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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver
P-Reviewer: HuaJ, China; LuoLY,  disease in the world and represents a clinical-histopathologic entity where the
China; Yang M, United States; steatosis component may vary in degree and may or may not have fibrotic
Zhang XL, China progression. The key concept of NAFLD pathogenesis is excessive triglyceride
hepatic accumulation because of an imbalance between free fatty acid influx and
efflux. Strong epidemiological, biochemical, and therapeutic evidence supports
the premise that the primary pathophysiological derangement in most patients
with NAFLD is insulin resistance; thus the association between diabetes and
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First decision: April 25, 2022

Revised: May 3, 2022 NAFLD is widely recognized in the literature. Since NAFLD is the hepatic
Accepted: August 6, 2022 manifestation of a metabolic disease, it is also associated with a higher cardio-
Article in press: August 6, 2022 vascular risk. Conventional B-mode ultrasound is widely adopted as a first-line
Published online: September 15, imaging modality for hepatic steatosis, although magnetic resonance imaging
2022 represents the gold standard noninvasive modality for quantifying the amount of

fat in these patients. Treatment of NAFLD patients depends on the disease
severity, ranging from a more benign condition of nonalcoholic fatty liver to
nonalcoholic steatohepatitis. Abstinence from alcohol, a Mediterranean diet, and
modification of risk factors are recommended for patients suffering from NAFLD
to avoid major cardiovascular events, as per all diabetic patients. In addition,
weight loss induced by bariatric surgery seems to also be effective in improving
liver features, together with the benefits for diabetes control or resolution, dyslip-
idemia, and hypertension. Finally, liver transplantation represents the ultimate
treatment for severe nonalcoholic fatty liver disease and is growing rapidly as a
main indication in Western countries. This review offers a comprehensive
multidisciplinary approach to NAFLD, highlighting its connection with diabetes.
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Core Tip: Nonalcoholic fatty liver disease is the most common liver disease worldwide, characterized by
fat accumulation in the hepatic parenchyma, with a range of different stages from mild inflammation to
severe fibrosis. There is a biunivocal relationship with type 2 diabetes, with important consequences in
terms of cardiovascular risk, which seems to also have occurred during the coronavirus disease 2019
pandemic. This review focuses on the pathogenesis, clinical aspects, and treatment, providing guidance for
a non-invasive diagnosis and preferred therapy, medical and/or surgical.
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DOI: https://dx.doi.org/10.4239/wjd.v13.i19.668

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease worldwide[1] and
represents a clinico-histopathologic entity with features mimicking alcohol-induced liver injury, but
occurring, by definition, in patients with little or no history of alcohol consumption. Its prevalence
reaches up to 25%-30%[2,3] of the worldwide population, with approximately 2 billion of individuals
being affected[4].

NAFLD includes a different variety of findings, ranging from hepatocyte fat accumulation without
concomitant inflammation or fibrosis (simple hepatic steatosis), to hepatic steatosis with a necro-inflam-
matory component (steatohepatitis), which may or may not have associated fibrosis. Nonalcoholic
steatohepatitis (NASH) may progress to cirrhosis in up to 20% of patients[5,6], and it is a leading cause
of cryptogenic cirrhosis[7].

The cause of NAFLD has not been fully elucidated and is considered multifactorial. A two-hit model
of NAFLD development was originally proposed. The first consists of hepatic steatosis, which then
sensitizes the liver to a progressive injury and is mediated by “second hits” as inflammatory cytokines,
adipokines, and oxidative stress. Together they lead to steatohepatitis and fibrosis[8]. Currently, the
two-hit hypothesis has been replaced by the “multiple hit” theory, which recognizes the following
components in NAFLD pathophysiology: insulin resistance, obesity, gut microbiota, and environmental
and genetic factors[9].

The aim of this review is to report, from a comprehensive multidisciplinary perspective, the
pathogenesis, diagnosis, and treatment of NAFLD, highlighting its relationship with diabetes.

PATHOGENESIS

The key concept of NAFLD pathogenesis is excessive triglyceride hepatic accumulation as a result of an
imbalance between free fatty acid (FFA) influx and efflux[10]. This can occur from the excessive
importation of FFAs from the adipose tissue; diminished hepatic export of FFA, possibly secondary to
reduced synthesis or secretion of very low-density lipoprotein; or the impaired beta-oxidation of FFA.
The pathogenesis and evolution of NAFLD are depicted in Figure 1.

Strong epidemiological, biochemical, and therapeutic evidence supports the premise that the primary
pathophysiological derangement in most patients with NAFLD is insulin resistance. Resistance to the
action of insulin results in important changes in lipid metabolism. These include enhanced peripheral
lipolysis, increased triglyceride synthesis, and increased hepatic uptake of fatty acids. Each of these may
contribute to the accumulation of hepatocellular triglycerides, which in turn results in a preferential
shift from carbohydrate to FFA beta-oxidation, an occurrence that has been demonstrated in patients
with insulin resistance[11]. The association of liver steatosis and metabolic dysfunction is so strict that a
new definition was recently proposed to define this entity, namely “metabolic (dysfunction)-associated
fatty liver disease” (MAFLD)[12].

The excessive inflow of triglycerides to the liver leads to inflammation, reactive oxygen species (ROS)
formation, hepatocyte impaired function, and lipotoxicity. Hepatocellular cells injury activates apoptotic
pathways, ultimately causing cellular death. This results in the progression from noninflammatory
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Figure 1 Pathogenesis and evolution of nonalcoholic fatty liver disease. FFA: Fatty free acids; HCC: Hepatocellular carcinoma; ROS: Reactive oxygen
species; VLDL: Very low-density lipoprotein.
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isolated steatosis to the development of nonalcoholic steatohepatitis, with a risk of further evolution to
fibrosis, cirrhosis and, worst-case scenario, to the development of hepatocellular carcinoma[9,13]. In this
regard, the major role of mitochondrial dysfunction in the genesis of NAFLD has emerged in recent
years; in fact mitochondria are responsible for the p-oxidation of FFAs and controlling the tricarboxylic
acid cycle. Furthermore, mitochondria favor cell adaption to oxidative stress, mitigating the effects of
ROS production[14].

Intestinal microbes have also been implicated as a potential source of hepatotoxic oxidative injury,
and changes in the microbiome play a role in the lipotoxicity and pathogenesis of NAFLD[15,16].

The specific composition of gut microbiota may play a role in both the inflammatory and fibrosis
responses in patients with NAFLD. The imbalance between protective and harmful bacteria, such as
altered Firmicutes/Bacteroidetes ratio, relative abundance of alcohol-producing bacteria, growth of
harmful genera, and lack of protective genera, together predispose[17] to damage of the intestinal
barrier. The consequent epithelial disruption leads to an altered immune reaction and activation of
inflammatory pathways, as a response to the bacterial products, namely short-chain fatty acids,
trimethylamine N-oxide, and secondary bile acids[18]. Damage of the intestinal membrane finally
results in impaired transport across the mucosa, increasing the filtration of bacterial lipopolysaccharides
and thus further contributing to NAFLD development[17,19].

In terms of genetic risk factors, there is also a role in the development of NAFLD. Studies on twins
have demonstrated a strong hereditary correlation, estimated to be approximately 50%, to both hepatic
fat content and hepatic fibrosis[4]. It is recognized that at least four genetic variants in four different
genes (PNPLA3, TM6SF2, MBOAT?7, and GCKR) are responsible for the encoding of hepatic lipid
metabolism regulatory proteins and are therefore involved in the development and progression of
NAFLD[12,20].

DIABETES AND NAFLD: A WELL-ESTABLISHED RELATIONSHIP

Among type 2 diabetes (T2D) patients, the prevalence of NAFLD is more than double compared to the
general population, and is estimated to be over 55%. The global prevalence of NASH in T2D patients is
37%[1]. The prevalence of NAFLD in T1D is reportedly between 10% and 20%[21,22].

The association between T2D and NAFLD is widely recognized in the literature[23-26]. T2D is itself a
risk factor for the development of NAFLD, and seems to accelerate the progression of liver disease[l,
27]. On the other hand, NAFLD is a risk factor for the development of T2D and its complications[22,23,
27-29]. In fact, NAFLD gives a two-fold increased risk of incident diabetes over a course of about 5 years
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[23,30], and the risk of patients affected by liver steatosis to develop diabetes increases in parallel to the
extent of steatosis severity[30], becoming even higher when the fibrosis is advanced[23,30].

A study on 2020 participants, with a 10-year follow-up, observed that the fatty liver index (FLI), an
indirect assessment used to quantify the amount of hepatic fat with a mathematical formula, predicts
incident risk of developing T2D and glycemic alterations preceding diabetes. Individuals with a high
FLI had an increased risk of developing diabetes, and among these high FLI patients, overweight and
obese people had a risk that increased by more than 10- and 15-fold compared to similar body mass
index-matched people but lower FLI[31]. Similarly, another study on 28991 pre-diabetic patients with a
3-year follow-up found that high FLI is a risk factor for developing diabetes, even in nonobese patients
[32]. Of note, NAFLD predicts the development of metabolic syndrome over a period of less than 5
years[33], and metabolic syndrome is considered a risk factor for T2D.

NAFLD is associated with the development of macrovascular and microvascular complications in
T2D patients, including chronic kidney disease (CKD)[29], retinopathy and autonomic neuropathy,
although the results across studies are not completely concordant[34,35]. Liver fibrosis is also
independently associated with macrovascular and microvascular complications in diabetic patients[36],
and although T2D is a well-known risk factor to CKD, NAFLD predicts deterioration of renal function
even in healthy subjects.

As per dietary advice, adherence to a Mediterranean diet is inversely associated with NAFLD and
prevents the development of T2D and cardiovascular disease (CVD) in patients with NAFLD over a 10-
year span[37], whereas the low adherence to these food habits is associated with diabetes and CVD
onset in NAFLD patients[38]. Virtually, most studies assessing liver fat content have reported positive
results after very low-calorie diets and ketogenic diets. While it is acknowledged that weight loss is
associated with amelioration of NAFLD, less is known about the effect of macronutrient distribution on
such outcomes. Carbohydrate restriction, with its well-established role in modulating insulin levels, and
the newly proposed pathway involving the microbiome shift with increased folate production, likely
plays a primary role in the reported effectiveness of ketogenic diets towards NAFLD[39].

Figure 2 summarizes the pathophysiological link between NAFLD and T2D.

DIABETES, NAFLD, AND CARDIOVASCULAR RISK

CVD is among the leading causes of death worldwide[40], and the prevention of cardiovascular events
is crucial from a global health perspective.

Atherosclerotic CVD is the major cause of morbidity and mortality in diabetic patients[41]. CVD
comorbidities often present in diabetic patients as hypertension and dyslipidemia, are additive risk
factors for cardiovascular events. T2D is a recognized cardiovascular risk factor as well, and NAFLD
contributes independently to CVD[42].

Since NAFLD is the hepatic manifestation of a metabolic disease, it is also associated with a higher
cardiovascular risk[43]. A recent meta-analysis assessed the long-term higher risk of fatal and nonfatal
CVD events, observing an increase across steatosis stages, reaching the maximum when fibrosis was
present[44]. NAFLD is also significantly associated with hypertension[45] and heart failure[46], thus
significantly increasing the overall mortality risk[46]. In a retrospective study comparing more than 900
subjects affected either by NAFLD or AFLD or with normal liver appearance on computed tomography,
fatty liver independently from the cause of the steatosis was associated with a higher cardiovascular risk
[47]. Since NAFLD is a dynamic entity, it is, by definition, subject to variation over time. In the same
study, Lee et al[47] evaluated 3 million subjects for NAFLD with FLI for a minimum of four times,
between 2009 and 2013, concluding that higher persistent FLI led to a higher mortality rate for all
causes, myocardial infarction, and stroke. These results were confirmed after correcting for many
possible confounders such as age, sex, smoking, alcohol consumption, income, dyslipidemia, body mass
index, diabetes, hypertension, and physical activity[47].

As already discussed, diabetes and NAFLD are often associated; thus they may act synergistically to
maximally increase cardiovascular risk[48]; the higher incidence of CVD in diabetic patients with
steatosis compared to diabetic patients without steatosis[48] seems to confirm this detrimental
association.

A study on > 130000 T2D patients with a hospital record of NAFLD or AFLD, and no record of any
other liver disease, showed an increased risk for recurrent CVD, cancer, and mortality for all causes[49].
Patients with a history of hospital admission and fatty liver were younger than those without liver
disease[50]. Of note, similar to what happens in healthy subjects and T2D patients, even in T1D patients,
NAFLD increases the cardiovascular risk[51].

Figure 3 illustrates the association of T2D and NAFLD with multiple morbid conditions; thus the
coexistence and interaction of the two, further exacerbates the prognosis of each.
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Figure 2 The link between nonalcoholic fatty liver disease and diabetes pathogenesis. Nonalcoholic fatty liver disease increases the risk of
developing type 2 diabetes mainly through worsening insulin resistance and increasing gluconeogenesis. By contrast, type 2 diabetes increases the risk of developing
liver steatosis and fibrosis through insulin resistance, oxidative stress, and inflammatory cytokines.
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Figure 3 Type 2 diabetes and nonalcoholic fatty liver disease are both associated with multiple metabolic and cardiovascular morbidities.
Furthermore, the presence of one increases the risk to develop the other and thus exacerbating the overall prognosis. HCC: Hepatocellular carcinoma; NAFLD:
Nonalcoholic fatty liver disease.
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DIABETES, NAFLD, AND CORONAVIRUS DISEASE 2019

From the very beginning of the severe acute respiratory syndrome coronavirus 2 pandemic, diabetes has
shown an association to this virus infection. In fact, a study on 5700 patients admitted to 12 hospitals in
the New York City area demonstrated that the most common comorbidities in admitted coronavirus
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disease 2019 (COVID-19) patients were hypertension (56.6%), obesity (41.7%), and diabetes (33.8%)[52].
Diabetes prevalence in COVID-19 patients is high, varying from 15%, in a pool of more than 23000
patients[53], up to almost 40% in another study on 200 hospitalized patients[54].

Diabetic patients have a higher risk of contracting COVID-19[55], a higher risk of hospitalization[54]
and mortality[56].

NAFLD is also associated to COVID-19[57], to its severity progression, risk of intubation, dialysis and
use of vasopressors[58], although in contrast, some authors[59-61] did not observe a higher risk of
severe COVID-19 and intensive care unit access for NAFLD patients.

A longer viral shedding time[62] and a higher mortality for COVID-19 in NASH patients with
advanced fibrosis[63] have also been reported.

NAFLD DIAGNOSIS

NAFLD diagnosis is based on three criteria: (1) Absence of significant alcohol intake; (2) presence of
hepatic steatosis; and (3) exclusion of other causes of liver disease.

Some clinical biomarkers are used to screen for or diagnose NAFLD, used in complex algorithms for
risk stratification. They aim to combine various conditions, such as arterial hypertension with laboratory
exams, like transaminases, to predict outcomes of the liver disease, but as single markers, they only
provide poor sensitivity and specificity. Yet, their overall performance is limited, with further studies
needed to transfer the initial thought cut-off values into the real clinical scenario[64].

It can therefore be asserted that due to the lack of available noninvasive methods to confirm the
diagnosis of NAFLD, liver biopsy remains the gold standard to classify steatosis, and NASH. However,
biopsy has limitations[65]; namely it is invasive, subject to sampling variability and observer-
dependence, and most importantly, carries risks. Therefore, it is not offered to routinely assess the
amount of fatty liver in NAFLD patients who may have simple steatosis, as reported in the majority of
cases[6].

As previously mentioned, since NAFLD is a dynamic entity[47], varying through lifetime, imaging
methods remain the most widely utilized tools to assess NAFLD patients and quantify the relative
hepatic steatosis.

NAFLD IMAGING

To date, various imaging methods have been utilized: ultrasonography, CT, magnetic resonance
imaging (MRI), and magnetic resonance spectroscopy (MRS). More recently, other diagnostic tools

measuring liver stiffness have entered clinical practice, in view of their practical utility, as reported in
Table 1.

Ultrasound

Conventional B-mode ultrasound (US) is the most widely used imaging modality for the noninvasive
evaluation of hepatic steatosis, as first-line diagnostic imaging procedure, according to clinical practice
guidelines[66]. Fatty liver infiltration is characterized by hyperechogenicity of the parenchyma and
increasing attenuation of US waves in deeper parts, specifically where there is increasing steatosis[67].
However, US evaluation of fatty livers is based on the operator’s experience; in comparison to histology
as reference standard, the overall sensitivity and specificity of B-mode US are, respectively, 84.8% and
93.6%, with 0.93 accuracy[68].

US elastography quantitatively evaluates liver stiffness. Two broad categories of imaging-based
sonoelastography are currently in clinical use: strain elastography, which is influenced by the operator
or physiologic forces that produce tissue deformation; and shear wave elastography (SWE), which
instead results from the acoustic radiation force of the tissue displacement[69,70].

Fibroscan uses transient US elastography (TE) to measure hepatic elasticity by quantifying the shear
wave velocity with ultrasonic echo pulses from low-frequency vibrations that are transmitted into the
liver[71,72]. Since patients with > 66% steatosis at liver biopsy have a false-positive higher rate, via the
Fibroscan XL probe it is also possible to investigate obese patients, given that during TE the
transmission of a mechanical wave through the skin and subcutis could cause technical failure and
unreliable measurements[73].

Controlled attenuation parameter (CAP) is another technique implemented on the Fibroscan device.
The principle of CAP is to measure the acoustic attenuation in liver of shear waves generated by the
probe. The amount of fat deposited in the liver can be inferred from the degree of attenuation[74]. In a
multimodality study in patients with biopsy-proven NAFLD, it was shown that using a threshold of 261

dB/m CAP the methodic accuracy was 0.85 (95% confidence interval of 0.75-0.96) for steatosis diagnosis
[75].

WJD | https://www.wjgnet.com 673 September 15,2022 | Volume13 | Issue9 |



Bellini MI et al. NAFLD and diabetes

Table 1 Pros and cons of imaging modalities to assess hepatic steatosis

Modality Pros Cons
US B-Mode Lack of ionizing radiation No panoramic view
Less expensive Operator dependency
Repeatable Limited accuracy diagnosing mild hepatic steatosis
Fast Rather qualitative nature
Can be performed at the bedside (no need to transport the patient) Non simple steatosis/NASH differentiation
Useful also for identification of other pathology such as liver lesions
Qus Same as US B-Mode Not always available
Quantitative and semiquantitative fat evaluation (less operator Need to buy newer machines and software
sensitive)
Fibroscan Quantitative evaluation (less operator sensitive) Expensive equipment that doesn’t supply imaging
evaluation
Lack of ionizing radiation
Fast
Can be performed at the bedside (no need to transport the patient)
CT Fast ITonizing radiation
Panoramic view Limited accuracy diagnosing mild hepatic steatosis
Volumetric rendering Non simple steatosis/NASH differentiation
High spatial resolution
Quantitative density evaluation
MRI Highly accurate and reproducible for measuring hepatic fat Expensive
Panoramic view Examination time
Lack of ionizing radiation Software not always available
Quantitative fat evaluation
MRS Highly accurate and reproducible for measuring hepatic fat Expensive

Panoramic view
Lack of ionizing radiation

Quantitative fat evaluation

Examination time
Software not always available

Evaluation of small portion of the liver

Expertise required for data acquisition and analysis

CT: Computed tomography; MRI: Magnetic resonance imaging; MRS: Magnetic resonance spectroscopy; NASH: Nonalcoholic steatohepatitis; QUS:

Quantitative ultrasound; US: Ultrasound.
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Two-dimensional SWE is an US technique providing visualization of viscoelastic properties of soft
tissues in real time[76]. These techniques employ acoustic radiation force impulses that induce tissue
motion at a microscopic level, which in turn produces tissue shear waves. The shear waves are related to
tissue stiffness under simple assumptions, expressed as Young's module[77].

In the last several years, quantitative US measures, such as the ultrasonic attenuation coefficient and
backscatter coefficient, derived from the raw radiofrequency echo data, have been considered a
noninvasive tool for the objective assessment of hepatic steatosis[785].

A general limitation of all US-based methods evaluating liver fat content, including CAP, is that
sonography exploits the attenuation of the propagated and reflected waves. While liver fat attenuates
sound waves, many other liver pathologies such as hepatitis, hemochromatosis or fibrosis can also affect
sound waves in the same manner[79].

CcT

CT evaluation of hepatic steatosis is based on the attenuation values of the liver parenchyma, assessed
as Hounsfield units (HU), in association with tissue composition. The attenuation value of fat (approx-
imately -100 HU) is much lower than that of soft tissue, so hepatic steatosis lowers the attenuation of
liver parenchyma. Some studies have reported that contrast-enhanced venous CT and nonenhanced CT
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have comparable diagnostic accuracy for hepatic steatosis[80]; however, nonenhanced CT is usually
preferred to avoid the potential errors of contrast-enhanced CT caused by variations in hepatic
attenuation related to contrast injection methods and scan times. The two CT indexes most frequently
used to assess steatosis are the absolute liver attenuation value (i.e. HU-liver) and the attenuation
difference between the liver and spleen.

CT is accurate for the diagnosis of moderate-to-severe steatosis but is not as accurate for detecting
mild steatosis. The threshold values of CT indices for the diagnosis of hepatic steatosis are quite
variable, depending on the methods and populations used[81-83]. Furthermore, some factors may affect
hepatic attenuation on CT, such as the presence of excess iron in the liver and ingestion of certain drugs
such as amiodarone[84].

Magnetic resonance

While CT and US assess hepatic steatosis through proxy parameters (echogenicity and attenuation,
respectively), MRI can more directly measure the amount of hepatic fat, in fact it is an imaging modality
with a rich range of contrast mechanisms detecting and quantifying hepatic fat content through the
measurement of proton signals present in water and fat[85].

