Vascular endothelium (VE) is located on the luminal surface of blood vessels and
represents a selective, permeable and protective barrier between bloodstream and
vascular wall. VE plays several important physiological, paracrine, endocrine and
autocrine functions, mainly to assure normalblood fluidity and flow, and to hinder the
entry of microbes and other harmful entities, in order to maintain cardiovascular
homeostasis. VE also regulates vascular permeability and smooth muscle cell
migration, fibrinolysis and thrombosis, platelet and leukocyte adhesion, angiogenesis
and vascular tone[1]. Healthy endothelium has also anti-inflammatory properties due
to its capability of reaction against hemodynamic changes by production of numerous
vasoactive molecules, mainly nitric oxide and prostacyclin[2].

Endothelial dysfunction (ED) is the consequence of mechanical stimuli, like
increased endoluminal pressure and shear stress, or metabolic factors like hormones
and vasoactive agents. ED is characterized by an imbalance between vasodilator and
vasoconstriction agents and is followed by the release of substances aimed to regulate
hemostasis, vasomotor activity and inflammation[3]. Moreover damaged endothelium
produces agents stimulating either thrombosis, like plasminogen activator inhibitors
and von Willebrand factor, and inflammation, like several adhesion molecules,
interleukin-6 and ultrasensitive C-reactive protein. ED is one of the most important
predictive and pathogenetic mechanism of a broad spectrum of life-threatening
conditions, in particular cardiovascular diseases, and represents the primary causative
agent of atherosclerosis[4].

Several pathological conditions clinically diagnosed in childhood and adolescence
are characterized by ED and increased risk for early development of microangiopathic
and macroangiopathic impairment, in particular type 1 diabetes mellitus (T1IDM), type
2 diabetes mellitus (T2DM), obesity, metabolic syndrome (MS), and pituitary
dysfunction associated to various endocrinopathies. More recently insulin resistance
following chemotherapy or radiotherapy for tumors, bone marrow transplantation for
hematological malignancies (i.e. cancer survivors) or immunosuppressive treatment
for or solid organ transplantation has been observed. A new entity, characterized by
insulin resistance and type 2 diabetes has been recently defined as new onset diabetes
after transplantation (NODAT)[5-16].

In T1DM, chronic hyperglycemia and, more recently defined, glycemic variability
impair endothelium function through different mechanisms: oxidative stress, polyol
pathway activity, free-radical accumulation, non enzymatic glycosylation of protein,
free-radical accumulation[17,18]. All these mechanisms act in different ways and are
responsible for the development of various degrees of diabetic microangiopathy, like
retinopathy, nephropathy and peripheral neuropathy[19-21]. Thanks to intensive
insulin therapy protocols since diagnosis and advances in technological instruments
for TIDM management, clinically evident microangiopathy in children and adole-
scents is almost rarely encountered; on the other hand, subclinical signs of precocious
ED can be detected in adolescents, especially in case of poor degree of metabolic
control[22,23].
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As regards T2DM, obesity, metabolic syndrome and NODAT, insulin resistance (IR)
and its metabolic consequences are the most important causative factors of ED. In
particular, obesity, insulin resistance and sedentary lifestyle are the main responsible
of different co-morbidities related to so called metabolic syndrome, a proinflammatory
state that negatively affects endothelial function and characterized by dyslipidemia,
hyperuricemia, hypertension[9,24,25].

While in TIDM microangiopathic damage develops during the natural course of the
disease, in newly-diagnosed adolescents with T2DM microangiopathic complications,
especially nephropathy, have been reported[26]. The early damage negatively affects
quality of life and is responsible for morbidity and mortality even at young age[27,28].
In particular, diabetic kidney disease in youth-onset T2DM is reported as a
consequence of lower insulin sensitivity, a condition requiring more O, consumption
and responsible for increased resistance in efferent arterioles[29].

Improved survival rates in childhood cancer, during the past few decades, have
increased the population of survivors. Recent estimates allow to hope that in the
general population, one every 500-1000 persons will be a childhood long-term cancer
survivor. Young cancer survivors and patients who underwent hematopoietic cell
transplantation in childhood are at increased risk of MS and cardiovascular disease[30-
33]. Total body irradiation, chemotherapy and immunosuppressive agents are
causative factors for insulin resistance[33].

Cardiovascular diseases are the most common cause of premature death in Western
countries, and in long-term cancer survivors heart diseases are 5-10 times more
common than in their siblings[33]. The population of survivors is increasing over time
and with it there is the need for a greater understanding of cardiovascular toxicity,
which is an overlap of mechanisms directly related to cancer and late effects of
oncological therapies[34].

ED may be the first step in the pathogenesis of chronic conditions, such as athero-
sclerosis, which leads to cardiovascular system disorders including coronary heart
disease, hemorrhagic or ischemic stroke, peripheral arterial disease and venous
thromboembolism. The major risk factors of endothelial impairment are high-dose
chemotherapy with anthracyclines, alkylating agents, vinca alkaloids and total body
radiation, especially in younger age. Cancer therapeutic agents may damage
endothelial cells and the delicate balance between vasodilating and vasoconstricting
substances produced by and acting on endothelial cells. Radiotherapy increases
damage of endothelial cells and arterial stiffness through the loss of elastic matrix and
the alteration of microvascular structure[30-34].

ED DETECTION

Early ED detection before clinical manifestation is the most important preventive
measure, aimed to recognize patients at risk and to avoid the development and
progression of more serious illnesses.

Several serum inflammatory markers are available to detect ED, including pro-
inflammatory cytokines, like TNF-alpha, IL-1, IL-6, IL-8, IFN-gamma, pigment
epithelium derived factors, adipocyte-specific fatty acid-binding protein, lipocalin-2,
resistin[4,35,36]. Insulin resistance is associated by a global inflammatory status,
characterized in the majority of cases by positivity of several inflammatory markers
and is responsible for endothelial impairment leading to angiopathy. At present none
of these markers has a prognostic value, and their use in clinical practice remains
speculative. Moreover, inflammatory markers detection requires specific laboratories
and equipments.

Assessment of ED by means of non-invasive techniques is the gold standard of its
detection, and several methods for research purposes have been developed, otherwise
their operator dependency and complexity preclude wide use in clinical practice[37].

In particular, reproducibility of a medical test is the consequence of its low intrinsic
variability and represents the gold standard for the meaningfulness of the method.
Reproducibility depends on the test itself, i.e. operator dependency accuracy of the
instrument, and the variability linked to human physiology. For ED detection
reproducibility is an important issue, since endothelial function is extremely variable
and labile both intra- and inter-subject[38].

To this purpose several diagnostic methods have been developed, based on the
following principles: (1) Specific stimuli determine release of NO from VE to mediate
its relaxation; and (2) Test measuring ED in different vascular beds. Endothelial
vasomotor testing performed in the coronary vascular bed by coronaroangiography
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and intracoronary Doppler is the gold standard, however, its invasiveness can raise
ethical concerns and is impracticable in research studies[39]. Therefore, alternative
vasomotor testing have been proposed in the peripheral circulation, especially in
forearm vessels.

Reactive hyperemia-peripheral artery tonometry (RH-PAT) is a non invasive
technique to assess peripheral endothelial function by measuring modifications in
digital pulse volume during reactive hyperemia, and represents a non-invasive,
reproducible and operator-independent tool able to detect precocious ED[40]. Flow
mediated dilation has been applied both in adults and adolescents and requires an
ultrasound assessment of brachial artery diameter before and after raised shear stress
[41,42]. Operator training is required and results may be invalidated by inter-observer
variability.

A new automated and less operator-dependent method, named Endo Peripheral
Artery Tonometry 2000 (EndoPAT) has been proposed by Itamar Ltd[43]. EndoPAT
records endothelium-mediated changes in the digital pulse waveform (PAT signal)
using a pair of new modified plethysmographic probes placed on the finger index of
each hand[43]. Endothelium-mediated variations of the PAT signal are triggered by
inducing a downstream hyperemic response. Hyperemia is elicited by blood flow
occlusion through the brachial artery for 5 min using an inflatable cuff on one hand.
The response to reactive hyperemia in automatically calculated by the system (Axtec).
A PAT ratio is obtained analyzing the pre- and post-occlusion values, and values are
normalized to measurements from the controlateral site, considered as control for non-
endothelial dependent systemic effects[38] (Figure 1).

To test prospectively the reproducibility and feasibility of EndoPAT, 30 healthy
adolescents aged 13 to 19 years were evaluated on 2 different days[38]. The authors
concluded that the EndoPAT technique was well tolerated and had excellent reprodu-
cibility. On the other hand several factors, mainly pubertal development, may affect
microvascular function. To this purpose, Bhangoo et al[44] reported that enhancement
of the PAT index was positively related to Tanner Stage, probably due to sex steroids
influence. Similarly, another study conducted in 94 healthy children and adolescents
aimed to evaluate microcirculation by reactive hyperemic index (RHI) reported a
positive correlation between RHI and Tanner Stage, age, height, body mass index
(BMI), systolic blood pressure values[45]. Conflicting data have been reported about
the role of stress and depressive symptoms on endothelial function. Chen et al[46]
reported adverse effects of negative emotions on peripheral endothelial function,
while Olive observed no relationship between ED and self-reported stress or
depressive symptoms[47].

AIM OF THE REVIEW

The aim of this narrative review was to provide an overview of the most important
papers regarding ED detection through EndoPAT 2000.

A comprehensive search of English language articles was performed in the
MEDLINE database without using other search filters except the publication interval
between 2005 and 2020. Before 2005 no papers regarding EndoPAT 2000 in pediatric
endocrinological and metabolic diseases have been found.

Four authors performed the search, the key words were endothelial dysfunction,
Reactive Hyperemia Index, RHI, Peripheral Artery Tonometry, Endo-PAT 2000. For
each challenging topic (T1DM, MS and cancer survivors) specific key words were
associated and matched with the following terms: Type 1 diabetes mellitus, type 2
diabetes mellitus, obesity, metabolic syndrome, endocrine dysfunction, pituitary,
cancer, growth hormone, glucocorticoids, thyroid hormones, estrogens, testosterone,
neoplasm, malignancy.

A manual search in the reference lists of most significant papers was also
performed. Studies conducted on patients aged more than 18 years or not written in
English were excluded. Each study was screened by title and abstract.

For each eligible study we extracted the following data: author, year of publication,
design of the study, population studied, control group (if available), RHI results, RHI
outcomes. Results are summarized in Tables 1-3.

WJD | https://www.wjgnet.com 813 June 15,2021 | Volume12 | Issue6 |



La Valle A et al. Endothelial impairment in pediatric endocrinopathies

Table 1 Study characteristics for reactive hyperemic index-Endopat 2000 in different pediatric type 1 diabetes mellitus populations

Population: age

Control group: age

RHI result: mean £

+
Ref. Stucliy Aim of study meaf‘ *SDor mean * SD or median  SD or median Outcomes
design median (range); n
(range); n [FIM] (range)
[FIM]
Mahmud et RA Determinate whethera T1DM Children for at ~ Healthy children without 1.85+0.45vs1.95 + T1DM adolescents males
al[51], 2006 gender contrast in a least 1 yr, no a family history of 0.32 (diabetic vs worse RHI compared with
preclinical stage of microalbuminuria or ~ hypercholesterolemia: controls)”. 1.61 £0.32  similarly aged TIDM
atherosclerosis, or retinopathy: 14.2+1.3, 14.1+1.5,1n=20[8/12] 05 1.93 £ 0.28 (male females and healthy
endothelial n=20[8/12] diabetic vs male gender and age matched
dysfunction, is present controls)®. 2.21 £0.35  controls. TIDM females
in pediatric diabetic v51.99 £0.38 (female  had higher BMI and were
patients. diabetic vs female more sexually mature.
controls)". 1.93 + 0.28
05 1.99 £ 0.38 (male vs
female control
groups)‘. 1.61 + 0.32 vs
2.21 £ 0.35 (male vs
female diabetic
groups)".
Halleretal RA Assess the ability of T1DM Children with ~ Healthy children, non- 1.63+0.5vs1.95+0.3 RHIlower in diabetic
[48], 2007 RHI to serve as a disease >1yr:14.4 + smokers and without a (diabetic vscontrols)’.  population. In this study
surrogate marker of 1.5, n=44[22/22] family history of medical children with TIDM had
endothelial premature CVD or significantly higher mean
dysfunction in children hyperlipidemia: 14.1 + systolic BP, mean total
with TIDM. 1.5, n=20[8/12] cholesterol and mean HDL
compared to controls. No
significant differences in
age, BMI, diastolic BP,
LDL or triglycerides were
observed between the 2
groups.
Mahmud et RA Evaluate the effect of a T1DM Children with Healthy children: 14.7+  Pre-meal RHI, TIDM  RHI lower in diabetic
al[49], 2008 high-fatmeal on RHI in disease > 2 yr, no 1.95,n =23 [9/14] vs controls, 1.78 £0.4  population in a fasting
adolescents with retinopathy or 05 2.06 +0.4". state and after a high-fat
T1DM. nephopathy: 14.6 + Post.meal RHI, TIDM  meal compared with
1.75,n=23[9/14] vs controls, 1.45+ 0.3  controls. The change in
vs1.71 +£0.3% RHI was similar in the 2
groups.
Palombo et RA To compare large T1DM patients Healthy children: 19+2, 20+05v51.8+0.6 T1DM adolescents higher
al[54], 2011 artery structure and without retinopathy, n=26[11/15] (T1D vscontrols)”. 1.5+ central pulse pressure
function indexes, microalbuminuria and 0.4 vs2.2+0.8 (T1D (PP), Augmentation Index
endothelial function neuropathy, with HbAlc 7.5% vs  (Al), carotid femoral pulse
and regenerating pharmacological T1d with HbAlc < wave velocity, local carotid
capacity between treatment (other than 7.5%)". wave speed, common
T1DM adolescent and  insulin). 18 +2, n =16 carotid artery intima-
healthy age-matched [5/11] media thickness. RHI
controls. Association of reduced only in TIDM
different vascular patients with 7.5% (P <
measures with EPCs, 0.05). In the overall
glyco-metabolic population, EPCs were an
control and AGEs, independent determinant
sRAGE and of carotid IMT (together
adiponectin levels with adiponectin), while
were searched. fasting plasma glucose was
an independent
determinant of carotid
wave speed, Al and central
PP.
Pareynetal CSS To search a difference  T1DM children insulin  Healthy children: 15.5 1.6 (1.3-2.0) vs 1.9 (1.7- RHI lower in TIDM,

[50], 2013

Scaramuzza CS
et al[52],
2015

Jaishideng®

in RHI between w
T1DM adolescents and
controls

To evaluate prevalence
of early EF, measured

by RHI < 1.67 in TIDM
cohort, at baseline and
after a a 1 yr follow-up

treated for at least one
year: 15.8 (14.4 to 16.6),
n=34[18/16]

T1DM adolescents
with disease duration
> 1 yr, Tanner pubertal
stage I1I-V, BMI
between 5-95°
percentile: 16.2 +3.5, n
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(139t0162,n=25
[13/12]

No controls

814

2.4), children with
T1DM vs controls®. 1.3
(1.3-1.7) vs 2.0 (1.7-2.5),
female with T1IDM vs
female controls”. 1.8
(1.5-2.1) vs 1.8 (1.5-2.3),
male with TIDM vs
male controls‘.

126+0.220vs2.24 +
0.48, patients with RHI
<1.67 vs patients with
RHI > 1.67". At the 1
yr follow-up in 64/73
patients, the rate of

June 15,2021 | Volume12 |

especially in females. No
correlation was seen
between RHI and BMI
SDS, BP SDS, HbAlc, age,
disease duration, TG and
Tanner stage.

RHI negatively correlates
with impaired metabolic
control and subclinical
signs of autonomic
neuropathy, while
positively correlates with
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To evaluate the effect

=73 [25/48]

T1DM adolescents for

La Valle A et al. Endothelial impairment in pediatric endocrinopathies

endothelial
dysfunction (81.8%)
was even higher than
the rate recorded at
baseline (76.7%).

3 double-blind study

regular physical activity.
ED progression
irrespective of improved
metabolic control.

Positive association

et al[57], of alpha-lipoic acid on  atleast 1 yr, aged 12-19 arms: 10000 ORAC between alpha-lipoic acid
2015 EDin TIDM youth,a  yr, insulin requirement antioxidant diet + (- administration and ED
6-month, double- 0.5 U/kg/day, blood lipoic acid, 1.40 £ 0.68  parameters.
blind, randomized glucose checks more vs1.72 +0.66"
controlled trial the 3 times/day, BMI (baseline vs after 6
and BP < 95° months). 10 000 ORAC
percentile, no antioxidant diet +
cardiovascular or placebo, 1.39 + 0.41 vs
inflammatory diseases. 1.58 + 0.40° (baseline vs
163+£34,n=71 after 6 months).
[29/42], age at Controls, 1.58 + 0.64 vs
baseline. 1.54 +0.42°.
Deda et al RA To evaluate the effect ~ T1DM patients for at To account for Aftera4.8+1.3 Vit.D supplementation
[53], 2018 of Vit. D least 2 yr and levels of ~ seasonality of RHI months Vit. D associated with EF
supplementation on EF  25-OH-Vit. D <37.5 testing, a separate cohort supplementation RHI  improvement and reduced
by RHI measurement  nmol/L.15.7+14,n= of age, sex and TIDM improved: 1.83+0.42  expression of urinary
31[19/12] matched controls was vs2.02 £0.68". inflammatory markers.
tested in spring and in
fall (no significant
difference was showed)
2P<0.05.
°P<0.005.
°P>0.05.

AGEs: Serum levels of advanced glycation end products; CS: Cohort study; CSS: Cross sectional study; CVD: Cardiovascular disease; BMI: Body mass
index; BP: Blood pressure; ED: Endothelial dysfunction; EF: Endothelial function; EPCs: Endothelial progenitor cells; F: Female; HbAlc: Hemoglobin Alc;
LDL: Low-density lipoprotein; M: Male; ORAC: Oxygen radical absorbance capacity units; RA: Research article; RHI: Reactive hyperemia index; SDS:
Standard deviation score; sSRAGE: Soluble receptors for AGEs; TIDM: Type 1 diabetes mellitus; TG: Triglycerides.
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STUDY IN PEDIATRIC PATIENTS WITH DIABETES MELLITUS

We considered 6 studies on EndoPAT use in pediatric patients with TIDM aimed to
evaluate precocious ED and 2 other studies aimed to evaluate a diet or drug effect in
ED. Five of 8 studies compared RHI between T1DM patients and healthy children. In
3/5 studies RHI was significantly lower in patient group[48-50]; in particular, Pareyn
et al[50] reported a significantly lower RHI, especially in TIDM females.

Males had a lower BMI and were less sexually mature (3 males were prepubertal,
while all the females were post-pubertal)[51]. This might explain the difference
reported since it has been described that prepubertal RHI is lower than in a mid-or late
pubertal state[44,45]. No other differences between males and females have been
reported[51].

T1DM patients evaluated by Haller ef al[48] had a significantly higher values of
systolic blood pressure, total and HDL cholesterol. Blood pressure levels did not
always influence RHI in the majority of the studies[51-54], and similar results were
found as regards lipid profile[49,51,52-54].

In 1/5 RHI was significantly lower in TIDM males than in females[51].

In the Pareyn cohort 5 patients were overweight or obese, but even after their
exclusion RHI was significantly lower in TIDM subjects[50].

In 1/5 RHI was similar between T1IDM and control group, although patients had
higher central pulse pressure, augmentation index, carotid femoral pulse wave
velocity, local carotid wave speed and common carotid artery intima-media thickness
[54]. In this study RHI was significantly lower in patients with HbAlc = 7.5% and
decreased with diabetes duration.

Excluding the exceptions mentioned above, no differences in age, blood pressure
and lipid levels were reported between TIDM and controls. As expected, HbAlc and
fasting glucose levels were higher in patients. BMI was not significantly different in
most studies[48,49,51], while in some it was not considered[50,54].

In 1/5 studies only TIDM adolescents were included[52]. They were considered to
have EDif their RHI was < 1.67 and without ED if their RHI was > 1.67. RHI was
significantly lower in 76.7% of patients, and after a one year follow-up increased to
81.8%. The authors reported that RHI was significantly correlated to HbAlc levels
(both at baseline, and measured during the follow-up period), to subclinical signs of
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Table 2 EndoPat 2000 in pediatric population with metabolic syndrome

Ref.

Design Aim of the study

Population: age in
years; mean £ SD
or median (range)

Control group:
age in years;
mean * SD or
median (range)

RHI reported in arbitrary
units. If RHI not specified,
we reported p trend or
positive/negative relation
with parameters examined

RHI outcomes

Dongui et al
[58], 2019

Pareyn A et al
[59], 2015

Agarwal et al
[60], 2013

Mahmud et al
[61], 2009

Tomsa ef al
[62], 2016

Del Ry et al
[63], 2016

Del Ry et al
[64], 2020

Singh et al
[65], 2017

Czippelova et
al[66], 2019

Kochummen
et al[24], 2019

Jaishideng®

QRS Impact of diet and
exercise on
microvascular
function

CSS Assessment of EF in

OB/OW adolescents

CSss Assessment of EF in

OB/NW adolescents

RA Evaluation of EF in
OB adolescents with

impaired IS

CSss Comparing EF to
body fat, IS, BGL
and CIM in
dysglicemic and OW

adolescents

RA C-type Natriuretic
Peptide in OW, OB
and NW. Relation
with RHI and other
endothelial markers
RA Natriuretic peptide
network in normal
weight and obese
adolescents, its
relation with RHI.
RA Relation between EF
and urinary markers

RA Assessment of EF in
different systemic
vascular resistances.
Comparing EF to
Cardio Ankle
Vascular Index

Css Evaluation of EF in
OB with normal
BGL comparing to
NW with T1IDM1
and OB with T2DM

Sedentary OB Age
12-18, n =57 [F/M =
0/57]

OW/OB Age 147, n
=27 [F/M11/16]

OB Age 15.3 (0.4)
years, n =37 [F/M
26/11]

OB with HOMA-IR
54 Age13.4 (1.7),n
=26 [F/M10/16]

OW with NGT, n =
25, OW with IGT n =
19, OW with T2D
but HB1Ac < 8% n =
16; Age 15.5 (0.2)
Total n = 60 [F/M
37/23]

OW AGE 128 (1.6) n
=10; [F/M 5/5]. OB,
G35 (1), AGE12.38
(1.6) n = 45;
[F/M19/26].

Primary OB Not
diabetic, Age 13.3
(0.5) n =16;
[F/M8/8].

OW and OB Age
13.8 (2.4) n =43;
[F/M 23/20]

OB No DM or HBP
Age16.4 (2.7)n =29
[F/M14/15]

NW with DM1 and
OB DM2 Age 12.7
(3.8)n=41[F/M
25/16]

WJD | https://www.wjgnet.com

Healthy NW Age
12-20,n =10
[F/M 0/10]

NW Age 15.5, n =
25[F/M13/12]

NW Age 14.9
(0.6), n =14 [F/M
9/5]

NW, healthyAge
14 (1.4),n =51
[F/M 21/30]

NW Age 15.5
0.2), n=21[F/M
9/12]

NW, AGE 12.8
(14) n =27; [F/M
14/13]

NW, Age 14.3
(04) n=24;
[F/M14/10].

Healthy NW Age
13.9 (2) n = 20;
[F/M8/12]

NW Age 165
(2.6)n =29 [F/M
NR]

OB with normal
BGL, BP and
lipid profile. Age
128 27)n=17
[F/M9/8]

816

OB 1.43 (0.35) vs CG 1.67 (0.36)".
After exercise OB vs CG". OB
Pre-exercise vs Post-Exercise”.

NW 1.88 (1.7-2.4) vs OW 1.5
(1.3-1.9)". Positively with age®
and tanner stage®. Negatively
with diastolic BP*. With BGL,
insulin lipid profile®.

OB 1.7 (0) vs NW 1.9 (0.1)". OB
IGR 1.63°. Other values
reported like p trend.

OB 1.5 (0.4) vs NW 2 (0.4)".
Other values reported like p
trend.

BMI 30.91.2 (0) vs BMI 30.41.5
(0) vs BMI 26.72.0 (0)p trend”.
Negatively with WC, BGL,
TNF, PAI" leptin”. Positively
with age and insulin
sensitivity”. BP, lipid profile®.
For exact values see reference.

NW 2.1 (0.2) vs OW 1.6 (0.4)".
NW vs OB 1.4 (0.3)". Negatively
with CNP". Exact values non
reported.

NW 2.1 (0) vs OB 1.4 (0)".
Negatively with CNP, hs CRP,
diastolic BP". Exact values non
reported.

NW 1.6 (0.1) vs OW 1.66 (0.1)°
and OB 1.67 (0.1)°. NW girls 1.9
vs NW boys 1.25".

NW 1.45 (0.3) vs OB 1.4 (0.3)".
Positively with SVR®.

A1C>10% 1.2 (0.2) vs A1C <
10% 1.7 (0.6)". Negatively with
A1C". DM 1.4 (0.5) vs obese 1.4
(0.3)". T1D 1.4 (0.5) vs T2D1.5
(0.5). Female 1.5 (0.5) vs male
1.3 (0.4)".

June 15,2021 | Volume12 |

RHI higher in CG. In OB
RHI improved after 6 wk of
diet and exercise.

RHI lower in OB/OW
adolescents. RHI improved
with age and Tanner stage.
RHI decreased with higher
diastolic BP. RHI not
related with lipid, IR, BGL
and gender. RHI inversely
related with baseline pulse
amplitude.

RHI lower in obese
adolescents. RHI negatively
related with BMI, WC,
BGL, HOMA-IR, Leptin,
TNF, hs-CRP. No
relationship with lipid
profile and BP.

EF lower in OB and
negatively related with
adiposity, TG, LDL and
Tot-Chol. RHI improved
with age. RHI not
correlated with Leptin, IR
or gender.

RHI lower in OB and
T2DM. RHI negatively
related with percentage
body fat, WC, Leptin, TNF-
alpha, BGL. RHI positively
related with age and. RHI
not related with BP and
lipid profile.

RHI was significantly lower
in OW/OB. CNP
negatively related with
RHL

RHI significantly lower in
OB.RHI negatively related
with hs-CRP, CNP,
diastolic BP, fat mass and
AlC.

No correlation between
RHI, BMI and urinary
markers. RHI higher in NW
female adolescents

No difference between RHI
in OB and CG RHI was
influenced by vascular tone
and resistance. RHI in OB
positively related with
SVR.

RHI lower in poorly
controlled DM. RHI
negatively related with
A1C. RHI similar between
OB and NW with DM and
between DM1 and DM2.
RHI lower in males
especially in OB without
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Bruyndonckx  CSS
et al[67], 2014

Tryggestad et RA
al[68], 2012

Fusco et al RA
[69], 2020

Bacha et al Css
[74], 2017
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DM.
Evaluation of EF and OB Age15.2 (1.4) n= NW Age15.5 NW 2 (0.6) vs OB 2.2 (0.7)". RHI not related with BMI,
correlation with 57 (1.5) n=230 Lipid, HOMA-IR, BP, hsCRP*. HOMA-IR, BP, lipid or
CVREF in children hsCRP. RHI not
homogenous with “Time to
peak”.
Evaluation of OB Age13.9 (25)n= NW Age13.3 (3) OB vsCG". Exact values RHI similar in OB and CG.
vascular functionin 62 (F/M 32/30) n=61(F/M reported for age and BMI (see ~ RHI improved 0.07 for each
OB and NW 30/31) reference). Age group 8-12 yr: year of age in CG. RHI was
children 1.6-2.0". Age group 13-18 yr: reduced in older OB. RHI
2.0-2.5% not related with BP and
lipid profile.
Assessment of OB Age 14.1 (2.5),n NW Age 15.1 OB 1.8 (0.6) vs CG1.9 (0.5)". RHI not different between
precocious =22 [F/M13/9] (1.5)n=24[F/M CG and OB. RHI not
microvascular 11/13] correlated with LDF (that is
dysfunction in OB impaired in OB).
adolescents
Comparing EF in OW with pre OW with pre- NAFLD 1.4 (0) vs CG 1.7 (0)". Hepatic fat and AST/ALT
hispanic adolescents  diabetes or T2DM diabetes or TD2 levels were inversely
with and without with NAFLD Age without NAFLD related with RHI.
NAFLD 15.2 (0.5)n =23 Age15.7 (0.4) n=
[F/M12/11] 13 [F/M 3/10]

ap< 0.05.
p< 0.005.
P> 0.05.

A1C: Glycosylated hemoglobin; AE: Anti-epileptic drugs; CIM: Circulating inflammatory markers; CNP: C-type natriuretic peptide; CSS: Cross sectional
study; TIDM: Type 1 diabetes mellitus; T2DM: Type 2 diabetes mellitus; CVR: Cardio vascular risk; CVRF: Cardio vascular risk factors; EF: Endothelial
function; HBP: High blood pressure; IGT: Impaired glucose tolerance; IR: Insulin resistance; IS: Insulin sensitivity; LDF: Laser Doppler flowmetry; NW:
Normal weight; OB: Obese > 95’cc; OS: Oral steroids; OW: overweight > 85" cc; NGT: Normal Glucose Tolerance; PM: Psychiatric medications; QRS: Quasi
randomized study; RA: Research Article; SVR: Systemic vascular resistance; TG: Triglycerides; Tot-Chol: Total cholesterol; RHI: Reactive hyperemic index;

WC: Waist circumference.
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autonomic neuropathy and to physical activity[52]. However, RHI did not correlate to
gender, carotid intima media thickness, insulin requirement, dietary habits and body
composition[52].

Inter-individual values of RHI in some studies were not correlated to Hb1Ac[48,50,
51] age and disease duration[50-52], BMI or lipid profile[48,50-52,54], blood pressure
[48,51,52], fasting glucose levels[48-54], or pubertal stage[51]. Pareyn et al[50] described
a weak correlation between inter-individual RHI and Low Density Lipoprotein (LDL),
however this correlation was counterintuitive and might be a type I error.

An interesting study by Heier et al[55] was not included in Table 1, since mean age
was 20.8 £ 1.8 years. ARHI < 1.67 was reported in 30.4% of patients with diabetes and
in 21.4% of controls. This might indicate that the cut-off reported by the Mayo study
was not ideal for assessing cardio vascular disease (CVD).

A double blind, randomized, placebo-controlled trial (RCT) was conducted in 443
T1DM adolescents at high-risk of CVD and renal complications, defined as albumin-
creatinine ratio (ACR) in the upper tertile of range[56]. The aim of this study was to
evaluate the effect of ACE inhibitor, statin and combinations of bothinterventions or
placebo. In addition a parallel observation cohort of TIDM subjects defined as low-risk
of complications (ACR in lower and middle tertiles) was compared with the untreated
group. To evaluate ED, RHI in 158 patients from the RCT and 215 patients from the
observation cohort was evaluated[56]. No differences in RHI were observed between
high- and low-risk CVD participants in the observational study[56]. Neither ACE nor
statin use had any effect on RHI in RCT. During the follow-up RHI increased. An
improvement of microvascular function possibly due to stature and pubertal develop-
ment might explain this result[44,56]. The authors reported that adjusting RHI for
body mass normalized RHI to baseline values[56].

1/8 studies investigated the effect of Vit. D supplementation in ED in T1DM
patients with 25-OH-VitD levels < 37.5 nmol/L[53]. An improvement of RHI after 4.8 +
1.3 mo follow-up has been reported.

1/8 studies used EndoPAT to evaluate the effect of an alpha-lipoic acid and
antioxidant diet in adolescents with T1DM in a double blind trial, and an improve-
ment in the group treated with 10000 ORAC antioxidant diet +-lipoic acid has been
reported[57].
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Table 3 Study characteristics for reactive hyperemic index-Endopat 2000 in different pediatric endocrine populations

Control
Population: age mean group: age
Study . . mean * SD
Ref. . Aim of study * SD or median . RHI result: mean (SD) Outcomes
design or median
(range); n [F/IM]
(range); n
[FIM]
Bhangoo et CSS Relation of puberty and sex Healthy population: Tanner I1.46 (0.44) vs Tanner II- PAT index positively
al[44], 2011 steroids with endothelial Tanner I: 12.1 (0.6), n = II11.71 (0.35)". Tanner 1 1.46 related with estradiol,
function 21 [19/2] Tanner II-III: (0.44) vs IV-V 1.92 (0.38)". DHEAS levels and age.
12.7 (0.7), n = 35 [21/14] Tanner II-11I value n.avs IV-V
Tanner IV-V: 13 (0.7), n value NA®. F Tanner II-1II 1.66
=33[22/11] (0.38) s FIV-V 1.91 (0.29)". M
Tanner I1.41 (0.35) vs M Tanner
1111 1.78 (0.30)°. M Tanner I vs
M Tanner IV-V 1.93 (0.67)°.
O’'Gorman  CCS Evaluation of EF in TS, and Turner syndrome: 13.5  Healthy Turner syndrome: 1.64 (0.34) vs  PAT index lower in TS
et al[94], HC. (2.4), n=15[15/0]. children HC 2.08 (0.32)". Turner indicating impaired EF
2012 Turner syndrome: GH-  (HC) 14.3 syndrome: GH-untreated 1.44 compared with HC.GH
untreated 143 (2.4),n=8. (1.7),n=15  (0.26) vs GH-treated 1.86 (0.28)".  may protect endothelial
Turner syndrome: GH-  [15/0] function in TS.
treated 12.7 (2), n=7.
Rubleetal CCS Evaluation of RHI in ALL ~ ALL survivors: (0.9), n = HS:14.3 ALL survivors 1.54 (0.38) vs HS  Poorer vascular health
[78], 2015 survivors, compared with 16 [8/8]. HS:13.8 (0.9),n  (1.7),n=15  1.77 (0.41)". ALL survivors.
HS. =16 [6/10]. [15/0]
Blair et al RCCT  Evaluation of flavanoid- Cancer survivors Cancer survivors. Before apple  After four weeks of
[77], 2014 rich purple grape juice (hematopoietic juice 1.57 (0.36) vs before grape  daily consumption of
(compared in RCCT with ~ malignancy 50%, solid juice 1.75 (0.52). After apple flavanoid-rich purple
clear apple juice) on tumor 50%) 16.4 juice 1.83 (0.47) vs after grape grape juice, no
endothelial function, (13.7-17.2), n =24 [17/7] juice 1.75 (0.39). Before grape measurable change in
markers of oxidative stress juice 1.57 (0.52) vs after grape vascular function in
and inflammation in cancer juice 1.75 (0.39). young cancer survivors.
survivors.
4P<0.05.
°P<0.005.

CSS: Cross sectional study; CCS: Case control study; F: Female; GH: Growth hormone; HC: Healthy controls; HS: Healthy siblings; ALL: Acute lymphoid
leukemia; M: Male; NA: Not available; RHI: Reactive hyperemic index; RCCT: Randomized controlled crossover trial.

N———

Figure 1 Patient with type 1 diabetes mellitus, the upper highlighted line shows normal flow in the non-occluded right harm. The lower
highlighted line shows total occlusion in the left occluded harm. The picture shows a non pathologic post-occlusion dilation with RHI 1.8, despite this value is lower
than mean values for young healthy boys.

Most of the studies reported an ED in young adults with diabetes mellitus as
compared with healthy controls despite an absence of clinical manifestation of CVD,
other co-morbidities (e.g., retinopathy or microalbuminuria) or traditional cardio-
vascular risk. RHI correlation with glycemic control is unclear; in some studies RHI
was negatively related with HbAlc or diabetes duration. The evaluation with
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EndoPAT in pediatric age is likely difficult due to the physiological development
through puberty. Maybe EndoPAT might be helpful in evaluating the effect of some
external interventions (e.g., medication or diet).

STUDY IN PATIENTS WITH METABOLIC SYNDROME

We considered 14 studies describing the use of EndoPAT 2000 for the assessment of
ED in adolescents with MS, reporting conflicting results. The following parameters
were considered: BMI, TIDM and T2DM, gender, pubertal stage, age, polycystic ovary
syndrome (PCOS), blood pressure (BP) values, non alcoholic fatty liver disease
(NAFLD), obstructive sleep apnea (OSA), lipid profile, IR and insulin sensitivity (IS)
indexes, plasma glucose (PG) levels, inflammatory markers (Urinary Markers, CNP,
PAI, Adiponectin, Resistin, micro RNA-126, VCAM-1, E-Selectin, I-CAM, saturated
fatty acids). Results of the most important studies are reported in Table 2.

As regards BMI, in 7/14 studies RHI was significantly lower in obese adolescents
[58-64]. In particular, Donghui et al[58] evaluated obese males and showed improve-
ment of RHI after six weeks of diet and intensive training. They concluded that
EndoPAT 2000 is a useful tool to evaluate vascular endothelial function[58]. In
Mahmud et al[61] RHI was negatively related with BMI and lipid profile, but not with
IR indexes and adipocytokine levels. In Tomsa et al[62] waist circumference was the
main determinant of ED (P = 0.0004). However, in 6/14 studies RHI did not correlate
with BMI[24,65-69]. In the study of Czippelova et al[66] RHI was not influenced by
BMI, but was related with systemic vascular resistance. In Bruyndonckx et al[67] RHI
was similar in obese and controls, while time to peak was significantly lower in obese.
Similar results were reported by Hudgins ef al[70]. In Fusco et al[69] RHI was similar in
obese and controls. They also evaluated laser Doppler flowmetry (LDF) as a marker of
precocious microvascular damage, and showed LDF lower levels in obese as
compared to controls. They concluded that precocious ED in childhood obesity cannot
be evaluated by RHI[69].