There are conventional MRI methods providing qualitative estimates of hepatic steatosis and fully
quantitative MRS and MRI methods that allow for an accurate and precise measurement of hepatic fat
content[86-88].

MRS and chemical shift-encoded MRI, when performed in expert hands, can serve as confounder-
corrected methods able to discern the number of fat-bound protons divided by the amount of all
protons in the liver, including fat- and water-bound protons[89].

To date, MRI especially with the techniques reported above, represent the noninvasive gold standard
evaluation of these patients; however, US is broadly gaining popularity.

PREVENTION AND TREATMENT

NAFLD treatment depends on the severity of the disease, ranging from a more benign condition of
nonalcoholic fatty liver to nonalcoholic steatohepatitis, which is at the more severe end of the spectrum.
However, there are some measures that can be applied to all patients. These include the following. (1)
Abstinence from alcohol: evidence shows that in NAFLD patients, there is no liver-safe limit of alcohol
intake[90]. Heavy alcohol use is well-known to be associated with hepatic steatosis, hepatic injury, and
progression of parenchymal fibrosis[91], but even low alcohol consumption in individuals with
metabolic abnormalities could be harmful, thus abstinence from alcohol for patients with NAFLD is
always recommended. (2) Immunizations: for patients without serologic evidence of immunity,
vaccination for hepatitis A virus and hepatitis B virus is recommended, and, in general, standard, age-
appropriate immunizations for all patients[7]. (3) Modification of risk factors for CVD: For patients with
hyperlipidemia, lipid-lowering therapy; for patients with diabetes, optimizing blood glucose control[9].

For patients with NASH and T2D, the presence of the liver disease can inform the choice of glucose
lowering therapy, and although this is typically with metformin, the beneficial impact on liver histology
with certain other insulin-sensitizing agents could be of note when choosing a second-line agent in
NASH patients, if metformin is contraindicated or in need of additional glucose-lowering therapy[33,
35]. In this setting, pioglitazone and GLP-1 receptor agonists (e.g., liraglutide, semaglutide) are
reasonable options[92] and the apparent benefit of certain insulin-sensitizing agents for NAFLD is likely
related to the role that insulin resistance plays in the development of NAFLDI[9].

For patients with biopsy-proven NASH and fibrosis stage 2 but without diabetes, the use of vitamin
E (800 international units per day) is suggested. The antioxidant, anti-inflammatory, and anti-apoptotic
properties of vitamin E accompanied by the ease-of-use and exceptional tolerability have made vitamin
E a pragmatic therapeutic choice in nondiabetic patients with histologic evidence of NASH[93].

In every case, weight loss is the primary therapy for most patients with NAFLD. It can lead to
improvement in liver biochemical tests, liver histology, serum insulin levels, and quality of life[94-96].

Several studies have suggested that weight loss of at least 5% of body weight is necessary to improve
hepatic steatosis, although the long-term benefits of such weight loss are unknown. In a meta-analysis of
eight trials including 373 patients, losing 5% of body weight resulted in improvement in hepatic
steatosis, while losing of 7% of body weight was associated with improvement in NALFD activity
score, which is used to grade disease activity[97].

Unfortunately, only less than 10% of patients that try to lose weight with lifestyle modifications,
including diet and physical activity, achieve this target at 1-year, and fewer maintain the weight loss at 5
years[98]. Bariatric surgery is an option that may be considered in those who fail to lose weight by
lifestyle changes.

Although weight loss seems to be the main mechanism, bariatric surgery has been shown to improve
also liver histology and fibrosis secondary to NASH, in addition to other benefits including an
improvement or resolution of T2D mellitus, dyslipidemia, and hypertension, and a reduction of
cardiovascular morbidity or mortality[99-101].
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A meta-analysis of 10 studies showed that the bariatric surgery group had significantly lower odds of
major adverse cardiovascular events as compared to no surgery (odds ratio = 0.49; 95% confidence
interval: 0.40-0.60; P < 0.00001; I* = 93%) suggesting the benefit of bariatric surgery in reducing the
occurrence of serious events in patients with obesity and CVDs[102].

In the SPLENDOR study of 1158 patients with histologically confirmed NASH and obesity, bariatric
surgery (gastric bypass or sleeve gastrectomy) was associated with a much lower 10-year cumulative
incidence of major adverse liver outcomes (2.3% vs 9.6%) and major cardiovascular events (8.5% vs
15.7%) compared with nonsurgical management[103].

Weight reduction due to bariatric surgery causes inflammatory changes in patients with obesity.
After gastric bypass there is a proven reduction of hepatic expression of factors involved in the
progression of liver inflammation (macrophage chemoattractant protein 1, and interleukin-8) and
fibrogenesis [transforming growth factor-B1, tissue inhibitor of metalloproteinase 1, a-smooth muscle
actin, and collagen-a1(I)][104], a significant decrease in mean NAFLD fibrosis score after Roux-en-Y
gastric bypass (RYGB) and resolution rate of 55% of severe fibrosis in 12-mo observation[105], and,
moreover, RYGB contributes to significant reduction in NAFLD activity score, steatosis, inflammation
and liver ballooning during 1-year observation[106].

In a long-term follow-up of patients with NASH who underwent bariatric surgery, Lassailly ef al[107]
observed resolution of NASH in liver biopsies from 84% of patients 5 years later. The reduction of
fibrosis is progressive, beginning during the 1%year and continuing through 5 years[107].

Among recently available surgical methods, RYGB and laparoscopic sleeve gastrectomy (LSG) are the
most performed worldwide. The remaining question is whether RYGB or LSG is more effective[108].

A systematic review and meta-analysis performed by Baldwin et al[109] compared RYGB and LSG
using separate criteria: transaminases concentration, NAFLD activity score and NAFLD fibrosis score.
Overall, both RYGB and LSG significantly improved liver enzymes, NAFLD activity score, and NAFLD
fibrosis score postoperatively. Direct comparisons of RYGB to LSG in any of the criteria failed to
demonstrate superiority[109]. These findings, without any significant difference between the two
groups, are confirmed in other studies[110,111].

Even if the role of bariatric surgery in the treatment of NAFLD is significant, there are some patients
that will develop new or worsened features of NAFLD after a bariatric procedure[112]. A 5-year
prospective study performed by Mathurin et al[113] showed that 19.8% of patients experienced fibrosis
progression at 5 years follow up for unknown reason.

Aggravation of NAFLD after surgery should be kept in mind when qualifying patients for a bariatric
procedure. At the extreme consequences, and when the progression of liver fibrosis is irreversible, also
liver transplantation becomes an option, and indeed NASH is nowadays representing the fastest
growing indication in Western countries to this kind of surgery. Yet, lifestyle modifications, as well as
pharmacological strategies and tailored immunosuppression via a strategic multidisciplinary approach
are still key to control diabetes and CVD risk in this setting, too[114].

CONCLUSION

NAFLD is intimately related to T2D and both diseases are highly prevalent worldwide, representing a
public health alarm. The diagnosis and management of NAFLD in T2D is challenging, given the
inherent cardiovascular risk and the underlying liver parenchymal degeneration. As well as to insulin
resistance, NAFLD may be related to other hormonal alterations, quite common in patients with obesity,
and potentially contributing to the onset and the worsening of steatohepatitis. A complete hormonal
workout, in patients with severe NAFLD, and conversely investigation of NAFLD in patients with T2D,
severe obesity or other metabolic disorders is recommended to prevent and monitor NAFLD risk.

Current medical treatments aim to mitigate insulin resistance, optimizing metabolic control and
halting hepatic disease progression; yet they are still under debate for their efficacy, and new classes of
drugs targeting different pathways need experimentation in the forms of randomized controlled trials,
to pursue a tailor-made approach, for example assessing gut permeability and modification of
individual human microbiota.

Identification of simple, inexpensive biomarkers would be also of help as an additional diagnostic
tool, or to predict disease progression and response to treatment.

Surgery is considered a more advanced therapeutic option, either to improve obesity and control of
the associated metabolic conditions, via bariatric interventions, either by substituting the cirrhotic liver
vig organ transplantation.

Future research should focus on the treatment of NAFLD, as a risk factor for developing T2D and in
how to prevent and detect NAFLD progression in patients with T2D, obesity or other severe metabolic
conditions.
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Abstract

Recently added to the therapeutic arsenal against chronic heart failure as a first
intention drug, the antidiabetic drug-class sodium-glucose cotransporter-2
inhibitors (SGLT2i) showed efficacy in decreasing overall mortality, hospital-
ization, and sudden death in patients of this very population, in whom chronic or
acute ischemia count among the first cause. Remarkably, this benefit was
observed independently from diabetic status, and benefited both preserved and
altered ventricular ejection fraction. This feature, observed in several large
randomized controlled trials, suggests additional effects from SGLT2i beyond
isolated glycemia control. Indeed, both in-vitro and animal models suggest that
inhibiting the Na*/H* exchanger (NHE) may be key to preventing ischemia/
reperfusion injuries, and by extension may hold a similar role in ischemic damage
control and ischemic preconditioning. Yet, several other mechanisms may be
explored which may help better target those who may benefit most from SGLT2i
molecules. Because of a large therapeutic margin with few adverse events, ease of
prescription and potential pharmacological efficacity, SGLT2i could be candidate
for wider indications. In this review, we aim to summarize all evidence which link
SGLT2i and ischemia/reperfusion injuries modulation, by first listing known
mechanisms, including metabolic switch, prevention of lethal arrythmias and
others, which portend the latter, and second, hypothesize how the former may
interact with these mechanisms.

Key Words: SGLT?2 inhibitors; Ischemia-reperfusion injuries; Sodium-proton exchanger;
Myocardial ischemia; Immunomodulation
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Core Tip: The antidiabetic drug-class sodium-glucose cotransporter-2 inhibitors (SGLT2i) showed efficacy
in decreasing mortality in patients with chronic heart failure, in whom ischemia counts among the first
cause. Remarkably, this benefit was observed independently from diabetic status. This feature, yielded
from several randomized controlled trials, suggests additional effects from SGLT2i beyond isolated
glycemia control. Indeed, previous in-vitro and animal models analyzed altogether suggests the role of the
inhibition of the Na'/H* exchanger, which holds a pivotal role in ischemia/reperfusion injuries. In this
review, we aim to summarize evidence which associate SGLT2i and ischemia/reperfusion injuries, by first
listing known mechanisms which portend the latter, and second, hypothesize how the former may interact
with these mechanisms.

Citation: Quentin V, Singh M, Nguyen LS. A review of potential mechanisms and uses of SGLT?2 inhibitors in
ischemia-reperfusion phenomena. World J Diabetes 2022; 13(9): 683-695

URL: https://www.wjgnet.com/1948-9358/full/v13/i9/683.htm
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INTRODUCTION

Although sodium-glucose cotransporter-2 inhibitors (SGLT2i) represent a decade-old drug class, the
range of their indications has expanded since the first Food and Drug Administration label in 2013 in
patients with type 2 diabetes[1,2]. Indeed, SGLT2i which include empagliflozin, dapagliflozin and
canagliflozin are now indicated in patients with heart failure, independently from their status towards
diabetes[3].

To understand how SGLT2i went from an antidiabetic to a cardioprotective treatment, one must
recall how in patients with type 2 diabetes treated by SGLT2i, there were numerous observations of a
decrease in heart failure events, all-cause mortality, cardiovascular mortality[4]. Furthermore, subgroup
analyses confirmed that this risk decrease was consistent across a wide range of cardiovascular risk[5,6].

Hence, specific randomized controlled trials were launched to assess the hypothesis of a benefit to be
treated by SGLT2i for patients with heart failure, regardless of the presence or absence of diabetes.
Preliminary reports were then confirmed, and SGLT2i improved clinical outcomes in patients
presenting with heart failure, be they with preserved and reduced ejection fraction[2,7-9].

Nevertheless, while the main pharmacological effect of SGLT2i is to decrease renal glucose
reabsorption, thereby increasing urinary glucose excretion, the benefits observed even in non-diabetic
patients question off-target mechanisms. As an illustration, in the EMPA-REG OUTCOME trial which
compared empagliflozin to placebo in patients with type 2 diabetes at high risk for cardiovascular
events, the proportion of acute myocardial or cerebral ischemic event was similar in both groups,
however, patients in the treatment group were more likely to surviving a cardiovascular event. This
element may be supportive of a cellular protective association in ischemic injury[10]. In the
dapagliflozin and prevention of adverse-outcomes in heart failure trial (DAPA-HF), administration of
dapagliflozin reduced risk of serious ventricular arrythmia, cardiac arrest or sudden death[11].

In the following review, we aimed to suggest several mechanisms which may explain how SGLT2i act
as immunomodulators, and how they may act beyond the sole increase in urinary loss of glucose. We
first described the ischemia-reperfusion injury phenomenon and then expanded on the interactions
between SGLT2i and ischemia-reperfusion mechanisms. Our main assumption lied on a protective role
against ischemia-reperfusion lesions, which involve an increase in functional ketones, associated with a
metabolic change, an impact on sodium/hydrogen exchanger, endothelial dysfunction, inflammation
biomarkers, and platelet function.

ISCHEMIA-REPERFUSION INJURY, AN OVERVIEW

While mortality of acute myocardial infarction, has been decreasing over time[12], subsequent
morbidity manifested by heart failure has grown. Mitigating infarct size is a therapeutic goal which may
be attained by decreasing the delay between first signs of ischemia and revascularization[13], and by
managing secondary lesions.

Myocardial ischemia is often caused by the occlusion of epicardial artery resulting in the ischemia of
the coronary vascular territory which it depends upon. If prolonged, it may lead to myocardial
infarction, an irreversible condition[14,15]. Therefore, quickly restoring blood flow in the occluded
artery is the only way to limit the extent of infarction and subsequent complications including mortality.
The reperfusion phenomenon however has been associated with secondary lesions[16], responsible for
additional cardiomyocyte injuries[17,18]. These additional lesions may be partly responsible of final
infarction size and therefore associated with adverse outcomes as there is a link between infraction size
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and long-term mortality or heart failure[19].

In cardiac surgery, these lesions are detected in 25% to 45% of patients[20]. They may be assessed by
CK-MB and/or troponin levels, associated with postoperative adverse events[21]: arrythmias,
myocardial stunning, low cardiac output syndrome and perioperative infarction[22]. Although,
situations leading to these myocardial injuries are either unpredictable (i.e., acute myocardial infarction)
or unavoidable (i.e., cardiac surgery), cardioprotective strategies aiming at reducing ischemia/
reperfusion injury are critical[23].

Myocardial ischemia

Defined by a mismatch between supply and need in oxygen and nutrients, its consequences depend on
its severity, duration and the existence of collateral circulation[24]. In normal blood flow situation,
oxygen is used by mitochondrial respiratory chain to produce ATP by using fatty acids (65%), glucose
(15%), lactate (15%) and amino-acids and ketones (5%). Ninety percent of produced ATP are used by
cardiomyocytes for contraction and the rest for homeostasis[25]. Following arterial occlusion and
oxygen supply arrest, oxidative phosphorylation by mitochondrial respiratory chain stops and
metabolism becomes anaerobic with the use of anaerobic glycogenolysis, leading to formation of H* and
lactates[26]. Hence, during ischemia, ATP is mainly produced from glucose instead of fatty acids, due to
a higher energy-consumption rate of fatty acids catabolism[27]. This metabolic shift leads to the
accumulation of AcylCoA and AcylCarnitine, both considered toxic for cardiomyocytes (enzymatic
inhibition, alters cell membrane etc.). The small amount of produced ATP is used to maintain cellular
homeostasis by using ATP-dependent ion pumps, until all ATP are depleted. Owing to ATP deficiency
some cellular functions are not further ensured such as myocardial contraction, protein synthesis[28].

Then, an intracellular sodium accumulation creates a cellular oedema due to the activation of Na*/H?*
exchanger (NHE) and inhibition of NA/K ATPase, which in turn, leads to a cytosolic calcium overload
by activation of Na*/Ca* exchanger[29,30], inhibition of SERCA[30], and increased calcium entry via
other channels[30].

The subsequent activation of protease, lipase, nuclease[27], and mitochondrial ultrastructural
damage, are associated with myocardial stunning. In normal conditions, mitochondria’s membrane is
impermeable to ions and proteins[22], with a channel on the inner membrane called the mitochondrial
permeability transition pore (mPTP)[25]. During ischemia, this permeability transitions, opening mPTP
[22], leading to mitochondrial oedema and death and release of its contents: Cytochrome c, apoptosis-
inducing factor AIF, reactive oxygen species (ROS)[31,32].

ROS are highly reactive elements responsible for cellular injury because of reactions with lipids,
proteins, and nucleic acids. The accumulation of xanthine and hypoxantine during ischemia[33], allows
for their use by xanthine oxidase, activated during reperfusion and leading to the formation of ROS[34].
One of the many sources of hypoxanthine during ischemia, is ATP degradation by adenine nucleotide
translocase which synthesize ADP, then degraded into hypoxanthine. This phenomenon increases
energetic deficiency.

Reperfusion injury

After myocardial ischemia, restoring blood flow is an emergency, and clinical guidelines all advocate for
the shortest delay possible[13,25]. However, reperfusion is also associated with secondary injuries[35],
due to the sudden oxygen supply which allows for the formation of superoxide anions. The mechanisms
which are hypothesized include: (1) The activation of oxidative phosphorylation; (2) the activation of
xanthine oxidase; and (3) local neutrophil accumulation and NADPH oxidase activation, also leading to
ROS accumulation[25]. In normal conditions, superoxide anions are antagonized by antioxidant
elements (catalase, superoxide dismutase, glutathione peroxidase, vitamins, etc.). However, in case of
massive ROS production and altered defense mechanisms by ischemia, the balance is tipped off towards
ROS accumulation. A graphic summary of these mechanisms is available in Figure 1.

Another mechanism of reperfusion injury is the pH paradox[25,36]. Reperfusion restores pH by
quickly extracting accumulated H*, by activating of NHE; yet, pH restoration has been associated with
deleterious outcomes[37]. Indeed, an abrupt accumulation of Na*may lead to cellular oedema and
calcium overload (due to a Na*/Ca? exchanger), and since cytoplasmic acidosis inhibits the mPTP
opening, rapid normalization of intracellular pH leads to mitochondrial permeability transition with
mPTP reopening[27]. Hence, phenomena similar to that of ischemia may occur even though reperfusion
was achieved[29].

Cardioprotective strategies
Cardioprotective strategies aim to reduce cardiomyocytes injuries, secondary to ischemia-reperfusion
phenomena, and include 4 methods: preconditioning, postconditioning, remote conditioning and
pharmacological treatment.

Preconditioning consists in applying cycles of brief coronary occlusion immediately before sustained
occlusion. Clinical benefit has been observed in dog models, where repetitive short coronary occlusions
preceding sustained occlusion resulted with an infarction smaller more delayed than that of a sustained
occlusion without preconditioning[38]. While the benefit was initially observed shortly after ischemia,
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physiopathology of ischemialreperfusion injuries and cardio-protection. During ischemia, lack of oxygen leads to mitochondrial

respiratory chain failure. ATP is produced mainly by using anaerobic glycolysis leading to acidosis and increase in lactate. Intracellular accumulation of H* activates
the Na/H exchanger causing a sodium overload and calcium overload. All of these phenomenon result in mitochondrial permeability transition pore (mPTP) opening

and release of reactive
that are not eliminated

oxygen species (ROS), cytochrome C and AIF leading to cell death. During reperfusion, sudden oxygen supply led to massive ROS formation
by antioxidant systems (which have been damaged by ischemia). The rapid pH normalization increased the sodium and calcium overload (=

pH paradox). mPTP opening is also increased. Cardio-protection strategies lead to inhibition of NHE, mPTP opening, or restauration of antioxidant systems. AlF:
Apoptosis inducing factor; CyC: Cytochrome C; mPTP: Mitochondrial permeability transition pore; NHE: Na/H exchanger; ROS: Reactive oxygen species.
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more lasting effects have been recently highlighted suggesting the role of protein synthesis [inducible
nitric oxide (NO) synthase, cyclooxygenase, aldose reductase, superoxide dismutase][18]. Elements
which are thought to mediate preconditioning benefit include but are not limited to adenosine,
bradykinin or mechanical stretch activating various intracellular signaling pathways including RISK-
pathway (increasing AKT and ERK1/2) and SAFE-pathway (increasing JAK and STAT) whose end
targets are inhibition of mPTP opening, inhibition of Na/H exchanger or upregulation of antioxidant
systems (superoxide dismutase, aldose reductase, efc.)[18,38].

Although promising, preconditioning is not reliable in clinical practice since it could not be used
before acute coronary syndrome because of the brief effects of such procedure or the unpredictability of
ACS. Hence, preconditioning could only be used in patient before CABG, by cross-clamping the aorta
and then releasing for several minutes. Studies showed that it decreased post-operative ventricular
arrhythmias, inotrope use and limited ICU stay[39].

On the other end, ischemic postconditioning consists in the same procedure, performed after the
ischemic event, during reperfusion procedures. Similarly, it was associated with smaller infarct size[40,
41], a more progressive pH restoration, decreasing ROS production and calcium-induced mPTP
opening, resulting in anti-apoptotic, anti-autophagic et anti-arrhythmic benefit[25].

While pre- and postconditioning aim at stimulating local anti-inflammatory pathways, remote
conditioning consists in applying cycles of brief occlusion in other territories than that which is affected
by ischemia (i.e., neighboring coronary artery, limb). Theoretical advantages of this method lie in the
fact that it may be applied at any time, is non-invasive and easily feasible. On top of the abovemen-
tioned mechanisms, additional systemic signal pathways may be involved with neuronal (peripheral
sensory nerves, spinal cord, brainstems and vagal nerves) and humoral inducing a renal production of
adenosine[42]. While this approach also aims at diminishing infarct size, mortality, and hospitalization
for heart failure, phase III clinical trials failed to yield significant benefit, excepts in the most severe
patients (cardiogenic shock or cardiac arrest)[18].
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Yet, while multiple drugs have been tested, none showed clinical significance in human patients.
Na/H exchangers inhibitors showed improvement in cardiovascular outcomes but increased stroke
incidence[25,43,44]. Cyclosporine A, a nonspecific inhibitor of mPTP[45], promising initial results
infarct, which were not translated in clinical studies[18]. Adenosine, acting as a vasodilator, was
associated with pre- and postconditioning-like effects[46], through inhibition of mPTP opening[47].
Similarly, results were not conclusive in clinical trials[48]. Finally, NO was associated with potentially
benefit in ischemia-reperfusion injuries by acting on oxygen consumption[49], platelet aggregation[50],
leucocyte adhesion[51], and free radical scavenging[52].

These discrepancies between theoretical promises and disappointing clinical results require further
research in the field, investigating novel pathways.

THE SGLT2 PATHWAY

Metabolic shift to a sparing substrate

In normal oxygenation conditions, myocardial mitochondrial oxidative metabolism exploits fatty acids
(60%), glucose (30%), lactate and to a lesser degree ketones and amino acids, with a capacity to rapidly
change substrates depending on workload or conditions. Under hypoxic conditions, myocardial
substrate oxidation switches from free fatty acids to glucose and carbohydrate oxidation, because
transformation of glucose to lactate is independent of oxygen supply[53]. During prolonged anaerobia,
ketone becomes predominant as a resource. For instance, in animal models increasing the uptakes of 3-
hydroxybutyrate (3HB) is associated with an improvement in cardiac function, pathologic cardiac
remodeling, and oxygen consumption, whereas the capacity to oxidate substrate such as fatty acid is
reduced[54]. Of note, 3HB is generated in the liver and may be used as a substrate for generating acetyl-
CoA leading to increased production of NADH to drive energy transfer and ATP production.

Remarkably, in patient treated by SGLT2i, an uprising of ketone circulation was observed[55,56].

One of the hypotheses is that SGLT2i improves myocardial fuel metabolism, contractility, and cardiac
efficiency by shifting catabolism away from lipids and glucose to that of ketone bodies[57]. Improved
oxygen consumption and work efficiency at a mitochondrial level have been hypothesized[58]. Similarly
as fasting, with the expected glucose depletion under SGLT?2i, insulin-glucagon ratio is modulated,
delivery of free fatty acids is increased to the liver which then stimulates ketogenesis[59]. Metabolomic
profiles of patients with type 2 diabetes further support this hypothesis[55]. In addition to an expected
reduction in glucose, SGLT2i increased 3HB levels suggesting an accrued utilization of ketone bodies.
Moreover, increased intermediate metabolites of the urea cycle may indicate its use as well as amino-
acids[55]. Remarkably, the same metabolic changes were observed in non-diabetic patients: Ferrannini et
al[54] showed that SGLT2i reduced end-tissular glucose catabolism, accelerated lipolysis and fat
oxidation. While these changes were more prominent after long-term exposition, an effect was observed
as early as the first administration[53]. When compared to serum profiles of patients under corticoids
treatment (widely tested in ischemia-injury model), SGLT2 might represent a different therapeutic
candidate because of alternative energy income pathways involved[60]. A comparison between the
metabolomic changes due to SGLT2i molecules as compared to glucocorticoids is available in Figure 2.

Because use of ketone bodies depends on the targeted organ, heart as well as kidneys may be those
which benefit the most from an increase in 3HB[57]. Furthermore, similarly to an ischemia-hypoxia
setting, during incremental atrial pacing, fractional extraction of 3HB persist, with improved energy
efficiency; and a lower use of free fatty acids in low oxygenation conditions prevents the formation of
ROS[59].

Of note, even if data from animal studies are promising and suggest benefit regarding infarct size and
recovery, opposite signals appear when focusing on ketone bodies[58,61]. A recent work reported a
suppression in ketone body utilization by myocardial during ischemia, based on levels of -hydroxybu-
tyrate in patient presenting chest pain in a retrospective population[62]. Animal models with low-
carbohydrate diet inducing mild nutritional ketosis showed a worse recovery and survival, more
arrythmias after induced ischemia[63,64]. However, these contradictory results, well summarized in
Kolwicz and al. review[65], only raise the need for additional studies at the metabolic level.

Inhibition of the NHE

SGLT2i were also associated with the inhibition of the NHE in myocardial cells[66]. We previously
described the role of NHE in the homeostasis of ischemic cells, which induce oxidative stress with
elevated cytosolic Na'and increased mitochondrial formation of ROS through a final intracellular
calcium overload. The counterbalance of such mechanism requires the regeneration of antioxidative
enzymes by mitochondria, relying on NADPH, indirectly produced by the Krebs cycle, in turn activated
by intramitochondrial calcium[67]. NHE inhibitors were associated with cardioprotective features in
animal models of acute myocardial infarction[68]. Moreover, a chronic inhibition of NHE was associated
with improvement against cardiomyocyte injury, remodeling, and systolic dysfunction[69].
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Remarkably, SGLT2i indirectly interacts with NHE. In mice, empagliflozin reversed the effects of
ouabain (an agent increasing intracellular sodium)[70]. Moreover, this effect was independent from
SGLT2 and indirectly caused a decreased activation of the Na*/Ca?" exchanger. The same results were
observed with other SGLT2i (dapagliflozin, canagliflozin)[66].

This inhibition with empagliflozin was associated with lower rates of tumor necrosis factor alpha
(TNF-a), attesting of a cell preservation and lowered inflammation through NHE inhibition.

Additional mechanisms which were hypothesized include: improved AMPK activation in myocytes
[71], and cardio-fibroblasts[72]. In contrast, another study showed that concrete benefit on AMPK-
pathway with SGLT2 in human cells and mouse cells in vitro seems unlikely because activation
appeared with concentrations corresponding to the peak plasma concentrations of therapeutic doses
[73].

In human cells, NHE inhibition showed similar results in atrial and ventricular myocytes, as
compared to that of mice ventricular myocytes. Heart failure and atrial fibrillation were associated with
increased NHE expression[74]. Finally, in human coronary endothelial cells, empagliflozin was
associated with a similar reduction of oxidative stress supporting the previous hypothesis[75].

Positive effects of inhibition of NHE are not limited to better myocardial function, ionic homeostasis,
or reduction of myocyte ischemic inflammation. Empagliflozin and canagliflozin in short-term
treatment enhanced coronary vasodilation through NHE inhibition[66], whereas dapagliflozin needed a
more prolonged treatment to reach comparable effect[76]. However, in cases of acute inflammation, a
non-specific vasodilatation may occur, making it difficult to interpret supposed effect of inhibition of
SGLT2[77].

Prevention of arrythmia and sudden death in ischemia-reperfusion injury

Sudden deaths and ventricular arrythmias may occur after acute ischemia and reperfusion events, and
SGLT2i were associated with fewer such events. Yet, because SGLT2i do not inherently feature anti-
arrhythmic properties, several mechanisms have been hypothesized[78]. An improved ionic homeo-

688 September 15,2022 | Volume13 | Issue9 |



Jaishideng®

Quentin V et al. SGLT2 inhibitors in ischemia-reperfusion injuries

stasis through NHE inhibition has been suggested in the DAPA-HF trial, where 5.9% of the subjects
assigned to the dapagliflozin group experimented serious rhythmic event (sudden death, cardiac arrest,
ventricular arrythmias), with 7.4% in the placebo group[l11]. In animal models, pre-treatment with
empagliflozin reduced the incidence of reperfusion-induced ventricular arrythmia after an
ischemia/reperfusion event, with the participation of the ERK1/2 pathway, involved in the RISK
reperfusion-signaling pathway[79].

Role of the autonomous nervous system has also been investigated. In 2020, effects of empagliflozin
vs placebo on cardiac sympathetic activity in acute myocardial infarction patients with T2DM
(EMBODY Trial) compared empagliflozin with placebo for various electrocardiographic parameters.
Heart rate variability, heart rate turbulence and electrocardiographic variations were recorded after
acute myocardial infarction. Authors aimed to assess the variables associated with lethal ventricular
arrhythmias. With a 6-mo-follow-up, a difference was observed between the two groups regarding
sympathetic and parasympathetic stimulation[80]. Of note, to date, no study described these elements in
the first few hours after an ischemic event index.

Finally, in a recent meta-analysis which analyzed the effects of SGLT2i on atrial arrythmia, sudden
death and ventricular arrythmia which included 34 trials in patients with diabetes, use of SGLT2i were
protective towards atrial arrythmia and sudden cardiac death, albeit several limitations existed[581].

Even if ionic homeostasis is the main hypothesis for the observed data, a plausible mechanism
concurring to these results may lie on inhibition of platelet function, and antithrombin generation
observed with SGLT2i. Unbalanced platelet activation and coagulation disturbance have been described
during ischemic stress and associated with arrhythmia. SGLT2i have recently been associated with
antiplatelet and antithrombotic features. Empagliflozin and dapagliflozin partially reduced the effects of
stearic acid, an inflammatory agent inducing oxidative stress and impaired endothelial repair processes.
As a result, platelets were less activated, in addition to that of ADP inhibition[82]. In male mice with
T2DM model, administration of dapagliflozin showed a decreased activation and recruitment with an
improved thrombin-platelet-mediated inflammation profile in vivo and less activated platelet with
thrombin stimulation or CRP. Prolonged treatment did not affect hemostasis suggesting safety of
utilization[83]. Gliflozin via NHE inhibition participate to maintain endothelial function[84] and
endothelial production of NO. In a recent study, pharmacological analysis in vitro suggested that the
gliflozin’s antiplatelet activity synergize with NO and prostacyclin[85]. Substantial evidence sustaining
an intricated mechanism.

Taken altogether, these elements encourage to explore concrete platelet and hemostasis parameters
with SGLT?2i in ischemic situation, to sustain a potential benefit in ischemic-reperfusion context.

EXPERIMENTAL MODELS

Models of myocardial ischemia-reperfusion
Beyond the theoretical data and focused exploratory clinical investigations, many animal models have
been developed to assess the benefits of SGLT2 inhibitors in ischemia-reperfusion.

Acute administration of canagliflozin in male rat models of myocardial infarction showed decrease in
infarct size, improved left ventricular systolic and diastolic function during and after ischemia, and
decreased ROS[86]. Similar results were obtained with dapagliflozin[61], and the delay before the first
ventricular arrythmia was lower when treated by SGLT2i. An improved communication between
cardiac cells with preserved phosphorylation of gap junction protein connexin-43 was suggested[87,88].
Empagliflozin also showed similar results: reduced infarction size, better ventricular parameters,
reduced systemic inflammation and ROS production, in acute or chronic administration[89,90]. The role
of STAT3 phosphorylation was observed in several models[89-91]. Even if the beneficial mechanism is
not yet fully determined, acute lowering of the blood glucose might be one of the potential hypothesis
[92]. Interestingly, dipeptidyl peptidase 4 inhibitors were also compared to SGLT2i in murine models:
SGLT2i showed greater efficacy than dipeptidyl peptidase 4 inhibitors to improve metabolic
impairments and left ventricular function[93].

Recently, 16 independent animal models experiments which compared SGLT2i to control, and
included 224 subjects overall, were summarized in a recent meta-analysis[94]. Regardless of diabetes,
SGLT2is were significantly associated with fewer myocardial ischemia-reperfusion injuries and infarct
size. Additionally, systemic treatment performed better than local administration, and longer-term
treatment was associated with better results.

Other organ models
On top of myocardial protection, other organs have been tested.

In a model of lung injury due to ischemia-reperfusion, empagliflozin was tested on respiratory
function, tissular and cellular analyses. Similarly, as in cardiac usage, SGLT2i was associated with lower
levels of circulating cytokines in bronchoalveolar liquids, those were dependent on improved
phosphorylation of pulmonary ERK1/2[95].
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In models of ischemia-reperfusion-induced kidney injury, dapagliflozin was associated decreased
biomarkers of renal failure (blood urea and creatinine) and fewer tubular injuries. Furthermore, under
hypoxic condition, dapagliflozin reversed cellular death. Similarly, as in heart and lung,
phosphorylation of AMPK and ERK1/2 was improved[96]. Remarkably, similar observations were
made in non-diabetic rats[97].

Finally, in neurons, SGLT2i may interact with SGLT2 and SGLT1, expressed in human center nervous
system[98]. Similar ischemia-reperfusion injuries may be performed in neurons, and empagliflozin in
was associated with smaller infarct size and improved neuronal functions than in control rats. The main
pathway studied was the HIF-1a/VEGF cascade, on which suppression of neuronal expression of
Caspase-3 by empagliflozin had positive neuronal effects[99]. Moreover, role of Caspase-3 repression in
hyperglycemic rats suggested an association between empagliflozin use and a decrease in TNF-a[100].

CONCLUSION

Beyond the cardiovascular benefits observed in patients with chronic heart failure treated by SGLT2i,
data from large clinical trials including EMPA-REG or DAPA-HF may suggest a benefit through
ischemia-reperfusion events. The inhibition of the NHE may play a pivotal role in such cardioprotective
feature and further investigations towards the immunomodulatory properties of SGLT2i drug-class are
warranted.
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Abstract

Diabetes mellitus is a chronic metabolic disorder resulting in an increased blood
glucose level and prolonged hyperglycemia, causes long term health conse-
quences. Chronic wound is frequently occurring in diabetes patients due to
compromised wound healing capability. Management of wounds in diabetic
patients remains a clinical challenge despite many advancements in the field of
science and technology. Increasing evidence indicates that alteration of the
biochemical milieu resulting from alteration in inflammatory cytokines and
matrix metalloproteinase, decrease in fibroblast and keratinocyte functioning,
neuropathy, altered leukocyte functioning, infection, efc., plays a significant role
in impaired wound healing in diabetic people. Apart from the current pharmaco-
therapy, different other approaches like the use of conventional drugs,
antidiabetic medication, antibiotics, debridement, offloading, platelet-rich plasma,
growth factor, oxygen therapy, negative pressure wound therapy, low-level laser,
extracorporeal shock wave bioengineered substitute can be considered in the
management of diabetic wounds. Drugs/therapeutic strategy that induce
angiogenesis and collagen synthesis, inhibition of MMPs, reduction of oxidative
stress, controlling hyperglycemia, increase growth factors, regulate inflammatory
cytokines, cause NO induction, induce fibroblast and keratinocyte proliferation,
control microbial infections are considered important in controlling diabetic
wound. Further, medicinal plants and/or phytoconstituents also offer a viable
alternative in the treatment of diabetic wound. The focus of the present review is
to highlight the molecular and cellular mechanisms, and discuss the drug targets
and treatment strategies involved in the diabetic wound.
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Core Tip: This paper reviewed molecular pathways and epigenetic mechanisms involved in the
pathogenesis of diabetic wounds. The role of microbiota, oxidative stress, inflammatory cytokines, and
alteration in the factors involved in normal wound healing process was highlighted. Molecular targets of
therapeutic agents, the role of phytochemicals was discussed. The efficacy of several pharmacotherapy,
treatment strategies, and recent clinical trials aiming to improve the outcome of diabetic foot ulcers was
reviewed.
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INTRODUCTION

The process of wound healing is complex and requires spatial as well as temporal synchronization
between different types of cells with specific functions. Hemostasis, inflammatory phase, proliferative
phase, re-epithelialization, and remodelling phase are the four major phases of wound healing process,
which result in the restoration of functional integrity of tissues[1-3]. Alteration in the microenvironment
due to diabetes mellitus (DM) results in a change in the level of oxygen, chemokines, synthesis of
growth factors, extracellular matrix, oxidative stress that in turn alter normal cellular recruitment and
activation, and induce impaired or delayed wound healing[1,3]. Ageing, genetic disorders, obesity, and
metabolic disorders including DM, are responsible for the abnormal wound healing process, that
enhances the risk of developing chronic wound[1,3,4]. It was estimated that chronic wounds directly
affect the quality of life of about 2.5% population of the United States, and the medicare cost for
management of all wounds and the related situation was projected between $28.1 to $96.8 billion[5].
Management of wounds in the diabetic individual is a major clinical and social concern. The
hyperglycaemic environment in diabetic people causes impaired and delayed wound healing[4],
making the situation more perilous as the number of diabetic people is increasing day by day. It was
also found that treatment and management of diabetic ulcers and surgical wounds were the most
expensive[5]. The IDF Diabetes Atlas estimated that the prevalence of DM in 2021 was 10.5% (536.6
million people in the 20-79 year age group), which will increase to 12.2% (783.2 million in the 20-79 year
age group) by 2045. Global health expenditures related to the management of DM and its complications
are expected to reach $966 billion in 2021[6]. It was also predicted that almost half of the adult
population (44.7%; 239.7 million of 20-79 years old) were unaware of their diabetic condition. People
may develop micro and macrovascular complications during an asymptomatic diabetic state[7].
Impaired or delayed wound healing affects about 25% of diabetic people. A study suggested that 1in 3
to 1 in 5 diabetic individuals are at risk of chronic non-healing wounds, including diabetic foot (with a
very high recurrence rate) in their lifetime[8]. Zhang et al[9] estimated that the global prevalence of
diabetic foot is 6.3%, which usually affects type 2 diabetic people, older people, and people with a
longer duration of DM.

Both the extrinsic and intrinsic factors are responsible for delay in the wound healing process in
diabetic patients. Repeated trauma or mechanical stress in the diabetic foot can lead to neuropathy and
ischemic situation. Glucose-rich environment results in increased generation of advanced glycation end-
products (AGEs) and elevated levels of inflammatory cytokines [i.e., interleukin (IL)-1p and tumor
necrosis factor o (TNF-a)] for a persistent period that hinders the normal process of wound healing[10,
11]. In turn, hyperglycemia reduces collagen synthesis, growth factor production, macrophage function,
angiogenic response, migration and proliferation of fibroblast and keratinocyte, epidermal nerve count,
and the balance between extracellular matrix (ECM) component accumulation and matrix metallopro-
teinase (MMP) induced remodelling [4,12]. The normal wound healing process and effect of the
hyperglycemic condition are depicted in Figure 1.

Despite the presence of protocols to standardize care in the diabetic wounds, as well as numerous
advancements in scientific research and in clinical fronts, DM remains a problematic situation for
wound healing. This paper is an attempt to highlight the mechanistic insights, plausible therapeutic
targets, and pharmacotherapeutic approaches, particularly the role of phytochemicals in the
management of diabetic wounds, in light of recent shreds of evidence.
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Figure 1 Normal process of wound healing and effect of diabetes mellitus. ECM: Extracellular matrix.
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MECHANISTIC INSIGHTS OF DIABETIC WOUND

Wound healing, being an evolutionary conservation process, restores impaired epithelial barriers
through a cascade of events including inflammatory responses, proliferation, cellular migration,
angiogenesis, and remodeling of tissues[13]. DM interferes with the normal healing process to provoke
non-healing wound, and leads to complications including walking difficulty and infections like
septicemia, abscess, cellulitis, osteomyelitis, and gangrene[4]. Acute diabetic wounds with an impaired
healing process of unknown aetiology are the first signs of chronic diabetic wounds. Hyperglycemia,
hypoxia, chronic inflammation, neuropathy, circulatory dysfunctions, alteration in neuropeptide
signalling, and infections impede the diabetic wound healing process. Importantly, due to the hetero-
geneous nature of the diabetic wound, there exist no clear implications from the pathogenic vantage.
The following subsections discuss the potential factors underlying the pathogenesis of diabetic wound.

Molecular implications

Impaired wound healing associated with diabetes remains inconclusive. However, the alterations in
cellular factors and biochemical mediators have been believed to be involved in the development and
progression of diabetic wound (Figure 2). Factors like hyperglycemia and oxidative stress in diabetic
patients result in dysregulated macrophage polarization through modulation of epigenetic codes to
delay the process of wound healing[14,15]. Hyperglycemia is implicated in impaired wound closure in
diabetic foot ulcers (DFUs), with reduced skin cell function and the formation of atherosclerosis and
neuropathy as possible contributors[8]. The development of atherosclerosis leads to alteration in the
physiology of endothelial cells along with deprivation of nutrients in the wound site, critically affecting
the healing process. Patients with type 1 DM are more prone to macrovascular diseases, especially
affecting femoral and metatarsal arteries[16,17]. DM associated early microvascular deficiencies include
decreased capillary size, basement membrane thickening, and arteriolar hyalinosis. Thickening of the
membrane disrupts the physiological exchanges and causes altered leucocyte migration, and thereby
increasing the risk of microbial infections[18,19]. Hyperglycemia disrupts protein translation as well as
the migration and proliferation of fibroblasts and keratinocytes involved in the process of re-epithelial-
ization[20-22]. For instance, altered expression of proteins like cytoskeletal keratin proteins
(K2/K6/K10) associated with keratinocyte differentiation, and LM-3A32, a laminin-5 a3 chain precursor
protein that regulates epithelial cell binding to the basement membrane, was reported in subjects with
DFUs[23]. As LM-3A32 is required for the survival and differentiation of keratinocytes, reduction in this
protein affects the re-epithelialization process[24]. Interestingly, the expression of mRNA and
microRNA was found to be non-significant in diabetic and non-diabetic foot skin fibroblasts[25].
However, fibroblasts from DFUs were reported to exhibit altered morphology, growth factor
unresponsiveness, ECM deposition, and reduced proliferation and migration[26-29]. Impaired vasculo-
genesis and angiogenesis due to deregulation of the growth factors and receptors leads to impaired
wound healing. Dysfunctional endothelial progenitor cells (EPC) or reduction in their numbers and
transition to proinflammatory EPC phenotypes have been implicated in DM[30,31]. Notably, EPC
dysfunction and altered recruitment are contributed by hyperglycemia, chronic inflammation, oxidative
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stress, and activation of NADPH oxidase associated with diabetes pathogenesis[32]. Prolonged IL-1p
production and reduced expression of peroxisome proliferator-activated receptor-y are also involved in
the impairment of wound healing in DM[33]. Higher expression of MMPs including MMP-1, 2, 8, 9, 14,
and 26, and lower expression of their tissue inhibitors were also reported in diabetes[34,35]. In patients
with DFUs, it was reported that there is an increase in MMPs and a decrease in tissue inhibitor of
metalloproteinase (TIMP)-2, which supports the fact that in a proteolytic environment, diabetic wound
fails to heal due to reduction in ECM formation[36]. An increase in MMPs also contributes to matrix
degradation, delayed cell migration, and inhibition of collagen deposition[36]. Oxidative stress resulting
due to decrease action of enzymes like superoxide dismutase and glutathione peroxidase augment
diabetic wound. Overproduction of reactive oxygen species (ROS) from hexosamine, polyol, and AGE
pathways affects the later stages of diabetic wound healing, particularly by damaging the peripheral
nerves. Consequently, the detrimental effect on the structure, supply, and metabolism of peripheral
nerves (neuropathy) increases the risk of DFU development[37]. Hyperglycemia not only contributes to
impaired healing but also makes skin prone to injury. Decrease in nuclear factor erythroid factor 2-
related factor 2 (Nrf2) in diabetic patients increases the oxidized proteins and ROS generation[38,39]. In
Nrf2 knockout mice, delayed wound healing was reported when compared to a Nrf2*/*mice, possibly
due to oxidative DNA damage, elevated MMP-9 expression, and lower level of transforming growth
factor-beta 1 (TGF-B1) expression[40]. Hyperglycemia also leads to an increase in neutrophil
extracellular traps release, which has been implicated in delayed wound healing in both murine and
human models[13,41].