To our knowledge, 2/14 studies compared RHI to TIDM and T2DM]62,67]. In
particular in Kochummen et al[24] mean RHI in obese adolescents without diabetes
was similar to TIDM and T2DM patients. RHI was lower if compared with healthy
controls obtained by other authors, and decreased of 0.09 for each 1% increase of
HbA1c, but no difference was observed between patients with TIDM and T2DM. In
Tomsa et al[62] RHI was higher if HbAlc was less than 5.5%, and was lower in T2DM
obese.

In 2/14 studies RHI was higher in female adolescents. In particular RHI was higher
only in girls belonging to the control group[24,65]. Conversely, RHI was not different
between boys and girls[61]. RHI was positively related with Tanner Stage in one study
[59], while another study did not report difference between pre-pubertal and pubertal
children[24].

In 4/14 studies RHI improved with age[59,61,62,68]. In Tryggestad et al[68] RHI
improved of 0.07 units for each year of age in control group only, but not in obese
subjects. In two studies RHI decreased with age in obese adolescents, especially older
than 15 years, maintaining this trend in adulthood. It has been suggested that in obese
subjects RHI is not precociously impaired, but more time is needed to establish
endothelial damage. In 1/14 study RHI was similar among different age groups[24].
Another study in pediatric population showed RHI improvement following increasing
height and stage[45].

Lowenstein et al[71] found that RHI was lower in women with PCOS. The study did
not include pediatric patients, however, it is important since girls with MS are at risk
of developing PCOS. Other authors showed that EF was similar before and after 3 mo
of metformin treatment for PCOS, suggesting that longer periods of metformin are
needed to evaluate its positive effect on endothelial function[72,73].

In 5/14 studies RHI was not related with blood pressure values[60-62,67,68], while
in 2/14 studies RHI was inversely related with blood pressure, but only with the
diastolic ones[59,64].

Only in the study of Bacha et al[74] RHI was not compared with BML. In this study
RHI was negatively related with NAFLD, liver enzyme levels and liver-fat deposition.
Moreover, RHI was negatively associated with augmentation index, which was
higherin patients with NAFLD[74]. Kheirandish-Gozalet al[75] evaluated RHI twice a
day (morning and evening) and showed that RHI was lower in morning than in
evening, and related with OSA severity score. They concluded that RHI was
significantly lower than in controls and confirmed the usefulness of EndoPAT
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instrument. Only in 1/14 studies RHI was negatively related with total cholesterol (P <
0.01), triglycerides (P <0.04), and LDL (P = 0.02) levels, but not with HDL levels[61]. In
5/14 studies RHI was not related with lipid profile[59,60,62,67,68]. On 1/14 studies
RHI was negatively related with IR indexes[60] and in another study RHI was
positively related with insulin sensitivity index[62]. In other 4/14 studies RHI was not
statistically related with IR indexes[59,61,67,68].

In 2/14 studies RHI was not related with fasting PG[59,61] while in 4/14 studies
RHI was negatively related with PG[24,60,62,64].

In 2/14 studies RHI was inversely related with Leptin and TNF-alpha levels[60,62],
and in 3/14 studies RHI was inversely related with HSCRP[60,63,64]. As for other
aspects of metabolic syndrome these results were not homogenous. In 3/14 studies
RHI was not related with HSCRP[65,67,68], and in 2/14 studies RHI was not related
with Leptin levels[61,65]. In some studies RHI was compared to other inflammatory
markers less used to assess endothelial function[58,61-65,74,76]. None of these
reported LnRHI. Only one study (not in table) reported “Peak response” instead of
RHI[70].

Chen et al[76] studied RHI and its relationship with HOmeostatic Model
Assessment of Insulin Resistance (HOMA-IR). RHI was evaluated in 257 healthy
adolescents (138 F/119M) and was negatively related with HOMA-IR (P = 0.001), and
not with gender, lipid profile, BP values[75].

In 3/14 studies limitations were not reported[58,70,65]. Mahmud et al[61] evaluated
controls recruited from other studies, and IR and adipocytokine levels from control
group are not known. Tomsa et al[62] evaluated patients with T2DM during metformin
therapy which is recognized to influence endothelial function. In 5/14 studies patients’
samples were small, including 41, 45, 37, 27 and 29 participants, respectively[24,59,60,
64,66]. Bacha et al[74] evaluated Hispanic population, while Mahmud et al[61] enrolled
Caucasian adolescents. In 1/14 study are reported limitations about the reliability of
RH-PAT[59]. Pareyn et al[59] concluded that an unequivocal theory about the
underlying mechanism is lacking. There is some uncertainty about the relative
importance of endothelium dependent and independent vasodilatation factors in the
RH-PAT response. Vascular bed and RH-PAT are highly responsive to sympathetic
tone and to emotional responses like anger, depression, anxiety[59].

ENDOTHELIAL FUNCTION IN CANCER SURVIVORS

To our knowledge two studies analyzed ED by Reactive Hyperemia Index - Peripheral
Artery Tonometry (RHI-PAT) in childhood cancer survivors (Table 3).

Blair et al[77] examined microvascular endothelial function in childhood cancer
survivors off therapy for more than three years; 21 out of 24 participants received
cardiovascular toxic chemotherapies (anthracyclines or platinum agents), and/or
radiation. They showed low/borderline RHI-PAT value without measurable change in
vascular function after four weeks of supplementing meals with flavonoid-rich purple
grape juice.

Ruble et al[78] compared 16 acute lymphoblastic leukemia (ALL) survivors from one
to ten years off therapy, with 16 healthy siblings matched by gender and age. All but
one survivor has been treatedwith anthracyclines with a mean cumulative dose of 148
mg/m? and nearly one third has undergone cranial radiation. In this study, adolescent
ALL survivors had significant lower RHI-PAT (Table 3), despite similar cardiovascular
clinical risk factors with control group, including BMI, blood pressure values and
waist to height ratio (marker of central adiposity), marker of fitness (assessed by Six
Minute Walk Test). However, more survivors than siblings resulted overweight or
obese (44% vs 31%). No data are available about lipid profiles, despite previous study
on long-term survivors[79,80] have suggested that abnormal triglycerides levels
contribute to macrovascular ED measured by endothelial dependent ultrasound flow-
mediated dilation (% of change in brachial artery diameter after 5 min of occlusion).

Little is known about the incidence and predisposing factors of ED after
radiotherapy. Dengel et al[79] found no difference in endothelial function in survivors
who underwent cranial radiotherapy in addition to chemotherapy compared with
control group of similar gender, age, and weight. In a subsequent cross-sectional study
Zelcer et al[81] showed ED in 13 Hodgkin lymphoma young adult survivors who had
received mediastinic radiotherapy compared with healthy gender- and age-matched
controls, as evidenced by lower RHI-PAT (1.67 £ 0.39 vs 2.03 £ 0.37, P <0.01). No
correlation between PAT scores in controls and Hodgkin lymphoma survivors was
found for any of the classic cardiovascular risk factors (BMI, systolic and diastolic
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blood pressure, serum LDL, HDL, and triglycerides levels). Vatanen et al[82]
demonstrated that childhood cancer survivors treated with total body irradiation (TBI)
develop indirect signs of endothelial damage during adulthood, including decreased
arterial lumen size and an increased carotid intima-media thickness, but no pediatric
studies have used RHI-PAT to detect endothelial function after TBIL.

ENDOTHELIAL IMPAIRMENT IN PITUITARY DYSFUNCTION

Endothelial function testing has received growing interest as early marker of
cardiovascular risk in pediatric endocrine diseases. During puberty, a complex
interplay between metabolic and hormonal factors may affect endothelial function, the
hypothalamus pituitary axis plays a central role in this complex network, although the
exact mechanisms are not completely understood[42]. Estrogens can potentially
enhance the endothelial-dependent flow mediated vasodilatation via the production of
NO (nitric oxide) by endothelial NO synthase enzyme. In several in vitro animal
models, it was shown that endothelial NO production and vasodilatation increases
during puberty. In two different clinical studies, significant correlations with RHI-PAT
were observed for pubertal stage[83,84].

Bhangoo et al[44] demonstrated that an increase in the RHI with pubertal advan-
cement was related to an increase in sex hormones. In a healthy population of 89
children and adolescents, pubertal staging was based on ultrasensitive estrogen
assays. A positive correlation between RHI-PAT and steroid hormone levels was
found.

Radtke et al[45] confirmed this observation in two separate prospective cross-
sectional studies. These included 112 healthy, normal weight and normotensive 10-16
year old children and adolescents, classified using a validated self-assessment tool,
according to Tanner Stage, in 3 groups: prepubertal, (Tanner I); mid-puberty (Tanner
II-111); late puberty (Tanner IV-V). Prepubertal children had a significantly lower RHI-
PAT as compared to mid-puberty or late puberty groups (Table 3). In contrast to the
results of Bhangoo et al[44], they found significant negative correlations between RHI-
PAT and both stature (r = 0.553; P< 0.001) and BMI (r = 0.309; P = 0.001). Significant
negative correlations were also observed between RHI-PAT and both age (r = 0.567; P<
0.001) and systolic blood pressure levels (r = 0.494; P< 0.001). However, in stepwise
regression analysis pubertal status was the only independent predictor of ED (R? =
0.242; B = 0.492; P< 0.001). In both studies an important limitation lies in the methods
used to determine the Tanner Stage, since pubertal stage was assessed by a self-
administered questionnaire[85] or based on ultrasensitive serum estradiol levels,
rather by physical examination.

The reduction of nitric acid (NO) also occurs in patients with growth hormone
deficiency (GHD) due to reduction of local IGF-I, which causes dependent endothelial
vasodilatation through the stimulation of NO production[86]. Moreover, GHD may
contribute to the ED by increasing reactive oxygen species (ROS)[87].

On the other hand, there are studies showing an impairment of endothelial function
in endocrine disease caused by hypersecretion of GH[88]. Although low level of IGF-1
is associated with ED, high IGF-1 is also related with increased endothelial impairment
and cardiovascular disease[89,90]. In acromegaly, the mechanisms underlying this
effect could be an imbalance between endothelium derived vasodilators (particularly
NO) and ROS, together with increase of blood pressure, insulin and lipid profile
values[91,92]. Along with these risk factors, GH and insulin-like growth factor-1 (IGF-
1) can directly cause changes in macrovascular structures by vasoconstriction IGF-1
mediated via the nitric oxide synthesis or damage to vascular smooth muscle cells[93].

Despite several studies have analyzed the role of GH deficiency or hypersecretion in
ED in adulthood, only one study has focused on pediatric age. In a cross-sectional
case-control study, O’Gorman et al[94] found that adolescents with Turner syndrome
(TS) had impaired endothelial function compared to healthy age-, gender- and BMI-
matched controls. In TS GH therapy may protect endothelial function. Indeed, RHI-
PAT scores were higher in girls receiving GH therapy than in those not receiving it
(Table 3) and there was no significant difference in RHI-PAT scores between TS
receiving GH therapy and control population (1.86 + 0.28 vs 2.08 + 0.32,respectively, P
= 0.14). In the same study, RHI-PAT scores inTS population did not vary with estrogen
replacement therapy [1.56 + 0.30 with estrogen replacement (n = 6) vs 1.69 + 0.37
without estrogen replacement (n = 9), P =0.64]. The study is limited by several factors:
the small number of patients, the lack of data about pubertal status, independent
cardiovascular risk factors in TS patients (including 1 patient with a history of
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coarctation repair).
To our knowledge, no studies have investigated the possible relationships between
ED and pituitary disorders in pediatric age.

CONCLUSION

Results from data on healthy populations suggest that a low RHI-PAT in children and
adolescents is more likely to reflect juvenile microvascular response due to immature
endothelial function rather than pathological dysfunction. Therefore, the risk
thresholds established for the adult population cannot be used without necessary
considerations in pediatric age. GH therapy may restore ED associated with growth
hormone deficiency and may offer endothelial protection in girls with TS. IGF1 is
considered as a key molecule in the pathogenesis of microvascular damage. There is a
need of new studies to evaluate the endothelial function in other pediatric
hypothalamus-pituitary axis disorders.

Oncological therapies may impair endothelial function and microvascular structure.
Several chemotherapies and radiotherapy are risk factors for cardiovascular disorders
in childhood cancer survivors. Therefore, it is essential to monitor microvascular
endothelial function and long-term follow-up of survivors is recommended. Assess-
ment of ED in cancer survivors, by a non-invasive and easily reproducible metho-
dology as RHI-PAT, may have a role in the early identification of late effects in
patients at high risk of cardiovascular events who could benefit from cardioprotective
pharmacological interventions. However, there are no established reference values in
children, and it is unknown the reliability of RHI-PAT to predicting adverse
cardiovascular events. Therefore, due to lack of reference ranges, evaluation of PAT
remains a research tool.
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Abstract

Peripheral arterial disease (PAD) refers to partial or complete occlusion of the
peripheral vessels of the upper and lower limbs. It usually occurs as part of
systemic atherosclerosis in the coronary and cerebral arteries. The prevalence of
PAD is expected to continue to increase in the foreseeable future owing to the rise
in the occurrence of its major risk factors. Nonhealing ulcers, limb amputation and
physical disability are some of its major complications. Diabetes mellitus (DM)
remains a major risk for PAD, with DM patients having more than two-fold
increased prevalence of PAD compared with the general population. The clinical
presentation in people with DM also differs slightly from that in the general
population. In addition, PAD in DM may lead to diabetic foot ulcers (DFUs),
which precipitate hyperglycaemic emergencies and result in increased hospital
admissions, reduced quality of life, and mortality. Despite the epidemiological
and clinical importance of PAD, it remains largely under diagnosed and hence
undertreated, possibly because it is largely asymptomatic. Emphasis has been
placed on neuropathy as a cause of DFUs, however PAD is equally important.
This review examines the epidemiology, pathophysiology and diagnosis of lower
limb PAD in people with diabetes and relates these to the general population. It
also highlights recent innovations in the management of PAD.

Key Words: Diabetes; Peripheral arterial disease; Diabetic foot ulcers; Lower limb
complications
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Core Tip: Peripheral arterial disease (PAD) is a major cause of nonhealing ulcers, lower
limb amputation and mortality, especially in people with diabetes. The ominous
association between PAD and diabetic foot disease is largely under-reported. Hence, it
is under diagnosed and undertreated. This article reviews the impact of PAD in
diabetes, its traditional and non-traditional risk factors, and pathophysiology, and
examines some recent innovations in its management.
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INTRODUCTION

Diabetes mellitus (DM) continues to assume pandemic proportions, affecting people
across various socioeconomic groups in developed and developing nations. Globally,
close to a half billion people are living with diabetes and it is expected to increase by
more than 50% in the next 25 years[1]. The myriad of chronic complications attrib-
utable to the disease results in enormous physical, mental, and economic burdens. The
complications are mainly vascular and lead to diabetes-specific microvascular sequelae
in the retina, nerves and the glomerulus. Others are atherosclerotic macrovascular
pathology in the brain, heart and lower limbs[2].

Lower extremity complications are common, showing a rising trend in many
regions of the world and affecting about 131 million people worldwide, with an
estimated global prevalence of 1.8%[3]. They significantly impact morbidity and
mortality in people with DM, sometimes leading to leg ulcers and amputations, which
are generally characterized by physical disability, reduced productivity and emotional
disturbances. Although much emphasis has been laid on neuropathy as a cause, an
equally important contributor to the occurrence of leg ulcers and amputations is
peripheral arterial disease (PAD)[2,4-6]. Consequently, PAD is under-diagnosed and
hence, may be undertreated.

PAD denotes a complete or partial occlusion of one or more of the noncardiac, non-
intracranial, peripheral arteries of the upper and lower limbs, which may lead to
reduced blood flow or tissue loss[7]. It usually results from atherosclerosis of the
vessel wall, but may also arise as a result of embolism, thrombosis, fibromuscular
dysplasia, or vasculitis[7]. Atherosclerotic PAD may be a pointer to systemic athero-
sclerosis in non-peripheral intra-cerebral and coronary arteries. In DM, the arteries of
the lower limbs are the ones that are mostly involved; and most often the distal
arteries, especially the dorsalis pedis artery[8]. This review discusses the
pathophysiology of atherosclerotic PAD of the lower limbs, its epidemiology in DM,
and its treatment. It also highlights recent advances in its management.

EPIDEMIOLOGY OF PAD IN DIABETES

The prevalence of PAD depends on the diagnostic measurement employed, cut-off
values of the test, the limb assessed and the population studied[9]. It has been assessed
using the presence of intermittent claudication (IC), palpation of the vessels of the
lower limbs, and measurement of the ankle-brachial index (ABI). Prevalence generally
increases with advancing age, irrespective of the measurement utilized. IC, the main
symptom attributable to PAD, occurred in about 1.5% of the cohorts in the
Framingham Heart Study. In all age groups, the rate in men was double that in
women[10]. Also, in the Rotterdam study involving the elderly population, IC was
reported by 1.6% of the participants, but the prevalence of PAD defined by an ABI <
0.9 in either leg was 19.1% in the same cohort[11]. The prevalence in men was higher
in both studies. The rates of PAD using IC is generally lower compared with those
obtained using ABI[11-13].

June 15,2021 | Volume12 | Issue6 |


https://www.wjgnet.com/1948-9358/full/v12/i6/827.htm
https://dx.doi.org/10.4239/wjd.v12.i6.827

Jaishideng®

Soyoye DO et al. Diabetes and peripheral artery disease

In community studies, the prevalence of PAD using ABI differs with the population,
cut-off value, ankle vessel and the leg used, with values ranging from 4.3% to 9.0% in
the general population[14,15]. In a systemic review assessing community-based
studies of the global prevalence of PAD (using ABI < 0.9) and its risk factors,
prevalence differed based on the region studied and sex. It was higher among men in
high-income countries, and in women in low- and middle-income countries[16].
Certain factors affect the accurate assessment of PAD in people with diabetes. PAD is
often asymptomatic; the presence of peripheral neuropathy, which is a common
complication of DM. may distort pain perception, and the presence of IC and absence
of peripheral pulses are inadequate diagnostic indicators[8].

In hospital-based studies, PAD is two- to seven-fold more prevalent in people with
diabetes than it is in those without it, with rates between 9% and 55% in people with
diabetes[5,17-19]. In a national survey involving about 3000 adult Americans 40 years
of age and above, PAD was two times more prevalent in people with diabetes
compared with the general population[20]. Also, a systematic review of studies
comparing PAD in diabetics and nondiabetics reported that PAD ranged between 20%
and 50% in those with diabetes, compared with 10% and 26% in those without
diabetes[21]. Also, as seen in the general population, the prevalence of PAD differed
depending on the diagnostic method used (IC, palpation of vessels or ABI)[19].

Lower limb amputation resulting from foot ulcers is a major cause of disability,
especially in diabetic patients. Patients with foot ulcers are more likely to present with
PAD than those without ulcers, with the attendant increased mortality and lower limb
amputations in those patient cohorts[22-25].

RISK FACTORS FOR PAD

The major risk factors for PAD such as DM, hypertension, smoking and hyperlip-
idaemia also contribute to coronary heart disease (CHD) and cerebrovascular disease
(CVD). However, the influence exerted by those risks on vascular diseases is different
[26-28]. In a recent systemic review that assessed community-based studies for global
prevalence and risk factors of PAD, DM ranked next to smoking among the major
risks and hypertension and hypercholesterolaemia followed[16,29]. In the National
Health and Nutrition Examination Survey, cigarette smoking and DM were also the
most significant risk factors for PAD, with a odds ratios of 4.5 and 2.7, respectively[14].

In other community-based studies, diabetes also ranked high as a risk factor for the
occurrence and progression of PAD along with other traditional risks such as age,
smoking, hypertension, hypercholesterolaemia and low kidney function)[11-13,30,31].
It hiked the rates of lower extremity amputation, hospital stay, and mortality[21,22,
26]. While the major risk factors for PAD in people without DM remain significant
even with it, other associations have also been identified in DM. They include longer
duration of DM, high glycated haemoglobin (HBA1c) level, abdominal obesity, male
sex and neuropathy[18,19,22,32].

The traditional risk factors do not fully explain the development of atherosclerosis
in the peripheral or other vascular beds. Inflammation, abnormalities in haemostasis
and blood viscosity are known to contribute to the evolution and propagation of
atherosclerosis, and their markers have been studied[33-35]. High-sensitivity C-
reactive protein, hyperuricaemia, and hyperhomocysteinaemia are some of the non-
traditional risk factors associated with PAD in the general population and in people
with DM[18,19,36-38].

PATHOPHYSIOLOGY

The central pathophysiological theme of PAD in DM is the process of atherosclerosis.
It begins with atherogenesis, and progresses to the eventual obstruction and reduction
of blood flow. In what is known as subclinical atherosclerosis, the pathological
changes may predate the diagnosis of impaired fasting glucose and DM[39]. The
changes are the same as those observed in other vascular beds in patients with DM.
Several pathogenetic mechanisms have been identified in the initiation of athero-
sclerosis, including endothelial dysfunction, inflammation, platelet aggregation and
vascular smooth muscle cell (VSMC) dysfunction[40]. Figure 1 shows a schematic
representation of these factors and how they lead to PAD.
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Figure 1 Schematic representation of the pathophysiology of peripheral arterial disease in diabetes mellitus. Pathogenetic processes and their
mechanisms are shown in black and white type, respectively. AGEs: Advanced glycation end products; DM: Diabetes mellitus; NO: Nitric oxide; PAD: Peripheral
arterial disease; PAI-1: Plasminogen activator inhibitor-1; ROS: Reactive oxygen species; TGF-f: Transforming growth factor-beta; VSMC: Vascular smooth muscle

cell.

Dysfunction of the vascular endothelium is the hallmark of atherosclerosis in DM,
and it arises from a variety of inter-related pathogenetic factors. First, chronic
hyperglycaemia activates the dormant polyol pathway. That results in increased
oxidative stress from reactive oxygen species, caused by the consumption of cofactor
nicotinamide adenine dinucleotide phosphate and reduced glutathione[41,42]. Chronic
hyperglycaemia also causes the production of advanced glycation end products, which
results in the elaboration of inflammatory cytokines and growth factors that cause
vascular injury[42]. In addition, hyperglycaemia induces the activation of protein
kinase C, which has various effects on gene expression. Protein kinase C is responsible
for the activation of the nuclear factor kB, a transcription factor that activates a variety
of proinflammatory genes[42,43]. The resultant effect is a reduction in the production
of nitric oxide (NO), which is a potent vasodilator; transforming growth factor (TGF)-f3
and plasminogen activator inhibitor (PAI)-1. The production of the vasoconstrictor
endothelin-1 is increased. NO reduces inflammation by modulating leucocyte-vascular
wall interaction and inhibiting VSMC migration and platelet activation[40]. Those
abnormalities in the absence of NO, result in increased endothelial permeability,
leucocyte chemotaxis, adhesion and migration into the intima, thus causing inflam-
mation. There is also low-density lipoprotein (LDL) migration into the intima where it
is oxidized within monocytes to form foam cells, which are the earliest precursor of
atheroma formation.

Endothelial injury and hyperglycaemia are activators of platelet adhesion, activation
and aggregation. With hyperglycaemia, glucose uptake by platelets is left unchecked,
resulting in platelet activation and increased oxidative stress through the release of
reactive oxygen species[40]. Also, hyperglycaemia is associated with abnormalities of
coagulation such as the decreased concentration of antithrombin and protein C,
impaired fibrinolytic function and excess production of PAI-1[40]. Platelet activation
and aggregation are therefore important elements in the development of athero-
sclerosis.

Hyperglycaemia is also associated with VSMC dysfunction through the effects of
endothelial injury and intima inflammation. Proinflammatory mediators such as
platelet-derived growth factors (PDGFs), vascular endothelial growth factors, and
cytokines released in the inflammatory milieu of the intima result in VSMC migration
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and proliferation. The combination of VSMC and endothelial foam cells subsequently
results in the development of fatty streaks that become remodelled into an athero-
matous plaque. The plaque is the result of collagen production and an extracellular
matrix by VSMC through the mediating effects of PDGF and TGF-p[40,44]. The
increasing size of the atheromatous plaque, which causes obstruction and reduction of
blood flow, is the hallmark of atherosclerosis as seen in PAD and other vascular beds
in DM patients.

DIAGNOSTIC EVALUATION

History and physical examination

History taking in all DM patients should entail asking for risk factors for PAD, such as
hypertension, dyslipidaemia, cigarette smoking, obesity and the duration of DM.
Patients who have been diabetic for more than 10 years are more prone to the risk of
PAD[19,31,45]. Similarly, longer duration of, and exposure to higher levels of the other
factors (hypertension, dyslipidaemia, smoking, obesity) potentiates the risk of PAD
[31]. History taking should also focus on the presence of other macrovascular complic-
ations such as CVD and CHD because they are equivalents. Symptoms of PAD include
IC in about 10% of patients; pain at rest, which is indicative of critical limb ischaemia,
and about 50% of patients will be asymptomatic[46]. Examiners should search for
differentials of PAD such as pseudo-claudication in spinal stenosis, peripheral
neuropathy, nerve root compression, deep venous thrombosis, vasculitis and musculo-
skeletal causes such as arthritis[46]. Examination may reveal features of ischaemia
such as dependent rubor, elevated pallor, and shiny and hairless skin. Also, peripheral
pulses such as the femoral, popliteal, posterior tibial and dorsalis pedis arteries may be
reduced. Some patients may present with trophic skin changes and gangrene.

ABI

The ABI is a sensitive and specific screening tool for PAD. It has a sensitivity of 90%
and specificity of 98% in detecting PAD[47]. The European Society of Cardiology
(ESC), and American Heart Association recommend the use of ABI to screen for PAD
in all diabetics older than 50 years of age. Others include diabetics younger than 50
years of age with a DM duration of more than 10 years or with other risk factors for
PAD such as smoking, hypertension, dyslipidaemia and PAD equivalents[45,48]. An
ABI of < 0.9 is indicative of PAD, and is associated with a 2- to 4 -fold increase in
mortality[45]. An ABI of > 1.3 is indicative of poorly compressible vessels resulting
from vascular calcification, which is also associated with an increased risk of mortality
and amputation (Table 1)[40].

Duplex ultrasound

Duplex ultrasound is a combination of conventional and doppler ultrasonography. It
is indicated as a first-line imaging method to detect the site and extent of severity of
vascular lesions[45].

Computed tomography and magnetic resonance angiography

Angiography is indicated in patients with planned revascularization to guide optimal
revascularization strategies. Computed tomography angiography is non-invasive,
widely available, and has a high resolution. The disadvantages include exposure to
irradiation, use of iodinated contrast agents and contrast nephrotoxicity, particularly
in patients with chronic kidney disease (CKD)[45]. Magnetic resonance angiography
has the advantage of being acceptable in mild to moderate CKD, with higher soft-
tissue resolution. It is limited by frequent motion artefacts, claustrophobia, severe
CKD, and in patients with magnetic resonance imaging noncompliant pacemakers or
implantable cardioverter defibrillators[45].

TREATMENT

The management of PAD in DM includes symptomatic control and reduction of the
risk of cardiovascular (CV) events. Management includes CV risk factor treatment and
lifestyle modifications such as regular physical exercise, promotion of a healthy diet,
weight reduction and smoking cessation. If medical management fails because of
disabling symptoms or in the presence of chronic life-threatening ischaemia, then
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Table 1 Interpretation of ankle-brachial index

Ankle-brachial index

Interpretation

<04

0.4-0.69

0.7-0.90

0.91-1.30

>1.30

Severe obstruction
Moderate obstruction
Mild obstruction
Normal

Poorly compressible

Jaishideng®

revascularization is indicated.

Exercise

Regular physical activity improves claudication distance in PAD. It also improves
quality of life and reduces the risk of CV disease, which often accompanies PAD[49,
50]. Home-based walking exercise is recommended for a minimum of 30 min, at least 3
d of the week[49]. Randomized controlled trials of 493 patients with PAD showed that
home-based walking exercise improved walking ability in patients and also improved
6-min walk more than supervised treadmill exercise[51].

Statins

High-intensity statin therapy is recommended for all patients with PAD[52,53].
Observational and randomized clinical studies have shown that statin therapy reduced
all-cause mortality and CV events in patients with PAD. The goal is to reduce LDL
cholesterol (LDL-C) to < 1.8 mmol/L (70 mg/dL) or to reduce it by = 50% if baseline
values are 1.8-3.5 mmol/L (70-135 mg/dL)[45]. In statin-benefit groups such as PAD,
ezetimibe is a reasonable and beneficial addition if LDL-C remains > 1.8 mmol/L (70
mg/dL) with maximally tolerated statin therapy[45,54]. If LDL-C remains > 1.8
mmol/L (70 mg/dL) on statins and ezetimibe, the addition of evolocumab, a
monoclonal antibody that inhibits proprotein convertase subtilisin/kexin type 9 is
reasonable and beneficial to reduce CV events[45,55].

Antiplatelet therapy

Single antiplatelet therapy is indicated in all patients with symptomatic PAD and in
those who have had revascularization[45]. Antiplatelet agents are effective in
preventing limb-related and CV events[56]. A post hoc analysis of the CAPRIE
(Clopidogrel vs Aspirin in Patients at Risk of Ischaemic Events) trial in 6452 patients
with clinical lower extremity artery disease (LEAD) showed that at 3 years, clopidogrel
was superior with significant reductions in CV mortality [hazard ratio (HR) 0.76
(95%ClI: 0.64-0.91)] and major adverse cardiovascular events HR 0.78 (95%CI: 0.65-
0.93)][57]. A similar benefit was seen in the subgroup of LEAD patients with DM[57].
In the randomized EUCLID (Effects of Ticagrelor and Clopidogrel in Patients with
Peripheral Artery Disease) trial, ticagrelor did not show any difference compared to
clopidogrel[58]. Clopidogrel is therefore the recommended antiplatelet drug in
symptomatic PAD.

Vasodilators

Cilostazol, an oral phosphodiesterase type III inhibitor is useful in managing IC. It
inhibits platelet aggregation and causes vasodilation. Randomized controlled trials
have shown improved walking distance and quality of life with the use of cilostazol
[59]. However, it has been suggested that improvement in walking distance is mild to
moderate, with great variability.

Glycaemic control

There are no randomized controlled trials with arms comparing intensive or standard
arm glucose lowering in those with DM and PAD. However, there is evidence that
glucose control is associated with a reduction in microvascular and macrovascular
complications. In type 1 DM, the DCCT (Diabetes Control and Complications Trial)
showed a reduction in CV events in the intensive arm compared with the standard
arm, both with long-term follow-up[60]. With long-term follow-up, intensive control
showed a 57% reduction in nonfatal myocardial infarction (MI), stroke, CV death, as
well as some reduction in all-cause mortality[61]. However, in type 2 DM, evidence of
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the benefit of intensive lowering of glycaemia was not as compelling. There is a need,
therefore, for a general goal of a glycated haemoglobin level of < 7%, while individu-
alizing the goal of treatment for each patient’s characteristics[62].

In the UKPDS (United Kingdom Prospective Diabetic Study), short-term follow-up
did not show a significant benefit in the reduction of CV events of combined fatal and
nonfatal MI, sudden death (P = 0.052) and stroke[63]. However, after 10 years of
follow-up, patients in the intensive glycaemia control arm showed significant
reductions in MI and all-cause mortality[63]. The short-term and long-term results of
the UKPDS are contradicted by those of ACCORD (Action to Control Cardiovascular
Risk in Diabetes) trial, the ADVANCE (Action in Diabetes and Vascular Disease:
Preterax and Diamicron MR Controlled Evaluation) trial and the VADT (Veterans
Affairs Diabetic Trial[64]. In those trials, short-term follow-up of 3.5 to 5.6 years did
not show any reduction in CV events in those in the intensive arm. Long-term follow-
up in the ADVANCE trial showed no evidence of CV benefit or harm[65]. In the
ACCORD trial, the glycaemic control comparison was stopped early because of
increased mortality in the intensive (1.41% per year) compared with the standard
(1.14% per year) treatment arms [HR 1.22 (95%Cl: 1.01-1.46)]. But the long-term follow-
up at 10 years in the VADT showed a reduction in CV events in the intensive arm[66,
67]. In those three trials, the patients had high CV risks, longer DM duration, and were
relatively older than patients in UKPDS. Also, severe hypoglycaemia was more likely
in the intensive arms, hence the importance of individualizing control for those groups
of patients to reduce the high risk of CV events and mortality because of
hypoglycaemia.

Blood pressure control

The ESC/European Society of Hypertension recommends that systolic blood pressure
(SBP) be targeted to < 130 mmHg and that the diastolic blood pressure should < 80
mmHg and that the SBP should not be < 120 mmHg in patients with DM[68]. This is
supported by evidence from the ONTARGET (Ongoing Telmisartan Alone and in
Combination with Ramipril Global Endpoint Trial) and ACCORD trials showing an
overall reduction in CV events with intensive SBP lowering to < 130 mmHg[69,70].
Diuretics, calcium channel blockers, angiotensin-converting enzyme inhibitors
(ACElIs), angiotensin receptor blockers (ARBs), and beta-blockers can all be used in
PAD. However, the HOPE (Heart Outcomes Prevention) and ONTARGET studies
have shown that ACEIs and ARBs reduce CV events in PAD and should therefore be
considered in treating patients with PAD and hypertension with or without DMJ[69,
71]. Care should be taken with the use of beta-blockers in patients with chronic limb-
threatening ischaemia[68].

Revascularization

Revascularization is indicated if claudication impairs quality of life after the failure of
exercise therapy and pharmacotherapy in patients whose general condition allows
invasive treatment. Strategies include endovascular therapy, open surgery, or a
combination of the two. Endovascular therapy is generally recommended for short (<
25 c¢m) occlusive lesions, and in those with high surgical risk. It includes balloon
dilation (angioplasty), stents, and atherectomy[72]. Open surgery is recommended for
patients with long (= 25 cm) lesions who are young and fit[45].

RECENT INNOVATIONS IN THE MANAGEMENT OF PAD

Endovascular therapy has continued to evolve with the modification and development
of new technologies, including drug-eluting stents, self-expanding stents, cutting
balloons (CBs), and cryoplasty balloons. Other interventions are focal pressure
balloons and drug-coated balloons (DCBs). These reduce post-treatment cell prolif-
eration or restenosis, thereby improving patency, and new atherectomy systems,
especially for calcified lesions[72-74]. CBs and cryoplasty balloons are modifications of
standard percutaneous transluminal angioplasty (PTA). PTA is done by placing a wire
within the artery beyond the target lesion and then expanding the inserted balloon
with appropriate pressure. That leads to fracture of the lesion and stretching of the
arterial wall[73]. Cryoplasty balloons induce an inflammatory response and dilate
plaques by utilizing a combination of hypothermia and pressure. DCBs inhibit
hyperplasia by including medication (usually paclitaxel) after performing a standard
PTA[73].
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Lithoplasty (Shockwave Medical) is an atherectomy device that combines a balloon
angioplasty catheter with sound waves that break up calcifications that otherwise
would not be broken with the use of DCBs and stents[74]. The Pantheris Lumivascular
Atherectomy System (Avinger, Inc.) is a directional atherectomy system that includes
optical coherence tomography. It utilizes light to provide three-dimensional visual
guidance rather than two-dimensional X-ray images with fluoroscopy. It aids better
navigation for removal of plaque, reduces damage to the artery and may reduce
exposure to radiation from fluoroscopic imaging procedures[74].

CONCLUSION

DM is a major risk for PAD, resulting in increased morbidity and mortality. Morbidity
is characterized by an increased risk of other cardiovascular complications, increased
hospital admissions, disability from leg ulcers and amputation, reduced productivity
and reduced quality of life.

Early detection of PAD in diabetic patients at risk is imperative to reduce morbidity
and mortality. At-risk diabetics include older patients, those with a DM duration
longer than 10 years, high HBAlc, obesity and neuropathy. The ABI is a highly
sensitive and specific simple tool to screen for PAD in DM. It is also valuable as a
follow-up tool, and also for stratifying CV risk[45].

Prevention of CV events and symptom control in symptomatic patients are the
paramount pillars of the treatment of PAD in DM. They should include treatment of
CV risk factors, and treatment of PAD, including pharmacological and nonpharmaco-
logical interventions and revascularization if medical treatment fails.

Open surgery used to be the mainstay of revascularization, endovascular therapy
has however evolved recently to improve outcomes, with the development of new
innovations, such as the DES, CBs, self-expanding stents, and cryoplasty balloons.
More studies are needed to evaluate quality of life and wound healing using these
newer endovascular modalities and to compare surgical and endovascular revascular-
ization in symptomatic patients[45].
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Abstract

Since the worldwide outbreak of coronavirus disease 2019, angiotensin-converting
enzyme 2 (ACE2) has received widespread attention as the cell receptor of the
severe acute respiratory syndrome coronavirus 2 virus. At the same time, as a key
enzyme in the renin-angiotensin-system, ACE2 is considered to be an endogenous
negative regulator of vasoconstriction, proliferation, fibrosis, and proinflam-
mation caused by the ACE-angiotensin II-angiotensin type 1 receptor axis. ACE2
is now implicated as being closely connected to diabetes, cardiovascular, kidney,
and lung diseases, and so on. This review covers the available information on the
host factors regulating ACE2 and discusses its role in a variety of pathophy-
siological conditions in animal models and humans.

Key Words: Angiotensin-converting enzyme 2; COVID-19; Salt; Renin-angiotensin-
system inhibitors; Diabetes and cardiovascular disease; Renal and lung disease

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Angiotensin-converting enzyme 2 (ACE2) as the key cell receptor for the
severe acute respiratory syndrome coronavirus 2 virus has received widespread
attention. This paper will review the new perspectives on ACE2, covers available
information on the host regulative factors of ACE2, and discusses its role in a variety
of pathophysiological conditions. This review will help us with a better understanding
of the biological function and role of ACE2 in coronavirus disease 2019 and its
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INTRODUCTION

Angiotensin-converting enzyme 2 (ACE2), as the key enzyme in the renin angiotensin
system (RAS) and key cell receptor for the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus, has received considerable attention[1] since
coronavirus disease 2019 (COVID-19) has spread worldwide. Patients with diabetes
and renal and cardiovascular diseases are widely treated with ACE inhibitors
(ACEIs)/angiotensin II receptor blockers (ARBs), which are deemed to potentially
increase ACE2 expression in the body; the consequent increased expression of ACE2
could facilitate infection with SARS-CoV-2. The paradox of the use of ACEI/ARB
treatment to interfere with the RAS because ACE2 reduces inflammation (which has
been suggested as a therapy for inflammatory lung diseases, diabetes, and
hypertension) and the probable contribution of ACE2 to an increased risk of COVID-
19 have puzzled clinicians and attracted much attention[2,3]. Therefore, it is necessary
to further understand the characteristics of ACE2 and accurate details of the molecular
mechanisms of ACE2 that underlie these phenomena. This review will focus on the
biological function of ACE2 and its host regulatory factors. Moreover, we will discuss
the role of ACE2 in a variety of pathophysiological conditions, including cardio-
vascular, kidney, and lung diseases and diabetes in animal models and humans. We
aim to provide new perspectives on ACE2 and help us better understand the role of
ACE2 in SARS-CoV-2 infection and its treatment nowadays (Figure 1).

BIOCHEMICAL CHARACTERISTICS AND DISTRIBUTION OF ACE2

ACE2 is a type I membrane protein that includes an N-terminal peptidase domain
(PD) and a C-terminal collectrin-like domain. The PD of ACE2 provides a direct
binding site for the S protein of coronavirus[4]. ACE2 was discovered in 2000 when
Tipnis et al[5] and Donoghue et al[6] cloned ACE2 from a human heart failure (HF)
c¢DNA library and a human lymphoma ¢cDNA library and found to be a homolog of
the ACE gene. The gene is located in the Xp22 region and has a total length of approx-
imately 39.98 kb, including 18 exons and 17 introns. ACE2 can be hydrolyzed by
depolymerase into soluble ACE2, and therefore, ACE2 has two forms, the membrane-
linked type and the soluble type. Membrane-linked ACE2 is an extracellular enzyme
that is distributed on the cell membrane surface and consists of four parts: The N-
terminal signal peptide region, the zinc binding motif (amino acid residues 374 to 378),
the transmembrane region (amino acids 740 to 768), and the C-terminal intracellular
domain. Dissolved ACE2 is distributed mainly in the plasma and urine due to the lack
of a transmembrane region and a C-terminal intracellular domain[5]. ACE2 is widely
expressed in many organs, including the heart, kidney, testis, adipose tissue, brain
tissue, vascular smooth muscle cells, gastrointestinal tract, and lung (type 2 alveolar
epithelial cells) and is highly specific in tissues[7].

FUNCTIONS OF ACE2

ACE2 is a key enzyme in the RAS and is considered to be an endogenous negative
regulator of vasoconstriction, proliferation, fibrosis, and proinflammation caused by
the ACE-angiotensin II (Ang II)-angiotensin type 1 receptor (AT1R) axis[8]. In the RAS,
ACE cuts Ang I to convert it into Ang II, and then Ang II binds to the G protein-
coupled receptor AT1R, which causes vasoconstriction and increased blood pressure
[9]. The function of ACE2 is opposite to that of ACE. ACE2 cuts Ang II and converts it
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into angiotensin 1-7 (Ang 1-7), which can lower blood pressure[10]. Increasing
evidence demonstrates that ACE2 plays an important role in a variety of
pathophysiological conditions. In the tumor microenvironment, ACE2 acts on Ang II
to produce endogenous Ang 1-7. Ang 1-7 binds to the Mas receptor (MasR) and exerts
antitumor effects such as antiproliferation, antiangiogenesis, anti-invasion, and
antimetastasis effects through a series of signal transduction pathways. In diabetes,
upregulation of ACE2 can improve hyperglycemia, and Ang 1-7 can improve
metabolic syndrome through glucose intake and oxidative stress related to insulin
resistance[11]. The expression of ACE2 is related to atherosclerosis[12]. The overex-
pression of ACE2 can improve endothelial-dependent vascular relaxation, increase the
proliferative activity of endothelial cells, and facilitate the migration of endothelial
cells. ACE2 exerts anti-infective properties through Ang 1-7[13]. The decrease in aortic
ACE2 expression increases the expression of proinflammatory factors, such as tumor
necrosis factor a, interleukin-6, monocyte chemotactic protein 1, vascular cell adhesion
molecule 1, matrix metalloproteinase (MMP)-2 and MMP-9, which are conducive to
the adhesion of leukocytes to endothelial cells and blood vessel walls. In addition,
ACE2 can also regulate the adhesion of macrophages to endothelial cells[14]. The
combination of Ang 1-7 and MasR can also inhibit the formation of thrombi[15] and
liver fibrosis[16]. In ischemic stroke, Ang 1-7 can reduce the area of cerebral infarction
and brain dysfunction by regulating the release of nitric oxide from different sources
to protect the brain. In addition, Ang 1-7 in brain tissue can regulate learning and
memory functions. In the reproductive system, Ang 1-7 can regulate endometrial
function, spermatogenesis, follicular maturation, ovulation, and pregnancy-related
processes[11]. ACE2 can also regulate the immunity of intestinal epithelial cells
through amino acid homeostasis, expression of antimicrobial peptides, and regulation
of the balance of intestinal microbes[17].

ACE2 AND SALT

It has been widely demonstrated that a high-sodium (HS) diet activates the RAS.
Animal experiments have proven that salt intake is a powerful regulator of ACE2
expression in animal models[18]. Studies by Samuel et al[19] found that the relative
expression patterns of ACE and ATIR increased, renin levels decreased, and ACE2,
AT2R, and MasR remained unaltered in HS-fed lean Zucker rats. On the other hand,
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HS intake caused an increase in the cortical expression of ACE and a decrease in
ACE2, accompanied by increased blood pressure. Elevated blood pressure is
associated with a significant increase in Ang II levels in the renal cortex in obese rats
and a decrease in the expression of the ACE2-AT2R-MasR axis in obese Zucker rats. In
a study of a left nephrectomy rat model[20], HS diet intake increased the glomerular
ACE/ACE2 ratio, which was associated with decreased ACE2. In ACE2 KO mice,
ACE2 deficiency significantly increased renal oxidative stress by reducing the
production of Ang 1-7. In another study, the consumption of a HS diet in
normotensive animals reduced ACE2 protein expression and raised renal oxidative
stress[21]. Another study showed that the ACE/ACE2 protein ratio was increased in
the kidneys of spontaneously hypertensive rats (SHRs) when fed diets with high levels
of NaCl. At the same time, compared to the other SHR groups, there was an increase
in kidney ACE2 protein and activity in the group fed a long-term low salt diet[18].
Similarly, Varagic et al[22] used an SHR model to prove that HS intake decreased
cardiac ACE2 mRNA and protein expression. In Dahl salt-sensitive hypertensive rats,
a HS diet reduced ACE2 mRNA expression and augmented the local RAS, which
induced hypertension[23]. The HS diet also decreased ACE2 protein expression as
assessed using immunohistochemistry compared to a normal-salt diet[24].

In summary, these findings show that a HS diet can reduce the expression of ACE2,
thereby affecting the RAS. Further studies have reported that interventions that
augment ACE2 expression or activity can be helpful to prevent cardiovascular damage
[25]. Therefore, elucidating the precise mechanisms involved in the interaction of
sodium intake and ACE2 will be conducive to predicting the physiological and
pathological changes caused by a HS diet (Table 1).

ACE2 AND RAS INHIBITORS

Some studies in animal models have demonstrated that both ACEIs (lisinopril,
enalapril, and ramipril) and ARBs (losartan, olmesartan, and telmisartan) can
upregulate ACE2 expression. Ferrario et al[26] showed that ACE2 mRNA expression
increased in the left ventricle of normotensive Lewis rats after 12 d of lisinopril or
losartan treatment. Lisinopril increased ACE2 levels by 5-fold, while losartan
increased ACE2 levels by 3-fold. A rat study from Ocaranza et al[27] showed that
enalapril prevented the decrease in mRNA levels and activities of ACE2 in late
ventricular dysfunction after myocardial infarction. The results of Ishiyama et al[28]
indicated that the level of ACE2 mRNA increased after ARB treatment in rats with
coronary artery ligation. A mouse study by Soler et al[29] showed that ACE2 is prefer-
entially localized in the tunica media of kidney arterioles, and its expression is
amplified after administration of telmisartan. On the other hand, some association
studies have shown no increase in ACE2 mRNA after ACEI or ARB treatment. An
animal study by Burrell et al[30] found that ramipril attenuated cardiac hypertrophy
and inhibited cardiac ACE but had no effect on cardiac ACE2 mRNA in rats after
coronary artery ligation. Subsequent studies by Burchill et al[31] provided evidence
that there was no increase in ACE2 mRNA or protein expression in rats after coronary
artery ligation and treatment with valsartan, ramipril, or both when compared to the
control group. In general, these studies on experimental animals did not provide
consistent evidence to prove the effect of ARB/ACEI administration on ACE2 protein
expression. In the case of simulating human drug delivery, further experimental
studies are needed.

With the pandemic of COVID-19 spreading since January 2020, it has been inferred
that increased ACE2 expression in the lungs correlated with a higher risk of SARS-
CoV-2 infection in patients with cardiac and renal diseases, hypertension, and diabetes
treated with ACEIs or ARBs. However, a review from Sriram and Insel[32] showed
that there was no clear evidence that elevated ACE2 expression when using
ACEIs/ARBs could increase the risk of SARS-CoV-2 infection. In a study of 362 hospit-
alized hypertensive COVID-19 patients, there was no significant difference between
severe and noncritical patients or between non-survivors and survivors according to
the use of ACEIs and/or ARBs[33]. Conversely, in a recent meta-analysis from Chu et
al[34], it was suggested that ACEI treatment reduced the risk of infection with SARS-
CoV-2 and that blocking the RAS might decrease all-cause mortality in COVID-19
patients. This study also reported that ACEIs reduced the risk of non-COVID
pneumonia and all-cause mortality caused by non-COVID pneumonia. The effect of
ACEIs/ ARBs on the expression of ACE2 and the effect on human infection with SARS-
CoV-2 remain unknown and complex. Some research has supported the hypothesis
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Table 1 List of animal studies on the high-sodium diet and angiotensin-converting enzyme 2

Animal  Study details Main findings Ref.
Zucker Lean and obese Zucker rats were fed a normal-sodium diet ACE2 mRNA and protein expression was significantly Samuel ef al
rats (0.4%) or a high-sodium diet (8%) for 2 wk reduced in HS-fed obese Zucker rats [19]
Wistar Rats were fed three salt concentrations (0.2%, 1.2%, 8.2%) for4 ~ HS diet increased the glomerular ACE/ACE2 ratio Bernardi et
rats wk after uninephrectomy of the left kidney al[20]
Wistar After 4 wk of induction of hypertension (2-kidney 1-clip HS diet decreased urinary angiotensinogen, ACE, and ACE2  Shimoura
rats model), rats were fed a normal-sodium diet (0.4%) or a high- expression in the clipped and unclipped kidneys et al[21]
sodium diet (8%) for 2 wk
SHR Rats were fed three NaCl content diets (0.03%, 0.3%, 3%) for 6 HS diet decreased ACE2 protein expression in kidney tissues ~ Berger et al
mo [18]
SHR Rats were fed an 8% salt diet for 5 wk HS diet decreased cardiac ACE2 mRNA and protein levels Varagic et
al[22]
DS and DS and DR rats were fed low-sodium chow (0.45%) or high- HS diet increased angiotensinogen mRNA and decreased Takeda et al
DRrats  sodium chow (7%) for 8 wk and treated with or without ACE2 mRNA in the hearts of DS rats; candesartan increased [23]
eplerenone (100 mg/kg/d), candesartan (10 mg/kg/d), or both ACE2 mRNA levels in the heart
drugs for 8 wk
SD rats Rats were fed an 8% NaCl high-salt or 0.4% NaCl (normal-salt)  HS diet decreased ACE2 expression; tempol reversed the Cao et al
diet for 3 wk, with or without antioxidant supplementation imbalance of renal RAS components (decrease in Ang II and [24]

ATIR and increase in AT2, ACE2, Ang 1-7, and MasR staining
intensity)

with tempol

SHR: Spontaneously hypertensive rats; DS rats: Dahl salt-sensitive hypertensive rats; DR rats: Dahl salt-resistant rats; SD rats: Sprague-Dawley rats; HS:
High-sodium; ACE2: Angiotensin-converting enzyme 2; MasR: Mas receptor; ATIR: Angiotensin type 1 receptor; AT2: Angiotensin type 2; Ang 1-7:

Angiotensin 1-7; RAS: Renin angiotensin system.

that ACE inhibition by ACEIs might stimulate negative feedback, upregulating ACE2
expression but decreasing overall inflammation in the absence of angiotensin II[35].
Thus, the effects of ACEIs/ARBs vary depending on the clinical stage: Negative in the
initial infection phase but positive in the tissue inflammation stage[36,37]. Most
researchers believe that the use of ARB or ACEI drugs should not be stopped for the
purpose of reducing SARS-CoV-2 infection. Stopping maintenance treatment may
cause blood pressure imbalance or HF. The guidelines should be revised quickly based
on various clinical data, and personalized treatment should be carried out in
accordance with clinical manifestations[38] (Table 2).

ACE2 AND DISEASES

The functional components of the RAS are in balance with each other to maintain the
health of the body. Under certain pathological conditions, Ang II, ATIR, or ACE levels
can increase or become unbalanced, which is detrimental. It has been two decades
since the discovery of ACE2. During this period, efforts towards the characterization
of this enzyme have provided greater insights into the RAS. The ongoing studies
provoked more questions, particularly regarding the role of ACE2 in the development
and progression of hypertension and renal injury, as well as other pathologies,
including diabetes, HF, liver fibrosis, and lung injury (Tables 3 and 4).

ACE2 and its role in the kidney and diabetes

The kidney possesses a fully functional local RAS capable of producing Ang II, a major
contributor to the progression of chronic kidney disease. ACE2 is highly expressed in
the kidney and predominantly localized to proximal tubules and glomerular
podocytes[39,40]. Several lines of evidence indicate that ACE2 serves as a key
protective enzyme to prevent progressive renal damage by reducing oxidative stress,
inflammation, and fibrosis[41-43].

The study of ACE2 in the context of diabetes has focused primarily on the kidney.
ACE2 may be an important target for the treatment and prevention of diabetic
nephropathy (DN). ACE2 expression in the kidney has been studied in both type 1
diabetes (T1D) and type 2 diabetes (T2D) models. The majority of animal studies
indicate that ACE2 expression is downregulated in the glomeruli in diabetes, whereas
tubular ACE2 expression is upregulated[41,44-46]. Tikellis et al[47] first reported that
ACE2 expression was reduced in the kidneys of rats with longstanding diabetes
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Table 2 List of animal studies on renin angiotensin system inhibitors and angiotensin-converting enzyme 2

Animal Model Study details Main findings Ref.

Lewis rats Normotensive Rats were assigned to drink water containing Lisinopril or losartan increased cardiac ACE2 mRNA,  Ferrario et al
losartan or lisinopril at 10 mg/kg/d for 12 d but the combination did not produce this effect [26]

SD rats MI Enalapril was given to rats after sham operation ~ Enalapril prevented the decrease of ventricular ACE2 ~ Ocaranza et
or LCA ligation mRNA levels and activities post-MI al[27]

Lewis rats MI Losartan and olmesartan was administered for 28  The level of ACE2 mRNA increased after treatment Ishiyama et
d after coronary artery ligation with losartan and olmesartan al[28]

C57BLKS/]  Normotensive Mice were treated with telmisartan at 2 mg/kg/d Telmisartan increased ACE2 expression in the tunica  Soler et al[29]

mice for 2 wk media of renal arterioles

SD rats MI SD rats received ramipril at 1 mg/kg/d for28d ~ Ramipril inhibited cardiac ACE but had no effect on Burrell et al
after MI operation cardiac ACE2 mRNA after MI [30]

SD rats MI Ramipril (1 mg/kg/d) and valsartan (10 Cardiac ACE2 expression was not augmented after Burchill et al
mg/kg/d) were given for 28 d after MI operation  either treatment alone or in combination [31]

MI: Myocardial infarction; LCA: Left ventricular artery; SD rats: Sprague-Dawley rats; ACE2: Angiotensin-converting enzyme 2.

Jaishideng®

mellitus. In 8-wk-old db/db mice, a model of early T2D, ACE2 expression is elevated,
while ACE expression is decreased in both glomeruli and the cortex[48] prior to the
development of DN. In another study of db/db mice, Chodavarapu et al[45]
demonstrated that the protein expression of ACE2 was reduced in glomeruli, while
tubular ACE2 and a disintegrin and metalloprotease 17 were increased. In two models
of T1D [streptozotocin (STZ)-induced and Akita mouse (Ins2WT/C96Y) models],
ACE2 gene deletion accelerated the development of DNJ[49,50], which could be
ameliorated by perindopril or irbesartan. Moreover, treatment with recombinant
human ACE2 (rhACE2) in male Akita mice led to reductions in albuminuria,
hypertension, plasma Ang II levels, activation of NADPH oxidase, glomerular
hypertrophy, and mesangial matrix expansion, thereby preventing the progression of
DN[51]. In another rat study, the injection of adenoviral (Ad)-ACE2 in STZ-induced
diabetic rats for 4 wk improved many signs of DN[52]. Furthermore, Ad-ACE2 and
ACEI had similar effects, whereas the combined use of Ad-ACE2 and ACEI offered no
additional benefits[52].

In humans, the expression of ACE2 was significantly reduced in both the glomeruli
and proximal tubules in biopsy samples collected from patients with T2D-induced
kidney disease[53]. Conversely, in a real-time polymerase chain reaction study, ACE2
mRNA expression was not significantly changed in eight diabetic patients with overt
proteinuria compared with 66 nondiabetic patients with renal disease[54]. The
differences in the results obtained in human studies of T2D nephropathy might be due
to the different stages of diabetes. To date, no human studies of early-stage diabetes
have been conducted. Moreover, genetic variation in and around the gene encoding
ACE2 is most often detected using single nucleotide polymorphisms (SNPs). In a
recent study, 14 ACE2 polymorphisms were genotyped by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry in the Uygur population of the
Xinjiang region of China. Among them, the ACE2 SNPs rs2074192, rs4240157,
rs4646188, and 879922 were associated with increased microalbuminuria in T2D
patients[55].

Taken together, the above studies suggest that ACE2 might play a protective role
against the development of DN.

ACE2 and hypertension

The role of ACE2 has been intensively studied in models of hypertension. Crackower
et al™ first reported that ACE2 transgenic mice exhibited lower blood pressure than
wild-type mice. Subsequent studies reported that ACE2 probably has a small effect on
blood pressure in mice under normal conditions[57-59]. However, it plays a much
more prominent role in the regulation of hypertension, especially when Ang II levels
are elevated. Existing studies have shown that ACE2 was reduced in kidneys from rat
models of hypertension, such as salt-sensitive Sabra hypertensive rats, SHRs, and
stroke-prone SHRs (SHRSP)[56,60]. Moreover, in a sheep model of fetal programmed
hypertension, the administration of betamethasone on the 80* day of gestation
markedly reduced ACE2 activity in the proximal tubules and urine in adolescent
sheep[61]. Rentzsch et al[62] assessed the role of ACE2 in the pathogenesis of
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Table 3 List of animal studies on the role of angiotensin-converting enzyme 2 in diabetes, hypertension, cardiovascular disease, and

acute lung injury

Disease Animal Study details Main findings Ref.
Diabetes db/db mice Mice were randomly assigned to four Protein expression of glomerular ACE2 was decreased ~Chodavarapu
treatment groups: (1) Control group fed in the kidneys of db/db mice, while tubular ACE2 and et al[45]
normal chow; (2) Control group fed ADAM17 were increased. Rosiglitazone treatment of
rosiglitazone diet; (3) db/db group fed  db/db mice normalized hyperglycemia, attenuated
normal chow; and (4) db/db group fed  renal injury, and decreased urinary ACE2 and renal
rosiglitazone diet ADAM17 protein expression
db/db mice Mice were treated for 16 wk with a ACE and ACE2 colocalized on the apical surface of the Ye ef al[46]
specific ACE2 inhibitor (MLN-4760) proximal tubules, whereas in glomeruli, ACE2 is
alone or combined with telmisartan. present in podocytes and, to a lesser extent, in
glomerular mesangial cells, whereas ACE is present
only in endothelial cells. Telmisartan prevented the
increase in UAE associated with the ACE2 inhibitor
db/db mice ACE and ACE 2 expression was ACE2 protein in renal cortical tubules was increased, ~ Ye et a [[48]
measured in the kidney and heart whereas ACE protein was decreased. In heart tissue,
there were no significant differences between db/db
and db/m mice in either ACE or ACE2 expression
STZ-induced ACE2 and ACE gene and protein ACE2 and ACE mRNA levels were decreased in Tikellis et al
diabetic SD rats expression was measured in the kidney  diabetic renal tubules by approximately 50% and were [47]
not influenced by ramipril
STZ-induced Diabetic Wistar rats were treated with ~ Treatment with DIZE restored ACE2 expression in Goru et al[44]
diabetic Wistar rats ~ DIZE glomeruli and increased the expression of AT2
receptors in whole kidney and isolated glomeruli
Akita and Ace2”/" Ace2”/" mice were crossed with Akita Deletion of the ACE2 gene was associated with Wong et al[49]
mice mice (Ins™V1/<%Y), and four groups of ~ accelerated kidney injury and reduced ACE2
mice were studied: Ace2"/VIns2VI/WT,  expression in diabetic mice. Irbesartan reduced
Ace2/VIns2WT/WT | Ace2t/YIns2WT/Co%Y ) urinary albumin excretion rate in Ace2”Y Ins2WT/C96Y
and Ace2”Y Ins2WT/ €Y The Ace2*/Y mice
Ins2VT/€%Y and Ace2”/Y Ins2W1/ %Y
mice were treated with the ARB
(irbesartan)
STZ-induced Control and diabetic C57BL/6] and Induction of diabetes in wild-type mice was associated Tikellis et al
diabeticC57BL/ 6] ACE2 KO mice, after 5 wk without with a reduction in renal ACE2 expression and [50]
mice and ACE2 treatment, were randomized to receive  decreased Ang 1-7. In diabetic mice receiving MLN-
knockout (KO) mice  the ACE inhibitor perindopril. Wild- 4760 and in ACE2 KO mice, diabetes-associated
type mice were further randomized to  albuminuria was enhanced
receive the selective ACE2 inhibitor
MLN-4760
Akita mice Male diabetic Akita mice (Ins2 WT/<Y))  Treatment with rhACE2 increased plasma ACE2 Oudit et al[51]
and control C57BL/6] mice (Ins2WT/WT  activity, normalized blood pressure, and reduced the
) were injected daily with placebo or urinary albumin excretion
with rhACE2 (2 mg/kg) for 4 wk
STZ-induced Diabetic Wistar rats were divided into 5 Rats in Ad-ACE2 group exhibited reduced SBP, Liu et al[52]
diabetic Wistar rats ~ groups: No-treatment group, urinary albumin excretion, creatinine clearance,
adenoviral (Ad)-ACE2 group, Ad-green glomeruli sclerosis index, and renal malondialdehyde
fluorescent protein (GFP) group, ACEI  level; downregulated transforming growth factor
group receiving benazepril and Ad- (TGF)-p1, vascular endothelial growth factor (VEGF),
ACE2 + ACEI group and collagen IV protein expression; and increased
renal superoxide dismutase activity. Ad-ACE2 and
ACEI had similar effects, whereas combined use of
Ad-ACE2 and ACEI offered no additional benefits
Hypertension ~ Salt-sensitive Sabra ~ ACE2 expression levels were ACE?2 levels were reduced in all of these hypertensive  Crackower et

hypertensive rats,
SHR, and SHRSP

ACE2-deficient mice
SHR and Wistar

Kyoto (WKY) rats

Sheep
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determined in the kidneys

Ang II peptide was administered by i.v.
infusion in wild-type and ACE2-
deficient mice

Expression of ACE2 was examined in
the kidney from SHR and normotensive
WKY rats

Sheep were administered with

betamethasone or vehicle at the 80th
day of gestation and delivered at term

845

rat strains

Blood pressure measurements were substantially
higher in the ACE2-deficient mice

The tubular expression of ACE2 fell while glomerular
expression of ACE2 was paradoxically increased in the
SHR

Antenatal steroid treatment resulted in the chronic
alteration of ACE and ACE2 in the circulatory and
tubular compartments of adolescent sheep, which may
contribute to the higher blood pressure in this model
of fetal programming-induced hypertension
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al[56]

Gurley et al
[57]

Tikellis et al
[60]

Shaltout et al
[61]
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Transgenic rats

SHR

Mice

Cardiovascular ACE2-deficient mice
disease
ACE2-deficient mice
SD rats
SHR
Rabbits
Acute lung ACE2 mutant mice
injury

ACE2 knockout mice

BALB/c mice

c57BL/ 6] mice

c57BL/ 6] mice

Transgenic rats were generated in an
SHRSP genetic background expressing
human ACE2 in vascular smooth
muscle cells by the use of the SM22
promoter (SHRSP-ACE2 model)

Male WKY rats were randomized to
receive either placebo or thACE2 and
were subsequently infused with Ang II

ACE?2 activity was measured in kidney
cortex from mice that had received
injection of MLN-4760 or DX600

ACE2 mutant mice were generated, and
heart parameters were measured

Ang II peptide was administered by i.v.
infusion in WT and ACE2-deficient
mice

Lentiviral vector encoding mouse ACE2
(lenti-mACE2) or GFP was injected
intracardially in Sprague-Dawley rats

Lentiviral vector encoding mouse ACE2
(lenti-mACE2) or GFP was injected
intracardially in SHR and normotensive
WKY rats

66 male New Zealand white rabbits
were fed an atherogenic chow and were
randomly divided into three groups:
Treatment with a suspension of Ad-
ACE2, treatment with a suspension of
Ad-EGFP, and no treatment

Acid aspiration-induced, sepsis-
induced, and endotoxin-induced acute
lung injury animal models were
generated. Mice received
intraperitoneal injections of thACE2
protein

Mice were intranasally inoculated with
SARS-CoV virus

LPS-induced acute lung injury mice
were treated with ACE2 activator
resorcinolnaphthalein (RES) or ACE2
inhibitor MLN-4760

Transgenic mice expressing the human
ACE2 receptor driven by the
cytokeratin-18 (K18) gene promoter
(K18-hACE2)

Mice expressing hACE2 in the lung
were transduced by oropharyngeal
delivery of the recombinant human
adenovirus type 5 that expresses
hACE2 (Ad5-hACE2)

Mean arterial blood pressure was reduced in SHRSP-
ACE2, and the vasoconstrictive response to
intraarterial administration of angiotensin II was
attenuated

Treatment with rhACE2 partly corrected the
hypertension, NADPH oxidase activation, and
increased superoxide generation in the heart, kidney,
and blood vessels

A marked increase in serum ACE2 activity. Mouse
ACE2 abolished the hypertension induced by Ang II
infusion. These effects were blocked by MLN-4760 but
not by DX600

Genetic inactivation of ACE2 using homologous
recombination resulted in increased AnglI peptide
levels, upregulation of hypoxia genes in the heart, and
severe cardiac dysfunction

No evidence for a role of ACE2 in the regulation of
cardiac structure or function was found

ACE2 overexpression resulted in protective effects on
Angll-induced cardiac hypertrophy and fibrosis

ACE2 overexpression exerted protective effects on
high BP and cardiac pathophysiology induced by
hypertension in the SHR

ACE2 inhibited the development of early
atherosclerotic lesions by suppressing the growth of
VSMCs and improving endothelial function

ACE2 and AT2 protected mice from severe acute lung
injury. rhACE2 can protect mice from severe acute
lung injury

SARS-CoV receptor ACE2 had a protective role in
acute lung failure

ACE?2 activation can reduce the severity of LPS-
induced acute lung injury via the AMPK/mTOR
pathway

Intranasal inoculation of SARS-CoV-2 in K18-hACE2
mice resulted in high levels of viral infection in lungs

Mice were infected with SARS-CoV-2 and developed
interstitial pneumonia associated with perivascular
inflammation, accompanied by a higher viral load in
the lungs

Rentzsch et al
[62]

Lo et al[63]

Ye et al[64]

Crackower et
al[56]

Gurley et al
[57]

Huentelman
etal[71]

Diez-Freire et
al[72]

Zhang et al
[73

Imai et al[82]

Kuba et al[84]

Zhang et al
[87]

Winkler et al
[91]

Han et al[92]

UAE: Urinary albumin excretion; STZ: Streptozotocin; SD rats: Sprague-Dawley rats; SHR: Spontaneously hypertensive rats; SHRSP: Stroke-prone

spontaneously hypertensive rats; SM22:

ACE2: Angiotensin-converting enzyme 2.
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Smooth muscle 22a; LPS: Lipopolysaccharide; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2;

hypertension. These authors generated transgenic rats in a SHRSP genetic background,
called SHRSP-ACE2, which expressed human ACE2 in vascular smooth muscle cells
under the control of the smooth muscle 22a promoter. They found that endothelial
function was significantly improved in SHRSP-ACE2 rats compared with SHRSP rats.
These data indicate that vascular ACE2 overexpression in SHRSP reduces hyper-
tension, probably through local Ang II degradation and by improving endothelial
function. Existing animal studies have shown that the administration of recombinant
ACE2 (rACE2) degrades Ang II, lowers blood pressure, and attenuates Ang II-induced
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Table 4 List of epidemiological studies on the role of angiotensin-converting enzyme 2 in diabetes, hypertension, cardiovascular

disease, and acute lung injury

. Source . ey T T
Disease Patients Main findings Ref.
country
Diabetes Canada Renal biopsies from 13 diabetic and 8 control patients ~ ACE2 mRNA and protein expression were Reich et al
significantly reduced in both the glomeruli and  [53]
proximal tubules of the diabetic patients
Japan 66 nondiabetic and 8 diabetic patients with biopsy- ACE2 mRNA expression was not significantly =~ Konoshita
proven renal diseases changed in the diabetic patients et al[54]
China 275 Uygur T2D patients and 272 nondiabetic Uygur ACE2 SNPs rs1978124, rs2048683, rs2074192, Liu et al
individuals 15233575, rs4240157, rs4646156, rs4646188, and  [55]
15879922 were associated with T2D
Hypertension Australia 503 Caucasian subjects with type 2 diabetes Genetic variation in ACE2 was associated with ~ Patel et al
hypertension and reduced systolic function in [65]
men, and hypertension and increased LV mass
in women
China 275 Uygur T2D patients and 272 nondiabetic Uygur ACE2 SNPs rs2048683, rs233575, rs4240157, Liu et al[55]
individuals 154646156, 154646188, and rs879922 were
associated with increased SBP, while rs2074192,
154646188, and rs879922 were associated
elevated DBP
China 402 hypertensive patients and 233 normotensive ACE2 variant rs2074192 was associated with Luo et al
individuals EH, while rs4240157, rs4646155, and rs4830542 [66]
were associated with EH- and hypertension-
related atrial fibrillation and left atrial
remodeling
China 3408 untreated hypertensive patients The T allele of ACE2 rs2106809 was found to Fan et al
confer a 1.6-fold risk for hypertension in women [67]
China 96 patients with EH and 96 healthy controls Aberrant methylation of the ACE2 promoter Fan et al
may be associated with EH risk [68]
Cardiovascular ~ United States 11 individuals with dilated cardiomyopathy, 15 ACE2 expression was downregulated in Fan et al
disease individuals with hypertrophic cardiomyopathy, and 16 fibroblasts, pericytes, and vascular smooth [67]
controls with nonfailing hearts from the Penn Human  muscle but upregulated in cardiomyocytes in
Heart Tissue Biobank dilated cardiomyopathy and hypertrophic
cardiomyopathy
Hungary 45 healthy individuals, 239 hypertensiveindividuals, 141 ACE2 activity was further increased in HFrEF Uri et al[74]
patients with heart failure (HF) and reduced ejection patients. Serum ACE2 activity was negatively
fraction (HFrEF), and 47 patients with HF and correlated with left ventricular systolic function
preserved ejection fraction (HFpEF) in HFrEF
United States 113 patients with chronic systolic heart failure Elevated plasma soluble ACE2 (sACE2) activity =~ Epelman et
was associated with greater severity of al[75]
myocardial dysfunction and was an
independent predictor of adverse clinical events
14 countries 10753 Prospective Urban Rural Epidemiology Increased concentration of plasma ACE2 was Narula et al
across five participants associated with a higher risk of incident heart [76]
continents failure, myocardial infarction, stroke, and
diabetes
Italy Healthy subjects (C) and EH and Bartter's/Gitelman's ~ ACE2 was significantly elevated in BS/GS Caloet al
(BS/GS) patients compared with either C or EH [77]
China 275 Uygur T2D patients and 272 nondiabetic Uygur ACE2 SNPs rs2074192 and rs879922 were Liu et al[55]
individuals associated with carotid arteriosclerosis stenosis
and ACE2 SNPs rs2048683, rs4240157,
154646156, 154646188, and rs879922 were linked
to heavier left heart remodeling
Acute lung United States 44 patients with acute respiratory distress syndrome GSK2586881, a rhACE2, was well-tolerated in Khan et al
injury (ARDS) patients with ARDS, and has been found to [94]

reduce Ang Il levels and increase Ang 1-7 levels

T2D: type 2 diabetes; EH: Essential hypertension; ACE2: Angiotensin-converting enzyme 2; ARDS: Acute respiratory distress syndrome; SNP: Single

nucleotide polymorphism; HF: Heart failure; HFrEF: Heart failure and reduced ejection fraction; HFpEF: Heart failure and preserved ejection fraction; Ang

1-7: Angiotensin 1-7.
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organ injury. One study showed that in the SHR model, rhACE2 partly corrected
hypertension and NADPH oxidase activation and increased superoxide generation in
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the heart, kidney, and blood vessels over a 14-d period[63]. Moreover, the prevention
of Ang Il-induced hypertension by mouse rACE2 was completely abolished by the
specific ACE2 inhibitor MLN-4760, a nonpeptide inhibitor no longer available from
Millennium Pharmaceuticals[64].

In human studies, Patel et al[65] found that in Caucasians with T2D, genetic
variation in ACE2 is associated with hypertension and reduced systolic function in
men and hypertension and increased left ventricular mass in women. Liu et al[55]
found that the ACE2 SNDPs rs2048683, rs233575, rs4240157, rs4646156, rs4646188, and
rs879922 were associated with increased systolic blood pressure (SBP), while
rs2074192, rs4646188, and rs879922 were associated with elevated diastolic blood
pressure in Uygur T2D patients. Luo et al[66] revealed that the ACE2 variant rs2074192
was associated with essential hypertension (EH), while three ACE2 variants
(rs4240157, rs4646155, and rs4830542) were associated with EH- and hypertension-
related atrial fibrillation and left atrial remodeling in south Xinjiang, China. In another
study, the ACE2 rs2106809 T allele was found to confer a 1.6-fold risk for hypertension
in women[67]. Additionally, one study showed that aberrant methylation of the ACE2
promoter may be associated with EH risk[68].

These findings indicate that ACE2 is a key regulator that maintains the balance of
blood pressure. In animal studies, it has been demonstrated that the administration of
recombinant ACE2 has a beneficial effect on the treatment of hypertension. Currently,
large clinical trials to explore this and related alternative interventions are underway.

ACE2 and cardiac function, ventricular remodeling, and HF

SARS-CoV-2 enters the upper respiratory epithelium and lungs predominantly
through ACE2. Nevertheless, in a single-center report of 416 patients hospitalized with
COVID-19, 19.7% showed evidence of cardiac injury, suggesting a possible pathologic
role for myocardial ACE2 expression[69]. ACE2 is present on endothelial cells and can
undergo so-called shedding into the circulation. In patients with cardiovascular
disease, increased ACE2 activity in the circulation predicts adverse cardiovascular
outcomes in patients with HF, coronary artery disease, and aortic stenosis[70].

Crackower et al[56] demonstrated the first evidence that ACE2 may have a role in
cardiac function. They found that ACE2 deletion in mice resulted in a severe heart
contractility defect, increased levels of Ang II in the kidney, heart, and plasma, and
upregulation of hypoxia-induced genes in the heart. Conversely, Gurley et al[57]
reported that ACE2 deletion enhanced susceptibility to Ang II-induced hypertension
but had no effect on cardiac structure or function. Huentelman et al[71] showed that
ACE2 overexpression protects the heart from Ang Il-induced hypertrophy and
fibrosis. Another study on SHR hypertensive rats also showed that ACE2 overex-
pression exerted protective effects against high blood pressure and cardiac
pathophysiology induced by hypertension[72]. Similarly, in a rabbit atherosclerosis
model, local overexpression of ACE2 significantly inhibited the development of early
atherosclerotic lesions[73].