The formation of a diabetic wound is also linked to several forms of neuropathy, including sensory,
motor, and autonomic. Sensory deficits, for example, cause a loss of protective symptoms, whereas
motor neuropathy causes anatomical deformities and ischemic death in the plantar region of the foot
[42], and autonomic neuropathy reduces sweat secretion from the glands, making skin dry and
increasing the risk of infection and pruritus[43]. Furthermore, neuropathy causes a decrease in neuron
density, causing impairment in wound healing. Primarily, diabetic neuropathy occurs in nerves that are
dependent on nerve growth factor[8]. Impaired microvascular processes along with autonomic
neuropathy and denervation of sympathetic nerves disrupt the blood flow. Cellular necrosis and
microvascular reactivity are also triggered by Poly (ADP-ribose) polymerase enzyme via oxidative DNA
damage[16,44]. In diabetic neuropathy, impairment of C-fibre dependent neurovascular responses leads
to abnormality in the release of histamine, substance P, and calcitonin related peptide, thus exhibiting
altered vasodilatation in case of stress like pressure or trauma[44]. However, the direct link between
neuropathic abnormalities and glucose control is yet to be proven.

Epigenetic mechanisms

Despite the fact that epigenetic pathways have a role in a variety of diabetic complications, evidence of
epigenetics in diabetic wound or impaired wound healing is still emerging. The role of microRNA in
diabetic wound was first highlighted by a study that revealed up-regulation of miR-503 in plasma
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obtained from DFUs and in human umbilical vein endothelial cells (HUVEC). In vitro experiment
suggested the detrimental effect of forced miR-503 expression on function of HUVEC cells resulting due
to impaired migration, proliferation, and formation of blood vessels[45]. Blockage of miR-503 expression
showed improvement in angiogenesis in diabetic animals with limb ischemia[45,46]. Another study
demonstrated that diabetic mice had a distinct microRNA signature, with differential expression of
fourteen microRNAs[47]. Of these, expression of miR-146b was found to be up-regulated by 30 fold.
Though miR-21 was up-regulated in diabetic skin, it was reduced in diabetic wound healing. This study
suggested the necessity of miR-21 expression for fibroblast migration and miR-21 knock-down results in
altered cellular migration. Similarly, another study showed the stabilisation of hypoxia-inducible factor
a leads to miR210 expression, which silences the expression of E2F3, an important element of wound
healing[46]. This implies the fact that epigenetic changes in miR-210 lead to impaired wound re-epitheli-
alization and reduced proliferation. The involvement of DNA methylation in impaired diabetic wound
healing is being studied in many experiments. A study reported inhibition of DNA methyltransferase 1
(DNMT1), an enzyme that transfers a methyl group to the cytosine ring to produce 5-methylcytosine
associated with transcriptional repression, suppresses inflammatory signals in bone marrow derived
macrophages and also promotes M2-like macrophage formation[48]. This finding was supported by
DNMT1 knockdown in db/db mice showing improvement in wound healing[49]. In contrast to that,
demethylation of MMP-9 promoter in keratinocytes was reported to be involved in the induction of
diabetic wound[50,51]. Apart from the role of DNA methylation in wound healing, it is also associated
with metabolic memory, insulin resistance, and other diabetic complications[52,53]. Unlike DNA
methylation, histone methylation does not always lead to transcriptional repression. Instead, it silences
or promotes transcription based on the target residue and methyl groups. Methylation of histone H3K4
is regulated by SET domain containing protein family, particularly MLL1 that promotes inflammatory
gene expression in nuclear factor kappa B-dependent manner[54-56]. A study reported the role of
mixed-lineage leukemia-1 (MLL1) is to catalyze H3K4me3 deposition in macrophages during the
process of wound healing[57]. Delayed wound healing and reduced pro-inflammatory cytokine
generation were reported in a myeloid-specific MLL1 deletion in mice. Monocytes isolated from patients
with type-2 DM demonstrated higher MLL1 expression, indicating dynamic regulation of MLL1
expression during diabetic wound healing. In diet-induced obesity model of diabetes, increased
expression of histone demethylase (i.e., lysine-specific demethylase 6B or J]MJD3) that targets H3K27me3
was seen in wound macrophages[58,59]. Epigenetic regulation of IL-6 expression in neutrophils was
believed to be impacted by toll-like receptor (TLR) activation associated with increased H3K27ac,
H3K4me3, and acetylated histone H4[60]. Re-epithelialization is also promoted by JMJD3 expression,
which induces keratinocyte migration to the wound site[61]. Similar report suggests upregulation of
JMJD3 expression on the wound site is necessary for early onset of the wound healing process, which is
absent in diabetic wound[62]. However, it will be too oversimplified interpolation as most of these
findings are limited to normal wounds; thus, further studies are warranted. Other histone modifications
including histone acetylation or deacetylation, histone phosphorylation, histone-arginine demethylation
or methylation, and ATP-dependent chromatin remodelling are also being studied for their potential
role in diabetic wound healing[62].

Microbiological perspectives

Certainly, pathogenic infections are not directly associated with the pathophysiology of diabetic
wounds but are critical from the vantage of impaired wound healing, hospitalization, morbidity, and
amputation. However, the role in the initiation of diabetic wound in case of trauma remains unclear.
The rapid spreading of infections and high microbial burden exhibit detrimental effect on the wound
healing process. Injury to the superficial skin layer allows polymicrobial contamination and
colonization, affecting diabetic wound. Particularly, infections like cellulitis, osteomyelitis, and
abscesses are of major concern[16]. The advent of high-throughput sequencing technologies like
microarray, 165 rRNA sequencing, and whole-genome sequencing have enabled the expansion of
diabetic wound microbiome. Diabetic wound has demonstrated higher colonization of Staphylococcus
aureus and S. epidermidis[63]. Another study reported Staphylococcus, Enterobacteriaceae, and Pseudomonas
to be the most common colonizers in DFUs[64]. Stratification of DFUs as per infection severity revealed
higher bacterial diversity in severely infected DFUs, while Staphylococcus and Streptococcus were found
to be the most abundant in mild-to-moderate DFUs[65]. It was similar to a previous finding that found
diverse microbiota (with higher incidence of anaerobic and Proteobacteria infection) in deep chronic
ulcers, while Staphylococcus was found to be abundant in acute and superficial ulcers[66]. However,
contrary to these reports, another study reported Staphylococcus spp. to be the primary culture detected
in the microbiome in diabetic foot osteomyelitis[67]. A higher prevalence of S. aureus colonization in
DFUs and intact diabetic skin lead to systemic infection and osteomyelitis[63]. Indeed, in a Nigerian
observational multi-center study, it was reported that the presence of osteomyelitis is an important
predictor of wound healing in hospitalized patients with DFUs[68]. The expression of proteolytic factors
by Streptococcus and Staphylococcus are believed to be the disruptor of skin barrier. For example, SpeB
released by Streptococcus leads to cleavage of desmoglein 1 and 3 that causes epidermal barrier damage
[69]. The alkaline environment of DFUs contributes to the formation of bacterial biofilm, leading to
complex host-microbiome interaction[70]. The formation of bacterial biofilm along with alkaline pH
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affects drug action and is responsible for antibiotic resistance[71]. One should appreciate various other
factors influencing this intricate microbiome network and its potential correlation with clinical
significance. Keeping all this evidence in sight, more longitudinal studies are anticipated for an
adequate understanding of the probable relevance of the microbiome to clinical outcomes.

PLAUSIBLE DRUG TARGETS

In recent studies, neuropathy, peripheral vascular disease, and impaired wound healing have all been
identified as key contributors to diabetic wounds and have all become critical targets in improving
wound healing in diabetic patients. But despite of this well-established knowledge, comparatively fewer
treatment options are being implemented in routine practice. The expression of cellular components of
participating cells, as well as cytokines, growth factors, and other molecular factors required for
coordinating the normal healing process, is impaired in diabetic wounds, and as a result, they are
unable to progress in synchrony and are primarily checked in the inflammatory phase. Therapeutic
strategy targeting such cellular and molecular pathway could be useful for effective management of
diabetic wound.

As a result of elevated blood sugar levels in diabetic conditions, damage to nerve fiber occurs, leading
to diabetic neuropathy, which can be sensory, motor or autonomic[72]. Sensory neuropathy can result in
one of two outcomes: a painful foot or a foot that is devoid of sensation[12]. Motor neuropathy is
accompanied by muscle weakening, atrophy, and paresis. The inability of an intrinsic muscle to keep
the foot in its normal state resulting because of weakening of inter-osseous muscles in the foot, which
contributes to foot deformity. When the foot deforms, the pressure distribution throughout the foot
changes, and aberrant pressure develops at various locations on the foot[73]. Keratosis and callus
development occur as a result of repeated pressure, which leads to damage to callused areas and
induces ulcer formation beneath the callus that further causes cracks on the foot[74-77]. Malfunctioning
of the sympathetic nerves supplying the sweat glands in the foot reduces the sweat and moisture in the
feet, which leads to the development of cracks[78]. Inflammation, necrosis, and ulceration result when
an unnoticed injury is combined[16,79]. Currently, duloxetine, anticonvulsant pregabalin and opioid
tapentadol are being prescribed for diabetic peripheral neuropathy. Besides these, a substance like a-
lipoic acid has shown effectiveness in delaying or reversing peripheral diabetic neuropathy through its
multiple antioxidant properties[80]. Neuropeptides such as substance-P and neuropeptide-Y are also
been found to be effective in diabetic neuropathy and associated wound[81,82].

Peripheral vascular dysfunction is another major cause of diabetic wound in a majority of diabetic
patients. The wound healing process in the diabetic condition is hampered by the altered physiological
response due to glycation of hemoglobin, alteration of the red blood cell membrane and narrowing of
blood vessels which cause the decreased supply of nutrients and oxygen to tissues[12]. The
development of atherosclerotic plaque in diabetic patients also leads to the development of non-healing
wound. Therefore, pharmacotherapeutic agents like antioxidant phytochemicals that can avert oxidative
stress and formation of AGEs could be useful in treating diabetic wound.

Bacterial infection is one of the most common causes of wounds, and diabetic individuals are more
vulnerable to it because of delayed wound healing and immunosuppression[83,84]. The biofilms created
by microorganisms protect them from antimicrobial agents and the immune system while also
interfering with the healing process, which is one of the most prevalent reasons for amputation of lower
limbs in diabetic wounds[14]. Therefore, empiric therapy should include broad-spectrum antibiotics. In
recent times, drug resistance is a bigger problem and several drugs are in use in the treatment of DFU.

Neutrophils, monocytes, macrophages, keratinocytes, fibroblasts, T cells, B cells, mast cells, and
endothelial cells are all involved in wound healing and are responsible for the formation and
modulation of pro-inflammatory cytokines and growth factors such IL-1, TNF-a, IL-6, vascular
endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1), and TGF-. Hyperglycemia and
oxidative stress lead to dis-regulation of these cells, resulting in delayed wound healing[85-87].
Increased amounts of pro-inflammatory cytokines cause an inflammatory cascade to be disrupted,
resulting in hyper-inflammation and insulin resistance. These also lead to reduced angiogenesis and
microvascular issues, impaired macrophage and neutrophil function, impaired keratinocyte and
fibroblast migration and proliferation, and impaired growth factor generation[15,88-90]. Many of these
cells play a vital role in the immune response, which is also important for wound healing. Various
chemokines whose expression can regulate the function of immune cells have the potential to enhance
wound healing. Mast cells with close coordination with macrophages, endothelial cells, and fibroblasts,
play a key role in matrix remodeling and disrupt the balance of pro- and anti-angiogenic molecules in
wound tissues, affecting angiogenesis and vascular regression in the proliferative and remodeling
phases, respectively[91-93]. As a result, mast cell degranulation inhibitors such as disodium
cromoglycate, quercetin, and luteolin may be promising options for improving diabetic wound healing
[92]. Heat shock proteins (HSPs) aid wound healing by attracting dermal fibroblasts, stimulating cell
proliferation and keratinocyte differentiation, reducing oxidative stress, ameliorating actin microfil-
aments, aiding endothelial cell migration, and enhancing pro-collagen synthesis and protein
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homeostasis[94,95]. Reduced levels of HSPs and their downstream components TLR4 and p38-MAPK
(mitogen-activated protein kinases) in diabetic patients are responsible for the slowed healing process
[96]. Therefore, targeting this as a therapeutic target could be useful in diabetic wound conditions.

Growth factors are biologically active polypeptides that play an important role in the onset and
maintenance of wound healing[97]. In diabetics, any change, i.e., down-regulation of growth factor
receptors and rapid degradation of growth factors, causes wound healing to be delayed. Factors such as
VEGEF, IGF, TGF-B, KGF24, platelet-derived growth factor (PDGF), epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF), TNF-a, and IL-6 are significantly reduced in diabetes patients, and
several of them have been demonstrated to significantly enhance wound healing in many studies.
Growth factors that cause a molecular alteration in the wound micro-environment may help patients
with non-responsive wounds. PDGF is a major serum mitogen that promotes fibroblast proliferation,
matrix formation, and connective tissue maturation[98]. They attract fibroblasts and inflammatory cells
and aid in the production of glycosaminoglycans, proteoglycans, and collagen. During the healing
process, it is a critical mediator in fibroblast migration and proliferation, the formation of granulation
tissue proteins and provisional extracellular matrix, and angiogenesis[99]. The expression of PDGF and
its receptors is reduced in diabetic wounds, and many clinical studies employing PDGF have shown
improved healing time[100,101]. It is indicated for the treatment of infections that have spread to deeper
subcutaneous tissues or beyond areas with a sufficient blood supply[102]. Another growth factor, bFGF,
has a stimulatory effect on fibroblast growth and differentiation, as well as the proliferation of vascular
smooth muscle cells, endothelial cells, ECM metabolism, growth, and movement of mesodermally
derived cells, all of which speed up the formation of granulation tissue and promote wound healing
[103]. Angiogenesis, cell proliferation, migration, differentiation, neo-vascularization, re-epithelial-
ization, and collagen disposition were all stimulated by the clinical application of bFGF, all of which
contribute to wound healing[104]. It promotes mesodermal cell chemotaxis and extracellular matrix
growth and expedites both acute and chronic wound healing, which gives a scar-free cure[105]. VEGF is
a potent angiogenic cytokine that has a substantial impact on healing and promotes rate-limiting
processes in vasculogenesis and angiogenesis[106]. Low VEGF levels cause impaired wound healing
and aberrant VEGF receptor patterns in diabetics. Decreased VEGF mRNA levels, increased VEGF
receptor (VEGFR)-1 Levels, and decreased VEGFR-2 Level are some of the key causes of wound non-
healing[107]. In diabetic wounds, VEGF leads to an increase in capillary density, which enhances blood
perfusion and metabolism in the wounded tissue[108]. VEGF causes an increase in capillary density,
which improves blood perfusion and metabolism in the wounded tissue. This leads to the facilitation of
the supply of oxygen and nutrients to assist the growth and function of reparative cells. It is the primary
regulator of wound revascularization and permeability and participates in the formation of granulation
tissue. On binding with the EGF receptors, EGF causes an increase in epidermal cell, cell motility,
cellular migration, mesenchymal regeneration, angiogenesis and cell proliferation[109]. Application of
EGF into the wound site results in a greater pharmacodynamic response in terms of granulation tissue
growth and wound closure. IGF-1 promotes wound healing by assisting in cell granulation and re-
epithelisation, promoting endothelial cell chemotaxis and keratinocyte and fibroblast proliferation,
while lower levels of both IGF-1 and TGF-p in wound tissue cause wound healing to be delayed[110,
111]. TGF-p attracts and stimulates inflammatory cells such as neutrophils, macrophages, lymphocytes,
keratinocytes, and fibroblasts, as well as the synthesis of growth factors, which speed up vascular-
isation, angiogenesis, and ECM synthesis while slowing down ECM degradation[112]. Therapeutic
agents or strategy, which can ameliorate this positively, are useful in diabetic wound condition. Several
drugs and phytoconstituents have shown their positive effect in diabetic wounds targeting these
biomolecules. The use of platelet-rich plasma (PRP), EGF, PDGF, and FGF has shown promising effects
in the treatment of diabetic wound in a better way.

MMPs are a class of endopeptidase that play a key part in wound debridement, as well as
angiogenesis, epithelialization, and extracellular matrix remodeling[113]. Matrix proteins such as
collagens, basement membrane collagens, proteoglycans, elastin, and fibronectin are digested by the
MMPs. TIMPs form a complex with MMPs, limiting interaction with the active site. A balance between
MMPs and TIMPs is required for wound healing, which is impaired in diabetes patients[114]. Increased
protease activity caused by high MMP levels in diabetic wounds causes tissue damage and slows down
normal repair processes[115]. This is due to altered MMP expression and decreased TIMP expression in
diabetic conditions, which results in high levels of pro-inflammatory and pro-fibrotic cytokines due to
increased inflammatory cell activation and invasion, and indirectly affects MMPs through the formation
of advanced glycation products which leads to the loss of growth factors, receptors, and matrix proteins
essential for wound healing[111,114]. Drugs, therapy that is useful in diabetic wounds are found to act
by enhancing collagen synthesis, decreasing inflammatory cytokines, AGEs etc. Further, identifying the
therapeutic agents that can inhibit MMPs, i.e., MMP-1, MMP-8, and MMP-9 could be important in the
management of diabetic wounds.

Autologous stem cells capable of self-renewal and multi-lineage differentiation have been used in
diabetic wound. Clinically, bone marrow-derived mononuclear cells and mesenchymal stem cells are
the most successful stem cell therapies[116,117]. Besides these, several other targets to promote diabetic
wound healing include stimulation of nitric oxide production and up-regulation of endothelial NO
synthase and nitric oxide (NO) expression[118-120], a decrease of AGE receptors[121], collagen
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generation and epitheliazation etc[122-124]. Figure 3 represents plausible drug targets for diabetic
wound.

MANAGING DFU: PHARMACOTHERAPY

Hyperglycemic environments worsen the wound situation and delay the wound healing process, thus
controlling blood sugar levels is important for the wound healing process. Several antidiabetic
medications [i.e., insulin, metformin, sulfonylureas, dipeptidyl peptidase-4 (DPP-4) inhibitors,
thiazolidinediones] found effective in controlling not only blood sugar levels but also promoting the
healing of a wound. Metformin was found to be effective in wound healing, which may act by
improving epidermis and deposition of collagen, and increasing TGF-p production that may link with
angiogenesis process, inflammatory reaction, re-epithelization, and remodeling process. DPP-4
inhibitors may act by increasing the generation of SDF1a, which is crucial for wound repair process[11,
125]. Drugs like simvastatin (enhance VEGF and NO content at wound site) and phenytoin (enhance
VEGF and FGF in wound area) have also shown some positive effects in wound healing[11,125].

Infection caused by microbes is a major problem in DFU. Antimicrobial therapy targeting Gram -ve,
Gram +ve, anaerobic bacteria, and certain fungi, contributing to the pathophysiology of DFU, is also a
key approach. Povidone iodine solution (10%), chlorhexidine, acetic acid (5%), and silver compounds
can be used to treat the mild wound. Antibiotics like amoxicillin + clavulanate, ampicillin, dicloxacilline,
cephalosporin (i.e., cephalexin, cefoxitin, ceftriaxone, and ceftazidime), quinolones (i.e., ciprofloxacin,
levofloxacin), metronidazole, and clindamycin used to cure moderate DFU[126]. Drugs like pipera-
cillin/tazobactam + clindamycin, meropenem, imipenem, ertapenem, ampicillin + sulbactam are used
to cure severe infections caused by different Gram +ve and Gram -ve bacteria, anaerobes, MRSA, P.
aeruginosa, while vancomycin, linezolid, and daptomycin can cure MRSA[11]. Cefepime, ceftazidime,
meropenem, and piperacillin/tazobactam are recommended to use against P. aeruginosa; Metronidazole
and clindamycin are used to manage infection caused by anaerobes, while osteomyelitis can be
managed with quinolones and linezolid. Further, the effectiveness of different drugs like penicillin,
cephalosporin (ceftazidime, ceftriaxone, and cefuroxime), dicloxacillin, vancomycin aztreonam,
cefalotin, clindamycin, cefoxitin, gentamicin, imipenem, piperacillin/tazobactam, imipenem,
metronidazole, amikacin, levofloxacin, and cefalotin against microbes contributing in DFU infection also
established[126]. Dressings with hydrogels, acrylics, hydrofibers, films, hydrocolloids, calcium
alginates, polyurethane foam and ciprofloxacin-loaded calcium alginate wafer are also used to control
the infection[126,127].