In humans, increased circulating ACE2 activity is associated with coronary heart
disease and HF, and a large proportion of the variation in plasma ACE2 levels is
attributed to hereditary factors. One study showed that ACE2 activity was signi-
ficantly increased in HF patients with reduced ejection fraction (HFrEF). Serum ACE2
activity was negatively correlated with left ventricular systolic function in HfrEF[74].
In addition, one study measured soluble ACE2 (sACE2) activity in 113 patients with
chronic systolic HF and showed that elevated plasma sACE2 activity was associated
with greater severity of myocardial dysfunction, which indicated that plasma sACE2
activity might be an independent predictor of adverse clinical events[75]. A recent
study published in Lancet presented one of the largest epidemiological datasets on
plasma ACE2 concentration in the general population[76]. They performed a case-
cohort study involving 10753 participants from the multinational Prospective Urban
Rural Epidemiology study, including 5084 patients randomly selected as the sub-
cohort and 5669 with an incident event of interest. They reported that ACE2 concen-
tration was the highest-ranked independent predictor of death compared with
standard cardiovascular risk markers (smoking, diabetes, SBP, non-high density
lipoprotein cholesterol, and body mass index). An increased concentration of plasma
ACE2 was associated with an increased risk of all-cause mortality [hazard ratio (HR):
1.35 per 1 standard deviation (SD) increase; 95% confidence interval (CI): 1.29-1.43],
incident HF (HR: 1.27 per 1 SD increase; 95%Cl: 1.10-1.46), stroke (HR: 1.21 per 1 SD
increase; 95%CI: 1.10-1.32), myocardial infarction (HR: 1.23 per 1 SD increase; 95%CI:
1.13-1.33), and incident diabetes (HR: 1.44 per 1 SD increase; 95%CI: 1.36-1.52). Other
studies have investigated whether the ACE2 gene is associated with left ventricular
hypertrophy and coronary artery disease. The ACE2 SNPs most frequently used in
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association studies are rs2285666 and rs1978124[77]. Recently, Liu et al[55] found that
the ACE2 SNPs rs2074192 and rs879922 were associated with carotid arteriosclerosis
stenosis and that the ACE2 SNPs rs2048683, rs4240157, rs4646156, rs4646188, and
rs879922 were linked to more substantial left heart remodeling. Furthermore, one
study assessed ACE2 expression by performing bulk and single nucleus RNA-Seq on
the left ventricles of 11 individuals with dilated cardiomyopathy, 15 individuals with
hypertrophic cardiomyopathy, and 16 controls with nonfailing hearts from the Penn
Human Heart Tissue Biobank. They found that cardiac ACE2 expression was down-
regulated in fibroblasts, pericytes, and vascular smooth muscle but upregulated in
cardiomyocytes[69].

Investigations of ACE2 as well as its role in cardiac function and HF will
undoubtedly provide greater insight into the roles of this enzyme. However, carefully
conducted large-scale clinical studies are urgently needed to clarify the potential role
of ACE2 in cardiovascular diseases more precisely.

ACE2 and acute lung injury

Like many other organ lung cells also have a local RAS[78], which influences the
pathogenesis of lung injury via cellular effects, including changes in vascular
permeability, vascular tone, fibroblast activity, or alveolar epithelial cell apoptosis[79,
80]. ACE2 plays a pivotal role in Ang II degradation in the RAS cascade and thus
limits inflammation and fibrosis in the lung[81]. Imai et al[82] investigated the role of
ACE2 in acute respiratory distress syndrome (ARDS) by using ACE2 knockout mice.
In three different ARDS models (acid-aspiration-induced, endotoxin-induced, and
peritoneal sepsis-induced ARDS), it was shown that a loss of ACE2 expression in
mutant mice resulted in enhanced vascular permeability, increased lung edema,
engendered neutrophil accumulation, and worsened lung function. Importantly,
treatment with catalytically active recombinant ACE2 protein improved the symptoms
of acute lung injury in both wild-type mice and ACE2 knockout mice. Thus, ACE2
plays a protective role in acute lung injury. Mechanically, the finding that reduced
ACE2 on lung cell surfaces is correlated with lung damage due to an uncontrolled RAS
cascade is supported by data about the effects of long-lasting hyperoxia on pulmonary
tissue[82-86]. In addition, a study revealed that ACE2 activation can reduce the
severity of lipopolysaccharide-induced acute lung injury via the activated
serine/threonine protein kinase/mammalian target of rapamycin pathway[87].

In the current pandemic of COVID-19, both bioinformatics modeling and in vitro
experiments indicate that SARS-CoV-2 likely utilizes ACE2 as a receptor to gain entry
into human cells[88-90]. A recent study evaluated lung function in a mouse model of
SARS-CoV-2 infection. They used transgenic mice expressing the human ACE2
(hACE2) receptor driven by the cytokeratin-18 (K18) gene promoter (K18-hACE2) and
found that intranasal inoculation of SARS-CoV-2 in K18-hACE2 mice resulted in high
levels of viral infection in the lungs, with spread to other organs[91]. Similarly, one
study also used a model of mice expressing hACE2 in the lung. In this study, the mice
were transduced by oropharyngeal delivery of recombinant human adenovirus type 5
expressing hACE2[92]. They found that mice were infected with SARS-CoV-2 at day 4
post-transduction and developed interstitial pneumonia related to perivascular inflam-
mation. On the other hand, as described above, a similar decrease in ACE2 has also
been seen in cases of COVID-19 with severe lung injury, which might be attributable to
the negative consequences that arise from insufficient Ang II degradation[93]. In
human trials, GSK2586881, a rhACE2, was well tolerated in 44 patients with ARDS and
has been found to reduce Ang II levels and increase Ang 1-7 levels, although it failed
to improve the physiological and clinical indicators of ARDS in patients[94]. This
study likely represents the first clinical application of rhACE2 in the field of ARDS, so
we speculate that rhACE2 may become one of the most promising approaches for
protecting against lung injury in patients with COVID-19.

Based on the above description, ACE2 plays a complex role in COVID-19-induced
acute lung injury. On the one hand, high levels of ACE2 receptors on the cell surface
may accelerate the invasion of SARS-CoV-2 during the very early phase of infection.
On the other hand, low levels of ACE2 can ultimately worsen the disease course due to
insufficient Ang II conversion in cases of severe COVID-19 with pulmonary complic-
ations.

CONCLUSION

As a vital component of the RAS, ACE2 is closely related to the occurrence and
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development of RAS-associated diseases. A better understanding of the biological
functions of ACE2 will be beneficial to the treatment. Previous studies show that a
high-salt diet can decrease the expression of ACE2 and cause RAS disorders. Recent
reports have not yet indicated that ARBs or ACEIs will increase the level of ACE2,
thereby aggravating SARS-CoV-2 infection. Therefore, the mechanisms involved need
to be further improved. As ACE2 is an important receptor through which SARS-CoV-2
can invade cells, further studies on ACE2 should focus on the development of drugs
that inhibit the virus from entering cells and impede the binding of the S protein to
ACE2 for COVID-19 treatment. More research on ACE2 should be conducted in the
future to carry out targeted and effective treatment at a higher level.
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Abstract

Cardiovascular autonomic neuropathy (CAN) is a debilitating condition that
mainly occurs in long-standing type 2 diabetes patients but can manifest earlier,
even before diabetes is diagnosed. CAN is a microvascular complication that
results from lesions of the sympathetic and parasympathetic nerve fibers, which
innervate the heart and blood vessels and promote alterations in cardiovascular
autonomic control. The entire mechanism is still not elucidated, but several
aspects of the pathophysiology of CAN have already been described, such as the
production of advanced glycation end products, reactive oxygen species, nuclear
factor kappa B, and pro-inflammatory cytokines. This microvascular complication
is an important risk factor for silent myocardial ischemia, chronic kidney disease,
myocardial dysfunction, major cardiovascular events, cardiac arrhythmias, and
sudden death. It has also been suggested that, compared to other traditional
cardiovascular risk factors, CAN progression may have a greater impact on
cardiovascular disease development. However, CAN might be subclinical for
several years, and a late diagnosis increases the mortality risk. The duration of the
transition period from the subclinical to clinical stage remains unknown, but the
progression of CAN is associated with a poor prognosis. Several tests can be used
for CAN diagnosis, such as heart rate variability (HRV), cardiovascular
autonomic reflex tests, and myocardial scintigraphy. Currently, it has already
been described that CAN could be detected even during the subclinical stage
through a reduction in HRV, which is a non-invasive test with a lower operating
cost. Therefore, considering that diabetes mellitus is a global epidemic and that
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diabetic neuropathy is the most common chronic complication of diabetes, the
early identification and treatment of CAN could be a key point to mitigate the
morbidity and mortality associated with this long-lasting condition.

Key Words: Cardiovascular autonomic neuropathy; Cardiac autonomic neuropathy;
Diabetes mellitus; Heart rate variability; Sympathetic autonomic nervous system; Parasym
-pathetic autonomic nervous system
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Core Tip: Cardiovascular autonomic neuropathy (CAN) is an important risk factor for
cardiovascular events. However, CAN may be subclinical for several years, worsening
its potential contribution to increased mortality due to late diagnosis. Even during the
subclinical stage, CAN could be detected through reduction in heart rate variability, a
non-invasive test. Therefore, considering that diabetes mellitus is a global epidemic
and that diabetic neuropathy is the most common chronic complication of diabetes, the
early identification and treatment of CAN could be a key point to mitigate the
morbidity and mortality impact from this long-lasting condition.

Citation: Duque A, Mediano MFF, De Lorenzo A, Rodrigues Jr LF. Cardiovascular autonomic
neuropathy in diabetes: Pathophysiology, clinical assessment and implications. World J
Diabetes 2021; 12(6): 855-867

URL: https://www.wjgnet.com/1948-9358/full/v12/i6/855.htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i6.855

INTRODUCTION

Cardiovascular autonomic neuropathy (CAN) is a microvascular complication defined
as the impairment of cardiovascular autonomic control in persons with diabetes, with
no other causes[1]. The prevalence of CAN varies from nearly 2% in patients with
newly diagnosed or well-controlled diabetes, up to 60% of patients with long-standing
type 2 diabetes mellitus and 90% of pancreas transplantation candidates with type 1
diabetes[2,3]. The heterogeneity of evaluation methods used to classify CAN is a
possible cause of this wide variation in prevalence, making it difficult to compare
epidemiological data across different studies. CAN prevalence also increases with age,
duration of diabetes, and poor glycemic control[4].

Despite CAN manifesting as a subclinical condition for several years until the
development of symptoms, it is a risk factor for silent myocardial ischemia, chronic
kidney disease, myocardial dysfunction, major cardiovascular events, cardiac
arrhythmias, and sudden death. Moreover, it is associated with increased morbidity
and mortality risk and poor long-term diabetes prognosis[5-8]. The etiology of CAN is
multifactorial, and several conditions are associated with CAN, such as hyper-
glycemia, insulin resistance, prediabetes, obesity, hypertension, dyslipidemia,
metabolic syndrome, and obstructive sleep apnea (OSA). However, it is mainly
recognized as a major complication of type 1 and type 2 diabetes mellitus[8], since
diabetic neuropathies are the most prevalent chronic microvascular complications of
diabetes. Of these, autonomic neuropathies (mainly CAN) and distal symmetric
polyneuropathy are the most studied to date[3,9].

An increase in the incidence of CAN is expected to occur due to the progression of
diabetes as a global epidemic[10,11]. In 2019, diabetes mellitus affected 463 million
people worldwide. This scenario is predicted to grow to over 592 million by 2035;
based on the International Diabetes Federation, this number will rise to 700 million
(10.9% prevalence) by 2045[12,13]. These projections are worrying considering that, in
2016, diabetes was directly responsible for 1.6 million deaths, representing the seventh
leading cause of death worldwide[14]. In addition, diabetes commonly coexists with
obesity, and nearly 85% of people with diabetes are type 2 diabetics; of those, 90% are
obese or overweight[15]. The burden of these chronic diseases leads to a cardiome-
tabolic epidemic, with a staggering increase in the global prevalence of diabetes
mellitus, obesity, and metabolic syndrome[16-18]. Therefore, early identification and
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treatment of CAN could be a key point to minimize the morbidity and mortality
associated with this long-lasting pandemic. The aim of this study was to review the
latest content on the epidemiology, pathophysiology, and clinical assess-ment of CAN
and to encourage healthcare workers to be aware of this clinical entity, considering
that CAN is still an under-recognized condition[19].

CAN IN DIABETES

Definition

CAN is a debilitating condition that occurs mainly among diabetic patients, especially
those with a long duration of diabetes[19], but can manifest earlier, even before the
diagnosis of diabetes[20]. Among its clinical manifestations, resting tachycardia,
orthostatic hypotension, light-headedness, visual impairment, syncope, and exercise
intolerance are the most common[21,22]. In 1892, Eichhorst suggested that persistent
tachycardia in diabetic individuals may be due to damage to the vagus nerve[23].
Bradbury and Eggleston[24] first described the clinical syndrome of orthostatic
hypotension and orthostatic tachycardia in 1925, and in 1945, Rundles described these
physiological abnormalities as manifestations of diabetic neuropathy[25,26]. Since
1980, several studies have evaluated cardiac autonomic denervation as a possible late-
stage complication of CAN and demonstrated that it is associated with increased
mortality[23,26-28].

Total cardiac denervation — the loss of sympathetic and parasympathetic
innervation — is not frequent, but can occur as a result of diabetic neuropathy and, in
turn, results in a blunted heart rate response. Vagal denervation is usually more
common and occurs at an earlier stage before sympathetic denervation. Thus, it
reverberates in abnormalities of normal heart rate variation and vascular dynamics,
which are regulated by the sympathetic autonomic nervous system (SANS) and
parasympathetic autonomic nervous system (PANS)[2,20,23]. The interaction and the
equilibrium between SANS and PANS result in sympathovagal balance, which is
responsible for modulating the sinus node; promoting adjustments of heart rate;
controlling chronotropism, dromotropism, bathmotropism, and inotropism; altering
the systolic and diastolic volumes; and promoting the control of vascular smooth
muscle cells, contributing to peripheral vascular resistance[29-31].

Chronic modifications in the existing equilibrium between the SANS and PANS
therefore cause autonomic dysfunction. The mechanisms of autonomic dysfunction are
complex and multifactorial, involving degenerative, inflammatory, ischemic, and
metabolic abnormalities, which compromise the intrinsic cardiac innervation as well as
other structures of the autonomic nervous system[4,32,33]. As cardiovascular
autonomic dysfunction is potentially arrhythmogenic, it may predispose to atrial and
ventricular arrhythmias and sudden cardiac death[8,34,35]. Although CAN progre-
ssion is currently considered an independent prognostic factor for cardio-vascular
disease[36], it is frequently considered a subclinical condition, which may aggravate its
potential contribution to the increased probability of mortality due to late diagnosis.
Therefore, it is important to understand the pathophysiological mechanisms that
trigger CAN, as well as which clinical assessments are currently available and
recommended, in order to contribute to morbidity and mortality reduction associated
to CAN[37].

Pathophysiology

CAN results from lesions of the autonomic nerve fibers that innervate the heart and
blood vessels, promoting abnormalities in cardiovascular autonomic control[4]. The
pathophysiological mechanism responsible for this lesion is multifactorial. Although
the mechanisms associated with CAN development remain uncertain in their entirety,
the main mechanism is hyperglycemia. Hyperglycemia directly favors an increase in
the production of reactive oxygen species (ROS) and advanced glycation end products
(AGEs), which are a heterogeneous group of compounds|[7,32].

The formation of AGEs occurs mainly due to the Maillard reaction, which is a non-
enzymatic reaction between the carbonyl groups of reducing sugars and free amino
groups of proteins, and depends directly on the concentration of glucose[38]. This
process, which takes weeks to months, is reversible in the early phases, but becomes
irreversible in its final stage. After its formation, AGEs accumulate inside and outside
the cells. AGEs have been described as being able to bind to receptors for AGEs
(RAGE), stimulating phosphatidylinositol-3 kinase (PI3-K) and mitogen-activated
protein kinases (MAPK), and, consequently, activating nuclear factor kappa B (NF-xB)
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[39].

NF-xB enhances the stimulation of RAGE expression in the cell membrane of
cardiomyocytes, neurons, adipocytes, vascular cells, immune cells, glomerular
epithelial cells, and lung epithelial cells, promoting a positive feedback response.
Moreover, this transcription factor amplifies the production of tumor necrosis factor
aand interleukin 6, which are pro-inflammatory cytokines, and vascular cell adhesion
molecule 1, which promotes transendothelial migration of leukocytes[39-41]. In
addition to hyperglycemia caused by type 1 and type 2 diabetes, other factors can also
increase the production of NF-«kB and pro-inflammatory cytokines, such as fatty acid
accumulation, obesity, and atherosclerosis[40,42]. NF-xB also plays a crucial role in
obesity-induced inflammation and insulin resistance[42].

AGE/RAGE signaling promotes nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activation, expanding the production of ROS and oxidative stress
[39]. Oxidative stress is defined as an imbalance between ROS production and
antioxidant defense systems (superoxide dismutase, catalase, and glutathione
peroxidase). Thus, the complex of NADPH oxidase produces superoxide, which,
together with hydroxyl radicals, singlet oxygen, and hydrogen peroxide, represent
ROS. They have the ability to act as highly reactive free radicals, promote protein,
lipid, and nucleic acid oxidation, and induce cellular damage. Moreover, the increase
in oxidative stress activates NF-kB and, consequently, increases the expression of
RAGE:s in the cell membrane, emphasizing AGE/RAGE signaling and promoting
positive feedback[39,43].

In particular, it has been demonstrated that plasma superoxide anion is a primary
biomarker of oxidative stress, and its increased production works as a predictor of
cardiac autonomic dysfunction progression and even all-cause mortality[44]. Thus,
chronic increased oxidative stress has a dangerous impact on the autonomic fibers and
B-pancreatic cells, triggering the insulin resistance process and the development of
type 2 diabetes mellitus. In addition, the increase in oxidative stress is associated not
only with the progression of diabetes, but also with dyslipidemia, atherosclerosis,
cancer, and cardiovascular diseases[43-45].

Another component that may be associated with the pathogenesis of CAN is OSA
[46]. OSA can be defined as a syndrome marked by frequent pauses in breathing
during sleep that is usually accompanied by loud snoring, which occurs due to upper
airway collapse[47,48]. Although the exact mechanism remains obscure, this disorder
can lead to intermittent hypoxia that increases oxidative stress, contributing to CAN
development[46]. Moreover, OSA is associated with increased cardiovascular morbi-
dity and is commonly present in diabetic patients[46,48].

CAN, diabetes, and mortality

Several studies have demonstrated the relationship between CAN and increased
morbidity and mortality in patients with diabetes[49-51]. In 1991, Ewing et al[50]
investigated the association between QT interval and corrected QT interval (QTc)
length and sudden death in patients with diabetes. They showed that among 71
diabetic subjects, 13 died unexpectedly within three years of follow-up, and the QT
and QTc intervals were significantly increased in these 13 participants. Thus, QT and
QTc interval prolongation were associated with an increased risk of unexpected death
in diabetic individuals with CANJ[50].

Thereafter, in 2005, the Rochester diabetic neuropathy study (RDNS) evaluated
CAN and the risk factors for sudden cardiac death. Suarez et al[52] demonstrated an
association between an increase in the QTc interval and sudden cardiac death via
univariate analysis, but this significance was not observed in the multivariate analysis.
Thus, they suggested that other conditions could have influenced this worse
prognosis, such as nephropathy. This microvascular complication could be a marker of
generalized vascular dysfunction and was marked as an independent risk factor for
sudden death in the RDNS study.

Despite the RDSN findings, the Diabetes Heart Study demonstrated that QTc
interval predicted all-cause and cardiovascular disease mortality in participants with
type 2 diabetes mellitus[53], confirming the results previously obtained by Ewing et al
[50]. In addition, in 2010, Pop-Busui et al[54] evaluated the mortality risk in
participants with CAN and reported that CAN participants had a twofold all-cause
mortality risk compared to individuals without CAN.

The Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial demon-
strated that participants with CAN had similar mortality rates when following both
standard and intensive treatments for glycemic control, suggesting that severe
glycemic control could promote hypoglycemia and increase the probability of
mortality in diabetic patients[54]. Another study developed by Tang et al[51] based on
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the ACCORD trial evaluated the effects of intensive treatment of hyperglycemia,
hypertension, and dyslipidemia as a prevention strategy to reduce cardiovascular
events. Considering that these three conditions are important cardiovascular risk
factors that must be controlled, the study showed that intensive control of blood
pressure and glycemia promotes protective effects on CAN[51]. These findings
reinforce that poor glycemic control, the duration of diabetes, and lifestyle factors play
a crucial role in CAN development[19]. A brief description of relevant studies on CAN
and diabetes is provided in Table 1.

Clinical assessment

Currently, it is estimated that about 50% of people with diabetes mellitus remain
undiagnosed[46] and, among those diagnosed, the diagnosis usually happens very
late, approximately 20 years after the onset of the disease[55]. Thus, considering that
CAN may present even before the onset of diabetes, it is a markedly underdiagnosed
and underestimated microvascular complication[20,56]. The natural progression of
CAN comprises an asymptomatic, subclinical, and reversible phase, which represents
the initial stage. Subsequently, CAN progresses to more advanced stages, with
symptoms and a greater impairment of cardiac autonomic fibers[20,33,46].

Autonomic neuropathy battery tests, known as cardiovascular autonomic reflex
tests (CARTS), are used to assess stages of and monitor the progression of CAN. They
are composed of tests that evaluate autonomic responses through changes in heart
rate, blood pressure, and sudomotor responses after several maneuvers[22]. Some of
the available tests were described by Ewing et al[57-60] in the 1970s and the 1980s and
are known as Ewing’s Battery composed of five tests as follows: Valsalva maneuver,
heart rate response to standing (30:15 ratio), heart rate response to deep breathing
(maximum-minimum heart rate), blood pressure response to standing up (orthostatic
hypotension test), and blood pressure response to sustained handgrip (isometric
handgrip test)[60].

EWING’S BATTERY

Heart rate response to deep breathing

The deep breathing test is associated with respiratory arrhythmia and evaluates PANS
function. Patients are asked to breathe at a rate of six times per minute, with approx-
imately 5 s of inhalation and 5 s of exhalation per breath. The examiner must calculate
the difference between the average of the largest accelerations (inspiration time) and
the average of the largest decelerations (expiration time), and the expected result is at
least 10 breaths/min to 15 breaths/min, which can decrease with aging. Moreover, it
allows the calculation of the expiratory-inspiratory ratio (E:I ratio), which represents
the ratio of the longest RR interval during expiration divided by the shortest RR
interval during inspiration from five cycles. The result should be at least 1.2 in young
individuals[4,61,62].

Heart rate response to standing

The heart rate response to standing is referred to as the 30:15 ratio, another test
designed to assess PANS function. The protocol consists of asking the patient to rest in
the supine position for a specified amount of time, then to change this posture to an
erect position. It is calculated based on the ratio between the longest RR interval
(between the 20" and 40™ beat, around the 30" heartbeat) and the shortest RR interval
(between the 5" and 25" beat, around the 15" heartbeat) after standing up. The RR
intervals are measured using an electrocardiogram record, and the result should be at
least 1.04. In addition, sinus tachycardia, neurocardiogenic syncope, and abnormalities
in baroreceptor function could also be detected with this test[4,61,62].

Valsalva maneuver

The Valsalva maneuver represents voluntary forced expiration against resistance. The
test is performed with an electrocardiogram record and evaluates the PANS function
with high sensitivity. During expiration, the patient should maintain a mercury
column at 40 mmHg for 15 s. Subsequently, physiological tachycardia commonly
occurs. The electrocardiogram remains recording for 30 s to 45 s, when physiological
bradycardia commonly occurs. The ratio of the shortest RR intervals (maximum heart
rate) divided by the longest RR intervals (slowest heart rate) represents the Valsalva
ratio, and values below 1.21 are considered abnormal results[4,62].
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Table 1 Characteristics of different studies evaluating cardiovascular autonomic neuropathy and diabetes

Sample size and type of

Study Ref. CAN assessment Main findings
study
Pittsburgh Maser et al 168 participants with type ~ Heart rate response to deep breathing, The association of CAN with increased
Epidemiology of [49],1990 1 diabetes; Cross-sectional ~ 30:15 ratio and Valsalva maneuver cardiovascular risk factors may explain the
Diabetes Complications study high mortality of CAN patients
Study III
EURODIAB IDDM Kempler et 3,007 participants with Orthostatic hypotension test and 30:15 CAN is associated to cardiovascular disease
Complications Study al[85],2002 type 1 diabetes; Cross- ratio and vascular factors may have an important
sectional study role in the pathogenesis of CAN

EURODIAB Prospective Witte et al 956 participants with type ~ Orthostatic hypotension test and 30:15 Glycated hemoglobin level, hypertension,

Complications Study [86],2005 1 diabetes; Prospective ratio distal symmetrical polyneuropathy and
cohort study (mean follow- retinopathy, predict the risk of CAN
up of 7 yr) development
MONICA/KORA Ziegler et 1720 participants (1560 HRYV, corrected QT interval and QT Prolonged corrected QT interval is an
Augsburg Cohort Study  al[87], 2008 non-diabetic and 160 dispersion (difference between the independent predictor of mortality in the
diabetic subjects); longest and shortest QT intervals in non-diabetic anddiabetic population, while
Prospective cohort study 12-lead electrocardiogram) reduced HRV appears to be a prognostic
(mean follow-up of 9 yr) index only in the presence of diabetes
ACCORD Trial Pop-Busui 10251 participants with HRYV, resting heart rate and QT index ~CAN patients had a 1.55-2.14 increased
et al[54], type 2 diabetes; Clinical (observed/ predicted QT duration) relative risk of all-cause mortality compared
2010 Trial to those without CAN
First Joslin Kidney Orlov etal 370 participants with type ~ Heart rate response to deep breathing CAN is a strong independent predictor of
Study [88],2015 1 diabetes; Prospective the long-term risk of early decline of renal
cohort study (mean follow- function
up of 14 yr)
ACCORD Trial Tangetal 7725 participants with type  HRV and QT index The intensive blood pressure and glycemic
[51],2021 2 diabetes; Clinical Trial control demonstrated favorable impact in
patients with CAN

CAN: Cardiovascular autonomic neuropathy; HRV: Heart rate variability.

Blood pressure response to standing up

The blood pressure response to standing up is the so-called orthostatic hypotension
test or postural hypotension test. This test evaluates variations in blood pressure
between the rest period and after standing for three min, corresponding to the
evaluation of the SANS function. A decrease in systolic blood pressure > 20 mmHg
and/ or diastolic blood pressure > 10 mmHg upon standing should be considered as an
abnormal result. Moreover, several other symptoms or conditions can be identified
with this test, such as weakness, faintness, dizziness, and visual impairment[4,62,63].

Blood pressure response to sustained handgrip

The isometric handgrip test consists of pressing the handgrip with nearly 30% of the
maximum contraction strength for 3-5 min. This maneuver could be performed with
the dominant arm and/or the non-dominant arm and is supposed to promote an
increase in diastolic blood pressure. Blood pressure is measured in the contralateral
arm, and an increase of at least 15 mmHg between the rest and peak effort values is
expected. This test mainly evaluates the SANS response due to isometric exercise[4,62].

The Ewing’s Battery tests represent a framework of CAN and its severity
assessment in a simple, fast, and non-invasive manner[60]. Based on the diagnostic
tests and clinical stages, CAN could be classified as follows: subclinical stage, possible
or early CAN [decreased heart rate variability (HRV) or one abnormal cardiovagal test
from CARTSs], definite or confirmed CAN (presence of two or more abnormal CARTSs
results and often accompanied by resting tachycardia), and severe or advanced CAN
(presence of definite or confirmed CAN and orthostatic hypotension, often
accompanied by evidence of cardiomyopathy with left ventricular dysfunction on
echocardiography and silent myocardial ischemia)[8,10]. Symptomatic CAN may be
considered as severe or advanced CAN with exercise intolerance, postural dizziness,
palpitations, or presyncope[8].

According to these stages, Ewing ef al[60] suggested that early involvement, definite
involvement, and severe involvement should be interpreted as early parasympathetic,
definite parasympathetic, and parasympathetic with additional sympathetic
compromise, respectively. In addition, each Ewing’s test can be scored as 0 for a
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normal result, 0.5 for a borderline result, and 1 for an abnormal result. Therefore, a
total score of 0-5 can be attributed to the standard battery performance, as previously
described[60,64]. The progression of CAN stages is associated with a worse prognosis,
emphasizing the need for tests for early diagnosis[8].

However, there are some criticisms about the feasibility of Ewing’s tests, such as the
difficulty in performing some tests in patients with osteomioarticular conditions or
other mobility difficulties. Moreover, the results of the orthostatic hypotension test
could not be reliable in patients with fluid retention, and the Valsalva maneuver
directly depends on the patient's comprehension[65]. On the other hand, a potentially
useful framework that overcomes these limitations is nuclear imaging, despite the high
cost being a major limitation. It is a functional assessment tool used to evaluate
presynaptic sympathetic nervous system function using myocardial scintigraphy[63].

Myocardial scintigraphy

Myocardial scintigraphy with 123I-metaiodobenzylguanidine (**I-MIBG) allows for
the evaluation of sympathetic presynaptic integrity[63]. After being injected, 'ZI-MIBG
diffuses into synaptic spaces and is absorbed into pre-synaptic terminals just like
norepinephrine. Thus, considering that 2I-MIBG is a false neurotransmitter, it is not
catabolized and allows the visualization and quantification of norepinephrine
transporter-1 function and, consequently, cardiac sympathetic innervation[66]. Several
studies demonstrated abnormalities in sympathetic innervation in diabetic patients
through myocardial scintigraphy with 2I-MIBG[67-70]. In addition to CAN evalua-
tion in diabetic patients, cardiac sympathetic imaging has other potential clinical
applications, such as heart failure, transplantation, ischemic heart disease, and
chemotherapy-induced cardiotoxicity[66].

The clinical use of 1]-MIBG for cardiac and non-cardiac imaging has already been
approved in some countries. However, this technique has an elevated cost and its
clinical use is still limited[71]; therefore, CARTSs continue to be the most commonly
used methods for CAN diagnosis[36], providing a quick and non-invasive assessment
of cardiac autonomic function at a lower operating cost[72], despite the increased
sensitivity of 2I-MIBG scintigraphy[69].

HRV

The HRV test is a cost-effective measurement based on the RR interval oscillation
analysis of consecutive heartbeats. The duration of the RR intervals is not fixed, and
reflects the combined performance of the SANS and PANS[73]. Thus, HRV is a marker
of cardiac autonomic function, which is suitable for cardiovascular risk stratification.
Its reduction is associated with increased cardiovascular risk[63,73]. In addition, HRV
is recognized as a predictive factor of silent myocardial infarction and postmyocardial
infarction mortality[36].

HRYV can be evaluated using linear or nonlinear methods. The nonlinear methods
comprise the detrended fluctuation analysis, Hurst exponent, fractal dimension, and
Lyapunov exponent. Although these indices are good morbidity and mortality
markers, they require long periods of analysis. On the other hand, linear methods can
be evaluated in a short period and are divided into two groups: those analyzed in the
time domain and those analyzed in the frequency domain[74]. The parameters of these
domains are listed in Table 2.

Despite the fact that HRV indices and their respective interpretations are well-
established in the literature, there is still no standardization of their reference values.
In 1996, the European Society of Cardiology and the North American Society of Pacing
and Electrophysiology published guidelines with standardized values of HRV
measurements and their clinical associations. However, some of the ranges came from
studies with small sample sizes, and the values were not adjusted for potential
confounders, such as sex, age, or environmental factors. Thus, they should be
considered as estimate values that requires more robust physiological and clinical
validation[75].

Another criticism of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology guidelines is the statement that HRV is a
simple tool. Although the technique has spread mainly due to devices that provide an
automated measurement of HRV, the guidelines generate complex parameters and
should be interpreted with caution in order to avoid incorrect data conclusions and
extrapolations[33]. Nevertheless, despite criticism and the absence of standardized
reference values, HRV remains a method widely associated with the body's self-
regulatory capacity and the early identification of autonomic alterations and increased
cardiovascular risk[76-78]. Moreover, HRV has been reported as a tool to identify
cardiovascular risk, even in individuals without previous cardiovascular diseases[77,
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Table 2 Heart rate variability time and frequency domain measures[89,90]

Linear indices - time domain

Parameters Abbreviation meaning Interpretation
MNN (ms) Mean of NN intervals Long RR intervals are related to a lower heart rate, while short RR
intervals denote a high heart rate. It reflects SANS and PANS modulations
SDNN (ms) Standard deviation of all NN intervals Reflects the activity of both SANS and PANS
rMSSD (ms) The square root of the mean squared differences of = Reflects the PANS activity
successive NN intervals
NNB50 (count) Number of interval differences of successive NN Reflects the PANS activity
intervals greater than 50 ms
PNNS50 (%) Percentage of successive RR intervals that differ by ~The proportion of NN50 divided by total number of NN, which also
more than 50 ms represents the PANS activity

Linear indices - frequency domain

ULF (ms?, Hz, %) Ultra low frequency Frequency range: 0-0.003 Hz. Commonly, it is not present in HRV results

VLF (ms?, Hz, %) Very low frequency Frequency range: 0.003-0.04 Hz. It is related to renin-angiotensin-
aldosterone system, thermoregulation, peripheral vasomotor tonus and
PANS activity

LF (ms?, Hz, nu, %) Low frequency Frequency range: 0.04-0.15 Hz. It represents the SANS and PANS activity,
with a predominance of SANS influence

HF (ms?, Hz, nu, %) High frequency Frequency range: 0.15-0.4 Hz. It represents the PANS activity

LF/HF Ratio of LF-to-HF power So-called sympathovagal index. It represents the sympathovagal balance,

the autonomic state resulting from the SANS and PANS influences

Total power (ms?) Total power It reflects both SANS and PANS influences, representing the components
with frequency range < 0.4 Hz

SANS: Sympathetic autonomic nervous system; PANS: Parasympathetic autonomic nervous system; LF: Low frequency; HF: High frequency; ULF: Ultra
low frequency; VLF: Very low frequency; MNN: Mean of NN; SDNN: Standard deviation of all NN.

79].

CRITICAL REFLECTION

Diabetes mellitus is a global epidemic[46], and diabetic neuropathy is the most
common chronic complication[63]. Among the types of diabetic neuropathy, CAN is
one of the most studied and disabling conditions[19]. Considering that CAN is a major
marker for silent myocardial ischemia, myocardial dysfunction, cardiac arrhythmias,
and sudden death[5-8], it is surprising that CAN is still an under-investigated
condition in patients with diabetes[1].

CAN may present in a subclinical form for many years while the parasympathetic
denervation process already occurs in diabetic patients[80]. Moreover, CAN is
associated with increased morbidity and mortality risks[4]. However, there is no
universal standard method for detecting CAN, and it is suggested that more than one
test should be conducted to enhance the sensitivity and reliability of CAN diagnosis
[19]. In this setting, several tests with different degrees of accuracy, such as CARTs,
HRYV, and nuclear imaging, are available[61,69,581,82].

According to the position statement of the American Association of Clinical
Endocrinologists (AACE) and American College of Endocrinology (ACE), CAN
screening should be performed at the time of diagnosis in patients with type 2 diabetes
mellitus and five years after diagnosis in patients with type 1 diabetes mellitus.
Nevertheless, there are still some controversies regarding the guidelines for CAN
screening. For instance, the position statement of the American Diabetes Association
(ADA) considers a patient eligible for CAN assessment only if they have micro-
vascular complications and/or hypoglycemia unawareness. On the other hand, the
Italian Society of Diabetology (SID) and the Italian Association of Clinical Diabeto-
logists (AMD) reported that patients should be evaluated if they have high
cardiovascular risk and complications, while the Toronto Consensus emphasizes that
screening for symptoms and signs of CAN should be universal[10].
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There is also disagreement about the use of HRV tests for the diagnosis of CAN.
According to the ADA, SID, and AMD statements, this technique is mainly used for
research purposes. In contrast, the AACE, ACE, and Toronto Consensus recognize the
clinical and prognostic value of the HRV test[10]. Despite the importance of early
detection, there is no harmonized definition of CAN, and CAN is frequently
diagnosed late[83].

Therefore, early recognition of CAN is essential to minimize the risk of morbidity
and mortality in patients with diabetes. CARTs, HRV, and the I-mIBG myocardial
scintigraphy should be used in combination for the CAN diagnosis in diabetic patients
[63,84]. A harmonized definition among scientific societies is urgently needed to
recommend standardized methods for CAN screening in patients with low, medium,
and high cardiovascular risk. In view of the autonomic alterations associated with
hyperglycemia, the early identification of sympathovagal imbalance in CAN may
change treatment strategies for diabetic patients. Moreover, HRV analysis may be used

as a potential tool to identify the first signs of CAN, even in asymptomatic individuals
[84].

CONCLUSION

Although CAN is considered a condition associated with increased risks of morbidity
and mortality, there are still many disagreements regarding the recommendations in
the CAN guidelines. The existence of complex mechanisms, the wide variety of tools
for assessing CAN, and the lack of a harmonized definition among the scientific
societies contribute to the reduced clinical investigation of this complication, which
can increase the risk of silent myocardial ischemia, myocardial dysfunction, cardiac
arrhythmias, and sudden death.

CAN assessment methodologies (HRV, CARTSs, and »I-mIBG myocardial scinti-
graphy) need to become more available, widely accessible, and easy to interpret.
Considering that CAN is an under-recognized condition, it is also necessary to
stimulate the discussion about this microvascular complication in college or university
programs in the healthcare field. Investing in education and stimulating the
assessment of this complication can be a promising key point for early identification
and reducing morbimortality of CAN, mainly in the current scenario of diabetes and
cardiometabolic epidemics.
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Abstract

BACKGROUND

Implementation of new diagnostic criteria for gestational diabetes mellitus (GDM)
are still a subject of debate, mostly due to concerns regarding the effects on the
number of women diagnosed with GDM and the risk profile of the women newly
diagnosed.

AIM

To estimate the impact of the World Health Organization (WHO) 2013 criteria
compared with the WHO 1999 criteria on the incidence of gestational diabetes
mellitus as well as to determine the diagnostic accuracy for detecting adverse
pregnancy outcomes.

METHODS
We retrospectively analyzed a single center Dutch cohort of 3338 women
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undergoing a 75 g oral glucose tolerance test where the WHO 1999 criteria to
diagnose GDM were clinically applied. Women were categorized into four
groups: non-GDM by both criteria, GDM by WHO 1999 only (excluded from
GDM), GDM by WHO 2013 only (newly diagnosed) and GDM by both criteria.
We compared maternal characteristics, pregnancy outcomes and likelihood ratios
for adverse pregnancy outcomes.

RESULTS

Retrospectively applying the WHO 2013 criteria increased the cohort incidence by
13.1%, from 19.3% to 32.4%. Discordant diagnoses occurred in 21.3%; 4.1% would
no longer be labelled as GDM, and 17.2% were newly diagnosed. Compared to
the non-GDM group, women newly diagnosed were older, had higher rates of
obesity, higher diastolic blood pressure and higher rates of caesarean deliveries.
Their infants were more often delivered preterm, large-for-gestational-age and
were at higher risk of a 5 min Apgar score <7. Women excluded from GDM were
older and had similar pregnancy outcomes compared to the non-GDM group,
except for higher rates of shoulder dystocia (4.3% vs 1.3%, P = 0.015). Positive
likelihood ratios for adverse outcomes in all groups were generally low, ranging
from 0.54 to 2.95.

CONCLUSION

Applying the WHO 2013 criteria would result in a substantial increase in GDM
diagnoses. Newly diagnosed women are at increased risk for pregnancy adverse
outcomes. This risk, however, seems to be lower than those identified by the
WHO 1999 criteria. This could potentially influence the treatment effect that can
be achieved in this group. Evidence on treatment effects in newly diagnosed
women is urgently needed.

Key Words: Diagnostic criteria; Gestational diabetes; Glucose tolerance test; Incidence;
Pregnancy outcome

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The World Health Organization 2013 criteria would increase the number of
women diagnosed with gestational diabetes mellitus to almost one third of the
population tested. Our data confirm that the new criteria indeed identify women at risk,
implying potential for treatment. However, we also show that implementation of the
criteria would result in a great increase of women diagnosed with gestational diabetes
mellitus, resulting in over half of the women to be subjected to unevaluated treatment,
as evidenced by the treatment effect in this group is currently absent. This stresses the
need for randomized trials to evaluate the new criteria prior to implementation.

Citation: de Wit L, Zijlmans AB, Rademaker D, Naaktgeboren CA, DeVries JH, Franx A,
Painter RC, van Rijn BB. Estimated impact of introduction of new diagnostic criteria for
gestational diabetes mellitus. World J Diabetes 2021; 12(6): 868-882

URL: https://www.wjgnet.com/1948-9358/full/v12/i6/868.htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i6.868

INTRODUCTION

Gestational diabetes mellitus (GDM), defined as hyperglycemia first diagnosed in
pregnancy that is not overt diabetes mellitus, is an increasing health problem
worldwide and associated with substantial adverse maternal and fetal effects[1].
Adequate recognition, diagnosis and treatment of GDM improves health outcomes in
mothers and their offspring[2-5]. Diagnostic criteria for GDM vary globally and are
still much debated[6-9]. Based on the 2008 Hyperglycemia and Adverse Pregnancy
Outcome study, new criteria were developed by the International Association of
Diabetes in Pregnancy Study Groups, which were adopted by the World Health
Organization (WHO) in 2013[1,10,11]. Uniform implementation of the revised criteria
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is currently held back due to ongoing concerns regarding their impact on prevalence
and associated health care costs[12,13]. Previous studies have shown a substantial
absolute increase of GDM prevalence ranging from 0.9% to as much as 25.9%,
following conversion from the 1999 to the 2013 criteria, with limited data on their
direct effect on pregnancy outcomes[12,14-28].

The impact of the widening of disease definitions, as is the case with the proposed
changes in diagnostic criteria for GDM, has gained attention due to concerns regarding
possible overdiagnosis, medicalization and overtreatment[12,13]. The WHO 2013
criteria propose a lower fasting, a higher post load glucose value and an additional one
hour post load glucose value compared to the 1999 criteria. This leads to a newly
diagnosed group of women based on their fasting glucose and a group of women no
longer qualifying for the diagnosis based on their two-hour glucose value. Apart from
an overall expected increase of the incidence of GDM as a result of the new criteria, the
composition of the group of women labeled as GDM is therefore also likely to change.
This is of interest in the assessment of incremental health benefits, potential harm and
cost-effectiveness, which must be balanced for both individual patients and society
prior to introduction of new criteria.

The aim of this study was to assess the potential impact of adopting the WHO 2013
criteria on the incidence of GDM. We sought to investigate the differences in patient
characteristics of women with a discordant diagnosis of GDM between criteria,
whether pregnancy outcomes in the newly diagnosed group differ from the
nondiabetic population and to study the diagnostic value of the different criteria for
adverse pregnancy outcomes.

MATERIALS AND METHODS
Setting and study population

We conducted a retrospective cohort study including all pregnant women at risk for
GDM, booked for an oral glucose tolerance test (OGTT) and receiving obstetric care in
the University Medical Center Utrecht from 1 August 2011-27 October 2016. This
study was exempt from approval of the Medical Research Ethics Committee of the
University Medical Center Utrecht (reference number 16-711/C), which granted a
waiver after reviewing the protocol because the Dutch Medical Research Involving
Human Subjects Act did not apply to this study. Therefore, no individual informed
consent was required for this study. Data was anonymized and collectively analyzed
to ensure there was no risk of disclosure of the identity of included subjects.

Women were identified using laboratory data, which were cross-referenced with
obstetric patient files. Data was collected per pregnancy, meaning that women with
OGTTs in multiple pregnancies during the study period were included as separate
cases. Women undergoing an OGTT for another reason than to test for GDM were
excluded.

Screening for GDM

Pregnant women with one or more predefined risk factors underwent screening
between 24 and 28 wk of gestation by means of a 2-point 75 g OGTT[29]. Risk factors
following Dutch national guidelines that prompted screening included a history of
GDM, body mass index (BMI) > 30 kg/m? at intake, previous delivery of a child with a
birth weight > 95" centile or > 4500 g, a first-degree family member with diabetes,
ethnic predisposition, history of unexplained stillbirth or polycystic ovarian syndrome
[29]. Those with a history of GDM underwent screening at 16 wk of gestation, which
was repeated at 24-28 wk if initially normal. Finally, women with clinical signs
suggestive for GDM (e.g., polyhydramnios, suspected fetal macrosomia or polydipsia)
could undergo OGTT testing at any gestational age.

Classification of OGTT results

Based on the OGTT results, we retrospectively classified the women into four groups:
(1) no GDM according to both the WHO 1999 and WHO 2013 criteria: fasting glucose <
5.1 mmol/L and 2-h post load glucose < 7.8 mmol/L; (2) GDM according to the WHO
1999 criteria but not the WHO 2013 criteria: fasting glucose < 5.1 mmol/L and 2-h post
load glucose = 7.8 mmol/L but < 8.5 mmol/L; (3) GDM according to the WHO 2013
criteria but not the WHO 1999 criteria: fasting glucose > 5.1 mmol/L but < 7.0 mmol/L
and 2-h post load glucose < 7.8 mmol/L; and (4) GDM according to both criteria:
either fasting glucose > 7.0 mmol/L and/or 2-h post load glucose > 8.5 mmol/L alone,
or a combination of fasting glucose = 5.1 mmol/L and 2-h post load glucose > 7.8
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mmol/L.

Groups 1 and 4 were groups where both the assessed criteria agree, and in groups 2
and 3 there is a discordance in diagnosis. For this study, group 1 was labelled non-
GDM. Group 2 and 4 received treatment for GDM. Group 2 represents the group of
women who would no longer be labelled as GDM with the new criteria, and group 3
consists of the newly added women that would switch from non-GDM to GDM. Some
women had received more than one OGTT in a single pregnancy, for instance due to
newly suspected macrosomia occurring after an initial negative routine screening.
Results from all OGTTs were considered when classifying women into group 1 to 4 (
Supplemental table 1). The 1-h post load glucose threshold of > 10.0 mmol/L of the
WHO 2013 criteria was not used in the classification, as these results were not
available.

Routine care for GDM

Women started treatment if diagnosed with GDM according to the WHO 1999 criteria,
comprising all women in groups 2 and 4. They received personalized dietary advice
and were instructed to self-monitor fasting and postprandial glucose concentrations by
finger stick at least twice a week. Target glucose values were fasting < 5.3 mmol/L and
2-h postprandial < 6.7 mmol/L. In case of insufficient glycemic regulation after 1 wk to
2 wk of dietary intervention, insulin treatment was initiated. Women with normal
OGTT results according to the WHO 1999 criteria, e.g., groups 1 and 3, received care as
usual.

Data collection

OGTT results, patient characteristics and pregnancy outcomes were collected from
electronic patient files. Given that women without risk factors are not screened for
GDM and that OGTT screening also took place in laboratories outside the University
Medical Center Utrecht, we were not able to provide a population or regional
incidence estimate of GDM but rather a cohort incidence.

Patient characteristics and outcomes

We calculated BMI using prepregnancy reported height and weight. Regarding
ethnicity, Hindustan was used for women from the South Asian/Indian subcontinent
or Surinamese descent. Mediterranean ethnicity comprised mostly women originating
from Turkey and Morocco. Small-for-gestational-age (SGA) and large-for-gestational-
age (LGA) were defined as neonatal birth weight < 10* and > 90" percentile for
gestational age, respectively, using the Dutch reference curves[30]. Preterm birth was
defined as a gestational age at birth < 37 wk, which was further divided in either
spontaneous or indicated preterm birth. Individual diagnoses of gestational
hypertension and preeclampsia were not available. As a proxy for hypertensive
disorders during the pregnancy, the highest measured diastolic blood pressure was
used for analysis.

Statistical analysis and reporting of data

The statistical methods of this study were reviewed by Christiana Naaktgeboren from
the Department of Obstetrics and Gynaecology, Amsterdam University Medical
Centers-Location AMC. GDM incidence in the cohort was calculated by applying both
the WHO 1999 and 2013 criteria. We produced 2 x 2 contingency tables to display the
number of women in groups 1 through 4, based on their OGTT results. Patient charac-
teristics and pregnancy outcomes were reported and analyzed using groups 1 to 4 as
determinants. Continuous variables were reported as mean *+ SD or as median and
interquartile range depending on distribution. Number and percentage were reported
for categorical variables. Differences between groups were assessed using group 1
(non-GDM) as the reference group. We compared continuous variables using the
independent t-test or Mann-Whitney U test and the x-square test or Fisher’s exact test
for categorical data. Furthermore, we assessed the diagnostic value of the OGTT by
calculating positive and negative likelihood ratios for adverse obstetric and neonatal
outcomes for groups 2 to 4, using group 1 as the reference group[31,32]. A P value <
0.05 was considered statistically significant. Analyses were performed using SPSS 25.0
for Windows (IBM SPSS, Chicago, IL, United States).
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RESULTS

In the study period 3628 women were scheduled for an OGTT. Of these, 290 were
excluded: 67 were planned for an OGTT but did not undergo the test and another 223
were excluded because they underwent an OGTT for other reasons than to test for
GDM. In total we included 3338 women for analysis (Figure 1).

Effect of WHO 2013 criteria on GDM incidence

Of the 3338 included women, 643 (19.3%) were diagnosed with GDM using the WHO
1999 criteria. Retrospectively applying the WHO 2013 criteria resulted in 1082 women
diagnosed with GDM, corresponding to a cohort incidence of 32.4% (Figure 1). This is
equivalent to a relative increase of the incidence of 68%. A total of 2219 women (63.5%)
had normal glucose tolerance according to both criteria (group 1), 506 women (15.2%)
were diagnosed with GDM by both criteria (group 4), 137 women (4.1%) were
diagnosed by WHO 1999 criteria only (group 2) and 576 (17.2%) by the WHO 2013
criteria only (group 3) (Figure 1).

Maternal characteristics

Maternal characteristics are presented in Table 1. Compared to group 1 (non-GDM)
women in group 3 (newly added by the WHO 2013 criteria) were older (33.0 vs 32.3
years, P = 0.002) and had a higher median prepregnancy BMI (29.0 kg/m?vs 24.3
kg/m? P < 0.001). BMI distribution was significantly different (P < 0.001), with a
higher frequency of BMIs of 30-35 and 2 35 kg/m? in the newly added group
compared to the non-GDM women (24.4% vs 10.4% and 19.0% vs 5.9%, respectively).
There were no differences in ethnicity between the groups. In group 3 smoking during
pregnancy was reported more often (16.8% vs 13.3%, P = 0.031), and women were less
often primiparous (29.7% vs 37.9%, P < 0.001).

The women in group 2 (GDM according to the WHO 1999 but not the WHO 2013
criteria) had a higher median age compared to the non-GDM group (34.1 vs 32.3 years,
P < 0.001) and more often were > 35 years of age (40.1% vs 29.0%, P = 0.002). Median
BMI and BMI distribution as well as other baseline characteristics were similar to the
non-GDM group.

The women in group 4 (GDM according to both criteria) had a significantly higher
median age, were more often 2 35 years of age, had a higher prepregnancy BMI and
had higher rates of obesity compared to the non-GDM women. In this group
Caucasian ethnicity was less frequent, while Asian ethnicity was more frequent.

Pregnancy outcomes

Maternal and neonatal outcomes per group are presented in Table 2. Compared to the
non-GDM group, women in group 3 were more likely to have a highest diastolic blood
pressure = 90 mmHg (18.6% vs 13.9%, P = 0.007) and had similar rates of induction of
labor, assisted vaginal deliveries and emergency caesarean section but were more
likely to deliver by planned caesarean section (15.5% vs 11.1%, P = 0.006). Indicated
preterm birth occurred more often (1.2% vs 0.3%, P = 0.024). Also, women in group 3
gave birth to children with higher median birth weight (3598 vs 3490 g, P < 0.001), had
higher rates of birth weight > 4000 g (22.3% vs 16.2%, P < 0.001), LGA (16.2% vs 10.2%,
P <0.001) and higher rates of 5-min Apgar score <7 (3.9% vs 2.0%, P = 0.01) compared
to the offspring of women in the reference group 1 with normal glucose tolerance.
SGA occurred less frequently in group 3 (5.4% vs 8.0%, P < 0.001).

In group 2, labor was more often induced (28.8% vs 17.4%, P = 0.001) compared to
the non-GDM group, as this is recommended in the Dutch guidelines for GDM. Rates
of birth weight > 4000 g, LGA and SGA were comparable between group 2 (15.0%,
12.2% and 4.3%) and group 1 (all P > 0.05). Other neonatal outcomes were also similar,
except for shoulder dystocia, which occurred in 4.3% compared to 1.3% in group 1 (P =
0.015).

Women in group 4 were more likely to have a highest recorded diastolic blood
pressure = 90 mmHg, labor was induced more often and planned caesarean section
rates were higher compared to the non-GDM group. Assisted vaginal deliveries were
carried out less frequently in this group (3.6% vs 6.4%, P = 0.018). Rates of both
spontaneous and indicated preterm birth were also significantly higher (6.9% vs 4.1%,
P =0.008 and 1.5% vs 0.3%, P = 0.006 respectively) compared to group 1. Birth weight
> 4000 g and SGA did not differ between group 4 and the reference group 1. However,
more infants were LGA (16.6% vs 10.2%, P < 0.001). Also, neonates were more likely to
be admitted to the neonatology ward, and shoulder dystocia and a 5-min Apgar score
<7 occurred more often.
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Table 1 Patient characteristics per group based on classification of oral glucose tolerance test results

n Group 1: Group2: GDMby P Group 3: GDMby P Group 4:GDMby P

(%) non-GDM WHO 1999 only' value’ WHO 2013 only value’ both criteria’ value?

1 (%) 3338 2119 (63.5) 137 (4.1) 576 (17.2) 506 (15.2)

Age, yr 3336 323 (28.5- 34.1 (30.4-38.0) <0.001 33.0(29.0-36.7) 0.002  33.6(30.3-37.0) <0.001
35.7)

Age group, n (%) 3336

<30yr 698 (33.0) 31 (22.6) 0.002 174 (30.2) 0.031  117(23.1) <0.001

30-35 yr 806 (38.1) 51(37.2) 204 (35.4) 185 (36.6)

>35yr 613 (29.0) 55 (40.1) 198 (34.4) 204 (40.3)

Prepregnancy BMI, kg/m” 3156 24.3 (21.8- 24.7 (22.7-28.7) 0.072  29.0 (24.5-33.6) <0.001 28.0(24.2-32.3) <0.001
27.9)

Prepregnancy BMI group, n 3156

(%)

<30kg/m” 1669 (83.7) 104 (80.6) 0.598 309 (56.6) <0.001 314 (64.5) <0.001

> 30-< 35 kg/m” 207 (10.4) 18 (14.0) 133 (24.4) 102 (20.9)

> 35 kg/m’ 118 (5.9) 7 (5.4) 104 (19.0) 71 (14.6)

Ethnicity, n (%) 3248

Caucasian 1126 (54.8) 69 (51.1) 0402 292 (51.7) 0378 241 (48.7) 0.030

Mediterranean 616 (30.0) 40 (29.6) 176 (31.2) 166 (33.5)

African, Caribbean 72 (3.5) 3(22) 19 (3.4) 17 (3.4)

Asian 53 (2.6) 7(5.2) 16 (2.8) 22 (4.4)

Hindustan 37 (1.8) 3(2.2) 18 (3.2) 15 (3.0)

Other 150 (7.1) 13 (9.5) 44 (7.6) 34 (6.7)

Gravidity 3336 2 (1-3) 2 (1-3) 0368  2(2-4) <0.001 2(2-3) 0.045

Parity, n (%) 3323

0 803 (37.9) 46 (33.6) 0102  171(29.7) <0.001 169 (33.4) 0.010

1 785 (37.0) 48 (35.0) 231 (40.1) 183 (36.2)

22 519 (24.9) 43 (31.4) 173 (30.0) 152 (30.0)

Smoking during pregnancy, n 3270 277 (13.3) 15 (11.1) 0470 94 (16.8) 0.031 79 (16.1) 0.104

(%)

Conception spontaneous, 1 3277 1866 (89.8) 120 (88.9) 0.748 496 (87.9) 0.216 431 (86.4) 0.029

(%)

Multiple pregnancy, 1 (%) 3336 84 (4.0) 9 (6.6) 0138 10 (1.7) 0.010 33 (6.5) 0.012

Gestational age at OGTT, wk ~ 3336 27.1 (25.1- 28.1 (25.4-32.7) 0.041  27.0 (24.6-29.1) <0.001 27.0(23.9-29.7) <0.001
29.6)

OGTT fasting plasma glucose 3336 4.6 (4.4-4.8) 4.7 (4.5-4.8) 0.087  52(5.1-54) <0.001 5.4 (5.0-5.8) <0.001

value, mmol/L

OGTT 2-h post load glucose 3298 5.7 (4.9-6.4) 8.0 (7.8-8.2) <0.001 6.4 (5.7-6.9) <0.001 8.7 (8.1-9.6) <0.001

value, mmol/L

Continuous variables are presented as mean + SD or median (interquartile range). Percentages may not add up to 100% due to rounding.
IWomen in this group received treatment for gestational diabetes mellitus.

2P value reported compared to group 1: non-gestational diabetes mellitus.

GDM: Gestational diabetes mellitus; BMI: Body mass index; OGTT: Oral glucose tolerance test; WHO: World Health Organization.

Positive and negative likelihood ratios for adverse pregnancy outcomes with corres-
ponding 95% confidence intervals per group are presented in Table 3. Compared to the
non-GDM group, positive likelihood ratios (LR+) for adverse outcomes were generally
higher in women with a positive OGTT according to either the WHO 1999, WHO 2013
or both criteria, except for assisted vaginal delivery and SGA. The LR+ for adverse
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Table 2 Pregnancy outcomes per group based on classification of oral glucose tolerance test results

Group 1: Group 2: GDMby P Group 3: GDMby P Group 4:GDMby P

4 non-GDM WHO 1999 only’ value’ WHO 2013 only value’ both criteria’ value?
1 (%) 3338 2119 (63.5) 137 (4.1) 576 (17.2) 506 (15.2)
Maternal
Highest diastolic blood 3103 75 (70-82) 80 (70-85) 0.060 80 (75-85) <0.001 80 (75-85) <0.001
pressure, mmHg
Highest diastolic blood 3103
pressure, 1 (%)
<90 mmHg 1691 (86.1) 111 (84.1) 0520 429 (81.4) 0.007 379 (79.0) <0.001
>90 mmHg 273 (13.9) 21 (15.9) 0.520 98 (18.6) 0.007 101 (21.0) <0.001
2110 mmHg 31 (1.6) 3(2.3) 0541  4(0.8) 0.156 7 (1.5) 0.849
Induction of labor, 7 (%) 3044 335 (17.4) 38 (28.8) 0.001 97 (19.0) 0.390 155 (32.6) <0.001
Planned caesarean, 1 (%) 3044 213 (11.1) 17 (12.9) 0520 79 (15.5) 0.006 81 (17.1) <0.001
Assisted vaginal delivery, n 3059 124 (6.4) 9 (6.8) 0.853 29 (5.6) 0.517 17 (3.6) 0.018
(%)
Emergency caesarean, 7 (%) 3059 223 (11.5) 12 (9.1) 0.394 65 (12.6) 0.492 65 (13.6) 0.205
Blood loss > 1000 cc, 1 (%) 3019 173 (9.1) 15 (11.4) 0374 35(6.9) 0131  418.7) 0.813
Neonatal
Gestational age at delivery, wk 3070 40.0 (39.0- 39.4 (38.3-40.6) 0.001  39.9 (38.7-41.0) 0515  39.1 (38.1-40.0) <0.001
40.9)
Preterm birth, n (%) 3070
Spontaneous 79 (4.1) 7 (5.3) 0491 26 (5.0) 0337 33 (6.9) 0.008
Indicated 6(0.3) 1(0.8) 0370  6(1.2) 0.024  7(15) 0.006
Birth weight, grams 3186 3490 (3090- 3449 (3041-3839) 0.654 3598 (3216-3943) <0.001 3420 (2969-3800) 0.056
3840)
Birth weight, percentile 3165 50.0 (24.8- 52.0 (28.8-76.4) 0.388  59.9 (32.6-81.6) <0.001 58.7(29.5-82.1) <0.001
75.8)
Birth weight > 4000 grams, n 3186 325 (16.2) 21 (15.0) 0719 117 (22.3) <0.001 81 (15.9) 0.896
(%)
Small-for-gestational-age (<10 3165 160 (8.0) 6(4.3) 0117 28 (54) 0.043 34 (6.7) 0.336
th percentile), 1 (%)
Large-for-gestational-age (> 90 3165 203 (10.2) 17 (12.2) 0435 84 (16.2) <0.001 84 (16.6) <0.001
thpercentile), 1 (%)
Admission to neonatology 3146 219 (11.0) 15 (10.7) 0904 59 (11.4) 0.813 103 (20.4) <0.001
ward, 1 (%)
Admission to NICU, 7 (%) 3146 75 (3.8) 4(2.9) 0576 22 (4.3) 0.620 28 (5.5) 0.077
Shoulder dystocia, 1 (%) 3173 26 (1.3) 6(4.3) 0.015  7(1.3) 0.935 18 (3.5) 0.001
Apgar score 5 min < 7, 11 (%) 3155 39 (2.0) 4(2.9) 0525 20 (3.9) 0.010 24 (4.7) <0.001

Continuous variables are presented as mean + SD or median (interquartile range). Percentages may not add up to 100% due to rounding.
1Women in this group received treatment for gestational diabetes mellitus.

2P value reported compared to group 1: non-gestational diabetes mellitus.

GDM: Gestational diabetes mellitus; NICU: Neonatal intensive care unit; WHO: World Health Organization.

outcome, excluding assisted vaginal delivery and SGA, ranged from 0.76 to 2.95 for all
groups. An OGTT indicative for GDM according to both criteria (group 4) had the
highest LR+ for most adverse outcomes. A positive OGTT by the WHO 2013 criteria
only (group 3) had higher LR+ for adverse outcomes compared to a positive OGTT by
WHO 1999 criteria only (group 2). Negative likelihood ratios showed a similar but
inverse pattern that were mostly close to 1.00.
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Table 3 Likelihood ratios for adverse pregnancy outcomes for group 2-4 compared to group 1

Outcome n (%) LR+ 95%Cl LR- 95%Cl
Highest diastolic BP > 90 mmHg

Non-GDM 273 (13.9)

WHO 1999 criteria only 21 (15.9) 1.16 0.74-1.82 0.99 0.96-1.02
WHO 2013 criteria only 98 (18.6) 1.31 1.08-1.58 0.92 0.86-0.98
Both criteria 101 (21.0) 1.47 1.22-1.78 0.89 0.84-0.95

Planned caesarean

Non-GDM 213 (11.1)

WHO 1999 criteria only 17 (12.9) 118 0.72-1.92 0.99 0.95-1.03
WHO 2013 criteria only 79 (15.5) 1.35 1.10-1.66 091 0.85-0.98
Both criteria 81 (17.1) 147 1.20-1.81 0.89 0.83-0.96

Assisted vaginal delivery

Non-GDM 124 (6.4)
WHO 1999 criteria only 9(6.8) 1.06 0.55-2.05 1.00 0.95-1.04
WHO 2013 criteria only 29 (5.6) 0.90 0.64-1.26 1.03 0.95-1.11
Both criteria 17 (3.6) 0.59 0.38-0.93 1.10 1.03-1.18

Emergency caesarean

Non-GDM 223 (11.5)
WHO 1999 criteria only 12 (9.1) 0.78 0.44-1.39 1.02 0.98-1.05
WHO 2013 criteria only 65 (12.6) 1.09 0.86-1.37 0.98 0.91-1.04
Both criteria 65 (13.6) 1.16 0.92-1.46 0.96 0.90-1.03
Preterm birth
Non-GDM 87 (4.5)
WHO 1999 criteria only 8 (6.1) 1.35 0.68-2.67 0.98 0.92-1.04
WHO 2013 criteria only 32(6.2) 1.30 0.96-1.77 0.92 0.82-1.03
Both criteria 41 (8.6) 1.68 1.29-2.19 0.84 0.74-0.95
SGA
Non-GDM 160 (8.0)
WHO 1999 criteria only 6 (4.3) 0.54 0.24-1.20 1.03 1.00-1.07
WHO 2013 criteria only 28 (5.4) 0.71 0.50-1.00 1.08 1.01-1.15
Both criteria 34 (6.7) 0.86 0.63-1.18 1.04 0.97-1.11
Birth weight > 4000 g
Non-GDM 325 (16.2)
WHO 1999 criteria only 21 (15.0) 0.92 0.59-1.44 1.01 0.98-1.04
WHO 2013 criteria only 117 (22.3) 1.36 1.14-1.63 091 0.86-0.97
Both criteria 81 (15.9) 0.98 0.80-1.22 1.00 0.95-1.06
LGA
Non-GDM 203 (10.2)
WHO 1999 criteria only 17 (12.2) 1.22 0.75-1.98 0.99 0.95-1.03
WHO 2013 criteria only 84 (16.2) 1.50 1.23-1.83 0.88 0.81-0.95
Both criteria 84 (16.6) 1.54 1.26-1.87 0.87 0.81-0.94
Admission to NICU
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Non-GDM

WHO 1999 criteria only
WHO 2013 criteria only
Both criteria

Shoulder dystocia
Non-GDM

WHO 1999 criteria only
WHO 2013 criteria only
Both criteria

5-min Apgar score <7
Non-GDM

WHO 1999 criteria only
WHO 2013 criteria only

Both criteria

75 (3.8)
4(29) 0.76 0.29-2.00 1.02 0.97-1.07
22 (4.3) 1.10 0.76-1.60 0.97 0.87-1.09
28 (5.5) 136 0.98-1.88 091 0.81-1.03
26 (1.3)

6 (4.3) 295 1.41-6.19 0.87 0.73-1.03
7(1.3) 1.03 0.53-1.99 0.99 0.83-1.19
18 (3.5) 2.06 1.43-2.96 0.74 0.58-0.94
39 (2.0)

4(29) 143 0.55-3.68 0.97 0.88-1.07
20 (3.9) 1.67 1.16-2.41 0.83 0.69-1.00
24 (4.7) 1.92 1.39-2.66 0.77 0.64-0.94

LR+: Positive likelihood ratio; 95%CI: 95% confidence interval; LR-: Negative likelihood ratio; GDM: Gestational diabetes mellitus; BP: Blood pressure;

SGA: Small-for-gestational-age; LGA: Large-for-gestational-age; WHO: World Health Organization; NICU: Neonatal intensive care unit.

August 2011 - October 2016
3628 women booked for OGTT

290 women excluded:

- 122 nephrology

- 93 internal medicine/endocrinology
- 67 no OGTT performed

- 7 preconceoptional OGTT

- 1 gastroenterology

Y

Y

3338 women included for analyses

A

Y

Group 1:
No GDM according to
both criteria,
n= 2119 (63.5%)

Group 2:
GDM according to WHO
1999 criteria but not
according to WHO 2013

Group 3:
GDM according to WHO
2013 but not according to
WHO 1999 criteria,

Group 4:
GDM according to
both criteria,

n =506 (15.2%)

criteria,
n =137 (4.1%)

n =576 (17.2%)

Figure 1 Cohort selection and flowchart of inclusions. OGTT: Oral glucose tolerance test; GDM: Gestational diabetes mellitus; WHO: World Health

Organization.
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DISCUSSION

In this study, we estimated the impact of adopting new criteria for GDM in a
population where adherence to the traditional criteria is the current policy, with the
aim to provide insight in the potential impact of modification of disease definitions for
GDM. We showed that applying the WHO 2013 criteria would result in an absolute
increase of GDM diagnoses in women at risk of 13.1% or a 1.7-fold increase in
comparison to the current WHO 1999 criteria. The women newly identified by the
WHO 2013 criteria showed less favorable patient characteristics, i.e. higher maternal
age and BMI. Newly identified women also had an increased chance of adverse
pregnancy outcomes, including higher blood pressure and higher rates of indicated
preterm birth, LGA and 5-min Apgar score < 7, compared to the women with a normal
glucose tolerance after screening. Women only diagnosed by the 1999 criteria had
similar patient characteristics and obstetric outcomes compared to those with a normal
OGTT, although the latter may be because they underwent GDM treatment.
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An increase in the number of GDM diagnoses, as we found in our study, is in line
with the original Hyperglycemia and Adverse Pregnancy Outcome findings, which
were the trigger to expand the GDM definition[10]. However, effects of
implementation of the WHO 2013 criteria show regional variation, depending on the
population, screening approaches or the diagnostic criteria, which are in use prior to
implementation[25-28,33,34]. Studies performed in Asian populations have reported
both a decrease and increase in the number of GDM diagnoses[35-37]. The 1.7-fold
increase in our cohort is similar to estimations from three previous European studies
with similar risk-based screening strategies[16,19,38]. Others have reported an even
greater increase after actual implementation of the WHO 2013 criteria, such as a 3.5-
fold increase in a study from Spain and a 4-fold increase in a Swiss cohort[39,40]. In
the United Arab Emirates, introduction of the new criteria would result in almost half
of the pregnant population to be labelled as GDM[14].

In 2017 a multidisciplinary working group, which included members from the
Guidelines International Network, Grading of Recommendations Assessment,
Development and Evaluation working group and the WHO, proposed a checklist with
issues that should be considered prior to introducing modified disease definitions[41].
Although the checklist has not been formally applied to the GDM definition expansion
proposed by the WHO (2013), several points on the checklist have yet to be met. For
example, evaluation of incremental benefits for patients classified by the new and the
previous definition is needed. Our study complements a previous cohort study from
the Netherlands, which similarly found that the women newly identified by the WHO
2013 criteria are at increased risk for adverse pregnancy outcomes compared to
pregnant women with normal glucose tolerance[19]. Our analysis furthermore allowed
us to directly compare the newly diagnosed group to those women in which the WHO
1999 criteria and WHO 2013 criteria agree, e.., expected ‘severe’ cases, and found that
risks were generally lower in the newly added group. This is further strengthened by
our analysis of likelihood ratios for adverse outcome for the different criteria. Positive
likelihood ratios for adverse outcomes were lower in women with an abnormal OGTT
by the WHO 2013 criteria compared to those positive by both criteria. However, an
abnormal OGTT by any set of criteria showed only limited discriminative value in
predicting adverse outcome, with the highest LR+ of 2.95 for shoulder dystocia and
negative likelihood ratio mostly around 1.00.

Because the risk for adverse outcomes in the newly diagnosed women seems to be
lower in comparison to the concordant group, it is this group of women facing
possible overdiagnosis as a result of widening the diagnostic criteria for GDM.
Multiple studies, all before-after studies, have shown positive effects on clinical
outcomes, such as hypertensive disorders, LGA and caesarean section rates after
implementation of the WHO 2013 criteria[39,42-44]. However, given the concurrent
increase in the number of women diagnosed, it is unclear whether these results are
attributable to effective treatment or due to inclusion of milder GDM cases. In one
study that adjusted for maternal characteristics, only limited reductions in adverse
outcomes were observed[42]. A randomized controlled trial found that treatment of
milder GDM reduced LGA rates, shoulder dystocia, caesarean deliveries and
hypertensive disorders[5]. The inclusion criteria for this trial do not fully correspond
to the patients newly diagnosed by the WHO 2013 criteria, limiting extrapolation of
these treatment results. To this date, no data are available for women with discordant
diagnosis for GDM between the WHO 1999 and 2013 criteria and with that the
treatment effect in this group specifically remains unknown. However, clinical trials
on this matter are currently being undertaken[6,45,46].

Another point raised in the checklist is evaluation of potential incremental harm to
patients. We found in our cohort that the proportion of women with an OGTT
discordant between WHO 1999 and WHO 2013 was larger than the proportion of
women in which both criteria agree. Implementation of the WHO 2013 criteria would
subsequently result in unevaluated treatment of more than half the GDM population.
This treatment could result in unnecessary exposure to interventions with possible
harmful side effects, including induction of labor and caesarean sections[8]. Also,
GDM diagnosis and subsequent medicalization can have profound negative effects on
a patient’s quality of life[47-51]. Similarly, underdiagnosis could occur in the group of
women that are currently receiving treatment but would be excluded with the new
criteria. Although this was a relatively small group in our cohort, evaluation is
necessary to establish whether these women can be safely left untreated.

Other forms of incremental harm include increased costs and use of health care
resources because of implementation of the new criteria[52]. With estimated costs for
GDM treatment in excess of standard antenatal care of €6843 per individual[53],
implementation of the new criteria would result in a direct increase of medical costs of
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over 3 million euros for the study period in our center alone. In the Netherlands,
approximately 5% of the pregnant population (approximately 8500 women) is
diagnosed with GDM with the current criteria. A conservative 2% increase would
result in 11900 diagnoses on a yearly basis, amounting up to over 23 million euros in
additional health care costs. Data on cost-effectiveness are conflicting and are partic-
ularly influenced by the discriminative power of the new criteria to detect longer-term
maternal, neonatal and infant outcome, which are currently largely unknown[39,54-
56].

The strength of this study is the large sample size and availability of OGTT results,
allowing for the reclassification in the four groups as presented in this study. This
classification provides more insight on the impact of the WHO 2013 criteria by
analyzing the women with discordant results separately, as proposed by the checklist
on modifying disease definitions[41]. However, because the WHO 1999 criteria were
used to diagnose GDM in our cohort, a treatment effect is present in the women
meeting these criteria. Furthermore, the reference group in this study consisted of
women with normal OGTT results. Because women were either screened because of
the presence of risk factors or clinical signs suggestive for GDM, this group is a
selection and therefore not fully representative of the general obstetric population in
the Netherlands. However, comparison of pregnancy outcomes with a reference group
including women without any risk factors for GDM would probably only further
strengthen the associations we found. Another limitation is that there were no 1-h post
load OGTT measurements available in this cohort, which are used in the WHO 2013
criteria. This may have resulted in an underestimation of the proportion of women
diagnosed with GDM upon implementation of the WHO 2013 criteria.