Debridement (elimination of bacterial biofilm and necrotic tissue from wound site), offloading
(complete/partial removal of pressure), PRP, EGF, PDGF, FGF, oxygen therapy, negative pressure
wound therapy (NPWT), low-level laser therapy (LLLT), extracorporeal shock wave therapy (ESWT),
bio-engineered skin substitutes/ soft tissue substitutes (amniotic membrane, autologous stem cell
therapy, bi-layered bio-engineered skin substitute, human fibroblast-derived dermis, porcine small
intestine submucosa), and maggot therapy are also used successfully to cure DFU[127-129].

In clinical practice, control of blood glucose level, periodical foot screening, patient education, use of
therapeutic footware by susceptible people, prophylactic arterial revascularization are important in
prevention of DFU[130]. Off-loading in different grades of DFUs (grade 1B, 1C), and diagnosis of
diabetic foot osteomyelitis are recommended in grade 1B, 1C, 2C DFU using different screening
methods by Society of Vascular Surgery[130]. Surgical debridement to remove necrotic and devitalized
tissue, use of proper dressing to create and maintain moist environment, reducing plantar pressure and
shear stress (off-loading), vascular assessment in patient with peripheral arterial disease are the vital
part of wound care in diabetic people[130,131]. Microbial infection is a major concern in DFU, and in
such cases, use of antimicrobial agents is advised conserving extent of infection[131]. A number of
adjuvant therapy as discussed in previous section are also used for effective wound healing. Further,
adequate glycemic control is important also in acceleratd healing of DFU’s[130,131].

RECENT APPROACHES IN CLINICAL TRIALS

Several treatments /medicines have been successfully investigated clinically for their beneficial effects
on the diabetic wound, especially in DFUs which was tabulated in Table 1[132-159].

PRP is an important treatment approach investigated in DFU. A systematic review with meta-
analyses of 10 studies reported that PRP promotes chronic diabetic wound healing (RR = 1.32; 95%ClI:
1.11-1.57, P=15%) by reducing the volume and time of wound healing[160]. PRP may act via promoting
the proliferation of wound cells, upregulation of cyclin A and cyclin-dependent kinase 4 proteins,
modification of macrophage phenotype, reduction of TNF-a, enhancement of TGF-B and VEGF,
increased secretion of fibroblast of collagen type I and III[161].

WJD | https://www.wjgnet.com 703 September 15,2022 | Volume13 | Issue9 |



Chakraborty R et al. Diabetic wound: Mechanistic insights, therapeutic targets

Table 1 Clinical trial of few therapeutic agents/approaches in the management of diabetic wound

Drug/ product Type and
Ref. g'p p Type of .
Type lapproach number of wound Observation
investigated participants
[132] ~ Homeopathic Silicea, Sulphur, Observational DFU Ulcer assessment score reduced significantly (P < 0.05) after
medicine Lycopodium, Arsenic study, 156 patients treatment. Silicea, sulphur (1 = 11), lycopodium, arsenic album,
album, Phosphorus phosphorus were found more effective. Although, the effect of
homeopathic therapy alone is difficult to establish

[133] Silicea Observational DFU Positive and encouraging result of silicea in ulcer healing was
study, 22 patients reported. DFU assessment score was measured, and mean

symptom scores at the end of the treatment were found to
reduce significantly (P < 0.05)
[134]  Herbal ON101 cream (contain Phase 3RCT, 236  DFU Incidence of complete healing in ON101 and comparator group
Products extract of Plectranthus participants was 60.7% and 35.1% respectively. Although, the number of
amboinicus and Centella adverse events in the ON101 group was 7 vs 5 in the
asiatica) comparator group. ON101 produced a better healing effect
compared to absorbent dressing alone

[135] Intravenous Semelil (a RCT, 25 DFU Mean foot ulcer surface area reduced significantly in semelil

naive herbal extract) participants (i.v. route) group and the average wound closure in semelil
group was significantly more than control group (64% vs 25%,
P =0.015). Semelil in combination with conventional therapy
showed better effect than conventional therapy

[136] Olive oil Double blind RCT, DFU Degree of ulcer, color, surrounding tissues, the status of ulcer
34 participants and ulcer drainages were evaluated after topical application of

olive oil. Complete ulcer healing in the treatment group was
significantly better than the control group (73.3% vs 13.3%, P =
0.003). Olive oil treatment significantly reduced ulcer area and
ulcer depth. Olive oil in combination with routine care was
better than routine care alone

[137] Open label, phase  DFU Polyherbal formulation was found effective similar to that of

Polyherbal formulation ~ III, comparative standard silver sulphadiazine cream
(contain G. glabra, M. study, 40
paradisiaca, C. longa, P. participants
odaratissimus, A.e vera, C.
nucifera oil)
[138] Semelil (ANGIPARS™, Clinical study, 10 DFU ANGIPARS™ was found effective in reduction of wound size
contain Melilotus participants by at least 50% during 8 wk period
officinalis)

[139] PRP PRP gel Single-arm clinical DFU PRP therapy (2 mL/cm? of ulcers) was found highly effective
trial, 100 in the treatment and healing of non-healing chronic DFUs
participants

[140] PRP Prospective RCT, =~ DFU Wound healing time was estimated as 8 wk which is superior
20 participants to the control group. People treated with PRP it found more

effective in wound healing

[141] HumanEGF  Recombinant hEGF Prospective, open- DFU Wound healing was noted within an average of 46 d in

(hEGF) label trial, patients who were treated with 0.005% EGF twice a day.
crossover study, 89 Topical application of hEGF combined with hydrocolloid
participants dressing showed promoting healing effect in chronic DFU

[142] Regen-D 150 (hEGF gel-  RCT, 50 DFU Complete ulcer healing was detected in 78% population

based product) participants against 52% population in the placebo group. Collagen and
fibroblasts were significantly developed in the treated group.
The application of hEGF can be helpful to promote wound
healing and in preventing leg amputations

[143]  PDGF rhPDGF RCT, 50 DFU Wounds contracted more in rhPDGF-treated group compared
participants to the control group (38.55% vs 12.79%; P < 0.001). Dressing

with rhPDGF was found more effective and promoted safe
wound healing

[144] PDGEF gel RCT, 29 Diabetic lower 100% of ulcers were healed in subjects who received PDGF
participants extremity compared to 76.4% of wound healing in placebo group. The

ulcer study confirms the effectiveness of PDGF gel

[145]  FGF bFGF Double-blind RCT, Non- Wound cure rate in 0.001% bFGF, 0.01% bFGF and control
150 participants ischaemic group was 57.4%, 66.7% and 46.8%. The area of the ulcer was

diabetic ulcer  also significantly decreased in bFGF treated groups. bFGF
accelerates wound healing in diabetic people

[146]  Oxygen Topical oxygen therapy =~ RCT, 145 DFU A significant decrease in wound area was reported in the

therapy participants topical oxygen therapy + standard care group (70%) compare
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[147]

[148]

[149]

[151]

[152]

[153]

[154]

[155]

[156]

[158]

[159]

NPWT

Phototherapy

ESWT

Stem cell
therapy

NO generating
approach

Other
Approaches

Hyperbaric oxygen
therapy

NPWT

NPWT

LLLT

LLLT

ESWT

ESWT

Topical application of
MSC

HUCMSCs

EDX110 (nitric oxide
generating medical
device)

Bemiparin (low MW
heparin)

Honey dressing

Omega-3-rich fish skin
grafts
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RCT, 75
participants

Prospective
randomized study,
55 participants

RCT, 55
participants

RCT, 23
participants

RCT, 56
participants

Single-blinded
RCT, 38
participants

Prospective RCT,
23 participants

Clinical case study
of three patients

RCT, 56
participants

RCT, 135
participants

RCT, 70
participants

RCT, 348
participants

RCT, 49
participants

Chronic DFU

DFU

DFU

DFU

DFU

DFU

DFU

Neuropathic
DFU

DFU

DFU

DFU

DFU

DFU

to the standard care group (40%) Addition of topical oxygen
therapy with standard care facilitates wound closure in a better
way

Complete healing of ulcer index was reported in 52% of
participants who received hyperbaric oxygen therapy after 1
year, which was 29% in the placebo. Adjunctive treatment with
hyperbaric oxygen therapy may facilitate the healing of foot
ulcers

Granulation tissue formation (91.14% vs 52.61%, P < 0.001) and
a decrease in the size of ulcer size (40.78% vs 21.18%, P = 0.008)
were reported in the NPWT group after 14 d. Duration of
hospital and time for complete coverage of the wound with
granulation tissue was significantly less in the NPWT group.
NPWT led to an early decrease in the size of the ulcer,
formation of more granulation tissue, and wound healing

The rate of ulcer healing was found higher in the NPWT group
(P-value 0.01). NPWT leads to a higher rate of healing, and
causes a significant decrease in ulcer surface area, size, and
depth of the wound, reducing the risk of amputations

Ulcers size reduced significantly in 4™ week in LLLT group (P
= 0.04). More patients healed completely in LLLT group
compared to the placebo group. Meantime of complete healing
in patients treated with LLLT was 11 wk vs 14 wk in placebo
patients. LLLT promotes the healing process of chronic DFU,
and reduces the time required for wound healing

Increment in total hemoglobin was more using the highest
intensity configuration compare to the lower intensity setup in
patients with DFU. A decrease in the very-low frequency/low
frequency ratio, slightly more than the highest intensity in
DFU people was observed. LLLT was found to increase blood
flow and regulation of the autonomic nervous system in
patients with DFU

Patients received shock wave therapy 2/week for a total of 8
treatments. Average healing time was lower in ESWT-group
when compared with the control group (64.5 vs 81.17 d, P <
0.05). AT 20 wk, 54% of ulcer healed completely in ESWT-
groups compared to 28.5% in the control group

At 7 wk, the mean reduction in ulcer area was 34.5% (CI, 0.7-
68.3) in the ESWT group and 5.6% (CI, -42.1-53.3) in the control
group. ESWT also enhances tissue oxygenation

MSCs at low doses enhance the re-epithelialization of DFU.
MSCs may start early to reduce overall wound closure time

Patients in HUCMSCs (endovascular infusion and injection
around the foot ulcer) experienced greater and betterment in
skin temperature, transcutaneous oxygen tension, ankle-
brachial pressure index, and claudication distance. Three
months after treatment significant enhancement in neovessels,
and complete or gradual ulcer healing was observed in the
experimental group

At 12 wk, EDX110 use resulted in 88.6% reduction in median
wound area compared to 46.9% for the control group (P =
0.016). EDX110 was found to improve foot wound healing in
diabetic people significantly by reducing the ulcer area

In bemiparin group, the ulcer improvement rate was 70.3%
compared to 45.5% in the placebo group. Though, complete
healing rates found similar in both groups at 3 mo were, as
were the number of adverse events. Bemiparin is better than a
placebo in the management of DFU and has few side effects

In 75.97% of cases wound healed completely after honey
dressing in comparision to 57.39% of case in the saline dressing
group. The homey dressing also reduced the median wound
healing time (18.00 d) compare to the control group (29.00 d).
Honey is an effective dressing substance compared to conven-
tional dressings

At 12 wk, 67% of foot wounds were completely closed
compared with 32% in the standard care group. Study findings
indicated that fish skin graft is useful in the treatment of
chronic DFUs that do not heal with standard treatment
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DFU: diabetic foot ulcers; RCT: randomized controlled trials; PRP: platelet-rich plasma; hEGF: Human endothelial growth factor; rhPDGF: Recombinant
human platelet-derived growth factor; PDGF: platelet-derived growth factor; bFGF: Basic fibroblast growth factor; NPWT: Negative pressure wound
therapy; LLLT: Low-level laser therapy; ESWT: Extracorporeal shock wave therapy; MSC: Mesenchymal stromal cell; HUCMSCs: Human umbilical cord

mesenchymal stem cells; NO: nitric oxide.
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Figure 3 Plausible drug targets for diabetic wound. AGEs: Advanced glycation end-products; VEGF: Vascular endothelial growth factor; PDGF: Platelet-
derived growth factor; EGF: Epidermal growth factor; FGF: Fibroblast growth factor; IGF: Insulin-like growth factor.
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A systematic review of 26 randomized controlled trials (RCTs) examined the usefulness of different
recombinant proteins and growth factors in the treatment of DFU. EGF can be used as intralesional
injection, topical cream, or gel. This meta-analysis reported that EGF significantly improves wound
healing and the study failed to find a significant effect of EGF in reducing the risk of amputation[162].
Decreasing the level of circulating C-reactive protein, decreasing NF«xB1, TNF-a, and IL-1a expression,
and increasing the wound expression of platelet-derived growth factors (PDGF)-B, cyclin-dependent
kinase 4, P21, TP53, angiopoietin 1, collagen 1A1, MMP-2, and TIMP-2 after the treatment with hEGF
may be linked to its beneficial effect[161]. Recombinant human PDGF (rhPDGF) also exhibits their
beneficial effect in several clinical studies[143,144], but few clinical studies also failed to find statistically
significant effects of rhPDGF compared to the control group[163,164] when used to cure DFU. The
effectiveness of PDGF may be related to the promotion of fibroblast and leukocyte migration, and
synthesis of extracellular matrix[161]. FGF, a family of cell signaling proteins, is found to stimulate
angiogenesis, induce fibroblasts proliferation, and promote wound healing. About 23 subtypes of FGF
from 7 subfamilies were identified[165]. Some clinical studies have reported the beneficial effect of FGF
in diabetic wound[145], some studies failed to report the advantageous effect of FGF over the placebo
group[166], while clinical studies reported the beneficial effect of combined use of human EGF and
acidic FGF on wound healing in the later stage[167]. Very few clinical studies evaluated the effect-
iveness of granulocyte-colony-stimulating factor, topical telbermin, epoetin-f, talactoferrin, TGF-B2 in
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the diabetic wound. But the results are inconsistent[162].

Oxygen therapy is found to improve cell metabolism and energy, decrease proinflammatory
cytokines and ROS, and promote the synthesis of matrix and wound repair[161]. Few clinical studies
confirmed the beneficial effect of hyperbaric as well as topic oxygen therapy in promoting diabetic
wound[146,147]. A systematic review and meta-analysis of 20 RCTs and 1263 trials analysed that
hyperbaric oxygen therapy confer benefits in DFU treatment by increasing the healing of ulcers (relative
risk, 1.901; 95%Cl: 1.484-2.435, P < 0.0001), reducing healing time, and also decrease the risk of major
amputation[148].

It was evaluated that NPWT results in macro- and micro-deformation that stimulate different wound
healing cascade like promotion of tissue granulation, epithelialization, proliferation of vessel, neo-
angiogenesis, pro-angiogenic condition, removal of surplus extracellular fluid, anti-inflammatory effect,
increase expression of VEGF, FGF2, modification of circulating micro-RNAs, alteration of DNA
methylation of genes linked with wound repair[161,168]. Liu et al[169] in their study (meta-analysis of
11 RCTs) concluded that NPWT is a safe, cost-effective and effective strategy in the treatment of DFU,
while Liu also evaluated 11 RCTs and found that compared with wound dressings NPWT may enhance
the proportion of wounds healed, decrease the time of postoperative foot wound healing[170].

LLLT was found to increase blood flow and regulation of the autonomic nervous system in patients
suffering from DFU[151]. Reduce wound inflammation, enhance fibroblasts and angiogenesis[161],
which may play an important role in diabetic wound healing. A metanalysis of 13 RCTs that included
413 patients concluded that LLLT significantly enhanced complete healing rate (RR = 2.10, 95%ClI: 1.56-
2.83, P < 0.00001), decreased wound ulcer area, and reduce mean healing time of wound healing in
patients suffering from DFU[171].

Huang et al[172] performed a meta-analysis of 8 RCTs and concluded that ESWT treatment reduced
wound surface area in greater proportion, enhances re-epithelialization and can reduce treatment ineffi-
ciency. ESWT is useful as an adjuvant strategy in the management of DFUs, which can improve the
complete wound cure rate and reduce the healing period of DFUs. ESWT may enhance the angiogenesis
process, decrease macrophage number, and enhance the production of macrophage of growth factors
from macrophages that help in the healing of wound[161].

In light of current evidence, it can be suggested that stem cell-based therapy (delivery through both
local and systemic route is effective to heal DFU and considered a promising regenerative medicine, and
mechanisms of stem cell therapy include improved angiogenesis, decrease inflammation, ameliorating
neuroischemia, improved collagen deposition, etc.[173].

Wound healing in diabetic people can be promoted by providing endogenous or exogenous NO.
Products (i.e., patches/ matrices) that release NO are used to treat diabetic wounds by different
mechanisms like enhancement of angiogenic activity, endothelial cell proliferation, conferring antimi-
crobial substances, and promoting cell migration to the injured site[174]. Only a few clinical studies
have reported the beneficial effects of NO-releasing devices, and several products are in the clinical trial.

Homeopathic medicines (like silicea, sulphur, lycopodium, and arsenic) were also investigated in the
clinical trial and concluded that homeopathic medicine may be useful in the management of diabetic
wounds[132,133]. Several other products, like honey, fish skin grafts, efc., were also clinically invest-
igated for their beneficial effects against DFU[158,159]. Further, several herbal products were also
successfully investigated in the treatment of diabetic wound[134,135,136-138].

MEDICINAL PLANTS AND PHYTOCONSTITUENTS IN DIABETIC WOUND

Medicinal plants and phytoconstituents always represent an important, effective and alternative
treatment strategy to cure diseases. Phytochemicals have showed their effectiveness in different diabetes
complications. Anti-inflammatory mechanism of phytochemicals is considered important in the
management of diabetes wound. Epigallocatechin gallate in pre-clinical investigation was found to
reduce reduced levels of IL-1B, TNF-a and IL-6, producing inhibition of Notch signaling and accumu-
lation of macrophage at a wound site. Kaempferol, is an important dietary flavonoid found to exert
different pharmacological activities, including antioxidant, anti-inflammatory and cardioprotective
activity. An ointment containing Kaempferol was found effective in diabetic excisional and non-diabetic
incisional wounds in experimental animals[175]. Flavonoids an important class of phytoconstituents,
exerted anti-inflammatory and antioxidant effect, and also enhances angiogenesis and re-epithelial-
ization. Preclinical trials found the effectiveness of isoliquiritin, isoflavonoid, naringenin,
dihydromyricetin, dihydroquercetin, quercetin, hesperidin, kaempferol, proanthocyanidins, icariin,
puerarin, rutin, genistein, luteolin, rutoside, silymarin, daidzein, genistein, and epigallocatechin gallate
to cure wound[174]. Flavonoids positively regulate MMP-2, MMP-8, MMP-9, MMP-13, Ras/Raf/
MEK/ERK, PI3K/Akt, and NO pathways. Phytochemicals are found to reduce oxidative stress,
expression/release of proinflammatory/inflammatory cytokines, i.e., TNF-o, IL-1B, IL-6, NF-xB and
upregulate IL-10 and antioxidant enzymes. Flavonoids also act on macrophages, fibroblasts and
endothelial cells by facilitating expression/release of TGF-B1, VEGF, angiopoietin, tyrosine kinase with
immunoglobulin and epidermal growth factor homology domains, and small mothers against
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decapentaplegic 2 and 3[176]. Oguntibeju[177] in his paper highlighted different medicinal plants like
Rosmarinus officinalis, Carica papaya, Radix rehmanniae, Annona squamosa, Catharanthus roseus, Centella
asiatica, Acalypha langiana, Hylocereus undatus, Punica granatum, Aloe vera, and Martynia annua that has
been investigated in the treatment of diabetic wound. Benefits of the plants may link to different
mechanisms like an increase in fibroblast cell, fibroplasia, increase in collagen formation, enhancement
of tissue regeneration, angiogenesis, antimicrobial, anti-inflammatory and antioxidant effect. A recent
clinical study established the effectiveness and safety of nano-hydrogel embedded with quercetin and
oleic acid when used in the management of lower limb skin wound in diabetic patients. The formulation
effectively treated the wound and reduce the wound healing time compared to the control group[178].
Infections caused by different microbes like Staphylococcus aureus, Streptococcus B-hemolytic, Pseudomonas
aeruginosa, Peptostreptococcus spp., Proteus spp., Prevotella spp., Bacteroides spp., Clostridium spp. and
anaerobes are posing a serious situation in diabetic people[126]. Medicinal plants and phytochemicals
with antimicrobial activity may also play an important role in the management of diabetic wound.
Several plants have shown their potential against the microbial strain responsible for infection in the
diabetic wound[126]. Formulation designed with Momordica charantia, Actinidia deliciosa, Aloe vera, citrus
fruits, Sida cordifolia, Nigella sativa, Curcuma longa, and Azadirachta indica has shown their potential in the
treatment of diabetic wound[126]. Isoflavones isolated from plant sources were also found to be
effective against DFU bacteria[179] Phytofabricated silver nanoparticles (Aerva lanata reduced silver
nanoparticles) at 20 pg/mL were found highly effective against multi antibiotic-resistant DFU isolates
like E. coli, P. aeruginosa, S. aureus, S. subtilis. Identified phytochemicals of A. lanata include rutin,
quercetin, kaempferol, gallic acid and ellagic acid[180]. The use of phytoextracts/active compounds
may be considered as an important strategy for addressing the wound problem associated with DM in a
better way.

CONCLUSION

Diabetes adversely acts on the phases of normal wound healing phases, i.e., hemostasis, inflammatory
phase, proliferative phase, re-epithelialization and remodeling phase, and poses a big burden on the
quality of life of a diabetic individual. Hyperglycemia can trigger oxidative stress, increase inflam-
matory cytokines, interrupt angiogenesis, decrease the functioning of fibroblast and keratinocyte,
induce neuropathy associated events, increase MMPs, and reduce TIMPs that is responsible for
impaired states of wound healing. An understanding sequence of the molecular and cellular cascade,
epigenetic mechanisms, microbial perspective, complexity and plasticity of impaired wound healing in
diabetic conditions is required for targeted research focusing on treatment of diabetic wound. Pharma-
cotherapy/strategy involving angiogenesis stimulation, growth factors, cytokines modulators, MMP
inhibitors, ECM stimulators, anti-inflammatory drugs, antidiabetic agents, antimicrobial drugs,
debridement, offloading, PRP, oxygen therapy, NPWT, LLLT, ESWT, stem cells, bio-engineered
substitutes, and various natural-based products have shown their benefit. There has been a lack of
quality-based evidence of efficacy of different adjuvant therapies tested through different clinical trials,
thus more structured and quality studies are required. Indeed, the utilisation of medicinal
plants/products in diabetic wound care holds prodigious potential in the future, and the development
of innovative pharmaceutical formulations for advanced wound care is equally critical. Effective
diabetic wound management necessitates a combination of techniques, including medication and non-
pharmacological intervention. Hence, the treatment strategy of the future can only succeed if research
concentrated on plausible drug targets after comprehending the inherent pathological complexities,
evaluating non-pharmacological approaches through well-designed clinical trials, and targeting natural
sources for new drug development.
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Abstract

Oxidative stress, inflammation, and gut microbiota impairments have been
implicated in the development and maintenance of diabetes mellitus. Strategies
capable of recovering the community of commensal gut microbiota and
controlling diabetes mellitus have increased in recent years. Some lactobacilli
strains have an antioxidant and anti-inflammatory system capable of protecting
against oxidative stress, inflammation, and diabetes mellitus. Experimental
studies and some clinical trials have demonstrated that Limosilactobacillus
fermentum strains can beneficially modulate the host antioxidant and anti-inflam-
matory system, resulting in the amelioration of glucose homeostasis in diabetic
conditions. This review presents and discusses the currently available studies on
the identification of Limosilactobacillus fermentum strains with anti-diabetic
properties, their sources, range of dosage, and the intervention time in
experiments with animals and clinical trials. This review strives to serve as a
relevant and well-cataloged reference of Limosilactobacillus fermentum strains
capable of inducing anti-diabetic effects and promoting health benefits.

Key Words: Diabetes Mellitus; Gut dysbiosis; Oxidative stress; Probiotics; Limosi-
lactobacillus fermentum
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Core Tip: This review strives to serve as a relevant and well-cataloged reference of L. fermentum strains
with aptitudes of inducing anti-diabetic effects and health-promoting benefits to the host envisaging their
wide applicability to diabetes control.
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INTRODUCTION

Diabetes mellitus (DM) is a chronic non-communicable disease that affects millions of people and has
become one of the leading causes of death worldwide[1,2]. The Diabetes Atlas published by the Interna-
tional Diabetes Federation estimated that 537 million adults worldwide had type DM in 2021[3].
Associated to this prevalence, clinical management of DM has elevated the costs of the health system,
increasing by 316% in the last 15 years[3,4]. One of the etiological factors of this metabolic disorder
includes long-term inappropriate diet such as regular consumption of sugary drinks, red meat, and low
consumption of whole grains and fiber. In addition, smoking, physical inactivity, history of gestational
diabetes or delivery of newborns > 4 kg weight, medications such as statins, thiazides, and beta-
blockers, psychosocial stress, and depression have been described as risk factors for DM[5-7].

Clinical features and laboratory findings of DM include changes in body weight, increased blood
glucose, insulin resistance, development of lipid metabolism disorder, polyuria, polydipsia, visual
disturbances, ketoacidosis, and hyperosmolar non-ketoacidotic syndrome with risk of coma[8,9]. When
uncontrolled, diabetes can induce grave complications, including death[10]. Insulin resistance in
sensitive tissues such as liver, muscle, and adipose tissue and B-cell dysfunctions are the main factors
involved in initiating and progressing the pathophysiology of type 2 DM[5,11]. Moreover, it has been
reported that gut microbiota (GM) impairment plays a crucial role in developing DM[12].

DM patients show an altered intestinal microbiota resulting from an increase in opportunistic bacteria
and Gram-negative toxin-producing bacteria that alter metabolism energetic[13]. Furthermore, the
accumulation of gut-derived pro-inflammatory molecules, including lipopolysaccharide (LPS),
peptidoglycans, and flagellin, appear to accelerate the inflammatory response in patients with DM[14].
Deregulation of the GM, also called dysbiosis, promotes intestinal permeability and energy homeostasis
changes, causing metabolic endotoxemia, inflammation, hyperglycemia, and hyperlipidemia[15,16].
Dysbiosis impairs the integrity of the intestinal wall and allows the translocation of toxins from the
intestinal lumen into the systemic circulation, promoting inflammation, autoimmunity, and oxidative
stress that can lead to B-cell destruction or insulin resistance[17,18].

The findings involving the association between gut dysbiosis and DM reinforce the importance of
gut-targeting approaches in the treatment of DM[19-21] Strategies capable of recovering the community
of commensal GM and controlling DM have recently increased. Probiotic therapy has begun to be used
to improve GM composition and management of DM[22,23]. Given this scenario, the identification of
new potentially-probiotic strains with anti-diabetic properties is essential for the development of new
probiotic products and testing in well-controlled trials.

Among Lactobacillus species, strains of Limosilactobacillus fermentum (L. fermentum) has been reported
to exert probiotic properties due to its ability to improve GM composition, reduce blood cholesterol,
modulate the intestinal immune system, stimulate the release of immunoglobulin A, reduce intestinal
inflammation, and increase the activity of antioxidant enzymes[24-27]. Although early studies have
identified anti-diabetic properties in some L. fermentum strains, an in-depth review focusing on L.
fermentum strains as a potential anti-diabetic has not been found in the available literature to the time of
this writing[28,29].

This present literature review focuses on the emerging findings of experimental and clinical studies
that have used L. fermentum supplementation to prevent or treat complications of DM. To investigate the
effectiveness of L. fermentum more thoroughly, we focus on the type of strain, source of probiotics,
dosage, duration of treatment, and the primary outcomes reported.
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PROBIOTIC THERAPY IN THE TREATMENT OF METABOLIC DISORDERS

Probiotics are live microorganisms that confer host health benefits when administrated adequately.
Probiotics have significant importance in the industrial economy and are among the most consumed
food supplements worldwide[30]. Experimental studies and clinical trials have documented that
probiotics can modulate the GM, inducing beneficial effects and increasing overall wellness[28,31,32].
Over the last few years, studies on probiotics have been growing sharply due to their beneficial health
effects, which have been used as adjuvant therapy for metabolic disorders[33]. A number of preclinical
and clinical studies have investigated the effectiveness of probiotics by evaluating the intestinal
microbiota after probiotics use, showing promising results in treating metabolic diseases[31].

Impairment in commensal homeostasis of GM and intestinal functional capacity, called gut dysbiosis,
is associated with the development of metabolic diseases such as colitis, obesity, liver, obesity, and DM
[34]. Thus, a probiotic may be able to relieve GM dysbiosis, through various mechanisms including
improvement in the composition and diversity of the GM, induction of immunomodulation, protection
against physiological stress, and pathogen suppression[35]. Probiotics also promote health benefits to
the host through other mechanisms of action, such as the production of organic acids, including lactic
acid and short-chain fatty acids (SCFA) (mainly acetate, propionate, and butyrate)[36,37]. Another
mechanism reported is the capacity of probiotics to protect the integrity of the intestinal wall by
stimulating mucin production and upregulating tight-junction claudin, occludin, and zonulin protein
expression[37]. Furthermore, probiotics are also responsible for producing small molecules with
systemic effects essential for maintaining vital functions, such as cortisol, serotonin, gamma-
aminobutyric acid (GABA), tryptophan, histamine derivatives, satiety hormones, and conjugated
linoleic acid[37].

Coupled with the mechanisms mentioned above, some experimental and clinical evidence has
demonstrated that probiotics have anti-inflammatory and antioxidant properties[27,37,38]. This
antioxidant capacity results from signaling pathways that produce antioxidant enzymes and molecules,
reducing serum and tissues levels of oxidative stress[38,39]. Concerning their anti-inflammatory
properties, probiotics have been reported to reduce inflammatory markers, including LPS, tumor
necrosis factor alpha (TNF-a), interleukin (IL)-6, as well as to promote an increase of anti-inflammatory
markers, such as IL- 10.

LIMOSILACTOBACILLUS FERMENTUM, LEAKY GUT AND DIABETES MELLITUS

Probiotics have shown satisfactory results as an adjunct treatment in DMJ[40,42]. Both single strain,
combined with other foods, and multiple strain probiotics can be used as supplements. Among more
effective probiotic strains, the therapeutic potential of L. fermentum has been investigated for adjuvant
management of DM[40,48,55].

L. fermentum is a Gram-positive, rod- or coccoid-shaped, heterofermentative, and anaerobic or
aerotolerant bacteria found in fermented cereals and other fermenting plant materials, dairy products,
manure sewage and feces, and the human vagina[41]. The Lactobacillus genus is widely used as an
intestinal modulator due to its safety and probiotic activity[40]. Among these bacterial groups, L.
fermentum is a well-studied species, mainly due to its action in improving metabolic function and
oxidative stress, which may be considered for DM management[26,27,42].

DM is one of the main metabolic diseases related to leaky gut, oxidative stress, and chronic inflam-
mation. GM impairment has been described in the pathogenesis of DM and metabolic syndrome. Due to
the high mortality rate of patients with of DM and this direct relationship with intestinal health, the
number of studies involving probiotic therapy has increased in recent years. L. fermentum has been
proven to alleviate metabolic disorder-related symptoms, including improvement in glucose and insulin
levels, control of the lipid profile, to decrease in pro-inflammatory cytokines and to increase antioxidant
capacity[27,41,43]. However, these protective responses need to be further investigated in clinical
studies to elucidate the responsiveness of L. fermentum therapy in DM patients.

Most diabetes treatments, particularly drug therapies, use agents that act directly on signaling
pathways to regulate glucose. Because of this, it is pertinent to explore therapies that adjunctively
attenuate deregulation of GM, such as probiotics[44]. Among the main harmful effects in GM induced
by DM, gram-negative bacteria in the colon increase the concentration of LPS in the lumen. LPS causes
high production of free radicals, increasing intestinal permeability and generating a systemic chronic
inflammatory process. This pro-inflammatory state is a critical mechanism in the genesis of chronic
diseases, such as DM[38,40]. Additionally, GM imbalances observed in DM patients are characterized by
changes in the composition of SCFAs, including increasing acetate levels and decreasing butyrate
production. As a consequence, there may be acetate excess and reduction of butyrate, caused by
dysbiosis, and impaired blood glucose homeostasis[45].

On the other hand, L. fermentum manipulation could attenuate GM imbalance, which may decrease
DM complications. Considering the inversely proportional relationship between butyrate and acetate
levels and the effects of excess acetate on the worsening of DM, keeping these fatty acids in balance
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becomes an important way to assist glycemic control[45]. Increased butyrate production by L. fermentum
regulates acetate production, preventing increased hepatic gluconeogenesis and insulin resistance.
Additionally, the increase in butyrate production resulting from L. fermentum supplementation may
repair enterocyte tight junctions and improve intestinal permeability[46]. Experimental evidence has
revealed that increasing levels of SCFA, especially acetate and succinate, decreases cellular damage of
enterocytes, leading to a reduction in inflammation state, oxidative stress, and leaky gut in DM-induced
rodents[28].

Another antidiabetic property of L. fermentum is to maintain normal levels of the intestinal hormone
GLP-1[47]. GLP-1 has been shown to stimulate proliferation and prevent apoptosis of pancreatic beta
cells, upregulating insulin synthesis and promoting a reasonable glycemic control[29,36]. In the liver,
GLP1 decreases gluconeogenesis and stimulates glycolysis, contributing to reducing glycemic levels in
individuals with DM. The main consequence of reducing these peptides is the exacerbation of hunger,
the search for palatable food, and the preference for hypercaloric foods, which can be a predisposing
factor for developing obesity and insulin resistance[30]. Leaky gut also generates chronic low-grade
inflammation in organs such as the liver, skeletal muscle, and adipose tissue, causing metabolic changes
such as hyperglycemia and dyslipidemias. L. fermentum also promotes benefits in these organs because
it stimulates the synthesis of the fasting-induced adipose factor, a protein that regulates the function of
the LPL enzyme and prevents hepatic steatosis and dyslipidemia, common in diabetic subjects[48].
Therefore, it is suggested that L. fermentum may improve intestinal permeability, normalize GLP-1
Levels, and reduce DM complications.

Another important action of L. fermentum is to reduce oxidative stress and glycation. Studies indicate
that pathophysiological findings of DM, including macular degeneration, vascular endothelial injury,
hepatic fibrosis, renal failure, are related to the glycation process. This process occurs when circulating
glucose binds to proteins, inactivating them and increasing inflammatory cytokines such as interferon-
gamma (IFN-y), IL-6, and IL-4. The main biochemical marker for glycation is glycated hemoglobin
(HB1ac), but this process can occur with any protein, including antioxidant enzymes. When glycation
events occur more expressively, oxidative stress is even higher due to the increase in reactive oxygen
species (ROS) and inactivation of the enzymatic antioxidant systems, such as superoxide dismutase
(SOD) and glutathione peroxidase[40,49].

Conversely, the administration of L. fermentum decreased the glycation events and oxidative stress
through the increasing production of ferulic acid (FA). This potent antioxidant metabolite can
significantly reduce ROS formation and prevent glycation events. This mechanism is related to
decreasing inflammatory markers, Hblac, and serum glucose. High levels of FA are also related to
lower cardiometabolic risk in diabetic individuals[40,44].

To evaluate the effectiveness of L. fermentum, the following sections refer to the findings on the
antidiabetic properties of different strains of L. fermentum, investigated in preclinical and clinical studies.

ANTI-DIABETIC PROPERTIES OF DIFFERENT STRAINS OF LIMOSILACTOBACILLUS
FERMENTUM

We investigated studies that analyzed the role of L. fermentum administered singly or combined with
other therapies to alleviate DM complications. Among ten of the studies included, nine evaluated anti-
diabetic properties in experimental studies using rats or mice. Only one clinical study assessed the anti-
diabetic potential of probiotic intervention in women with gestational DM. Since the majority of
beneficial effects following administration of L. fermentum come from animal studies, this present review
investigated emerging findings of their potential role in DM management. The characteristics of the
studies and the primary outcomes are summarized in Table 1 and Table 2, respectively.

L. fermentum LLB3

An experimental study revealed that treatment with L. fermentum LLB3 isolated from the bamboo shoot
pickle and offered in fermented bitter melon (Momordica charantia), in a concentration of 1 x 10’CFU
during 4 wk, reduced fasting glucose and postprandial blood glucose levels and increased SOD enzyme
activity in rats subjected to type 2 DM induced by streptozotocin (STZ)[50]. This suggests that L.
fermentum LLB3 might be considered an adjuvant therapy to attenuate type 2 DM-related symptoms[50].

L. fermentum HP3

Administration of a fermented Hericium erinaceus juice containing 10° CFU/mL of L. fermentum HP3 for
12 wk reduced weight gain, increased insulin level, and reduced hyperglycemia in diabetic mice
induced by STZ[51]. In addition, treated mice showed lower levels of inflammatory cytokines, including
IL-6, IL-17, and IFN-y[51], suggesting that fermented Hericium erinaceus juice can be used as nutritional
manipulation in the treatment of type 2 DM.
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Table 1 Characteristics of the studies testing the anti-diabetic effect of Limosilactobacillus fermentum strains

Duration
Ref. Type of study Experimental groups Source of probiotics Dosage of probiotic of
treatment
Hartajanie ~ Experimental: 24 male  Diabetic group; Diabetic group + L. fermentum LLB3 was 1% 10" CFU L. fermentum LLB3 4 wk
et al[50], Sprague-Dawley rats  acarbose; Diabetic group + bitter isolated from the bamboo
2020 at 8 wk and weighing  melon; Diabetic group + fermented  shoot pickle
170-200 g bitter melon
Hu et al Experimental: 4-wk- Normal control group; Diabetic All probiotics were 5 x 10* CFU/mL of each 4wk
[35],2019  old male Kunming group; Positive drug control group; ~ purchased from the activated strain (L. plantarum +
mice (18 + 2 g) were Diabetic group + fructose 1 6- Guangdong culture L. fermentum, L. plantarum + L.
used bisphosphatase (low dose); Diabetic  collection center mesenteroides, L. plantarum + S.
group + 1-Deoxynojirimycin (middle cerevisiae, L. fermentum + L.
dose); Diabetic group + 1-Deoxyn- mesenteroides, L. fermentum + S.
ojirimycin (high dose) cerevisiae, and L. mesenteroides +
S. cerevisiae)
Chaiyasut  Experimental: male Control group; Control group + L. L. fermentum HP3 was L. fermentum HP3 in a concen- 12wk
et al[51], Wistar rats fermentum; Control group + isolated from fermented tration of 10° CFU/mL. L.
2018 fermented H. erinaceus juice; Diabetic Thai foods fermentum HP3 was used with
group; Diabetic group pretreatment H. Erinaceus Juice
and posttreatment treated with
fermented H. erinaceus juice, L.
fermentum, and insulin
Guilbaud et Experimental: 30 mice ~ Wild-type group;Wild-type group + Isolated from a fecal sample L. fermentum ME-3 in a concen- 12 wk
al[52],2020  with 6 wk of age L. fermentum;Diabetic group;Diabetic  of one-year-old healthyE- tration of 10'° CFU per 400 puL H
group + L. fermentum stonian child -0
Archer etal  Experimental: 40 Control group; Diabetic group + Isolated from fecal (L. Both isolated probiotics were 4wk
[48],2021  female Wistar rats high-fat diet; Diabetic group + high-  fermentum. MCC2759) and ~ offered in a concentration of 1 x
fat diet + L. fermentum. MCC2759; from curd (L. fermentum. 10° CFU/mL
Diabetic group + high-fat diet + L. MCC2760)
fermentum. MCC2760
Aietal[31], Experimental: 160 Control group; Diabetic group + Isolated from Chinese rice ~ The study evaluated the role of 8 wk
2021 Male C57BL/6] mice  high-fat diet; Diabetic group + noodle wastewater L. fermentum MF423. Dose of
with 6 wk of age defatted rice bran unfermented 100 pg/mL of defatted rice bran
extracts; Diabetic group + unfermented extracts
pioglitazone; Diabetic group + high-
dose of defatted rice bran
fermentation extracts; Diabetic
group + low-dose of defatted rice
bran fermentation extracts
Yadav etal Experimental: 70 male Normal control group; Diabetic The probiotics L. rhamnosus  All probiotic strains were 6 wk
[54], 2018 Wistar rats with 8 ws  control group; Diabetic + normal MTCC: 5957 and L. offered in a dosage of 1 x 10°
old diet supplemented with milk; rhamnosus MTCC: 5897 were CFU
Diabetic + L. rhamnosus MTCC5957;  isolated from household
Diabetic + L. rhamnosus MTCC5897;  curds. The probiotic L.
Diabetic + L. fermentum MTCC 5898;  fermentum MTCC: 5898 was
Diabetic + L.rhamnosus 5957 and isolated from the feces of
5958 and L. fermentum MTCC 5898 breastfed human infants
Yousaf etal Experimental: female  Normal healthy mice; Diabetic mice; L. fermentum fruit extracts of Momordica charantia 200 mg/kg, 3 wk
[55],2016 ~ mice of 6-8 wk, with Diabetic mice + Momordica charanti; ~ Eugenia Jambolana and and Eugenia Jambolana 100
an initial body weight  Diabetic mice + Eugenia Jambolana; Momordica charantia were mg/kg. The authors did not
of 21-23 g Diabetic mice + L. Fermentum; isolated from local yogurt inform the concentration of L.
Diabetic mice + L. Fermentum + samples (Lahore, Pakistan)  fermentum (Gene Bank
Momordicacharanti + Eugenia Accession KJ754019)
Jambolana; Diabetic mice +
Glucophage
Balakumar Experimental: adult Normal pellet diet; High-fat diet; Isolated from Indian gut Lactobacillus MTCC 5690 and 24 wk
et at[49], male C57BL/ 6] mice High-fat diet + L. rhamnosus; High- (Karnal, India) MTCC 5689 in a concentration
2018 (age 8-10 wk) fat diet + L. plantarum MTCC5690; of 1.5 x 10° colonies/mouse/d
High-fat diet + L. fermentum
MTCC5689; High-fat diet +
metformim; High-fat diet +
vildagliptin
Babadietal Clinical: primigravid  Placebo group; Probiotic group Probiotic supplements were  Probiotic capsule containing 6 wk
[30],2018  women aged between produced by LactoCare®, Lactobacillus acidophilus, Lactoba-
18 and 40 years, Zisttakhmir Company cillus casei, Bifidobacterium
between the 24" and (Tehran, Iran) bifidum and L. fermentum in a
28" week of gestation, dosage of 2 x 10° CFU /g
diagnosed with
gestational diabetes
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mellitus

L. fermentum: Lactobacillus fermentum; L. rhamnosus: Lactobacillus rhamnosus; L. plantarum: Lactobacillus plantarum; S. cerevisiae: Saccharomyce cerevisae; L.

mesenteroides: Leuconostoc mesenteroides; H. erinaceus: Hericium erinaceus.