CONCLUSION

The results from this retrospective study indicate a marked increase in the number of
women diagnosed with GDM with the adoption of the WHO 2013 criteria as
compared to WHO 1999 criteria. We have shown that the new criteria identify a new
group of women at risk for adverse pregnancy outcomes but also result in exclusion of
a number of women that currently receive treatment. Randomized trials are urgently
needed to establish whether treatment of women with mild hyperglycemia, formerly
not labelled as GDM, indeed leads to improvement of perinatal outcome. Treatment
effects should be assessed both on the short-term and on the long-term of both mother
and child to establish benefits, harms and cost-effectiveness of adopting the new
criteria prior to implementation.

ARTICLE HIGHLIGHTS

Research background

Gestational diabetes mellitus (GDM) is the most common metabolic disorder of
pregnancy. It is associated with both short- and long-term fetal, neonatal and maternal
complications. Treatment of GDM has been shown to improve pregnancy outcomes.

Research motivation

Worldwide different diagnostic criteria to diagnose GDM are being used. Recently the
Hyperglycemia and Adverse Pregnancy Outcome study has shown that maternal
glucose levels below the most used thresholds increase the risk of adverse outcomes.
As a result, new diagnostic criteria have been proposed by the World Health
Organization (WHO) in 2013. These new, more stringent criteria have been shown to
greatly affect the number of women diagnosed with GDM, which in turn can have
great consequences for health care costs and effectiveness of current treatment
strategies. However, the effects vary in different populations and are influenced by
patient characteristics such as ethnicity and maternal body mass index.

Research objectives

We aimed to estimate the impact of the WHO 2013 criteria, compared with the WHO
1999 criteria, on the incidence of gestational diabetes mellitus as well as to determine
the diagnostic accuracy for detecting adverse pregnancy outcomes. We sought to
evaluate the patient characteristics and pregnancy outcomes of women with a
discordant diagnosis specifically, as these are of importance for the treatment effects
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that may be expected. Currently, the treatment effects in these women are unknown.

Research methods

For this study we evaluated a cohort of 3338 women that were tested for GDM using a
75 g oral glucose tolerance test in the University Medical Center Utrecht. We applied
both the current WHO 1999 criteria and the newly proposed WHO 2013 criteria for
GDM. We determined the change in the number of GDM diagnoses. Also, we
separately reported on patient characteristics and pregnancy outcomes of women with
discordant diagnoses and compared these to the non-GDM women. Lastly, we
determined the likelihood ratios for adverse outcomes for the different groups.

Research results

Retrospectively applying the WHO 2013 criteria increased the cohort incidence by
13.1%, from 19.3 to 32.4%. Discordant diagnoses occurred in 21.3%; 4.1% would no
longer be labelled as GDM, and 17.2% were newly diagnosed. Compared to the non-
GDM group, women newly diagnosed were older, had higher rates of obesity, higher
diastolic blood pressure and higher rates of caesarean deliveries. Their infants were
more often delivered preterm, large-for-gestational-age and were at higher risk of a 5-
min Apgar score < 7. Women excluded from GDM were older and had similar
pregnancy outcomes compared to the non-GDM group, except for higher rates of
shoulder dystocia (4.3% vs 1.3%, P = 0.015). Positive likelihood ratios for adverse
outcomes in all groups were generally low, ranging from 0.54 to 2.95.

Research conclusions

The number of women diagnosed with GDM increases substantially with the WHO
2013 compared to the WHO 1999 criteria. Women additionally diagnosed are at
increased risk for adverse pregnancy outcomes. However, they seem to be at lower
risk than women who would be diagnosed with GDM by both the old and new
criteria. Also, likelihood ratios for adverse outcomes comparing both diagnostic
criteria are generally low. Treatment effects may therefore be lower in newly
diagnosed women, which may result in overtreatment of women newly diagnosed
with GDM according to the WHO 2013 criteria.

Research perspectives

Adopting the WHO 2013 criteria results in an increased number of women diagnosed
with GDM and translates to an excess risk of adverse pregnancy outcomes, supporting
the need for intervention studies to estimate the treatment benefit and cost-effect-
iveness to improve clinically relevant outcomes for these previously untreated
pregnant women.
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Abstract

BACKGROUND

People with diabetes and peripheral artery disease (PAD) have a high risk of
major adverse cardiovascular events (MACE). Prior research suggests that
medical therapies aimed to control modifiable risk factors are poorly imple-
mented in patients with PAD.

AIM
To examine the association between the control of modifiable risk factors,

estimated by the novel PAD-medical score, and the incidence of MACE in people
with PAD and diabetes.

METHODS

Participants were recruited from out-patient clinics if they had a diagnosis of both
PAD and diabetes. Control of reversible risk factors was assessed by a new
composite measure, the PAD-medical score. This score takes into account the
control of low-density lipoprotein cholesterol, blood pressure, blood glucose,
smoking and prescription of an anti-platelet. Participants were followed to record
incidence of myocardial infarction, stroke and cardiovascular death (MACE). The
association of PAD-medical score with MACE was assessed using Cox propor-
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tional hazard analyses adjusting for age, sex and prior history of ischemic heart
disease and stroke.

RESULTS

Between 2002 and 2020, a total of 424 participants with carotid artery disease (n =
63), aortic or peripheral aneurysm (n = 121) or lower limb ischemia (n = 240) were
prospectively recruited, and followed for a median duration (inter-quartile range)
of 2.0 (0.2-4.4) years. Only 33 (7.8%) participants had the optimal PAD-medical
score of five, with 318 (75%) scoring at least three out of five. There were 89
(21.0%) participants that had at least one MACE during the follow-up period. A
one-unit higher PAD-medical score was associated with lower risk of MACE (HR
=0.79, 95%Cl: 0.63-0.98) after adjusting for other risk factors.

CONCLUSION
The PAD-medical score provides a simple way to assess the control of modifiable

risk factors targeted by medical management aimed to reduce the incidence of
MACE.

Key Words: Peripheral artery disease; Diabetes; Major cardiovascular events; Medical
management; Prospective study; Clinical practice
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Core Tip: The control of modifiable risk factors for major adverse cardiovascular events
(MACE) is frequently poorly achieved in patients with peripheral artery disease
(PAD). The PAD-medical score is an easy way to assess the control of modifiable risk
factors. In the current study only 33 (7.8%) of the included participants had optimal
control of risk factors evidenced by a maximum PAD-medical score. Adjusted analyses
found that a one-unit higher PAD-medical score was associated with a significantly
lower risk of MACE (HR = 0.79, 95%CI: 0.63-0.98).
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INTRODUCTION

Diseases of the aorta and its branches (peripheral artery disease; PAD) are a collection
of chronic occlusive and aneurysmal diseases, such as carotid artery disease,
abdominal aortic aneurysm and lower limb ischemia[1-4]. Depending on study entry
criteria and testing, between 10% and 60% of people with PAD have been reported to
have diabetes[5]. Poorly controlled diabetes, as estimated by high hemoglobin Alc
(HbA1lc) concentrations, has been associated with an increased risk of major adverse
cardiovascular events (MACE; myocardial infarction, stroke or cardiovascular death)
in people with PADI[6,7], with approximately 20% having events during short-term
follow-up[8-13].

Randomised controlled trials have demonstrated that medical therapies that control
key cardiovascular risk factors, such as reducing low density lipoprotein-cholesterol
(LDL-c) concentrations[11,14], blood pressure[15] and blood glucose[16], and reducing
the risk of thrombosis[17], are effective at substantially reducing the risk of MACE. In
clinical practice, however these therapies are poorly implemented[5,8,18-20]. Prior
studies have suggested that poor implementation of medical therapies are associated
with a higher incidence of MACE, but are limited through largely focusing on
assessing the control of individual risk factors, such as blood pressure or LDL-c alone
[8,18,19]. A holistic assessment of implementation of medical therapies amongst
people with PAD and diabetes would consider control of all key modifiable risk
factors.
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The first aim of this study was to examine the implementation of all the key medical
therapies in accordance with current clinical guidelines in a group of people that had
both PAD and diabetes. This included achieving optimal control of serum LDL-c,
systolic blood pressure, HbAlc, smoking abstinence and prescription of an anti-
platelet medication[21-23]. This was measured through the introduction of a new
algorithm, PAD-medical, designed to quantify the relative control of the key
modifiable risk factors targeted by optimal medical management. Secondly, this study
aimed to examine the association of implementation of these combined medical
therapies, estimated by the relative control of modifiable risk factors using PAD-
medical score, with the incidence of MACE, adjusted for other risk factors.

MATERIALS AND METHODS
Study design and participants

This investigation was designed as part of an ongoing prospective cohort study that
commenced in 2002, and aimed to identify risk factors associated with PAD outcomes
[24,25]. The current study included adult participants (> 18 years old) with a prior
history of a diagnosis of both diabetes and PAD, presenting to the outpatient vascular
services at The Townsville University Hospital, the Mater Hospital Townsville and
The Royal Brisbane and Women’s Hospital in Queensland, Australia. People
presenting with carotid artery disease, an abdominal or peripheral aneurysm or lower
limb PAD diagnosed by a vascular specialist were eligible as long as they had a prior
diagnosis of diabetes based on documented medical records from previous visits[26,
27]. Participants presenting without diagnoses of both diseases were excluded.

Lower limb PAD was defined to include symptoms of leg or foot pain or tissue loss
and absence of lower limb pulses, ankle-brachial index < 0.9 or imaging evidence of a
lower limb artery stenosis of > 50% or occlusion[24,25]. Abdominal aortic aneurysm
(AAA) was diagnosed if the orthogonal maximum outer to outer infra-renal aortic wall
diameter was > 30 mm measured from ultrasound or computed tomographic
angiography[24,25]. Peripheral aneurysms were defined to include common or
internal iliac artery diameters > 15 and > 8mm respectively, or femoral or popliteal
artery diameters of 2 15 mm and > 9 mm respectively, as previously described[28]. A
significant carotid artery stenosis was defined as = 50% using Australian Society for
Ultrasound in Medicine criteria[24,25]. Written informed consent was obtained from
all participants upon entry into the study. The study was performed in accordance
with the Helsinki declaration and ethical approval was granted from the James Cook
University and Townsville Hospital Health Service human research ethics committees
(HREC/13/QTHS/125 and HREC/14/QTHS/203).

Risk factors and assessment of medical management

The implementation of medical management was assessed using a composite measure,
the PAD-medical score, which was developed for this study in order to assess the
control of the key modifiable risk factors targeted to reduce the risk of MACE[5,8,18,
29-31]. This scoring tool was developed to address the lack of an existing tool which
applies to all age groups, and includes the relevant medical risk factors for people with
concomitant PAD and diabetes (e.g., HbAlc). The PAD-medical has a possible score of
between 0 and 5, with zero indicating worst implementation of medical management
and five indicating best implementation of medical manage-ment.

PAD-medical was calculated based on the control of key risk factors, smoking
history and anti-platelet prescription measured at study entry. PAD-medical used risk
factor targets for preventing MACE in patients with PAD indicated by current clinical
guidelines[21-23], with each target achieved scoring one point. Values for some risk
factors indicating partial control were scored either 0.25 or 0.5 points. The PAD-
medical score was thus calculated as follows: Serum LDL-C: = 3.0 mmol/L =0, 2.5-2.9
mmol/L = 0.25; 1.8-2.4 mmol/L = 0.5; < 1.8 mmol/L = 1; Systolic blood pressure: > 160
mmHg = 0; 140-160 mmHg = 0.5; < 140 mmHg = 1; HbAlc: > 9% = 0; 7%-9% = 0.5; <
7% =1; Smoking history: not smoked within the last month = 1; smoked within the last
month = 0; Prescribed an anti-platelet medication: confirmed receiving = 1; not
receiving = 0.

Definition and assessment of outcomes

At entry, participants underwent fasting blood tests, resting blood pressure was
measured using an Omron Intellisense (HEM-907) monitor and smoking history and
prescribed medications were recorded[8]. All prescribed medications including
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antiplatelet drugs, statins and diabetes medications were recorded. Serum LDL-C,
HbAlc and C-reactive protein were measured as previously described[27,32]. Ischemic
heart disease (IHD) was defined as a history of myocardial infarction, angina or
previous treatment for IHD[33].

Participants were offered follow up annually as part of standard care, and
outpatient follow up was performed according to local clinical practice. Outcome data
were recorded during clinical reviews on prospectively defined case report forms.
Hospital charts and electronic records were also reviewed by a vascular specialist.
Outcome data were also obtained from linked hospital admission records as pre-
viously described[24,25,34,35]. Linked data were obtained from the Queensland
Hospital Admitted Patient Data Collection (QHAPDC) which is regularly audited to
minimize inaccuracies[36]. The primary outcome was MACE, defined as the first
occurrence of a major cardiovascular event including myocardial infarction, stroke or
cardiovascular death.

Sample size

It was aimed to have adequate power to test the hypothesis that the PAD-medical
score was associated with the risk of MACE. Previous studies suggest that approx-
imately 30% of people with PAD have a MACE during short term follow-up[8,9,34].
Monte-Carlo simulations suggest that a multivariable regression model is powered
sufficiently when 10 outcome events per degree of freedom of the predictor variables
are observed[37]. Assuming an incidence of MACE of 20% to 30%, and planning to
adjust for PAD-medical score (a composite of five risk factors), age, sex, IHD and
stroke in the regression models, it was estimated that a sample size of over 400
participants would have adequate power to test the main hypothesis.

Statistical analysis

Data were analysed using the SPSS v25 (IBM, Armonk, NY, United States) software
package. Continuous data that were not normally distributed, as confirmed using the
Shapiro Wilk test, were presented as median and inter-quartile range (IQR). Between-
group comparisons were conducted using the Mann-Whitney U and Kruskal-Wallis
tests. Categorical variables were compared using Pearson’s y? test. Cox proportional
hazard analyses assessed the association of PAD-medical score (one unit increase)
with MACE adjusted for age, sex, smoking, IHD and prior stroke. Results were
presented as hazard ratios (HR) and 95% confidence intervals (CI). P values of < 0.05
were accepted to be significant for all of these analyses.

RESULTS

Participants and implementation of medical management

Between February 2002 and August 2020, 424 participants with comorbid diabetes and
PAD presenting with carotid artery disease (1 = 63), aortic or peripheral aneurysm (n =
121) or lower limb ischemia (1 = 240) were recruited. Only 33 (7.8%) of the participants
had the optimal PAD-medical score of 5, with 173 (40.8%) scoring > 4, and 318 (75.0%)
scoring 2 3. Sex, age and history of IHD varied significantly between participants with
different PAD-medical scores (Table 1). As expected, participants with the higher
PAD-medical scores had significantly lower HbAlc, LDL-c and systolic blood
pressure, reduced frequency of current smoking, and more frequent prescription of
anti-platelet and statin medications (Table 2).

Association of PAD-medical score with MACE

Participants were followed for a median of 2.0 (0.2-4.4) years. During this time, 89
(21.0%) participants had at least one MACE. Overall, 43 participants had a myocardial
infarction, 20 had a stroke and 51 a cardiovascular-related death, with 27 participants
having multiple events. In unadjusted analyses, there was no relationship between
MACE and PAD-medical score per unit increase (HR = 0.90, 95%CI: 0.73-1.11). In
analyses adjusted for age, sex, IHD and stroke (Table 3), higher PAD-medical scores
were associated with a significantly lower risk of MACE per unit increase (HR = 0.79,
95%ClI: 0.63-0.98). Of the components of the PAD-medical score only smoking
abstinence was significantly associated with a lower risk of MACE per unit increase
(HR = 0.61, 95%CI: 0.38-0.97).
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Table 1 Characteristics of include participants (n = 424)

Characteristic Value
Age (median years, IQR) 69 (63-76)
Gender (male, %) 311 (73.3)
Aboriginal or Torres strait islander, 1 (%) 19 (4.5)
Presenting problem, n (%)

Carotid artery disease 63 (14.9)
Aortic or peripheral aneurysm 121 (28.5)
Lower limb ischemia 240 (56.6)
Smoking status, 7 (%)

Current 101 (23.8)
Former 211 (49.8)
Never 111 (26.2)
Missing 1(0.2)
Medications, n (%)

Aspirin 278 (65.6)
Other anti-platelet 84 (19.8)
Statins 324 (76.4)
Metformin 251 (59.2)
Other oral hypoglycemics 154 (36.3)
Insulin 98 (23.1)
Co-morbidities, 1 (%)

Ischemic heart disease (IHD) 201 (47.4)
Stroke 47 (11.1)
Vitals (median, IQR)

Glycated hemoglobin (HbA1c) (%) 6.9 (6.2-7.8)
Low-density lipoprotein (LDL)-c (mmol/L) 2 (1.5-2.6)

Systolic blood pressure (mmHg)

C-reactive protein (mg/L)"

139 (125-151)

2.7 (1.0-6.0)

1C-reactive protein data is missing from 37 participants.

Jaishideng®

DISCUSSION

This study illustrates the considerable rate of clinically-important events in people that
have PAD and diabetes, with 21% having at least one MACE during a median follow-
up of 2 years. The main finding of the study was that most people with diabetes and
PAD do not have optimal control of modifiable risk factors for MACE. Participants
with better implementation of medical management, as identified by higher PAD-
medical scores, had a lower of risk of MACE after adjusting for other risk factors.
However, in sub-analyses, only smoking abstinence was found to be associated with a
significantly reduced risk of MACE. The findings emphasize the need for methods to
better implement medical management in people with PAD, particularly smoking
cessation. The study also introduces a simple to use way to measure the overall
success of control of modifiable risk factors using PAD-medical.

Previous studies show that people presenting with PAD have a higher risk of
MACE than those frequently considered to be at the highest risk, such as those who
have had a myocardial infarction or stroke[l1]. Thus there is a need to develop
strategies that improve the implementation of evidence-based medical therapies that
are effective at reducing the incidence of MACE in people with PAD. Strategies to
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Table 2 Association of peripheral artery disease-medical score with baseline characteristics

PAD-medical score

Risk factors P value
<3.0 (n=106) 3.3.9 (n = 145) 4.0-4.9 (n = 140) 5.0 (n = 33)

Age 65 (57-73) 70 (64-77) 69 (64-77) 70 (66-76) 0.002°

Male sex 67 (63.2) 110 (75.9) 110 (78.6) 24 (72.7) 0.046"

Aboriginal or Torres Strait 3(2.8) 9(6.2) 4(29) 3091 0.242

Islander

Presenting problem 0.043°

Carotid artery disease 12 (11.3) 19 (13.1) 27 (19.3) 5(15.2)

Aortic or peripheral aneurysm 22 (20.8) 45 (31.0) 42 (30.0) 12 (36.4)

Lower limb ischemia 72 (67.9) 81 (55.9) 71 (50.7) 16 (48.5)

Smoking status <0.001°

Current 55 (51.9) 41 (28.3) 5(3.6) 0

Former 28 (26.4) 62 (42.8) 100 (71.4) 21 (63.6)

Never 22 (20.8) 42 (29.0) 35 (25.0) 12 (36.4)

IHD 38 (35.8) 64 (44.1) 75 (53.6) 24 (72.7) 0.001°

Stroke 14 (13.2) 12 (8.3) 17 (12.1) 4(12.1) 0.606

Medications

Aspirin 34 (32.1) 96 (66.2) 118 (84.3) 30 (90.9) <0.001°

Other anti-platelet 11 (10.4) 25 (17.2) 41 (29.3) 7(21.2) 0.002°

Statins 58 (54.7) 115 (79.3) 121 (86.4) 30 (90.9) <0.001°

Metformin 60 (56.6) 87 (60.0) 83 (59.3) 21 (63.6) 0.896

Other oral hypoglycemics 39 (36.8) 58 (40.0) 45 (32.1) 12 (36.4) 0.591

Insulin 26 (24.5) 35 (24.1) 33 (23.6) 4(12.1) 0.482

HbAlc (%) 7.4 (6.8-8.7) 7.0 (6.5-7.7) 6.6 (6.0-7.6) 6.1 (5.9-6.4) <0.001°

HDL-c (mmol/L) 1.1 (0.9-1.3) 1.1(0.9-1.3) 1.1(0.9-1.2) 0.9(0.8-1.2) 0.133

LDL-c (mmol/L) 2.60 (2.20-3.40) 2.10 (1.70-2.70) 1.60 (1.30-2.00) 1.34 (1.20-1.60) <0.001°

SBP (mmHg) 150 (139-163) 139 (125-151) 135 (122-150) 126 (120-131) <0.001°

C-reactive protein (mg/L) 3.0 (1.9-7.5)! 2.0 (1.0-5.0) 3.0 (1.0-5.6)° 2.1 (0.9-5.0)* 0.082

Major cardiovascular events 23 (21.7) 27 (18.6) 32 (22.9) 7(21.2) 0.845

2P <0.05.

P <0.01.

€P<0.001.

Data are presented as number (percentage) or median (interquartile range). C-reactive protein data is missing from 97, 15% 8% and 5* participants. PAD:
Peripheral artery disease; IHD: Ischemic heart disease; HbAlc: Hemoglobin Alc; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; SBP:

Systolic blood pressure.

promote smoking abstinence in particular may be of highest priority given its
association with a reduced risk of MACE in this study. It is however currently unclear
as to what intervention strategies would be effective in achieving better imple-
mentation of these measures amongst people with PAD. Possible strategies include
physician and patient education programs and technology-enabled reminder systems
for medications adherence [19,38]. In order to test such interventions and their contri-
bution to achieving optimal medical management, there is a need for a simple scoring
system to assess overall risk factor control which PAD-medical can provide.

Several models have been designed for predicting the incidence of MACE, such as
the Framingham risk score, however these were mainly developed for use in primary
rather than secondary prevention. The SMART-REACH model was developed for use
in assessment of risk amongst people with established cardiovascular disease and has
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Table 3 Association of peripheral artery disease-medical score and components with risk of major adverse cardiovascular events

Risk factor measure HR 95%Cl P value
PAD-medical score 0.79 0.63 to 0.98 0.030°
LDL-C score 0.80 0.46 to 1.39 0.436
HbAlc score 0.94 0.48 to 1.83 0.853
Blood pressure score 0.59 0.30to 1.16 0.125
Smoking abstinence 0.61 0.38 to 0.97 0.036"
Any anti-platelet 0.81 0.49 to 1.34 0.411

2P < 0.05. Adjusted for age, sex, ischemic heart disease and stroke. PAD: Peripheral artery disease; LDL: Low-density lipoprotein; HbAlc: Hemoglobin Alc.

JBaishideng®

been used to model risk of MACE amongst people with PAD[39]. The SMART-
REACH model, however, has a number of weaknesses in the assessment of the
implementation of optimal medical management. These include the incorporation of
risk factors not impacted by medical management, like age and sex, the lack of
inclusion of key medical targets within the score calculation, such as HbAlc, and the
ineligibility of some participants for the score, such as people older than 80 years. The
PAD-medical score developed in this study aims to address these issues by strictly
focusing on the medical management and risk factors targeted by medical manage-
ment. As demonstrated in this study the PAD-medical score provides a convenient
way to assess how well medical management is implemented, how modifiable risk
factors are controlled and also the risk of MACE. The PAD-medical score may
therefore be useful in the assessment of people with PAD.

The current study has a number of limitations that should be noted. Firstly, the
sample size included was relatively small and recruited from one state in Australia.
Secondly, a heterogeneous group of different PAD presentations was included.
Thirdly, there was short median duration of participant follow-up. Fourthly, sub-
analyses suggested a single risk factor (smoking abstinence) was associated with a
lower risk of MACE. Finally, while the scoring system for PAD-medical was
developed after considering current clinical guidelines targets[21-23], the cut-off
values for the intermediate categories were set arbitrary. As a result of this and the
small sample size, the findings of this study need to be validated in a more diverse
population recruited from other localities, with a longer duration of follow-up.

CONCLUSION

This study illustrates the high incidence of clinically important events in people with
PAD and diabetes. A simple-to-calculate score called PAD-medical is presented, which
can be used to assess how well medical management therapy achieves control of
modifiable risk factors. The PAD-medical score was predictive of the incidence of
MACE during short-term follow-up.

ARTICLE HIGHLIGHTS

Research background
Peripheral artery disease is collection of chronic occlusive and aneurysmal diseases
associated with a high incidence of major adverse cardiovascular events (MACE).

Research motivation

In this study, the control of modifiable risk factors for MACE was assessed through the
development and testing of a new score called peripheral artery disease (PAD)-
medical.

Research objectives
The aim of this study was to assess how the PAD-medical score, which assessed the
control of modifiable risk factors was associated with the risk of MACE in people with
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a diagnosis of both peripheral artery disease and diabetes.

Research methods

Patients with previously diagnosed peripheral artery disease and diabetes were
recruited from three hospitals in Queensland Australia. PAD-medical score was
calculated as a result from zero (worst management) to five (best management) based
on the control of modifiable risk factors and implementation of medical management.
Cox proportional hazard analyses assessed the association of PAD-medical score (one
unit increase) with MACE adjusted for age, sex, smoking, IHD and prior stroke.

Research results

Of 424 participants recruited less than 10% had optimal control of modifiable risk
factors evidenced by a top PAD-medical score. A one-unit increase in PAD-medical
was associated with a significantly lower risk of MACE after adjusting for other risk
factors (HR = 0.79, 95%CI: 0.63-0.98). Of the five different components of PAD-
medical, only smoking abstinence was independently associated with a reduced risk of
MACE (HR = 0.61, 95%CI: 0.38-0.97).

Research conclusions

The PAD-medical score represents an easy to use tool for the quantification of the
control of modifiable risk factors for MACE in patients with peripheral artery disease
and diabetes.

Research perspectives
Further research into this field requires a larger participant cohort from a more diverse
population to investigate the wider applicability of the PAD-medical score.

REFERENCES

1 Fowkes FG, Aboyans V, Fowkes FJ, McDermott MM, Sampson UK, Criqui MH. Peripheral artery
disease: epidemiology and global perspectives. Nat Rev Cardiol 2017; 14: 156-170 [PMID: 27853158
DOI: 10.1038/nrcardio.2016.179]

2 Fowkes FG, Rudan D, Rudan I, Aboyans V, Denenberg JO, McDermott MM, Norman PE, Sampson
UK, Williams LJ, Mensah GA, Criqui MH. Comparison of global estimates of prevalence and risk
factors for peripheral artery disease in 2000 and 2010: a systematic review and analysis. Lancet 2013;
382: 1329-1340 [PMID: 23915883 DOI: 10.1016/S0140-6736(13)61249-0]

3 Sampson UK, Norman PE, Fowkes FG, Aboyans V, Yanna Song, Harrell FE Jr, Forouzanfar MH,
Naghavi M, Denenberg JO, McDermott MM, Criqui MH, Mensah GA, Ezzati M, Murray C. Global
and regional burden of aortic dissection and aneurysms: mortality trends in 21 world regions, 1990 to
2010. Glob Heart 2014; 9: 171-180.e10 [PMID: 25432126 DOI: 10.1016/j.gheart.2013.12.010]

4 Golledge J. Lower-limb arterial disease. Lancet 1997; 350: 1459-1465 [PMID: 9371181 DOI:
10.1016/S0140-6736(97)07421-7]

5 Nastasi DR, Smith JR, Moxon JV, Trollope A, Golledge J. Prescription of Pharmacotherapy and the
Incidence of Stroke in Patients With Symptoms of Peripheral Artery Disease. Stroke 2018; 49: 2953-
2960 [PMID: 30571405 DOI: 10.1161/STROKEAHA.118.022922]

6  Singh N, Zeng C, Lewinger JP, Wolfson AM, Shavelle D, Weaver F, Garg PK. Preoperative
hemoglobin Alc levels and increased risk of adverse limb events in diabetic patients undergoing
infrainguinal lower extremity bypass surgery in the Vascular Quality Initiative. J Vasc Surg 2019; 70:
1225-1234.e1 [PMID: 30852042 DOI: 10.1016/j.jvs.2018.12.041]

7 Low Wang CC, Blomster JI, Heizer G, Berger JS, Baumgartner I, Fowkes FGR, Held P, Katona BG,
Norgren L, Jones WS, Lopes RD, Olin JW, Rockhold FW, Mahaffey KW, Patel MR, Hiatt WR;
EUCLID Trial Executive Committee and Investigators. Cardiovascular and Limb Outcomes in
Patients With Diabetes and Peripheral Artery Disease: The EUCLID Trial. J Am Coll Cardiol 2018;
72:3274-3284 [PMID: 30573030 DOI: 10.1016/j.jacc.2018.09.078]

8 Thomas Manapurathe D, Moxon JV, Krishna SM, Rowbotham S, Quigley F, Jenkins J, Bourke M,
Bourke B, Jones RE, Golledge J. Cohort Study Examining the Association Between Blood Pressure
and Cardiovascular Events in Patients With Peripheral Artery Disease. J Am Heart Assoc 2019; 8:
¢010748 [PMID: 30845872 DOI: 10.1161/JAHA.118.010748]

9 Morris DR, Skalina TA, Singh TP, Moxon JV, Golledge J. Association of Computed Tomographic
Leg Muscle Characteristics With Lower Limb and Cardiovascular Events in Patients With Peripheral
Artery Disease. J Am Heart Assoc 2018; 7: €009943 [PMID: 30371256 DOI:
10.1161/JAHA.118.009943]

10  Bonaca MP, Bhatt DL, Storey RF, Steg PG, Cohen M, Kuder J, Goodrich E, Nicolau JC,
Parkhomenko A, Lopez-Sendén J, Dellborg M, Dalby A, Spinar J, Aylward P, Corbalan R, Abola
MTB, Jensen EC, Held P, Braunwald E, Sabatine MS. Ticagrelor for Prevention of Ischemic Events

WJD | https://www.wjgnet.com 890 June 15,2021 | Volume12 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/27853158
https://dx.doi.org/10.1038/nrcardio.2016.179
http://www.ncbi.nlm.nih.gov/pubmed/23915883
https://dx.doi.org/10.1016/S0140-6736(13)61249-0
http://www.ncbi.nlm.nih.gov/pubmed/25432126
https://dx.doi.org/10.1016/j.gheart.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/9371181
https://dx.doi.org/10.1016/S0140-6736(97)07421-7
http://www.ncbi.nlm.nih.gov/pubmed/30571405
https://dx.doi.org/10.1161/STROKEAHA.118.022922
http://www.ncbi.nlm.nih.gov/pubmed/30852042
https://dx.doi.org/10.1016/j.jvs.2018.12.041
http://www.ncbi.nlm.nih.gov/pubmed/30573030
https://dx.doi.org/10.1016/j.jacc.2018.09.078
http://www.ncbi.nlm.nih.gov/pubmed/30845872
https://dx.doi.org/10.1161/JAHA.118.010748
http://www.ncbi.nlm.nih.gov/pubmed/30371256
https://dx.doi.org/10.1161/JAHA.118.009943

Jaishideng®

11

13

14

15

16

17

20

21

22

23

24

25

26

Golledge ] et al. Medical management of peripheral artery disease

After Myocardial Infarction in Patients With Peripheral Artery Disease. J Am Coll Cardiol 2016; 67:
2719-2728 [PMID: 27046162 DOI: 10.1016/j.jacc.2016.03.524]

Bonaca MP, Nault P, Giugliano RP, Keech AC, Pineda AL, Kanevsky E, Kuder J, Murphy SA,
Jukema JW, Lewis BS, Tokgozoglu L, Somaratne R, Sever PS, Pedersen TR, Sabatine MS. Low-
Density Lipoprotein Cholesterol Lowering With Evolocumab and Outcomes in Patients With
Peripheral Artery Disease: Insights From the FOURIER Trial (Further Cardiovascular Outcomes
Research With PCSKO Inhibition in Subjects With Elevated Risk). Circulation 2018; 137: 338-350
[PMID: 29133605 DOI: 10.1161/CIRCULATIONAHA.117.032235]

Anand S8, Caron F, Eikelboom JW, Bosch J, Dyal L, Aboyans V, Abola MT, Branch KRH, Keltai
K, Bhatt DL, Verhamme P, Fox KAA, Cook-Bruns N, Lanius V, Connolly SJ, Yusuf S. Major
Adverse Limb Events and Mortality in Patients With Peripheral Artery Disease: The COMPASS
Trial. J Am Coll Cardiol 2018; 71: 2306-2315 [PMID: 29540326 DOI: 10.1016/j.jacc.2018.03.008]
Golledge J, Moxon JV, Rowbotham S, Pinchbeck J, Yip L, Velu R, Quigley F, Jenkins J, Morris DR.
Risk of major amputation in patients with intermittent claudication undergoing early
revascularization. Br J Surg 2018; 105: 699-708 [PMID: 29566427 DOI: 10.1002/bjs.10765]

Heart Protection Study Collaborative Group. Randomized trial of the effects of cholesterol-
lowering with simvastatin on peripheral vascular and other major vascular outcomes in 20,536 people
with peripheral arterial disease and other high-risk conditions. J Vasc Surg 2007; 45: 645-654;
discussion 653 [PMID: 17398372 DOI: 10.1016/j.jvs.2006.12.054]

Ostergren J, Sleight P, Dagenais G, Danisa K, Bosch J, Qilong Y, Yusuf S; HOPE study
investigators. Impact of ramipril in patients with evidence of clinical or subclinical peripheral arterial
disease. Eur Heart J 2004; 25: 17-24 [PMID: 14683738 DOI: 10.1016/j.¢hj.2003.10.033]

Goldman MP, Clark CJ, Craven TE, Davis RP, Williams TK, Velazquez-Ramirez G, Hurie JB,
Edwards MS. Effect of Intensive Glycemic Control on Risk of Lower Extremity Amputation. J Am
Coll Surg 2018; 227: 596-604 [PMID: 30336205 DOI: 10.1016/j.jamcollsurg.2018.09.021]

Wong PF, Chong LY, Mikhailidis DP, Robless P, Stansby G. Antiplatelet agents for intermittent
claudication. Cochrane Database Syst Rev 2011; CD001272 [PMID: 22071801 DOI:
10.1002/14651858.CD001272.pub2]

Nastasi DR, Moxon JV, Norman R, Trollope AF, Rowbotham S, Quigley F, Jenkins J, Golledge J.
The cost-effectiveness of intensive low-density lipoprotein cholesterol lowering in people with
peripheral artery disease. J Vasc Surg 2021; 73: 1396-1403.¢3 [PMID: 32891803 DOI:
10.1016/j.jvs.2020.08.129]

Burnier M, Egan BM. Adherence in Hypertension. Circ Res 2019; 124: 1124-1140 [PMID:
30920917 DOI: 10.1161/CIRCRESAHA.118.313220]

World Health Organization. Adherence to long-term therapies: evidence for action. 2003.
Auvailable from: https://www.who.int/chp/knowledge/publications/adherence report/en/

Aboyans V, Ricco JB, Bartelink MEL, Bjorck M, Brodmann M, Cohnert T, Collet JP, Czerny M, De
Carlo M, Debus S, Espinola-Klein C, Kahan T, Kownator S, Mazzolai L, Naylor AR, Roffi M, Réther
J, Sprynger M, Tendera M, Tepe G, Venermo M, Vlachopoulos C, Desormais I, Document
Reviewers, Widimsky P, Kolh P, Agewall S, Bueno H, Coca A, De Borst GJ, Delgado V, Dick F,
Erol C, Ferrini M, Kakkos S, Katus HA, Knuuti J, Lindholt J, Mattle H, Pieniazek P, Piepoli MF,
Scheinert D, Sievert H, Simpson I, Sulzenko J, Tamargo J, Tokgozoglu L, Torbicki A, Tsakountakis
N, Tufon J, Vega de Ceniga M, Windecker S, Zamorano JL. Editor's Choice - 2017 ESC Guidelines
on the Diagnosis and Treatment of Peripheral Arterial Diseases, in collaboration with the European
Society for Vascular Surgery (ESVS). Eur J Vasc Endovasc Surg 2018; 55: 305-368 [PMID:
28851596 DOI: 10.1016/j.¢jvs.2017.07.018]

Gerhard-Herman MD, Gornik HL, Barrett C, Barshes NR, Corriere MA, Drachman DE, Fleisher
LA, Fowkes FGR, Hamburg NM, Kinlay S, Lookstein R, Misra S, Mureebe L, Olin JW, Patel RAG,
Regensteiner JG, Schanzer A, Shishehbor MH, Stewart KJ, Treat-Jacobson D, Walsh ME. 2016
AHA/ACC Guideline on the Management of Patients With Lower Extremity Peripheral Artery
Disease: A Report of the American College of Cardiology/American Heart Association Task Force on
Clinical Practice Guidelines. J Am Coll Cardiol 2017; 69: 71-e126 [PMID: 27851992 DOI:
10.1016/j.jacc.2016.11.007]

Abola MTB, Golledge J, Miyata T, Rha SW, Yan BP, Dy TC, Ganzon MSV, Handa PK, Harris S,
Zhisheng J, Pinjala R, Robless PA, Yokoi H, Alajar EB, Bermudez-Delos Santos AA, Llanes EJB,
Obrado-Nabablit GM, Pestafio NS, Punzalan FE, Tumanan-Mendoza B. Asia-Pacific Consensus
Statement on the Management of Peripheral Artery Disease: A Report from the Asian Pacific Society
of Atherosclerosis and Vascular Disease Asia-Pacific Peripheral Artery Disease Consensus Statement
Project Committee. J Atheroscler Thromb 2020; 27: 809-907 [PMID: 32624554 DOI:
10.5551/jat.53660]