Table 2 Primary outcomes of the studies testing the anti-diabetic effect of Limosilactobacillus fermentum strains

Ref.

Primary end-points

Hartajanie et al[50], 2020

Hu et al[35], 2019

Chaiyasut et al[51], 2018

Guilbaud et al[52], 2020

Archer et al[48], 2021

| The fasting blood glucose; | Postprandial blood glucose; 1 In SOD concentrations

| Blood glucose levels; | Insulin levels; Reversed insulin resistance; Improved serum lipid levels; Relieved gut
dysbiosis

| Weight Gain; Improved insulin levels (1 insulin); Recovery progress of hyperglycemia; | HbAlc level (only with
cointerventions); | Inflammatory cytokines level

| Weight Gain; | Glycemic response 60-120 min; 1 In HbAlc; |Weight of liver; | FL-furosine levels in kidney | The
expression of TNF-o; | The TG concentrations in liver; | HDL and Non-HDL; Lower lipid droplets in liver.

| Blood glucose levels; Improved insulin levels (1 insulin); | levels of cholesterol, triglycerides, and LDL-C; | The

expression levels of TNF-a, and 1 expression of IL-10; | Expression of the TLR4 receptor, 1 Expression of tight
junction protein ZO-1, endocannabinoid receptor CB2 and GLP1, and t Expression of GLUT4 in MAT and muscle
tissue; Showed accumulation of neutrophils around the portal tracts in liver tissue, and reduction in the glomerular
injury in kidney sections
Ai et al[31], 2021 Inhibit the degree of weight loss; | The fasting blood glucose; | Blood glucose levels; | Levels of total cholesterol and
LDL and 1 HDL levels; Ameliorate the damage to liver cells and significantly reduced the accumulation of lipid
droplets; Upregulated the levels of SOD, T-AOC and GSH-PX, and reversed elevation of MDA; | Damage in
composition of gut microbiota'

Yadav et al[54], 2018 Inhibit the degree of weight loss; | The fasting blood glucose; | Consumption of food and liquids; 1 In oral glucose
tolerance; 1 In liver weight; Improved insulin levels ( Insulin); | HbAlc level; t CAT, SOD activity in kidney and
liver; | Serum levels of total cholesterol, LDL-C, VLDL-C and triglycerides; | The serum inflammatory index,
cytokine levels (IL-6 and TNF-a); | In the expression of the genes G6Pase and pepck in the liver

Yousaf et al[55], 2016 1 Body weight; | Blood glucose levels; Lipid profile: no effect on cholesterol, | tryglyceride, LDL, slight increase in

the level of HDL

Balakumar et al[49], 2018 | Body weight; | Blood glucose levels; 1 In oral glucose tolerance; | HbAlc level; Improved insulin levels (| Insulin);
1 levels of GLP-1; | Cholesterol, triglyceride and LDL levels; t HDL level; | Plasma DX-4000-FITC; 1 mRNA
expression of epithelial tight junction occludin and ZO-1; | Serum levels of LPS; | Proinflammatory gene expression
profiles (IL6 and TNFa), 1 adiponectin gene expression; | Gene expression profiles of endoplasmic reticulum stress
Babadi et al[30], 2018 Downregulated gene expression of TNF-a; | The fasting blood glucose; | Serum insulin level; | Insulin resistance; 1
Insulin sensitivity; | Levels of triglycerides, VLDL-cholesterol and total / HDL-cholesterol ratio, and 1 levels of HDL-

cholesterol; | In plasma MDA; 1 In plasma NO and total antioxidant capacity

IThese results were obtained by rice bran fermented with Lactobacillus fermentum MF423.

SOD: Superoxide dismutase; HbAlc: Glycayed hemoglobin A; TNF-a: Tumor necrosis factor-alpha; TG: Triglyceride; HDL- C: High-density lipoprotein
cholesterol; LDL-C: Low-density lipoprotein cholesterol; VLDL-C: Very-low-density lipoprotein cholesterol; IL-6: Interleukin-6; IL-10: Interleukin-10; TLR4:
Toll-like receptor 4; ZO-1: Zonula occludens-1; CB2: Cannabinoid receptor type 2; GLP1: Glucagon-like peptide-1; GLUT4: Glucose transporter type 4;
MAT: Mesenteric adipose tissue; T-AOC: Total antioxidant capacity; GSH-PX: Glutathione peroxidase; MDA: Malondialdehyde; CAT: Catalase; G6Pase:
Glucose 6-phosphatase; Pepck: Phosphoenolpyruvate carboxykinase; FITC: Fluorescein isothiocyanate-dextran; LPS: Lipopolysaccharide; NO: Nitric oxide.

L. fermentum ME-3

A previous preclinical study investigated the anti-diabetic effect of L. fermentum ME-3 in genetically
diabetic mice[52]. L. fermentum ME-3 was administered in mice at 6 wk of age, in a concentration of 10"
CFU, for 12 wk[52]. The treatment with L. fermentum ME-3 reduced body weight, inhibited expression of
TNF-a, but did not improve glycemic control[52]. In addition, supplementation with L. fermentum ME-3
reduced the formation of glycation products, including FL-furosine levels in the kidney. However, the
researchers found an increase in HbAlc, another marker of early glycation. The authors noted that
while HbA1c reflects early glycation mainly in red blood cells, FL-furosine provides information on the
extent of early glycation in fluids, tissues, and organs and offers a broader view of the early glycation
status of the whole organism[52]. In summary, L. fermentum ME-3 has the therapeutic potential to
reduce the formation of some glycation products in kidneys and attenuate some typical type 2 DM-
related symptoms.

L. fermentum MCC2759 and MCC2760

Recently, an Indian research group analyzed the activity of the probiotic L. fermentum MCC2759 and
MCC2760 on intestinal markers of inflammation using a high-fat diet model associated with the STZ-
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induced diabetic model[48]. Both L. fermentum strains were administered in a concentration of 1 x 10°
CFU/mL for 4 wk. The main findings of the study revealed that diabetic female rats treated with L.
fermentum MCC2759 and MCC2760 reduced blood glucose levels, increased insulin levels, and
improved the lipid profile[48]. Coupled with biochemical changes, L. fermentum administration
downregulated TNF-a mRNA and up-regulated mRNA IL-10 in the intestine, liver, mesenteric adipose
tissue, and muscle, suggesting that the anti-diabetic effect promoted by L. fermentum MCC2759 and
MCC2760 can be associated with a decrease in inflammatory markers[48]. In addition, L. fermentum
MCC2759 and MCC2760 administration modulated other gene expressions, such as reduced expression
of Toll-like receptor 4, enhanced expression of tight junction protein ZO-1, endocannabinoid receptor
CB2 and GLP1, glucose transporter type 4 in mesenteric adipose tissue and muscle tissue. The results
demonstrated that L. fermentum MCC2759 and MCC2760 might be a potential probiotic in treating type
2DM.

L. fermentum MF423

L. fermentum MF423 is a strain isolated from Chinese rice noodle wastewater[31]. The authors analyzed
adverse effects triggered by an experimental model of type 2 DM induced by STZ and tested the effect-
iveness of different therapies, including supplementation with unfermented extracts of defatted rice
bran, high and low doses of defatted rice bran fermented by L. fermentum MF423, and drug intervention
(pioglitazone)[31]. Mice receiving a high dose (1 g/kg) of defatted rice bran fermentation extracts
containing L. fermentum MF423 for 8 wk evidenced weight loss and reduced fasting blood glucose, lipid
accumulation, and liver cells damage[31]. Moreover, probiotic groups intensified antioxidant activity in
diabetic mice through up-regulation levels of SOD, total antioxidant capacity (T-AOC), and reversed
elevation of malondialdehyde (MDA) in the liver[31]. It is important to mention that no effects were
found in animals treated only by unfermented extracts of rice bran, highlighting the antioxidant activity
of L. fermentum MF423.

To complete the evaluation of the therapeutic potential of L. fermentum MF423, the authors invest-
igated the role of this probiotic in the modulation of GM. Diabetic rats treated either to high dose of
defatted rice fermented by L. fermentum or pioglizatone showed GM composition similar to the control
group, compared to untreated diabetic animals[31]. The relative abundances of Bacteroidetes (20%) and
Firmicutes (40%) were increased in both mentioned groups compared to a diabetic group without
treatment[31]. A decreased abundance of Firmicutes can be found in diabetic patients compared to their
non-diabetic counterparts[53]. These two major phyla may play an essential role in hyperglycemia,
hyperlipidemia, and inflammation. Moreover, probiotic treatment increased the relative abundance of
SCFA-producing bacteria in diabetic mice, including Lactobacillus, Parabacteroides, norank_f_Ruminococ-
caceae, Ruminococcus_torques_group, and Alloprevotella. Interestingly, a decrease in the genus Lactobacillus
was significant in diabetic mice, while treatment with defatted rice bran fermented by L. fermentum
MF423 increased its abundance, similar to control mice[31]. L. fermentum is known for its probiotic role
in food consumption, which could modify abnormalities in intestinal microbes and retard
hyperglycemia. In conclusion, defatted rice bran fermentation by L. fermentum MF423 Lessened damage
to the structure and function of GM induced by type 2 DM.

L. fermentum MTCC: 5898

Probiotic fermented milk prepared using different probiotic strains, including L. rhamnosus MTCC: 5957,
L. rhamnosus MTCC: 5897, and L. fermentum MTCC: 5898, were evaluated in an experimental study[54].
Probiotic strains were offered independently or in combination for treating STZ induced type 1 DM in
male Wistar rats. All probiotic strains were provided in a dosage of 1 x 10°CFU for 6 wk. The study
demonstrated that the diabetic rats who received fermented milk containing L. fermentum MTCC: 5898
had less weight loss, improved glucose metabolism by reducing fasting blood glucose, HbAlc
associated with increased insulin level, reduced diabetic dyslipidemia, and attenuated inflammation
status through reduction of IL-6 and TNF-a[54]. In addition, supplementation with L. fermentum MTCC:
5898 showed antioxidant properties by increasing catalase (CAT) and SOD activities in the kidney and
liver[54]. Moreover, administration of probiotics reduced mRNA expression of phosphoenolpyruvate
carboxykinase and Glucose 6-phosphatase genes that code the key enzymes of the gluconeogenesis
pathway[54]. Compared to other lactobacilli strains, rats receiving L. fermentum MTCC: 5898 displayed
the most effective responses including oral glucose tolerance, serum insulin, serum, liver CAT, serum
triglycerides, VLDL[54]. Therefore, it is suggested that daily consumption of probiotic fermented milk,
especially L. fermentum MTCC: 5898, may be effective in attenuating complications of type 1 DM.

L. fermentum MTCC 5690 and MTCC 5689

L. fermentum MTCC 5690 and MTCC 5689 were isolated from the Indian gut and used to treat high-fat
diet-induced type 2 DM mice[49]. The present study compared the anti-diabetic effect of L. fermentum
MTCC 5690 and MTCC 5689 to other probiotics (Lactobacillus rhamnosus, Lactobacillus plantarum
MTCC5690) and drug intervention (metformin, vildagliptin). L. fermentum MTCC 5690 and MTCC 5689
were administered in a concentration of 1.5 x 10°colonies/ mouse/day for 24 wk[49]. Both probiotics
and drugs groups reduced body weight, improved oral glucose tolerance, and reduced fasting glucose
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and HblAc levels in diabetic mice[49]. Concerning insulin levels, probiotic groups contributed to
normalizing levels of this hormone, which approximated the levels observed in the control group[49]. In
addition, a significant reduction of insulin levels was found in the vildagliptin group compared with
other groups, which may be considered a possible adverse mild effect of this drug. Furthermore, all
treatment groups improved lipid profile by reduction of levels of cholesterol, triglycerides, LDL,
associated with an increase in HDL levels.

Additionally, the study evaluated the gut integrity after 24 wk of treatment. Probiotic treatment and
drug therapy were able to reduce damage in gut integrity, which may contribute to normalizing gut
permeability[49]. The authors quantified mRNA expression of epithelial tight junction occludin and ZO-
1 and LPS levels. All the probiotic and anti-diabetic drugs increased gene expression of the intestinal
tight junction occludin and ZO-1[49]. To evaluate endotoxemia state and intestinal barrier integrity,
probiotic treatments decreased LPS levels and pro-inflammatory cytokines IL-6 and TNF-a in mice
subjected to type 2 DM[49]. In addition, the authors verified the effectiveness of treatments in
attenuating endoplasmic reticulum stress of skeletal muscle of diabetic mice. Results showed that both
probiotic and drug therapies reduced endoplasmic reticulum stress markers[49]. The findings suggested
that L. fermentum MTCC 5690 and MTCC 5689 act like anti-diabetic drugs, highlighting the therapeutic
potential of these probiotic strains in alleviating type 2 DM complications.

Non mentioned strain of L. fermentum

The role of L. fermentum fruit extracts of Syzygium cumini and Momordica charantia, isolated from yogurt
samples (Pakistan) on STZ induced DM mice, was previously investigated[55]. L. fermentum and the
extracts were administered individually as well as in combination with DM-induced mice for 3 wk.
Results were compared with mice that received drug intervention (Glucophage). Administration of
probiotics and natural extracts improved body weight, and reduced blood glucose levels and both
results were similar with the Glucophage group[55]. Concerning lipid profile, L. fermentum and natural
extracts improved almost all lipid profile parameters, including reduced triglycerides, LDL, and
increased HDL serum levels[55]. The study demonstrated that Glucophage treatment might affect some
parameters, such as increased total cholesterol, triglycerides, and LDL concentration. These findings
showed that L. fermentum and natural extracts have hypoglycemic and hypolipidemic activity, which
may reduce DM complications.

Another experimental study demonstrated that mixed probiotics containing L. fermentum could
reverse insulin resistance, reduce blood glucose levels, and improve lipid profile in STZ induced DM in
old male Kunming mice after 4 wk of treatment[35]. In addition, the authors showed a significant
impact of the supplementation of L. fermentum on the relief of gut dysbiosis, lowering the damage in the
composition of GM[35]. However, the authors did not specify which strain of L. fermentum was
administered, limiting the understanding of these effects.

Regarding clinical data, we found only one randomized, double-blind, placebo-controlled trial that
evaluated the effectiveness of L. fermentum in attenuating complications of DM[30]. This study was
carried out to assess the effects of probiotic supplementation on genetic and metabolic profiles in
patients with gestational DM, aged 18-40 years (at weeks 24-28 of gestation)[30]. Participants were
randomly divided into two groups: a control group and a probiotic group, made up of women who
received a probiotic capsule containing Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum,
L. fermentum (2 x 10° CFU/ g each) for 6 wk[30]. However, the authors did not inform the specific strain
of L. fermentum used, limiting the interpretation of results. The probiotic group showed lower levels of
fasting blood glucose serum insulin, reduced insulin resistance, and significantly increased insulin
sensitivity compared with the control group[30]. In addition, probiotic supplementation decreased
triglycerides, VLDL, and increased HDL levels compared with the control group. Additionally,
probiotic administration reduced plasma MDA, and an elevation in plasma nitric oxide and T-AOC was
found compared with the control group. Therefore, the probiotic treatment showed great therapeutic
potential in alleviating complications found in women with gestational DM. Future clinical studies are
needed to investigate further the specific strains of L. fermentum to elucidate which strains are more
effective in attenuated DM.

CONCLUSION

This literature review showed that L. fermentum is a promising strain for the management of DM
(Figure 1). Evidence from experimental and clinical study verified that L. fermentum supplementation
contributed to normalizing body weight, reduced blood glucose and fasting blood glucose levels,
reduced insulin resistance, and improved lipid profile. Coupled with these biochemical changes, L.
fermentum therapy showed anti-oxidant and anti-inflammatory properties, which contributed to
alleviating related symptoms of DM. However, the heterogeneities of studies, including variations in
dosage, and duration of treatment, limit the elucidation of the most effective way to use L. fermentum as
adjuvant therapy of DM. Moreover, it is relevant to explore the effectiveness of co-intervention with L.
fermentum associated with bioactive compounds with antioxidant and anti-inflammatory properties,
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Figure 1 Schematic drawing showing that Limosilactobacillus fermentum exert an anti-diabetic effect.
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such as quercetin and resveratrol [15]. We also highlight that most of the available data came from
preclinical studies, hence, therapeutic potential of different strains of L. fermentum in minimizing
complications of DM needs to be further investigated in randomized, double-blind, placebo-controlled
trials to confirm these findings in human studies.
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Abstract

A significantly higher rate of new-onset diabetes in many coronavirus disease
2019 (COVID-19) patients is a frequently observed phenomenon. The resultant
hyperglycemia is known to influence the clinical outcome, thereby increasing the
cost of treatment and stay in hospital. This will also affect the post-hospitalization
recuperation. It has been observed that new-onset diabetes in COVID-19 patients
is associated with considerable increase in morbidity and may be associated with
increased mortality in some cases. This mini-review focuses on the possible causes
to understand how COVID-19-related diabetes develops, various associated risk
factors, and possible mechanism to understand the natural history of the disease
process, clinical outcome, associated morbidities and various treatment options in
the mana-gement of post COVID-19 diabetes. A literature search was performed
in PubMed and other online database using appropriate keywords. A total of 80
articles were found, among which, 53 of the most relevant were evaluated/
analyzed and relevant data were included. The studies show that patients who
have had severe acute respiratory syndrome coronavirus 2 infection leading to
development of COVID-19 may manifest not only with new-onset diabetes but
also worsening of pre-existing diabetes. Cytopathic effect and autoimmune
destruction of insulin-secreting pancreatic beta cells, cytokine storm during the
active phase of infection causing impaired insulin secretion and resistance, drug-
induced hyperglycemia, undetected pre-existing hyperglycemia/diabetic
condition, and stress-induced impairment of glucose metabolism are some of the
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possible potential mechanisms of COVID-19-associated new-onset diabetes mellitus. Many studies
published in recent times have found a significantly higher rate of new-onset diabetes mellitus in
many COVID-19 patients. Whether it is an inflammatory or immune-mediated response, direct
effect of virus or combination of these is unclear. The resultant hyperglycemia is known to
influence the clinical outcome and has been associated with considerable increase in morbidity and
increased mortality in some cases.

Key Words: Coronavirus disease 2019; Coronavirus disease 2019 associated diabetes; Coronavirus disease
2019 related diabetes; Hyperglycemia in coronavirus disease 2019 patients; New-onset diabetes; Post-
coronavirus disease 2019 diabetes
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Core Tip: New-onset diabetes is one of the most important complications in patients recovering from
coronavirus disease 2019 (COVID-19). This review is focused on different hypotheses that help with
understanding of the disease process and suggest management protocols for COVID-19-associated
diabetes mellitus.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was declared a global pandemic by the World Health Organization (WHO) in March
2020. It continues to spread worldwide with about 452201564 confirmed cases and 6029852 deaths to
date[1].

The speed with which this deadly virus spreads leaves no place for doubt that, at some time, a
significant proportion of the world’s population will be affected. Therefore, it is a matter of great
concern to study the interaction of COVID-19 with other commonly occurring medical conditions to
anticipate and find out how they will interact with each other and to decide a protocol for their
management. Laboratory reports in almost all critically ill patients show severe hyperglycemia as a
common finding and this is often considered a marker of disease severity[2]. A literature search for
studies carried out during the pandemic shows that COVID-19 is associated with hyperglycemia in
people with and without known diabetes mellitus. Hence, now there is sufficient evidence to support
the fact that SARS-CoV-2 infection causes a diabetogenic state in COVID-19 patients[3,4]. In this mini-
review, an attempt has been made to understand how COVID-19 related diabetes develops, its
pathogenesis, clinical presentation, outcome and management protocol of new-onset diabetes mellitus
in COVID-19 patients.

DIABETOGENIC EFFECT OF SARS-CoV-2 INFECTION IN COVID-19

SARS-CoV-2 infection leading to a diabetogenic state in patients of COVID-19 is now a well-established
fact. Different studies carried out in the earlier days of the pandemic support this fact and they report
that many patients with SARS-CoV-2 infection were diagnosed with diabetes mellitus after COVID-19.
It has been found that many patients presented with diabetic ketoacidosis (DKA) or hyperosmolar
hyperglycemic state and required higher units of insulin to normalize the blood sugar levels[4-6].

CAUSES/RISK FACTORS

The severity of hyperglycemic levels in confirmed cases of COVID-19 infection was found to be propor-
tional to the severity of infection. This can be attributed to the involvement of one or more inter-related
processes like stress response associated with severe illness, cytokine storm with elevated levels of
inflammatory markers like interleukin (IL)-6, tumor necrosis factor (TNF)-a, C-reactive protein (CRP),
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lactate dehydrogenase and ferritin. Overdoses of steroids, pancreatic beta-cell damage/destruction
resulting in a combined effect of insulin resistance and insufficiency disturbing glucose homeostasis
have been reported as important risk factors. Apart from this, increasing age, high body mass index
(BMI) and family history of diabetes are independent risk factors[7]. To make the situation worse, strict
disciplinary actions taken to break the chain of infection (such as repeated rotatory lockdowns) could
also have had an adverse impact such as limited access to clinical care, healthy diet and opportunities to
exercise[8].