Golledge J, Cronin O, Iyer V, Bradshaw B, Moxon JV, Cunningham MA. Body mass index is
inversely associated with mortality in patients with peripheral vascular disease. Atherosclerosis 2013;
229: 549-555 [PMID: 23742964 DOI: 10.1016/j.atherosclerosis.2013.04.030]

Golledge J, Ewels C, Muller R, Walker PJ. Association of chronic kidney disease categories defined
with different formulae with major adverse events in patients with peripheral vascular disease.
Atherosclerosis 2014; 232: 289-297 [PMID: 24468141 DOI: 10.1016/j.atherosclerosis.2013.11.034]
Parr A, Buttner P, Shahzad A, Golledge J. Relation of infra-renal abdominal aortic calcific deposits
and cardiovascular events in patients with peripheral artery disease. Am J Cardiol 2010; 105: 895-899
[PMID: 20211340 DOI: 10.1016/j.amjcard.2009.10.067]

WJD | https://www.wjgnet.com 891 June 15,2021 | Volume12 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/27046162
https://dx.doi.org/10.1016/j.jacc.2016.03.524
http://www.ncbi.nlm.nih.gov/pubmed/29133605
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.032235
http://www.ncbi.nlm.nih.gov/pubmed/29540326
https://dx.doi.org/10.1016/j.jacc.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29566427
https://dx.doi.org/10.1002/bjs.10765
http://www.ncbi.nlm.nih.gov/pubmed/17398372
https://dx.doi.org/10.1016/j.jvs.2006.12.054
http://www.ncbi.nlm.nih.gov/pubmed/14683738
https://dx.doi.org/10.1016/j.ehj.2003.10.033
http://www.ncbi.nlm.nih.gov/pubmed/30336205
https://dx.doi.org/10.1016/j.jamcollsurg.2018.09.021
http://www.ncbi.nlm.nih.gov/pubmed/22071801
https://dx.doi.org/10.1002/14651858.CD001272.pub2
http://www.ncbi.nlm.nih.gov/pubmed/32891803
https://dx.doi.org/10.1016/j.jvs.2020.08.129
http://www.ncbi.nlm.nih.gov/pubmed/30920917
https://dx.doi.org/10.1161/CIRCRESAHA.118.313220
https://www.who.int/chp/knowledge/publications/adherence_report/en/
http://www.ncbi.nlm.nih.gov/pubmed/28851596
https://dx.doi.org/10.1016/j.ejvs.2017.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27851992
https://dx.doi.org/10.1016/j.jacc.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/32624554
https://dx.doi.org/10.5551/jat.53660
http://www.ncbi.nlm.nih.gov/pubmed/23742964
https://dx.doi.org/10.1016/j.atherosclerosis.2013.04.030
http://www.ncbi.nlm.nih.gov/pubmed/24468141
https://dx.doi.org/10.1016/j.atherosclerosis.2013.11.034
http://www.ncbi.nlm.nih.gov/pubmed/20211340
https://dx.doi.org/10.1016/j.amjcard.2009.10.067

Golledge ] et al. Medical management of peripheral artery disease

Jaishideng®

27

28

29

30

31

32

33

34

35

36

37

38

39

Golledge J, Jayalath R, Oliver L, Parr A, Schurgers L, Clancy P. Relationship between CT
anthropometric measurements, adipokines and abdominal aortic calcification. Atherosclerosis 2008;
197: 428-434 [PMID: 17675038 DOI: 10.1016/j.atherosclerosis.2007.06.027]

Magee R, Quigley F, McCann M, Buttner P, Golledge J. Growth and risk factors for expansion of
dilated popliteal arteries. Eur J Vasc Endovasc Surg 2010; 39: 606-611 [PMID: 20122854 DOI:
10.1016/j.€jvs.2009.12.031]

Golledge J, Quigley F, Velu R, Walker PJ, Moxon JV. Association of impaired fasting glucose,
diabetes and their management with the presentation and outcome of peripheral artery disease: a
cohort study. Cardiovasc Diabetol 2014; 13: 147 [PMID: 25361884 DOI:
10.1186/s12933-014-0147-2]

Harwood AE, Smith GE, Cayton T, Broadbent E, Chetter IC. A Systematic Review of the Uptake
and Adherence Rates to Supervised Exercise Programs in Patients with Intermittent Claudication. Ann
Vasc Surg 2016; 34: 280-289 [PMID: 27126713 DOI: 10.1016/j.avsg.2016.02.009]

Lin E, Nguyen CH, Thomas SG. Completion and adherence rates to exercise interventions in
intermittent claudication: Traditional exercise vs alternative exercise - a systematic review. Eur J Prev
Cardiol 2019; 26: 1625-1633 [PMID: 31216860 DOI: 10.1177/2047487319846997]

Moxon JV, Ng E, Lazzaroni SM, Boult M, Velu R, Fitridge RA, Golledge J. Circulating biomarkers
are not associated with endoleaks after endovascular repair of abdominal aortic aneurysms. J Vasc
Surg 2018; 67: 770-777 [PMID: 28843790 DOIL: 10.1016/).jvs.2017.06.090]

Golledge J, Leicht A, Crowther RG, Clancy P, Spinks WL, Quigley F. Association of obesity and
metabolic syndrome with the severity and outcome of intermittent claudication. J Vasc Surg 2007; 45:
40-46 [PMID: 17123770 DOI: 10.1016/1.jvs.2006.09.006]

Morris DR, Singh TP, Moxon JV, Smith A, Stewart F, Jones RE, Golledge J. Assessment and
validation of a novel angiographic scoring system for peripheral artery disease. Br J Surg 2017; 104:
544-554 [PMID: 28140457 DOI: 10.1002/bjs.10460]

Moxon JV, Jones RE, Wong G, Weir JM, Mellett NA, Kingwell BA, Meikle PJ, Golledge J. Baseline
serum phosphatidylcholine plasmalogen concentrations are inversely associated with incident
myocardial infarction in patients with mixed peripheral artery disease presentations. Atherosclerosis
2017; 263: 301-308 [PMID: 28728066 DOI: 10.1016/j.atherosclerosis.2017.06.925]

Queensland Health. Queensland hospital admitted data collection manual 2015-2016. Available
from: https://www.health.qld.gov.au/hsu/collections/ghapdc

Peduzzi P, Concato J, Kemper E, Holford TR, Feinstein AR. A simulation study of the number of
events per variable in logistic regression analysis. J Clin Epidemiol 1996; 49: 1373-1379 [PMID:
8970487 DOL: 10.1016/s0895-4356(96)00236-3]

Golledge J, Fernando M, Lazzarini P, Najafi B, G Armstrong D. The Potential Role of Sensors,
Wearables and Telehealth in the Remote Management of Diabetes-Related Foot Disease. Sensors
(Basel) 2020; 20 [PMID: 32823514 DOI: 10.3390/s20164527]

Saratzis A, Jaspers NEM, Gwilym B, Thomas O, Tsui A, Lefroy R, Parks M, Htun V, Mera Z,
Thatcher A, Bosanquet D, Forsythe R, Benson R, Dattani N, Dovell G, Lane T, Shalhoub J, Sidloff D,
Visseren FLJ, Dorresteijn JAN, Richards T; Vascular and Endovascular Research Network (VERN)
Collaborators. Observational study of the medical management of patients with peripheral artery
disease. BrJ Surg 2019; 106: 1168-1177 [PMID: 31259387 DOI: 10.1002/bjs.11214]

WJD | https://www.wjgnet.com 892 June 15,2021 | Volume12 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/17675038
https://dx.doi.org/10.1016/j.atherosclerosis.2007.06.027
http://www.ncbi.nlm.nih.gov/pubmed/20122854
https://dx.doi.org/10.1016/j.ejvs.2009.12.031
http://www.ncbi.nlm.nih.gov/pubmed/25361884
https://dx.doi.org/10.1186/s12933-014-0147-2
http://www.ncbi.nlm.nih.gov/pubmed/27126713
https://dx.doi.org/10.1016/j.avsg.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/31216860
https://dx.doi.org/10.1177/2047487319846997
http://www.ncbi.nlm.nih.gov/pubmed/28843790
https://dx.doi.org/10.1016/j.jvs.2017.06.090
http://www.ncbi.nlm.nih.gov/pubmed/17123770
https://dx.doi.org/10.1016/j.jvs.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28140457
https://dx.doi.org/10.1002/bjs.10460
http://www.ncbi.nlm.nih.gov/pubmed/28728066
https://dx.doi.org/10.1016/j.atherosclerosis.2017.06.925
https://www.health.qld.gov.au/hsu/collections/qhapdc
http://www.ncbi.nlm.nih.gov/pubmed/8970487
https://dx.doi.org/10.1016/s0895-4356(96)00236-3
http://www.ncbi.nlm.nih.gov/pubmed/32823514
https://dx.doi.org/10.3390/s20164527
http://www.ncbi.nlm.nih.gov/pubmed/31259387
https://dx.doi.org/10.1002/bjs.11214

%

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4239/wjd.v12.i6.893

World Journal of
Diabetes

World | Diabetes 2021 June 15; 12(6): 893-907

ISSN 1948-9358 (online)

Randomized Controlled Trial

ORIGINAL ARTICLE

Blood glucose response after oral lactulose intake in type 2 diabetic

individuals

Thomas R Pieber, Eva Svehlikova, Ines Mursic, Tamara Esterl, Manfred Wargenau, Tina Sartorius, Lioba
Pauly, Susann Schwejda-Guettes, Annalena Neumann, Valentin Faerber, John Friedrich Stover, Barbara
Gaigg, Angelika Kuchinka-Koch

ORCID number: Thomas R Pieber
0000-0003-3554-0405; Eva
Svehlikova 0000-0002-9743-2031;
Ines Mursic 0000-0003-3836-6529;
Tamara Esterl 0000-0002-2615-680X;
Manfred Wargenau 0000-0002-0886-
0158; Tina Sartorius 0000-0002-5264-
7207; Lioba Pauly 0000-0002-2673-
012X; Susann Schwejda-Guettes
0000-0002-6635-6005; Annalena
Neumann 0000-0002-9716-329X;
Valentin Faerber 0000-0003-4250-
3389; John Friedrich Stover 0000-
0001-9457-0941; Barbara Gaigg 0000-
0002-8549-8877; Angelika Kuchinka-
Koch 0000-0003-1874-1571.

Author contributions: Pieber TR,
Svehlikova E, Mursic I, and Esterl
T performed the study, data
collection and interpretation;
Stover JF, Pauly L, Schwejda-
Guettes S, Kuchinka-Koch A, and
Gaigg B designed and supervised
the study; Wargenau M planned
and performed the statistical
analysis of the data and interpreted
the results; Sartorius T, Neumann
A, and Faerber V wrote the
manuscript; all authors reviewed,
edited, and approved the
manuscript for submission.

Supported by Fresenius Kabi
Deutschland GmbH, Germany.

Institutional review board

Jaishideng®

WJD | https://www.wjgnet.com

Thomas R Pieber, Eva Svehlikova, Ines Mursic, Tamara Esterl, Division of Endocrinology and
Diabetology, Department of Internal Medicine, Medical University of Graz, Graz 8036, Austria

Manfred Wargenau, Department of Statistic, M.A.R.C.O. GmbH & Co. KG, Institute for
Clinical Research and Statistics, Diisseldorf 40211, Germany

Tina Sartorius, Department of Nutritional CRO, BioTeSys GmbH, Esslingen 73728, Germany

Lioba Pauly, Susann Schwejda-Guettes, Department of Medical & Clinical Affairs, Market
Access & Education Business Unit Enteral Nutrition, Bad Homburg 61352, Germany

Annalena Neumann, Valentin Faerber, Department of Medical, Clinical & Regulatory Affairs,
Business Unit Parenteral Nutrition, Keto-Analogues and Standard I.V. Fluids, Fresenius Kabi
Deutschland GmbH, Bad Homburg 61352, Germany

John Friedrich Stover, Department of Consultancy, Stover-Solutions, Zurich 8006, Switzerland

Barbara Gaigg, Angelika Kuchinka-Koch, Market Unit Lactulose, Fresenius Kabi Austria GmbH,
Linz 4020, Austria

Corresponding author: Valentin Faerber, PhD, Director, Department of Medical, Clinical &
Regulatory Affairs, Business Unit Parenteral Nutrition, Keto-Analogues and Standard 1. V.
Fluids, Fresenius Kabi Deutschland GmbH, Else-Kroener-Stra3e 1, Bad Homburg 61352,
Germany. valentin.faerber@fresenius-kabi.com

Abstract

BACKGROUND

Lactulose is approved for the symptomatic treatment of constipation, a gastrointe-
stinal (GI) complication common in individuals with diabetes. Lactulose products
contain carbohydrate impurities (e.g., lactose, fructose, galactose), which occur
during the lactulose manufacturing process. These impurities may affect the blood
glucose levels of individuals with type 2 diabetes mellitus (T2DM) using lactulose
for the treatment of mild constipation. A previous study in healthy subjects
revealed no increase in blood glucose levels after oral lactulose intake. However,
it is still unclear whether the intake of lactulose increases blood glucose levels in
individuals with diabetes.
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AIM
To evaluate the blood glucose profile after oral lactulose intake in mildly
constipated, non-insulin-dependent subjects with T2DM in an outpatient setting.

METHODS

This prospective, double-blind, randomized, controlled, single-center trial was
conducted at the Clinical Research Center at the Medical University of Graz,
Austria, in 24 adult Caucasian mildly constipated, non-insulin-dependent subjects
with T2DM. Eligible subjects were randomized and assigned to one of six
treatment sequences, each consisting of four treatments stratified by sex using an
incomplete block design. Subjects received a single dose of 20 g or 30 g lactulose
(crystal and liquid formulation), water as negative control or 30 g glucose as
positive control. Capillary blood glucose concentrations were measured over a
period of 180 min post dose. The primary endpoint was the baseline-corrected
area under the curve of blood glucose concentrations over the complete assess-
ment period [AUC, e c pasommn]- Quantitative comparisons were performed for
both lactulose doses and formulations vs water for the equal lactulose dose vs
glucose, as well as for liquid lactulose vs crystal lactulose. Safety parameters
included GI tolerability, which was assessed at 180 min and 24 h post dose, and
adverse events occurring up to 24 h post dose.

RESULTS

In 24 randomized and analyzed subjects blood glucose concentration-time curves
after intake of 20 g and 30 g lactulose were almost identical to those after water
intake for both lactulose formulations despite the different amounts of
carbohydrate impurities (< 3.0% for crystals and approx. 30% for liquid). The
primary endpoint [AUC, .. c p1s0mm] Was not significantly different between
lactulose and water regardless of lactulose dose and formulation. Also with
regard to all secondary endpoints lactulose formulations showed comparable
results to water with one exception concerning maximum glucose level. A minor
increase in maximum blood glucose was observed after the 30 g dose, liquid
lactulose, in comparison to water with a mean treatment difference of 0.63
mmol/L (95% confidence intervals: 0.19, 1.07). Intake of 30 g glucose significantly
increased all blood glucose endpoints vs 30 g liquid and crystal lactulose,
respectively (all P < 0.0001). No differences in blood glucose response were
observed between the different lactulose formulations. As expected, lactulose
increased the number of bowel movements and was generally well tolerated.
Subjects experienced only mild to moderate GI symptoms due to the laxative
action of lactulose.

CONCLUSION

Blood glucose AUC,, e oisomn 1€Vels in mildly constipated, non-insulin
dependent subjects with T2DM are not affected by the carbohydrate impurities
contained in 20 g and 30 g crystal or liquid lactulose formulations.

Key Words: Lactulose; Constipation; Blood glucose; Type 2 diabetes mellitus; Laxative;
Sugar substitute

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Individuals with diabetes are at risk of developing constipation, which can be
symptomatically treated with lactulose. The question arose whether carbohydrate
impurities in crystal and liquid lactulose formulations would increase blood glucose
levels in individuals with diabetes. This study demonstrates that, at the recommended
maintenance dosage of 20 g and at a higher dosage of 30 g lactulose, the blood glucose
baseline-corrected area under the curve from 0 to 180 min levels in mildly constipated,
non-insulin dependent subjects with type 2 diabetes mellitus are not affected.

Citation: Pieber TR, Svehlikova E, Mursic I, Esterl T, Wargenau M, Sartorius T, Pauly L,
Schwejda-Guettes S, Neumann A, Faerber V, Stover JF, Gaigg B, Kuchinka-Koch A. Blood

894 June 15,2021 | Volume12 | Issue6 |


http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/

Country/Territory of origin: Austria

Peer-review report’s scientific
quality classification

Grade A (Excellent): 0

Grade B (Very good): B, B
Grade C (Good): C, C

Grade D (Fair): 0

Grade E (Poor): 0

Received: December 3, 2020
Peer-review started: December 3,
2020

First decision: March 14, 2021
Revised: April 7, 2021

Accepted: April 22, 2021

Article in press: April 22, 2021
Published online: June 15, 2021

P-Reviewer: Dahiya K, Firneisz G,
Garcia-Compean D

S-Editor: Fan JR

L-Editor: A

P-Editor: Ma Y]

Jaishideng®

WJD | https://www.wjgnet.com 895

Pieber TR ef al. Blood glucose after lactulose in diabetes

glucose response after oral lactulose intake in type 2 diabetic individuals. World J Diabetes
2021; 12(6): 893-907

URL: https://www.wjgnet.com/1948-9358/full/v12/i6/893.htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i6.893

INTRODUCTION

Disorders of the gastrointestinal (GI) tract are common in individuals with diabetes
mellitus[1,2]. It is well known that persistent hyperglycemia negatively impacts enteric
motor and sensory functions[3-6]. Diabetes-related dysmotility can be attributed to a
loss of enteric neurons in the colon due to increased oxidative stress and apoptosis[7],
leading to a variety of GI symptoms, including constipation, that severely reduce
quality of life in individuals with diabetes[8].

Evidence-based treatment options for managing diabetes-related chronic
constipation include lifestyle changes and furthermore, the use of laxatives such as the
stimulants bisacodyl and senna glycoside and the osmotic agents polyethylene glycol
(PEG), lactitol, and lactulose[9]. Lactulose is approved as a drug for the symptomatic
treatment of constipation at a dose of 10 to 30 g and portal systemic encephalopathy at
doses up to 100 g[10] and restores bowel movements by facilitating intestinal motility
and secretion[11].

Lactulose is a disaccharide composed of galactose and fructose. It is neither
absorbed in the small intestine nor digested by enzymes of the mammalian digestive
tract. As an osmotic laxative, lactulose creates an osmotic gradient that increases the
retention of water in the stool and subsequently enhances stool frequency, volume,
and weight[12]. In addition, lactulose is completely metabolized by saccharolytic
intestinal bacteria in the colon, thereby producing metabolites, e.g., lactic acid, formic
acid, and acetic acid, with osmotic abilities and peristalsis-stimulating effects[9,13].
Lactulose is known to enhance colonic transit time[14,15], which is reflected in the
European Food Safety Authority-approved health claim that “lactulose contributes to
an acceleration of intestinal transit”[16]. Furthermore, lactulose stimulates the growth
or activity of a number of colonic bacteria referred to as bifidogenic effects[17] and is
used as a prebiotic functional food ingredient.

Lactulose is produced by isomerization of the natural milk sugar lactose (galactose-
glucose). During this process, carbohydrate impurities may arise and traces of the
lactose may still be present in the final solution. Partial hydrolysis of lactulose can
result in the formation of fructose and galactose. Tagatose can be formed by isomer-
ization of galactose and epilactose by C2 epimerization of lactose. 3-Deoxyglyceropen-
tuloses A and B may arise as by-products of the reaction. All these substances are
listed in the European Pharmacopeia under ‘related substances’ and are denoted as
“impurities” in the following)[18]. The amount and pattern of these impurities vary
depending on the manufacturing process conditions. They can account for up to 3%
carbohydrates in crystal lactulose and approx. 30% carbohydrates in liquid lactulose.
After lactulose intake, these impurities may be absorbed in the digestive tract and
thereby increase blood glucose levels. Theoretically, this may impact glycemic control
in individuals with type 2 diabetes mellitus (T2DM). A previous study in healthy
subjects showed no substantial increase in blood glucose after oral intake of 10 g and
20 g lactulose (crystals and liquid)[19]. These findings need to be confirmed in subjects
with T2DM.

The aim of the present study was to investigate the potential impact of a single dose
of 20 g or 30 g lactulose in currently marketed formulations (crystals and liquid) on
blood glucose responses in mildly constipated, non-insulin-dependent subjects with
T2DM in an outpatient setting.

MATERIALS AND METHODS
Study design

This was a prospective, double-blind, randomized, controlled, single-center trial with a
four-period crossover and incomplete block design in subjects with mild functional
constipation and T2DM. The study was conducted in accordance with the Declaration
of Helsinki, the principles of Good Clinical Practice and Austrian drug law and was
approved by the Independent Ethics Committee of the Medical University of Graz,
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Austria. All subjects gave written informed consent before any study-related activities
were started. The study was registered in the European Union Drug Regulating
Authorities Clinical Trials Database (EudraCT No. 2018-002359-14).

The study was conducted at the Clinical Research Center at the Medical University
of Graz, Austria, and consisted of a screening visit and four individual study visits
separated by a washout period of 7 d (allowed range 4 to 14 d) to avoid carryover
effects.

Randomization was performed by M.A.R.C.O. GmbH and Co. KG, Diisseldorf,
Germany, in three blocks of six treatment sequences separately for each group
stratified by sex, assigning random numbers 001 to 018 for female subjects and 021 to
038 for male subjects to treatment sequences. The randomization schedule was
generated by a SAS® computer program based on the SAS® RANUNI function, which
returns a random value from a uniform distribution. Subjects were assigned to random
numbers in chronological order after enrollment to receive one of the six treatment
sequences (Figure 1).

On the evening before each study visit, subjects were advised to eat a standardized
dinner consisting of farmhouse bread with cream cheese and cucumber. Subjects were
not allowed to consume food or drink other than water for at least 10 h before study
product administration. On the morning of the study visits, subjects were instructed to
drink one to two glasses of water (minimum 200 mL total) upon waking. Consumption
of alcohol and intensive exercise were not allowed within 24 h before each study visit.
Furthermore, the use of laxatives within 48 h before each study visit was prohibited.
At each study visit, the administration of any antidiabetic agents was postponed to the
end of the 180-min observation period to avoid interference with the blood glucose
profile.

Study population

Eligible subjects were Caucasian men or women with non-insulin-dependent T2DM
under stable antidiabetic treatment 3 mo prior to screening, treated with diet and oral
antidiabetic agents (e.g., metformin, alpha-glucosidase inhibitors, dipeptidyl
peptidase-4 inhibitors, sulfonylurea, sodium-dependent glucose transporter 2
inhibitors, glucagon-like peptide-1 receptor agonists), and aged > 18 and < 75 years,
who had glycosylated hemoglobin (HbA,) < 7.5% and mild functional constipation
according to the modified Rome IV criteria (approximately three to five bowel
movements per week, of which one to two usually caused discomfort) during the
previous 3 mo with symptom onset at least 6 mo before study start.

The main exclusion criteria were fasting capillary blood glucose levels < 4.4
mmol/L or > 10 mmol/L; body mass index (BMI) < 18.5 or = 35 kg/m? change in
body weight > 10% within the last 3 mo; smoking habit; severe hepatic, renal, or
cardiac disease; acute inflammatory bowel disease; GI obstruction or subocclusive
syndrome; GI perforation or risk of GI perforation; abdominal pain of undetermined
cause; major hospitalization or surgical event within the previous 3 mo; acute GI
diseases including diarrhea and/or vomiting within the previous 2 wk; presence of
disease or administration of medications/supplements other than antidiabetic
treatment influencing digestion and absorption of carbohydrates or bowel habits;
hereditary galactose or fructose intolerance; lactase deficiency or glucose-galactose
malabsorption; intake of pre- or probiotics or medications known to affect glucose
tolerance (e.g., steroids, protease inhibitors, antipsychotics); and chronic administra-
tion of substances affecting blood coagulation which, in the investigator’s opinion,
would impact subject safety.

Sample size

For sample size estimation, a minimum blood glucose concentration difference of 0.6
mmol/L (corresponding to 30% of the theoretical maximum increase in blood glucose
level after administration) between lactulose and water was considered. An effect size
of 1 was defined for this trial. The power for detecting effect sizes of at least 1 was set
to 90% at significance level a = 2.5% (one-sided). Based on this approach, 15 evaluable
subjects would have been required for a complete crossover design assuming a
correlation of 0.4. To obtain a balanced design, 16 subjects would have to be
randomized. However, due to the incomplete block design with four periods for six
treatments, a loss of efficiency of one-third was assumed. Therefore, 24 subjects with
mild functional constipation and T2DM were planned to be randomized in the study.

Study products

Lactulose crystals (Laevolac®10 g powder for oral solution) and lactulose liquid
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[ Enrollment ] Patient information provided and prescreened by telephone .| Notinterested OR ineligible
(n=520) (n=463)

Not available for all visits/assessments
(n=25)

[ Screened (n = 32) ] | Excluded (n = 8):
HbA,. > 7.5% (n = 3)

- _ Concomitant medication (77 = 4)
[ Randomized (n = 24) ] Medical history (n = 1)
[ Allocated treatment sequence ]

l

Y

l , J |

Lactulose liquid 20 g
Water

Water
Lactulose liquid 30 g

Lactulose liquid 30 g
Lactulose crystals 20 g

Lactulose crystals 20 g
Lactulose crystals 30 g

Lactulose crystals 30 g
Glucose 30 g

Glucose 30 g
Lactulose liquid 20 g

Lactulose liquid 30 g Lactulose crystals 20 g Lactulose crystals 30 g Glucose 30 g Lactulose liquid 20 g Water
Lactulose crystals 20 g Lactulose crystals 30 g Glucose 30 g Lactulose liquid 20 g Water Lactulose liquid 30 g
(n=4) (n=4) (n=3) (n=05) (n=4) (n=4)
v Y Y
[ Completed and analyzed (n = 24) ]

Figure 1 Flow chart of trial subjects. The main reasons for pre-screening failure included: Not interested (n = 85), missing signs of functional constipation (n =
220), insufficient blood glucose control (n = 24), not allowed concomitant medication, e.g., insulin (n = 58), body mass index = 35 kg/m? (n = 31) gastrointestinal or
other relevant comorbidity (cancer, lactose intolerance etc.) (n = 39), smoking habit (n = 7). HbA,,: Glycosylated hemoglobin.
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(Laevolac® 10 g/15 mL oral solution) were produced by Fresenius Kabi Austria
GmbH, Linz, Austria. The maximum carbohydrate impurities of both lactulose
formulations according to the European Pharmacopoeia monographs were previously
published[19]. The total impurities of the study products were within the threshold
value of <3.0% in the crystal and approx. 30% in the liquid lactulose formulation. The
effect on the blood glucose response was assessed at doses of 20 g and 30 g lactulose
for both formulations and compared to still (non sparkling) water as a negative control
and 30 g glucose (33 g glucose monohydrate powder, Roquette Fréres, Lestrem,
France) as a positive control. The study products were prepared and blinded on site by
authorized unblinded study staff according to the randomization plan. Subjects as well
as the investigator were blinded to the dosage of study products and the lactulose
formulation. Lactulose and glucose were dissolved in 250 mL of still water and were
provided as a single oral dose under the supervision of the study staff. The single dose
had to be ingested within 5 min.

Data collection
Blood glucose concentration was measured in capillary whole blood obtained by
finger stick according to ISO 26642 and analyzed using a HemoCue Glucose 201 RT
Analyzer (HemoCue AB, Angelholm, Sweden). Glucose was determined photomet-
rically using a modified glucose dehydrogenase method. Blood glucose concentrations
were assessed over a period of 180 min at defined time points (0, 15, 30, 45, 60, 90, 120,
150, and 180 min post-dose).

Data were transferred on a paper case report form to M.A.R.C.O. GmbH and Co.
KG, Diisseldorf, Germany, for data management and statistical analysis.

Data analysis and statistics

For the primary endpoint, capillary blood glucose levels as baseline-corrected area
under the curve from 0 to 180 min [AUC, . . pisomin] Were determined, and
quantitative comparisons after oral intake of lactulose products with water or glucose
were performed. Secondary endpoints related to blood glucose concentrations were
maximum blood glucose concentration (C,,,), time to reach maximum concentration
(T ), maximum blood glucose concentration minus baseline value (Max_increase),
AUC 140 miny and incremental AUC ;g9 pin [IAUC 3150 min)] (i-€., area above the baseline
blood glucose concentration after oral intake of lactulose formulations or control
products). An increase in blood glucose concentration = 2.2 mmol/L is considered
clinically relevant and is usually caused by an additional administration of 10 g
carbohydrates, which might contribute to an increase in HbA, by 0.1% in the long
term[20,21]. The following comparisons were made for both primary and secondary
endpoints: (1) Both lactulose doses and formulations (20 g/30 g crystals/liquid) vs
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water as a negative control; (2) 30 g lactulose (crystals/liquid) vs 30 g glucose as a
positive control; and (3) Crystal lactulose vs liquid lactulose (for each dose 20 g/30 g).
95% two-sided confidence intervals (CIs) were calculated for all comparisons, which
correspond to exploratory two-sided tests at 5% significance levels. In particular, if Cls
did not include the threshold of clinical relevance, it could be concluded that lactulose
has no clinically relevant impact on blood glucose levels.

GI tolerability was assessed at each study visit during the initial 180-min period and
24 h post dose using a 4-point Likert scale (none, mild, moderate or severe) to describe
symptoms. The number of bowel movements was counted at each study visit until 24
h post dose for the different treatment groups. Consistency of stool was graded based
on the Bristol Stool Form Scale (BSFS)[22] (type 1 = separate hard lumps, like nuts
(hard to pass); type 2 = sausage-shaped but lumpy; type 3 = like a sausage with cracks
on its surface; type 4 = like a sausage or snake, smooth and soft; type 5 = soft blobs
with clear-cut edges, passed easily; type 6 = fluffy pieces with ragged edges, a mushy
stool; type 7 = liquid, no solid pieces) with types 1 and 2 reflecting severe and mild
constipation, types 3 to 5 showing normal stool, and types 6 and 7 reflecting mild and
severe diarrhea.

Adverse events (AEs) were recorded in diaries over the entire study period after
written informed consent was obtained. AEs were coded according to the latest
Medical Dictionary for Regulatory Activities (version 22.0). The Common Terminology
Criteria for Adverse Events (version 5.0) was used to assess the intensity of AEs. At
each study visit, AEs were reviewed by the investigator and recorded in the case
report form.

All parameters were listed and summarized with descriptive statistics (n = number
of no-missing values, arithmetic mean, standard deviation, minimum, median,
maximum, first and third quartiles) or frequency tables by treatment, as appropriate.

The primary endpoint, untransformed AUC, e  p1s0min, Was analyzed using a
mixed analysis-of-variance model with sex (as between-subject fixed effect), treatment
(six levels), period (four levels) and baseline blood glucose level to adjust for potential
inter- and intraindividual differences in baseline blood glucose according to the study
period as fixed effect and subject as random effect. No further covariates were
considered. Least square (LS) means including 95%ClIs were calculated for all
treatments and treatment differences. Secondary endpoints were evaluated
analogously to the primary endpoint. Raw data listings, summary tables and
inferential analyses were carried out using SAS® software (version 9.3).

Data are presented for the intention-to-treat population, which was identical to the
per-protocol population in this study. Exploration of possible carryover effects was not
obligatory due to the 7-d (allowed range 4 to 14 d) washout period.

RESULTS

A total of 32 subjects were screened, and 24 subjects were enrolled from November
2018 to March 2019. Demographic and baseline data of randomized subjects are
summarized in Table 1. Overall, 16 subjects (66.7%) were male, and eight subjects
(33.3%) were female. The treatment sequence groups were comparable to the subject’s
baseline age, height, weight, and BMI. The mean baseline values of fasting blood
glucose ranged from 6.9 mmol/L to 7.3 mmol/L. Before randomization, 75% of the
subjects reported bowel symptoms, and 67% had constipation for more than one year.
The average number of bowel movements per week was three to five movements, and
almost all subjects (n = 22) had an average of one to two bowel movements with
discomfort per week prior to randomization. Only two patients had three to five bowel
movements with discomfort per week. Only two subjects used laxatives to encourage
defecation before randomization. However, these subjects abstained from using
laxatives two days before and up to 24 h after the respective study visits.

Four sequence groups achieved the anticipated size of four subjects, whereas one
more subject was allocated to one sequence group (n = 5) and one less to another
sequence group (n = 3) (Figure 1). This slight imbalance did not constitute a protocol
deviation. All 24 subjects were treated according to the randomization schedule and
successfully completed the study without any major protocol deviations.

Lactulose vs negative control (water)

The primary endpoint AUC,,in. o180 min) did not significantly differ between lactulose
and water intake, regardless of lactulose dose and formulation. The estimated LS
means for AUC , of all lactulose doses and formulations ranged from -30.70

baseline_c (0-180 min]
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Table 1 Demographic and baseline data of subjects (n = 24)

Variable mean SD Min Median Max
Age (yr) 622 7.61 45 62.5 73
BMI (kg/m?) 30.0 3.0 233 30.1 34.7
Systolic BP (mmHg) 142.8 19.1 114.0 1415 196.0
Diastolic BP (mmHg) 88.1 9.1 73.0 90.0 105.0
HbA,. (%) 6.6 2.6 5.5 6.6 7.5

BMI: Body mass index; BP: Blood pressure; HbA, : Glycosylated hemoglobin; Max: Maximum; Min: Minimum, SD: Standard deviation.
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to -54.40 min/mmol/L. The mean AUC, .  0150mn after water intake was -53.21
min/mmol/L (95%ClI: -99.14, -7.28). This implies a net decrease in blood glucose
concentration over time after lactulose intake compared to the respective baseline
blood glucose level. The average net decrease over the assessment period, calculated
as AUC,,.aine « 0150 miny/ 180 min, was approx. -0.3 mmol/ L.

Mean blood glucose concentration-time curves after intake of 20 g (Table 2) or 30 g
(Table 3) crystal lactulose did not differ from the mean blood glucose concentration-
time curve after intake of water (Figure 2). The mean blood glucose concentration-time
curve for 20 g liquid lactulose was also comparable to that of water (Table 4). The
maximum blood glucose concentrations appeared slightly higher after intake of the 30
g liquid lactulose compared to water, showing mean maximum increases of 1.00
mmol/L and 0.37 mmol/L after intake of 30 g liquid lactulose and water, respectively
(Table 5). Thus, the mean maximum increase after 30 g liquid lactulose was 0.63
mmol/L (95%CI: 0.19, 1.07) (P = 0.0059) higher than that after water. The median
(range) T, was 30 min (0 to 60 min) after 30 g liquid lactulose intake and 22.5 min (0

max

to 150 min) after the intake of water.

Lactulose vs positive control (30 g glucose)

A glucose dose of 30 g was expected to induce higher blood glucose concentrations
than 30 g of lactulose. Indeed, significant differences (P < 0.0001) in all study endpoints
were observed between glucose and both lactulose formulations (Table 6). The mean
AUC, qiine ¢ 0180 miny Of 460 min/mmol/L for glucose and especially the means of -41
min/mmol/L and -31 min/mmol/L for 30 g lactulose formulations (i.e., even slightly
lowered glucose levels) demonstrated no effect of lactulose intake on blood glucose
levels.

Likewise, IAUC ;159 minyy AUC 0150 miny Crmax aNd maximum increase were significantly
lower for 30 g of both lactulose formulations compared to 30 g glucose.

As expected for subjects with T2DM, a pronounced increase in blood glucose
concentration to 13.2 mmol/L with a median T, of 60 min was observed after glucose
administration. Blood glucose returned to nearly baseline levels after 180 min without
any use of antidiabetic agents.

Crystal vs liquid lactulose

No noticeable differences in blood glucose response were observed between the
different lactulose formulations. After 20 g lactulose intake, the LS mean
AUC,,ciine ¢ 0180 miny Was -54.40 min/mmol/L (95%CI: -100.23, -8.57) and -30.72
min/mmol/L (95%CI: -75.26, 13.83) for the crystal and liquid formulations,
respectively (P = 0.4218). After 30 g lactulose intake, the LS mean AUC, e 0150 min)
values were -30.70 min/mmol/L (95%CI: -76.75, 15.35) and -41.01 min/mmol/L (95%
CI: -88.72, 6.70) for the crystal and liquid formulations, respectively, (P = 0.7379). The
AUC 150 miny and IAUC g 150 iy T€SUlts were similar for both formulations (Tables 2-6).
For the different lactulose formulations, the mean C_, was 7.50 and 7.77 mmol/L for
20 g and 30 g crystal lactulose, respectively, and 7.75 and 8.07 mmol/L for 20 g and 30
g liquid lactulose, respectively. The median T, was similar for all lactulose formula-
tions and doses (T,,,, data not shown).

Bowel movements and consistency

Overall, the total number of bowel movements was greater after lactulose intake
regardless of dose, formulation, or time period (from 0 to <3 h or from > 3 to < 24 h)
compared to the control groups and occurred more frequently between >3 to <24 h
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Table 2 Blood glucose endpoints: 20 g crystal lactulose vs water

20 g crystal lactulose Water Treatment P value

Variable n LS mean (95%Cl) n LS mean (95%Cl) Difference (95%Cl)
AUC,qine (0180 min) 16 -54.40 (-100.23, -8.57) 16 -53.21 (-99.14, -7.28) -1.20 (-60.78, 58.39) 0.9682
(min/mmol/L)

AUC 150 miny (min/mmol/L) 16 1218.33 (1172.50, 16 1219.53 (1173.60, -1.20 (-60.78, 58.39) 0.9682

1264.16) 1265.46)

{AUC 150 mip (min/mmol/L) 16 17.00 (-14.43, 48.43) 16 18.44 (-13.04, 49.92) -1.44 (-45.16, 42.29) 0.9478
Cpnax (mmol /L) 16 7.50 (7.17,7.82) 16 7.44 (7.11,7.77) 0.06 (-0.38, 0.50) 0.7999
Max_increase (mmol/L) 16 0.43 (0.10, 0.75) 16 0.37 (0.04, 0.70) 0.06 (-0.38, 0.50) 0.7999

AUCp;geline_c (0-180 min): Baseline-corrected area under the curve from 0 to 180 min; AUC y1g) min): Area under the curve from 0 to 180 min; iAUC g 159 miny:
Incremental AUC g 150 yiny i-€., area above baseline levels of blood glucose concentration; C,,,: Maximum blood glucose concentration; Max_increase:

Maximum blood glucose concentration minus baseline value; LS mean: Adjusted least square mean obtained from analysis of covariance model.

Table 3 Blood glucose endpoints: 30 g crystal lactulose vs water

30 g crystal lactulose Water Treatment P value

Variable n LS mean (95%Cl) n LS mean (95%Cl) Difference (95%Cl)

AUCyqine ¢ (0180 min) 16 -30.70 (-76.75,15.35) 16 -53.21(-99.14,-7.28)  22.51 (-37.05, 82.06) 0.4529
(min/mmol/L)

AUC 150 miny (min/mmol/L) 16 1242.03 (1195.98, 16 1219.53 (1173.60, 2251 (-37.05, 82.06) 0.4529

1288.08) 1265.46)

iAUC, 150 piny (min/mmol/L) 16 27.65 (-3.91, 59.21) 16 18.44 (-13.04, 49.92) 9.21 (-34.39, 52.81) 0.6744
Cpnax (mmol /L) 16 7.77 (7.44, 8.09) 16 7.44 (7.11,7.77) 0.33 (-0.11, 0.76) 0.1426
Max_increase (mmol/L) 16 0.70 (0.37, 1.02) 16 0.37 (0.04, 0.70) 0.33 (-0.11, 0.76) 0.1426

AUCp;geline_c (0-180 min): Baseline-corrected area under the curve from 0 to 180 min; AUC g 1g) min): Area under the curve from 0 to 180 min; iAUC g1g0 min:
Incremental AUC g 150 yiny i-€., area above baseline levels of blood glucose concentration; C,,,,: Maximum blood glucose concentration; Max_increase:

Maximum blood glucose concentration minus baseline value; LS mean: Adjusted least square mean obtained from analysis of covariance model.

Table 4 Blood glucose endpoints: 20 g liquid lactulose vs water

20 g liquid lactulose Water Treatment P value

Variable n LS mean (95%Cl) n LS mean (95%Cl) Difference (95%Cl)

AUCpyccine ¢ (0180 min) 17 -30.72 (-75.26,13.83) 16 -53.21(99.14,-7.28)  22.49 (-35.18, 80.16) 0.4387
(min/mmol/L)

AUCg 140 miny (min/mmol/L) 17 1242.02 (1197.47, 16 1219.53 (1173.60, 22.49 (-35.18, 80.16) 0.4387

1286.56) 1265.46)

iAUCg 140 gminy (min/mmol/L) 17 34.42 (3.98, 64.86) 16 18.44 (-13.04, 49.92) 15.98 (26.78, 58.75) 0.4578
Cpna (mmol /L) 17 7.747 (7.43, 8.06) 16 7.44 (7.11,7.77) 031 (-0.12, 0.73) 0.1560
Max_increase (mmol/L) 17 0.68 (0.36, 0.99) 16 0.37 (0.043, 0.70) 0.31 (-0.12, 0.73) 0.1560

AUCpqgeline_c (0-180 min): Baseline-corrected area under the curve from 0 to 180 min; AUC g4g) yin): Area under the curve from 0 to 180 min; iAUC g.1g0 min:
Incremental AUC o159 yiny i-€., area above baseline levels of blood glucose concentration; C,,,,: Maximum blood glucose concentration; Max_increase:

Maximum blood glucose concentration minus baseline value; LS mean: Adjusted least square mean obtained from analysis of covariance model

JBaishideng®

after study product administration (Figure 3). As expected, 88% (20 g crystal lactulose),
100% (30 g crystal lactulose), 94% (20 g liquid lactulose), and 93% (30 g liquid
lactulose) of subjects had at least 1 bowel movement during the first 24 h after
lactulose intake compared to 63% and 69% of subjects after intake of water and 30 g
glucose, respectively.
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Table 5 Blood glucose endpoints: 30 g liquid lactulose vs water

30 g liquid lactulose Water Treatment P value

Variable n LS mean (95%Cl) n LS mean (95%Cl) Difference (95%Cl)

AUC,pqine c (0150 min) 15 -41.01 (-88.72, 6.70) 16 53.21 (-99.14,-7.28)  12.20 (-47.48, 71.88) 0.6843
(min/mmol/L)

AUC 150 miny (min/mmol/L) 15 1231.73 (1184.02, 16 1219.53 (1173.60, 12.20 (-47.48, 71.88) 0.6843

1279.43) 1265.46)

{AUC 150 i) (min/mmol/L) 15 42,05 (9.51, 74.60) 16 18.44 (-13.04, 49.92) 23.61 (-20.52, 67.75) 0.2890
Cpnax (mmol /L) 15 8.07 (7.73, 8.41) 16 7.44 (7.11,7.77) 0.63 (0.19, 1.07) 0.0059
Max_increase (mmol/L) 15 1.00 (0.66, 1.34) 16 0.37 (0.043, 0.70) 0.63 (0.19, 1.07) 0.0059

AUCp;geline_c (0-180 min): Baseline-corrected area under the curve from 0 to 180 min; AUC y1g) min): Area under the curve from 0 to 180 min; iAUC g 159 miny:
Incremental AUC g 150 yiny i-€., area above baseline levels of blood glucose concentration; C,,,: Maximum blood glucose concentration; Max_increase:
Maximum blood glucose concentration minus baseline value; LS mean: Adjusted least square mean obtained from analysis of covariance model

Table 6 Blood glucose endpoints: 30 g glucose vs 30 g liquid and crystal lactulose

Glucose 30 g Liquid and crystal lactulose 30 g Treatment P value
Variable n LS mean (95%Cl) Formu-lation n LS mean (95%Cl) Difference (95%Cl)
AUCpqine c (0150 min) 16 459.83 (413.74, Liquid 15 -41.01 (-88.72,6.70)  500.84 (439.43, <0.0001
(min/mmol/L) 505.92) 562.26)
Crystals 16 -30.70 (-76.75,15.35) 490.54 (431.89, <0.0001
549.18)
AUC§.180 min) 16 1732.57 (1686.48,  Liquid 15 1231.73 (1184.02,  500.84 (439.43, <0.0001
(min/mmol/L) 1778.66) 1279.43) 562.26)
Crystals 16 1242.03 (119598,  490.54 (431.89, <0.0001
1288.08) 549.18)
iAUC () 180 miny 16 481.14 (449.56, Liquid 15 42,05 (9.51,74.60)  439.08 (394.55, <0.0001
(min/mmol/L) 512.72) 483.62)
Crystals 16 27.65(-3.91,59.21)  453.49 (409.96, <0.0001
497.02)
Cnax (mmol/L) 16 13.22 (12.90,13.55)  Liquid 15 8.07 (7.73, 8.41) 5.16 (4.71, 5.61) <0.0001
Crystals 16 7.77 (7.44, 8.09) 5.46 (5.02, 5.89) <0.0001
Max_increase (mmol/L) 16 6.15 (5.83, 6.48) Liquid 15 1.00 (0.66, 1.34) 5.16 (4.71, 5.61) <0.0001
Crystals 16 0.70 (0.37, 1.02) 5.46 (5.02, 5.89) <0.0001

AUCh;geline_c (0-180 min): Baseline-corrected area under the curve from 0 to 180 min; AUC j.1g) min): Area under the curve from 0 to 180 min; iAUC g.1g0 min:
Incremental AUC g 150 iny €., area above baseline levels of blood glucose concentration; C,,,: Maximum blood glucose concentration; Max_increase:

‘max*

Maximum blood glucose concentration minus baseline value; LS mean: Adjusted least square mean obtained from analysis of covariance model.
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On average, the number of bowel movements was higher in the lactulose groups [20
g crystal lactulose: 1.75 + 1.39 (mean + SD), range 0-5; 30 g crystal lactulose: 2.06 + 1.00,
range 1-4; 20 g liquid lactulose: 1.88 * 1.05, range 0-4; 30 g liquid lactulose: 2.00 + 1.25,
range 0-4] compared to water (0.81 + 0.83, range 0-3) and 30 g glucose (0.94 + 0.77,
range 0-2).

Constipation, expressed by BSFS types 1 and 2, was observed more often in subjects
receiving 30 g glucose (25%) compared to 20 g crystal lactulose (13%), 30 g crystal
lactulose (6%), 20 g liquid lactulose (18%), 30 g liquid lactulose (20%), and water (0%).
Constipation did not lead to a discontinuation of participation in the study.

Normal stool, reflected by BSFS types 3-5, was present more often in subjects
receiving lactulose (20 g crystal lactulose: 81%; 30 g crystal lactulose: 88%; 20 g liquid
lactulose: 88%; 30 g liquid lactulose: 67%) compared to water (69%) and 30 g glucose
(56%).
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Figure 2 Blood glucose concentration-time curves. Each line represents mean + SD. n = 16 each for water, 20 g crystal lactulose, 30 g crystal lactulose,
and 30 g glucose, n = 17 for 20 g liquid lactulose, n = 15 for 30 g liquid lactulose.
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Figure 3 Cumulative numbers of bowel movements per treatment and time after oral intake of water, glucose, or lactulose for all
subjects.
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Diarrhea, expressed by BSFS types 6 and 7, was observed more often in subjects
receiving lactulose (20 g crystal lactulose: 44%; 30 g crystal lactulose: 56%; 20 g liquid
lactulose: 59%; 30 g liquid lactulose: 80%) compared to water (13%) and 30 g glucose
(13%). Diarrhea did not lead to a discontinuation of participation in the study.

AEs and Gl tolerability

All 24 subjects experienced at least one AE: 12 (75.0%) subjects after intake of 20 g
crystal lactulose, 14 (87.5%) subjects after intake of 30 g crystal lactulose, 15 (88.2%)
subjects after intake of 20 g liquid lactulose, 15 (100%) subjects after intake of 30 g
liquid lactulose, seven (43.8%) subjects after intake of water, and nine (56.3%) subjects
after intake of 30 g glucose. Of note, the reported AEs mainly affected the digestive
system with mild to moderate abdominal distension, diarrhea, flatulence, and
abnormal GI sounds. Moderate AEs, such as rumbling or abdominal pain, were
reported more frequently after intake of the 30 g liquid lactulose. Overall, none of the
AEs were serious, and no AE led to study discontinuation or modification of the study
product dosage.

Distension and flatulence of mild to severe intensity occurred in 36% and 52% of
subjects after lactulose intake (> 3 to < 24 h post-dose), respectively. For comparison,
distension was reported in 19% of subjects in the water group and 25% of subjects in
the glucose group, and flatulence was reported in 31% of subjects in the water group
and 25% of subjects in the glucose group.

WJD | https://www.wjgnet.com 902 June 15,2021 | Volume12 | Issue6 |



Jaishideng®

Pieber TR ef al. Blood glucose after lactulose in diabetes

Overall, all study products were well tolerated. Tolerability 3 h after intake was
assessed as “very good” (100% of subjects in the 20 g crystal lactulose, water, and 30 g
glucose, 81% in the 30 g crystal lactulose, 94% in the 20 g liquid lactulose, and 93% in
the 30 g liquid lactulose group) and “good” (19% in the 30 g crystal lactulose, 6% in the
20 g liquid lactulose, and 7% in the 30 g liquid lactulose group). Similar tolerability
was reported up to 24 h post-dose (“very good” in 47%-94% of subjects, “good” in 6%-
53% of subjects). Only in the 30 g lactulose groups did some subjects also report
“moderate” GI tolerability (6% and 13% of subjects in the 30 g crystal and liquid
lactulose groups, respectively). No subjects reported “poor” GI tolerability through 24
h after intake of study products.

DISCUSSION

The present study tested the hypothesis that single oral doses of 20 g and 30 g of
crystal and liquid lactulose have no clinically relevant impact on blood glucose levels
in mildly constipated, non-insulin-dependent subjects with T2DM. The study was
designed as a prospective, double-blind, randomized trial with a four-period crossover
and incomplete block design. Compared to a previous study in healthy subjects that
used doses of 10 g and 20 g[19], a higher lactulose dose (30 g) was used to address
potential safety concerns regarding “impurity load” in subjects with T2DM. However,
with respect to the amount of carbohydrate impurities (up to 3% for crystal lactulose
and approx. 30% for liquid lactulose), only minor effects on blood glucose concen-
trations were expected. Another study objective was to compare the two lactulose
formulations in terms of blood glucose concentration-time responses.

According to the prescribing information, the recommended maintenance dosage
range of lactulose in adults with chronic constipation is 10-20 g per day, both for crystal
and liquid formulations. The higher dose of 30 g per day can be indicated as a starter
dose, to achieve an immediate laxative effect. Crystal and liquid lactulose at doses of
20 g as well as crystal lactulose at a dose of 30 g did not affect any measures of blood
glucose response in mildly constipated, non-insulin dependent subjects with T2DM
when compared to water, whether expressed as AUC,, e ¢ (0180 miny Crnax OF Maximum
increase. Merely after the intake of 30 g liquid lactulose, a small significant increase in
calculated blood glucose parameters C,,, and maximum increase compared to water
(negative control) was observed. However, in the interpretation of this result, it should
be taken into account that maximum increase is a secondary endpoint in our study and
is solely based on a single sampling point and calculation. Furthermore, individual
glucose profiles showed a rather heterogenic pattern with maximum values occurring
at different times ranging between baseline and 180 min (as a second peak) after
administration. Thus, this observation presumably appeared due to random variability
and is unlikely to be induced by 30 g liquid lactulose. The observed result is clinically
not relevant, since the upper limit of the CI is clearly below the 2.2 mmol/L threshold
of clinical relevance and the AUC, .. . 0180 miny Was comparable to that of water.

These findings are in agreement with previous studies demonstrating that a 25 g
lactulose dose did not affect blood glucose levels in female lactose digesters and
maldigesters[23] or in individuals with diabetes[24]. There is only one case report
referring to higher blood glucose levels after changing the lactulose syrup brand in a
subject with diet-controlled diabetes and cirrhosis[25]. It is notable that the
carbohydrate impurity amount and pattern in lactulose products vary depending on
the manufacturing process conditions. A different brand may, therefore, have a higher
content of impurities, which may have been the reason for the increase in blood
glucose levels described in this case report.

The oral intake of unabsorbable disaccharides may affect carbohydrate metabolism
by reducing transit time and, possibly, glucose absorption[25,26]. The intake of both
the 20 g and 30 g lactulose doses, regardless of the formulation, resulted in a slight net
decrease in blood glucose concentrations of approx. -0.3 mmol/L from baseline as
assessed by an overall negative AUC,, e 0150 min- 1his decrease, however, was within
the normal physiological range of fasting blood glucose and comparable to what was
observed after intake of water. Lactulose-induced impairment of intestinal
carbohydrate uptake and carbohydrate metabolism was not observed under fasting
conditions. The blood glucose concentrations remained largely stable despite a
continuous fasting period for 3 h after oral intake of lactulose. Therefore, there is no
risk for hypoglycemia after oral lactulose intake in individuals with T2DM.

With regard to safety and tolerability, the GI symptoms experienced by the
participating subjects after single oral lactulose intake are well known. The reported
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AEs included diarrhea, flatulence, and abdominal discomfort that, as expected, were
reported more frequently after intake of the higher lactulose dose. Usually, GI
symptoms disappear after some days of lactulose treatment. Most treatment-emergent
AEs were mild to moderate in severity, considered to be related to the study
treatment, and resolved by the end of the 24 h posttreatment observation period.
Overall, lactulose was well tolerated, and no unexpected safety issues were identified.

Both lactulose formulations and doses showed the desired laxative action by
increasing bowel movements compared to the control treatments predominantly
between > 3 to < 24 h after intake.

It has been demonstrated that individuals with diabetes experience a decrease in gut
microbial diversity with an increase in opportunistic pathogens[9]. In contrast to other
laxatives, lactulose is metabolized by gut bacteria, thereby contributing to the
maintenance or development of a healthy colonic microbiota. Lactulose is used as an
energy source by bifidobacteria and lactobacilli in the colon, allowing lactulose to be
regarded as a prebiotic agent[9]. In a prospective, randomized, controlled trial in 65
chronically constipated nondiabetic adults who received PEG-4000 or lactulose over 4
wk, fecal bifidobacterial counts were higher in the lactulose group than in the PEG
group (P = 0.04)[17]. Other types of laxatives (e.g., bulk-forming laxatives such as
psyllium and methylcellulose, other osmotic laxatives such as sorbitol and PEG, or
stimulant agents such as senna glycoside and bisacodyl) may have further
disadvantages. Specifically, bulk-forming laxatives may interfere with the absorption
of medications commonly prescribed for use by older subjects (e.g., warfarin, aspirin,
iron, calcium)[27-29], while stimulant laxatives such as bisacodyl indicated only for
short-term use may induce dehydration and loss of electrolytes[28]. PEG may cause
anaphylaxis[9] with a contraindication of use in severe inflammatory conditions of the
intestinal tract (e.g., ulcerative colitis, Crohn’s disease, toxic megacolon) or intestinal
perforation[9].

Our study confirms that based on the AUC, . os0mn the recommended
maintenance doses of 20 g and the higher dose of 30 g lactulose (crystals or liquid) can
be used in mildly constipated, non-insulin dependent subjects with T2DM. These
individuals may particularly benefit from the prebiotic effect of this laxative without
experiencing an impact on blood glucose levels and glycemic management.

The present study has several strengths and limitations. First, an obvious strength is
that the study was conducted in a relatively short time period, with high reliability
and power. Second, the intention-to-treat population was identical to the per-protocol
population in this study.

One limitation of the current study is that subjects may have distinguished between
water and the other study products due to the slightly sweet taste of lactulose and
glucose. Although subjects were blinded to both the dose and formulation of lactulose,
as well as both control products, it was not feasible to ensure an identical taste of all
study products. However, placebo effects on blood glucose concentration were not
identified in a previous study in healthy subjects[19]. Therefore, a potential impact of
this confounding factor on the blood glucose response is not expected. Adherence of
subjects to the pre-visit restrictions was verified using diaries and questionnaires that
were checked by the investigator at the start of each study visit. In case of noncom-
pliance, the study visit was to be postponed. Thus, the potential bias is considered
negligible. All lactulose doses and formulations were only tested in a single oral dose.
During the study, 16 participants received three different lactulose doses, while 8
participants received two different lactulose doses. We assume that repeated daily
doses will unlikely impact blood glucose levels if single doses do not increase blood
glucose levels.

Eventually, applying the listed inclusion and exclusion criteria, the study
population consisted exclusively of outpatients with T2DM and mild constipation
without any endocrine or GI comorbidities. Since our aim was to specifically
investigate the effect of lactulose on blood sugar response, we defined these criteria to
ensure that any confounders masking the potential effects of lactulose, such as
medications or comorbidities, can be ruled out. In fact, it is common practice to define
strict inclusion/exclusion criteria for clinical studies to minimize the influence of
potential confounders and achieve a certain degree of homogeneity. We consider the
study population to be representative for the patient group who may benefit from
lactulose administration.
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CONCLUSION

In conclusion, the present study demonstrates that, at the recommended maintenance
dose of 20 g and at the higher dose of 30 g lactulose, the blood glucose AUC,, ine_« (0150

miny l€vels in mildly constipated, non-insulin dependent subjects with T2DM are not
affected by the carbohydrate impurities contained in crystal or liquid lactulose
formulations. Lactulose increased the number of bowel movements with only mild to
moderate known Gl side effects.

ARTICLE HIGHLIGHTS

Research background

Lactulose is approved for the symptomatic treatment of constipation, a gastrointestinal
(GI) complication common in individuals with diabetes. Lactulose products contain
carbohydrate impurities that occur during the lactulose manufacturing process. These
impurities may affect the blood glucose levels of individuals with type 2 diabetes
mellitus (T2DM) using lactulose for the treatment of mild constipation.

Research motivation

Currently, there is no information on whether lactulose in marketed formulations
(crystals and liquid) has an impact on the blood glucose profile in mildly constipated,
non-insulin-dependent subjects with T2DM.

Research objectives

The main objective was to assess possible changes in blood glucose levels after oral
intake of lactulose in mildly constipated, non-insulin-dependent subjects with T2DM
in an outpatient setting.

Research methods

The study was performed as a prospective, double-blind, randomized, controlled,
single-center trial with a four-period crossover and incomplete block design in a total
of 24 mildly constipated non-insulin-dependent subjects with T2DM. Capillary blood
glucose concentrations were assessed over a period of 180 min after a single oral dose
of 20 g or 30 g lactulose (crystal and liquid formulation). Water and 30 g glucose
served as a negative and positive control, respectively.

Research results

Lactulose when administered at the recommended maintenance dose of 20 g and at a
higher dose of 30 g (crystal or liquid formulation) had no impact on blood glucose
baseline-corrected area under the curve of blood glucose concentrations over the
complete assessment period [AUC,, e« 0150 min]. The early, small, self-limited increase
in maximal blood glucose increase of 0.63 mmol/L (maximum blood glucose concen-
tration, P = 0.0059 vs water) compared to water is not clinically relevant. As expected
for subjects with T2DM, the dose of 30 g glucose (positive control) resulted in a
pronounced increase in blood glucose concentration. No differences in blood glucose
response were observed between the different lactulose formulations. Lactulose
increased the number of bowel movements and was generally well tolerated with only
mild to moderate GI symptoms due to the laxative action of lactulose.

Research conclusions

As expressed by the AUC,, e 01s0mm Carbohydrate impurities in oral lactulose
products administered at the recommended doses of 20 g/d and 30 g/d do not have to
be considered for the blood glucose management of mildly constipated, non-insulin-
dependent individuals with T2DM taking lactulose as a laxative.

Research perspectives

Future research could focus on the impact of oral lactulose supplementation at
different doses over a longer period of time on blood glucose profile and gut
microbiota.
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Abstract

BACKGROUND

Previous systematic reviews have consistently reported that coffee consumption
has a preventive effect on the occurrence of type 2 diabetes mellitus (T2DM).
However, further evaluations between coffee consumption and the risk of T2DM
in Asian populations are needed.

AIM
To conduct a meta-epidemiological study on systematic reviews evaluating the
association between coffee consumption and the risk of T2DM in Asian people.

METHODS

The selection criterion was defined as a population-based prospective cohort
study evaluating the association between coffee consumption and the risk of
T2DM in Asian populations, reporting the adjusted relative risk (RR) and its 95%
confidence interval (CI) for potential confounders. A fixed-effect model meta-
analysis was applied to calculate the summary RR and its 95%CI in less than 50%
of the I? value indicating the level of heterogeneity. A two-stage fixed-effects dose-
response meta-analysis (DRMA) was performed to calculate the risk per unit dose
(a cup per day).

RESULTS

A total of seven studies were selected in this meta-epidemiological study. The risk
of T2DM in Asian populations was significantly reduced in the highest to the
lowest dose group (summary RR = 0.73, 95%CI: 0.66-0.82; I value = 0.0%). The
DRMA showed that drinking one cup of coffee per day reduced the risk of T2DM
in Asian populations by 8% (RR = 0.92, 95%CI: 0.90-0.95).

CONCLUSION
These findings support the conclusion that coffee consumption has a protective
effect on the occurrence of T2DM in Asian men and women.
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Core Tip: Previous systematic reviews have consistently reported that coffee
consumption has a preventive effect on the occurrence of type 2 diabetes mellitus
(T2DM). However, differences in coffee consumption habits by region could create
heterogeneity. This research aimed to conduct a meta-epidemiological study on
systematic reviews evaluating the association between coffee consumption and the risk
of T2DM in Asian populations. From a total of seven Asian cohort studies, it was
concluded that coffee consumption has a protective effect on the occurrence of T2DM
in Asian men and women.
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INTRODUCTION

The prevalence and incidence of type 2 diabetes mellitus (T2DM) has increased
globally[1]. T2DM has a huge disease burden because of several cardiovascular,
neuronal, renal, or ophthalmic complications[2].

Coffee consumption has been known to reduce the risk of T2DM since van Dam and
Hu[3] reported it in 2005[3-8]. Further, Carlstrom and Larsson[8] reported an inverse
association between coffee consumption and the risk of T2DM in Asian [summary
relative risk (sRR) = 0.73, 95% confidence interval (CI): 0.64-0.82], European (sRR =
0.69, 95%CI: 0.62-0.75), and American (sRR = 0.74, 95%CI: 0.65-0.84) populations
through a systematic review published in 2018. However, when analyzing the
subgroups by geographical region, the I? values of the United States, Europe, and Asia
were 73.8%, 46.8%, and 0.0%, respectively. Therefore, it can be inferred that the
differences in coffee consumption habits by region could create heterogeneity. The
Western Pacific region has the largest number of people with diabetes as reported by
the International Diabetes Federation Diabetes Atlas[1]; therefore, further evaluations
between coffee consumption and the risk of T2DM in Asian populations are needed.

In addition, the results of dose-response meta-analysis (DRMA) by sex as reported
by Carlstrom and Larsson[8] showed that there was an indication of a stronger
association in women (P for difference by sex = 0.03). Hence, it is necessary to
determine whether there is a difference in the risk of T2DM between men and women
in Asian populations according to coffee consumption.

Therefore, this research aimed to conduct a meta-epidemiological study on
systematic reviews evaluating the association between coffee consumption and the
risk of T2DM in Asian men and women.

MATERIALS AND METHODS

Selection strategies
The study subjects of the meta-epidemiological study were the original articles
selected by previous systematic reviews[9,10]. Carlstrém and Larsson[8] selected five
Asian cohort studies[11-15], with the latest year of publication in 2015[15]. Thus, it was
necessary to include additional papers up to May 31, 2020. Hence, the “cited by”
option provided by PubMed[16] was applied to make a list of papers citing the 31
papers selected in previous systematic reviews[4-8].

Papers were selected in the list according to the following criteria: (1) Population-
based prospective cohort studies evaluating the association between coffee
consumption and T2DM risk in the Asian population; and (2) Studies reporting the

June 15,2021 | Volume12 | Issue6 |


https://www.wjgnet.com/1948-9358/full/v12/i6/908.htm
https://dx.doi.org/10.4239/wjd.v12.i6.908

Bae JM. Coffee and T2DM risk in Asians

Jaishideng®

adjusted RR and its 95%CI for potential confounders. Therefore, retrospective cohort
studies, case-control studies, studies involving non-Asian populations, or studies that
did not adjust for potential confounders were excluded.

Control of confounders

In the studies selected through the above selection processes, the level of adjusting
smoking status (LAS) and level of adjusting alcohol intake (LAA) were evaluated by
the levels reported by Thomas and Hodges[17], as smoking status and alcohol
consumption are highly related to coffee consumption[17,18]. The low level was
defined as adjusting for only status and the high level was defined as adjusting for
intensity and status.

Statistical analysis

The RR and its 95%CI values adjusted for potential confounders in the highest vs
lowest dose groups were extracted from each study for conducting a meta-analysis.
The level of heterogeneity among the studies was evaluated as an I? value (%). A fixed-
effect model was applied to calculate the sRR and its 95%CI in less than 50% of the I
value[19]. Subgroup analyses by sex (men, women), LAS (high, low), LAA (high, low),
and family history of T2DM (FHX; yes, no) were conducted. The Egger test for small-
study effects and funnel plots were performed to check for publication bias[20]. The
non-parametric trim and fill analysis was performed to estimate the sRR reflecting
publication bias[21].

In addition, a two-stage fixed-effects DRMA was performed to estimate the
incidence risk per unit dose (a cup per day) considering the P value of the goodness-of-
fit. The linear relationship was confirmed by testing the null hypothesis that the coeffi-
cients of the second and third splines were all equal to zero[22]. The fixed-effect meta-
analysis, Egger’s test, non-parametric trim and fill analysis, and two-stage fixed-effects
DRMA were performed using metan, metabias, metatrim, and glst commands of
STATA software, respectively (version 14.2, StataCorp, TX, United States). A P value
of < 0.05 was considered statistically significant.

RESULTS

Final selection

A total of 560 papers cited 31 studies selected by previous systematic reviews until
May 31, 2020. After applying the selection criteria, two new studies were selected[23,
24]. Accordingly, a total of seven cohort studies were finally selected for the meta-
analysis[11-15,23,24] (Figure 1). The distribution of these studies by nationality was
four published in Japan, and one each in Singapore, Taiwan, and Korea. Seven studies
had 12 cohorts by sex, including five men, five women, and two cohorts adjusted for
sex. A total of 6348 T2DM cases developed in 141813 participants during the follow-up

period. The results of evaluating LAS, LAA, and FHX in each study are shown in
Figure 2.

Summary effect size

The risk of T2DM in Asian populations was significantly reduced in the highest coffee
dose group compared to the lowest dose group (sRR = 0.73, 95%ClI: 0.66-0.82; I* value =
0.0%) (Figure 2). As the funnel plot and Egger’s test for small-study effects showed
that a publication bias (P = 0.01) was present (Figure 3), a non-parametric trim and fill
analysis was conducted. Furthermore, coffee consumption still prevented T2DM in
Asian populations (sRR = 0.73, 95%CI: 0.54-0.91; P value of test for heterogeneity =
0.99).

The statistical significance of the preventive effect did not change in the results of
subgroup analysis according to sex, LAS, LAA, or FHX (Table 1). The results of DRMA
showed that drinking a cup of coffee per day reduced the risk of T2DM in Asian
populations by approximately 8% (RR = 0.92, 95%CI: 0.90-0.95) with a linear
relationship (Figure 4). In addition, men and women in Asia had a protective dose-
response effect with statistical significance (Table 2).

DISCUSSION

The findings of this study can be summarized as follows: Coffee consumption could
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Table 1 Summary relative risk and its 95% confidence intervals

Summary relative risk (95% confidence

Group intervals) [I-squared %]
All 0.73 (0.66-0.82) [0.0]
Sex Men 0.76 (0.65-0.89) [0.0]
Women 0.73 (0.59-0.90) [13.8]
Level of adjusting' tobacco smoking High 0.72 (0.58-0.90) [21.0]
Low 0.73 (0.63-0.84) [0.0]
Level of adjusting’ alcohol drinking High 0.72 (0.60-0.87) [0.0]
Low 0.72 (0.60-0.87) [34.0]
Adjusting family history Yes 0.72 (0.58-0.90) [21.0]
No 0.73 (0.63-0.84) [0.0]

"High: Adjusted for intensity as well as status; Low: Adjusted for only status.

Table 2 Dose-response meta-analysis by the intaking unit (cup per day)

Relative risk (95% confidence interval) P value of heterogeneity P value of non-linearity
All 0.92 (0.90-0.95) 0.42 0.31
Men 0.95 (0.91-0.98) 0.72 0.08
Women 0.89 (0.85-0.94) 0.40 0.56
From previous From cited by
systematic option of
reviews (n = 31) PubMed (n = 560)
5 2
studies studies
‘ 7 studies ‘

Figure 1 Flow chart of final selection.

decrease the occurrence of T2DM in Asian populations, and drinking a cup of coffee
per day reduced the risk of T2DM in Asian population by approximately 8%.

Comparison with previous evidence
The results of this study consisting of 12 cohorts were consistent with the results of the
study by Carlstrom and Larsson[8], which consisted of seven cohorts, in a meta-
analysis comparing the highest to lowest coffee consumption. Women had a stronger
association (11%) than men (5%) in the dose-response analysis per additional cup of
coffee per day. In contrast to the results reported by Carlstrom and Larsson[8], this
study showed statistically significant results in men. Hence, coffee consumption has a
protective effect on the occurrence of T2DM in Asian men and women.

Natella and Scaccini[25] summarized the five effects of coffee in the modulation of
diabetes mellitus risk and effects on glucose metabolism, thermogenic effects,
antioxidant effects, anti-inflammatory effects, and chelating effects.
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Publication First Adjusting Adjusting Adjusting Relative %
year author smoking alcohol family risk (95%CI) Weight
status  intake history
MEN :
2006 Iso H H Y —_— 0.54 (0.30, 0.97)3.65
2009 Kato H L Y —_— 0.82 (0.60, 1.12) 13.29
2010 Oba L H N —o— 0.69 (0.49, 0.98)10.47
2015 Lee L L N —_— 0.75 (0.56, 1.01) 13.99
2017 Hirata  H H Y —_— 0.97 (0.61, 1.53)5.99
Subtotal (l-squared = 0.0%, p = 0.569) <> 0.76 (0.65, 0.89)47.39
1
1
WOMEN !
2006 Iso H H Y ' 0.61(0.30, 1.23)2.56
2009 Kato H L Y _——— 0.40 (0.20, 0.79)2.72
2010 Oba L H N —_— 0.70 (0.44, 1.12)5.76
2015 Lee L L N —_ 0.87 (0.65, 1.17)14.14
2017 Hirata H H Y — 0.76 (0.53, 1.09)9.67
Subtotal (I-squared = 13.8%, p = 0.326) <> 0.74 (0.61, 0.90)34.85
:
BOTH X
2008 Odegaard L L N —_— 0.70 (0.53, 0.93) 15.91
2011 Lin L L N : 0.37 (0.16, 0.84) 1.86
Subtotal (l-squared = 51.6%, p = 0.151) <:> 0.65 (0.50, 0.85)17.76
:
Heterogeneity between groups: p = 0.638 :
Overall (l-squared =0.0%, p = 0.483) 0 0.73 (0.66, 0.82) 100.00
1
1
T I\ T
0.10 0.751.00 1.50

Figure 2 Forest plot to estimate summary relative risks by sex. CI: Confidence interval; H: High level; L: Low level; N: Not adjust; Y: Adjust.
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Figure 3 Funnel plot with Egger’s test (P = 0.01).
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Strengths

This meta-epidemiological study was able to find and include two cohort studies[23,
24], which should have been selected from existing systematic reviews. This was
because they were cohort studies published before May 2017. It was re-confirmed that
application of the “cited by” option of PubMed could be an effective search strategy

[16].

As the Egger’s test and funnel plot reported a publication bias, a non-parametric
trim and fill analysis was conducted. Nevertheless, there was no change in the
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conclusion that coffee consumption reduced the risk of T2DM in Asian populations.
As smoking and alcohol status would be highly related to coffee consumption, the
LAS and LAA in each study were evaluated, and subsequently, subgroup analysis was
performed. However, the preventive effect remained regardless of the LAS, LAA, and
FHX. Therefore, coffee consumption had a protective effect on T2DM in Asian
populations.

Limitations

The limitations of this meta-epidemiological study are the same as the limitations
derived from the research design of prospective cohort studies that became the unit of
meta-analysis.

Firstly, the information on coffee consumption and its quantity was usually
obtained at the time of the cohort participation through a self-reported questionnaire.
This should consider the possibility of measurement error[26]. The risk of T2DM
decreased when the quantity of coffee consumption increased during the follow-up
period, and the risk of T2DM increased when the quantity decreased[27]. Based on
these findings, it can be inferred that the higher the coffee consumption, the more
T2DM prevention, even if the coffee dose changes during the follow-up period.

In addition, when presenting the results obtained through follow-up, each cohort
study had a different category of consumption and different references. Accordingly,
the DRMA and meta-analysis using high vs low dose levels were conducted, and it
was observed that coffee consumption prevented T2DM in Asian population.

CONCLUSION

This meta-epidemiological study confirmed that coffee consumption could prevent the
occurrence of T2DM in Asian populations. Furthermore, the findings in the subgroup
analyses by sex, LAS, LAA, and FHX showed the similar result consistently with
statistical significance. In addition, the same results were obtained from the DRMA
according to the daily consumption and the non-parametric trim and fill analysis in
consideration of a publication bias. However, further studies are needed to investigate
the preventive mechanism of coffee using a metabolomics study[28].

ARTICLE HIGHLIGHTS

Research background
The previous systematic reviews showed that an inverse association between coffee
consumption and the risk of type 2 diabetes mellitus (T2DM).

Research motivation
While the differences in coffee consumption habits by region could create hetero-
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geneity, further evaluations between coffee consumption and the risk of T2DM in
Asian populations are needed.

Research objectives
The aimed to conduct a meta-epidemiological study to evaluate the association
between coffee consumption and the risk of T2DM in Asian men and women.

Research methods
After selecting the studies meeting the selection criteria, a fixed-effect model meta-
analysis and two-stage fixed-effects dose-response meta-analysis were performed.

Research results

Coffee consumption could decrease the occurrence of T2DM in the Asian population,
and drinking a cup of coffee per day reduced the risk of T2DM in the Asian population
by approximately 8%.

Research conclusions
This meta-epidemiological study concluded that coffee consumption could prevent the
occurrence of T2DM in Asian populations.

Research perspectives
Further studies are needed to investigate the preventive mechanism of coffee using a
metabolomics study.
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