POSSIBLE POTENTIAL MECHANISMS

COVID-19 due to SARS-CoV-2 infection may manifest not only as new-onset diabetes but also causes
worsening of pre-existing diabetes. Considering the evolving nature of the COVID-19 pandemic, it is
not yet clearly understood whether SARS-CoV-2 infection causes new-onset diabetes by mechanisms
similar to those established in the pathogenesis of type 1 or type 2 diabetes mellitus, or whether this
itself is an atypical form of diabetes[9]. Moreover, it has also not been established whether COVID-19
patients remain at higher risk for developing new-onset diabetes or related complications following
viral clearance and recovery. The literature reveals detailed discussions regarding the possible potential
mechanisms for derangement of glucose metabolism leading to the development of hyperglycemia and

new-onset diabetes in COVID-19 patients and these can be broadly attributed to the following factors
(Figure 1).

Cytopathic effect causing beta-cell damage

The entry portal for SARS-CoV-2 is angiotensin-converting enzyme (ACE)-2 receptor. Along with
respiratory epithelial cells, ACE-2 receptors are also present in the kidneys, gastrointestinal tract and
pancreas. Following infection, SARS-CoV-2 replicates in human endocrine and exocrine secretory cells
of the pancreas[10]. It has been postulated that this causes the destruction of insulin-secreting pancreatic
beta cells, which leads to the development of new-onset diabetes in some patients with COVID-19. This
phenomenon can be well correlated with that observed during SARS-CoV-1 infection; thus, giving due
credit to this hypothesis[11].

Autoimmune destruction of pancreatic beta cells

Apart from direct virus-induced cytotoxicity over insulin-secreting beta cells of the pancreas, another
suggestion is that SARS-CoV-2 can trigger an autoimmune response against pancreatic beta-cell
antigens, and it has emerged as one of the most prevalent hypotheses behind the etiopathogenesis of
type 1 diabetes. According to this theory, the virus-mediated cytotoxicity toward beta cells leads to
sequestration of antigens that in turn cause activation of autoreactive T lymphocytes. The resultant
autoimmune response ultimately destroys the remainder of the beta-cell mass, leading to insulin-
dependent type 1 diabetes in a few weeks to months after infection[12]. This theory cannot completely
explain the pathogenesis of immediate onset of diabetes during the acute phase of COVID-19 infection;
however, it may hold true for development of hyperglycemia in some patients and later development of
diabetes within weeks to months post-COVID recovery. Further research about this would be helpful to
reach a more meaningful conclusion.

Host response to COVID-19

As observed in any acute infectious condition, a profound and nonspecific activation of immune
mechanisms also occurs in patients with severe COVID-19, escalating the release of counter-regulatory
hormones and proinflammatory cytokines such as IL-6 and TNF-a in the form of cytokine storm. This
rampant cytokine storm is known to induce insulin resistance and resultant hyperglycemia[13].

Drug-induced iatrogenic effect

The RECOVERY trial in ICU COVID-19 patients requiring respiratory support prompted WHO to
reframe guidelines and recommend the use of corticosteroids to reduce the overall mortality and
morbidity in such patients[14]. However, corticosteroids are a double-edged sword. On one side, they
improve the clinical course of patients during the cytokine storm and thereby prevent death in patients
with COVID-19 pneumonia. On the other side, they are also known to be highly diabetogenic drugs.
Hyperglycemia is almost inevitable with the doses prescribed for this indication and some cases present
with complications like DKA, especially in patients with previously undiagnosed diabetes or
prediabetes[8].

Undetected pre-existing diabetes before infection with SARS-CoV-2

The latest report of Diabetes Atlas from the International Diabetes Federation states that almost 50% of
the adult population may have undiagnosed diabetes and bear a lifetime risk of diabetes mellitus[15].
This potential at-risk population is the reason for the hike in incidence of new-onset diabetes after
COVID-19. Probable causes for this are recent weight gain, worsening of hyperglycemia due to changes
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Figure 1 Possible potential mechanisms for development of post-coronavirus disease 2019 diabetes new onset diabetes. DM: Diabetes
mellitus.

in lifestyle such as lack of exercise and reduced physical activity due to lockdown, self-isolation, social
distancing and poor diet as a result of lack of access to sufficient quality and quantity of fruits/
vegetables during lockdown periods[16].

Acute illness and stress leading to hyperglycemia and new-onset diabetes

Any acute illness and associated stress are the two important common factors that may lead to
hyperglycemia in many patients and these patients will form the category of new-onset diabetes
mellitus. This was observed during the SARS-CoV-1 pandemic[17]. The cytokine storm due to acute
infection by SARS-CoV-2 can cause elevated inflammatory markers like an increase in CRP, erythrocyte
sedimentation rate and increased leukocyte count. Cellular stress during acute inflammation causes
accelerated lipolysis, thereby increasing the levels of free fatty acids in the circulation, leading to relative
insulin deficiency[18].

New-onset diabetes has been reported in most of the earlier studies from different parts of the globe
(Table 1)[4,19-30].

CLINICAL OUTCOME AND ASSOCIATED MORBIDITIES

It has been observed that diabetes is the pre-existing condition in most of the patients with COVID-19
disease showing severe morbidity and mortality[31]. The diabetic patients in general were found to
have a higher risk of developing diabetic nephropathy, ischemic heart disease, and pneumonia leading
to multiorgan failure and acute respiratory distress syndrome (ARDS) as compared to nondiabetic
individuals. In addition, diabetic individuals were found to be more prone to ICU admission[32,33]. In
subjects with diabetes and COVID-19, the mortality rate ranges from 22% to 31% of all COVID-19
patients[34]. A UK-based study revealed that out of 23 804 deaths in hospitalized COVID-19 patients,
32% had type 2 diabetes and 1.5% had type 1 diabetes mellitus[35].

Obesity, one of the independent risk factors for type 2 diabetes mellitus, is significantly associated
with the severity of COVID-19. A cohort study of 2741 hospitalized patients found that among different
factors, obesity was strongly associated with COVID-19 hospitalization and risk of critical illness[36]. A
retrospective study from Kuwait consisting of 1158 hospitalized COVID-19 patients concluded that
patients with morbid obesity needed more ICU admissions [odds ratio (OR), 5.18][37]. A study by Cai et
al[38] involving 383 hospitalized COVID-19 patients reported that COVID-19 manifestations were more
severe in obese patients as compared to patients with normal BMI. They also found an increased OR of
developing severe COVID-19 in overweight patients (OR, 1.84; P = 0.05), with the value of odds being
higher in obese subjects (OR, 3.40; P = 0.007).

Altered glucose homeostasis and insulin resistance resulting in acute hyperglycemia have been
reported during infection in patients hospitalized with viral infections such as human herpes virus 8
and SARS-CoV as a part of normal antiviral responses. Such responses may further increase the risk of
developing type 1 or type 2 diabetes mellitus[39]. During the SARS-CoV-1 outbreak in 2003, findings
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Number of
Ref. Count Study Design Results
i B Cases
Li et al[4] China Retrospective 453 21 % were newly diagnosed with DM
Observational
Unsworth etal  United Kingdom Cross-sectional 33 children 30 children with new onset T1D
[19]
Ebekozien et al  United States Cross-sectional 64 6 cases with new onset T1D
[20]
Armeni et al United Kingdom Case series 35 5.7 % cases newly presented with DM
[21]
Sathish et al[22] China, Italy, United Systematic review 3711 cases from 8 492 cases newly presented with DM
States studies
Wang et al[23]  China Retrospective 605 176 cases newly detected with DM
Yangetal[24] ~ China Retrospective Cohort 69 Prevalence: 53.85% in critical cases and 13.95% in moderately severe
cases
Fadini et al[25]  Italy Retrospective 413 5 % cases newly detected with DM
Wu et al[26] Australia Retrospective 8 Newly diagnosed cases showed C-peptide levels, negative anti-
GAD antibodies consistent with T2D
Ghosh et al[27]  India Retrospective Cohort 555 Higher levels of FBG, PPBG, HbAlc in newly diagnosed cases
Zhang et al[28] ~ China Retrospective 312 Higher risk of adverse outcomes
Smith et al[29] ~ United States Retrospective 184 6 patients showed elevated FBG
Liu et al[30] China Retrospective 233 Increased risk of in-hospital deaths

DM: Diabetes mellitus; FBG: Fasting blood glucose; GAD: Glutamic acid decarboxylase; HbAlc: Glycated hemoglobin; PPBG: Post-prandial blood glucose;
T1D: Type 1 diabetes; T2D: Type 2 diabetes.

from one study involving 39 patients without a history of diabetes mellitus, showed that 20 patients
developed diabetes during hospitalization and two of these patients remained diabetic despite receiving
3 years of antidiabetic management during follow-up[11].

In a study by Li et al[4], 94 out of 453 COVID-19 patients were diagnosed with new-onset diabetes.
These newly diagnosed, post-COVID-19 diabetic patients required admission, intermittent mandatory
ventilatory assistance, and demonstrated higher risk of all-cause mortality than those COVID-19
patients who were normoglycemic or had transient hyperglycemia. Also, these COVID-19 patients with
pre-existing diabetes and new-onset diabetes demonstrated more severe complications including ARDS,
acute renal failure, shock, or hypoalbuminemia as compared to those COVID-19 patients having normal
or transiently raised blood sugar levels. Similarly, another multicenter retrospective study by Wang et al
[23], involving 605 COVID-19 patients found that 29% of patients with newly detected diabetes mellitus
experienced a higher rate of in-hospital complications and all-cause mortality as compared to
normoglycemic COVID-19 patients over a 28-d period. Finally, another study by Fadini et al[25],
comprising 413 subjects, reported a significant increase in ICU admissions and a higher percentage of
death in patients with new-onset COVID-19-related diabetes compared to COVID-19 patients with pre-
existing diabetes or normal blood glucose levels. In a retrospective observational study from Wuhan by
Zhang et al[40], there was no significant increase in these parameters. Although many other studies have
indicated a correlation between new-onset diabetes and COVID-19, experimental findings from several
studies like Ibrahim et al[41] and Drucker[42] have also reported an inconclusive relationship between
the increase in type 1 diabetes mellitus during the COVID-19 pandemic. These observations can be
attributed to a lack of strong supporting evidence. Therefore, there is a necessity for further research to
elucidate the interconnected relationship between COVID-19-induced diabetes mellitus and associated
complications.

MANAGEMENT OF COVID-19-ASSOCIATED DIABETES MELLITUS

Since the explicit mechanisms and epidemiological factors associated with the development of new-
onset diabetes following COVID-19 are unknown, it is difficult to frame treatment guidelines for such
patients. However, in the light of increasing morbidity and mortality in people with newly diagnosed
diabetes mellitus or those with hyperglycemia during admission, treatment protocols should prioritize
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the management of acute hyperglycemia. It is also indispensable to diagnose COVID-19-associated
diabetes mellitus and manage its metabolic complications such as DKA in patients admitted to the
hospital for better clinical outcomes. Insulin requirement is invariably higher in such patients when
compared to that in patients with acute illness due to other reasons or non-COVID-19-related DKA[26,
43,44]. The exact duration of hospital stay of patients with newly detected diabetes mellitus following
SARS-CoV-2 infection cannot be defined. There is a paucity of data in the literature regarding the long-
term follow-up of these patients. Patients with stress-induced hyperglycemia may revert to a
normoglycemic state once they have recovered from the phase of acute illness. Our experience also
shows that most patients who have developed new-onset diabetes following SARS-CoV-2 infection have
been found to revert to normoglycemic state within 2-4 wk after recovery, especially patients aged < 60
years. These patients, therefore, may not be labeled as having full-blown diabetes requiring prolonged
antidiabetic medication. However, these cases are at high risk for developing diabetes in the future;
therefore, they require long-term follow-up to determine a further course of action.

Recently, in a study report from India by Kuchay et al[45], three COVID-19 patients presented with
acute-onset diabetes mellitus with DKA and had favorable initial response to treatment with
intravenous fluids and insulin. Later, these patients were managed with multiple doses of subcutaneous
insulin, and after 4-6 wk, they were shifted from insulin to oral hypoglycemic agents. Glutamic acid
decarboxylase antibodies were measured in two patients who had tested negative, suggesting a
transient insulinopenia in these patients.

Considering associated comorbidities like obesity, hypertension, hypercholesterolemia, coronary
artery disease, renal disease, etc. in COVID-19 patients, hypoglycemic agents that improve metabolic
function without weight gain should be the preferred choice for long-term management in patients
following acute SARS-CoV-2 infection and sustained symptoms (i.e., long COVID). Sodium-glucose co-
transporter-2 (SGLT2) inhibitors and glucagon-like peptide-1 receptor agonists (GLP-1RAs) are the
preferred novel therapeutic options that have a beneficial effect on factors like body weight, glycemic
control, and cardiovascular and renal outcomes by reducing the duration of stay, overall morbidity and
mortality from cardiac and noncardiac causes[46].

Therapeutic trials

DARE-19: This was a randomized, double-blind, placebo-controlled trial undertaken to study organ-
protective effects of dapagliflozin, an SGLT-2 inhibitor. The study was conducted in hospitalized
COVID-19 patients with at least one cardiometabolic risk factor (i.e., hypertension, type 2 diabetes,
coronary artery disease or chronic kidney disease). The trial excluded critically ill patients. The results
showed that although the drug was well-tolerated by patients, it did not have an organ-protective effect.
There was no significant improvement in clinical recovery within 30 d of starting the medication[47].

Ongoing trials: Various trials with dipeptidyl peptidase-4 inhibitors, pioglitazone, and the GLP-1RA
semaglutide have been designed[48-53], but only a few are currently functional in the recruiting phase
[52,53].

Long-term surveillance of COVID-19-associated newly diagnosed diabetes patients is necessary to
control their risk factors and achieve adequate glycemic control. Patients with stress hyperglycemia
during acute critical illness are at high risk of developing diabetes in the future. Meticulous tracking of
such cases for early diagnosis, interventions, and long-term follow-up is necessary. Screening for
diabetes in every COVID-19 patient would identify a significant number of cases and the cost-effect-
iveness of the screening would then need consideration. However, screening for diabetes is advisable at
least for high-risk patients because if identified, appropriate management of these cases can be
instituted. Also, COVID-19 patients with one or more comorbidities should undergo regular monitoring
for cardiac and renal risk factors as well as micro/ macrovascular complications.

CONCLUSION

The results of most of the earlier studies show that a significantly higher rate of new-onset diabetes in
many COVID-19 patients is a frequently observed phenomenon. The resultant hyperglycemia is known
to influence the clinical outcome and has been associated with considerable increase in morbidity and
increased mortality in some cases. These issues increase the overall cost of treatment and the length of
stay in hospital.

Hyperglycemia may return to normal glycemia in prediabetic or nondiabetic patients once they
recover from acute illness and may not require antidiabetic medications. However, long-term follow-up
is the key in such cases. Important prognostic factors include early diagnosis, associated other
comorbidities, interventions, and longer surveillance of patients with stress hyperglycemia and/or new-
onset diabetes so that we can ensure that their risk factors are managed and good glycemic control is
achieved.

Studies published in recent times assessed the findings of hospitalized COVID-19 patients. There are
no or limited data available from patients who were asymptomatic or had mild disease managed in
community COVID care centers or in home isolation. So, there is likely to be a greater number of cases
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of newly detected diabetes in COVID-19 patients worldwide. Hence, a large population of patients
needs to be followed up globally to have better understanding of this phenomenon, involving an
epidemiological and interventional approach.
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Article in press: August 6, 2022 Diabetes mellitus is one of the most common comorbid conditions encountered in
Published online: September 15, patients with severe acute respiratory syndrome coronavirus 2 infection
2022 accompanied by significantly increased mortality, prolonged hospital stay, and

requirement of invasive mechanical ventilation. This review aims to present the
effectiveness and safety profile of available coronavirus disease 2019 (COVID-19)
vaccines in people with diabetes as a potential cause of hesitancy for vaccination.
Data from published research proves a robust immune response following
immunization for COVID-19 in diabetic patients with substantial production of
virus-neutralizing antibodies; however, the observed immune response was
unequivocally weaker than that in individuals without diabetes. This observation
was further enhanced by the findings that worse glycemic control was associated
with more suppressed antibody production. In contrast, individuals with optimal
glycemic control performed similarly to healthy controls. In addition to the need
for strict glucose monitoring and adequate diabetes treatment, those findings
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reinforce the concept of diabetes-induced secondary immune deficiency and necessitate the
application of booster doses to diabetic patients with priority. Nevertheless, after vaccination,
reported adverse events were not different from those in the general population. No increase in
severe adverse events was documented. While single case reports detected transient increases in
blood glucose post-vaccination, more extensive trials could not replicate such a relationship.

Key Words: COVID-19; COVID-19 vaccines; Diabetes; Vaccine effectiveness; Vaccine; Vaccine hesitancy
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Core Tip: Diabetes mellitus is a crucial contributor to coronavirus disease 2019 (COVID-19). This review
highlights published research on the effectiveness of vaccination against COVID-19 and related adverse
events. Despite data of a notable decrease in the immune response to vaccination of diabetic patients,
studies point out the importance of strict glycemic control to achieve adequate immunity against severe
acute respiratory syndrome coronavirus 2 and the need to prioritize people with diabetes for the adminis-
tration of booster doses. Regarding adverse events, none were increased in frequency in the diabetic
population, except sporadic transient hyperglycemia observed post-vaccination.

Citation: Vasilev G, Kabakchieva P, Miteva D, Batselova H, Velikova T. Effectiveness and safety of COVID-19
vaccines in patients with diabetes as a factor for vaccine hesitancy. World J Diabetes 2022; 13(9): 738-751

URL: https://www.wjgnet.com/1948-9358/full/v13/i9/738.htm

DOI: https://dx.doi.org/10.4239/wjd.v13.i19.738

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the novel coronavirus causing
coronavirus disease 2019 (COVID-19) encountered since December 8, 2019 when the first cases of
pneumonia of unknown origin etiology were described in Wuhan, Hubei Province, Chinal[1]. Since then,
the World Health Organization has reported more than 472 million confirmed cases of SARS-CoV-2
infection and more than 6 million deaths[2]. Closely related to SARS-CoV-2, the SARS-CoV pathogen
causing a pandemic in 2002-2003 was also established to have originated in bats that probably serve as
the natural reservoir host for those two viruses[3]. Another related betacoronavirus, the Middle East
respiratory syndrome virus, is the cause of frequently emerging local outbreaks. It was first
hypothesized that the Middle East respiratory syndrome coronavirus originated in bats. Still, it was then
unanimously proved that the reservoir host was dromedary camels causing spillovers to humans[4].
Zoonotic transmission of novel coronaviruses to humans has been suggested to continue as more and
more viruses are detected in bats and spill over to humans[5]. The fatality risk has been estimated to be
0.5% to 1.3% of all confirmed COVID-19 cases, with significantly higher rates in advanced age groups,
reaching 18.4% in hospitalized patients over 80 years old[6,7].

COVID-19 AND DIABETES PATIENTS

Diabetes mellitus is a chronic metabolic disease characterized by impaired glucose metabolism and
increased blood sugar levels as a result of absolute insulin deficiency due to autoimmune destruction of
the pancreatic beta-cells (type 1 diabetes and latent autoimmune diabetes of adulthood) or impaired
insulin action and a progressive loss of adequate B-cell insulin secretion due to insulin resistance in the
target tissues (type 2 diabetes)[8]. Besides increased blood glucose levels, diabetes is associated with
numerous chronic microvascular and macrovascular complications, determining diabetes as a
cardiovascular disease[8]. Moreover, diabetes is associated with chronic low-grade inflammation[9] and
an increased risk of thrombotic events[10], dyslipidemia[11], and metabolic syndrome[12]. Finally, it is a
common disease that affects approximately 537 million adults. More than 240 million adults live with
undiagnosed diabetes[13]. Collectively, these facts are a prerequisite for determining diabetes as a major
risk factor for COVID-19[14]. It is considered that diabetic patients are a high-risk population with a
calculated six-times greater risk for hospitalization and twelve-times greater risk for death than the
healthy population[15]. Therefore, guidelines clearly state that patients with diabetes are strongly
recommended to be vaccinated against COVID-19[16].

It is now widely accepted that diabetes, ischemic heart disease, hypertension, and cerebrovascular
disease are the most common chronic comorbid conditions in people suffering from severe COVID-19
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and requiring intensive care unit admission[17]. Many studies suggest that prolonged hyperglycemia is
related to the increased frequency and severity of any infection, not just COVID-19. A matched cohort
study among English primary care patients found that 6% of infection-related hospital admissions and
12% of SARS-CoV-2-related deaths were attributable to diabetes. The incidence rate ratios were highest
for soft tissue, bone, and joint infections and sepsis[18].

A retrospective observational study of clinical outcomes in 1122 confirmed cases of COVID-19 found
that the mortality rate in patients with diabetes and/or uncontrolled hyperglycemia was 28.8%,
significantly higher compared to 6.2% in patients without diabetes or hyperglycemia. Furthermore, the
median length of stay was also longer among discharged survivors in diabetic or hyperglycemic
patients. Both findings imply the need for meticulous hyperglycemia management in hospitalized
COVID-19 patients[19].

Both type 1 and type 2 diabetes mellitus were associated with worse rates of all-cause mortality
owing to the COVID-19 pandemic in a large population-based cohort study encompassing more than
98% of primary care practice patients in England[20]. It identified a steep and sizable relationship
between HbAlc values and death outcomes. Compared to individuals with optimal HbAlc values
(6.5%-7.0%), those with HbAlc > 10% had a dramatically increased in-hospital all-cause mortality
(hazard ratio: 2.23; 95% confidence interval: 1.50-3.30; P < 0.0001 in type 1 diabetes and hazard ratio:
1.61; 95% confidence interval: 1.47-1.77; P < 0.0001 in type 2 diabetes), independent from other risk
factors[20].

Obesity, being strongly associated with diabetes mellitus type 2, has been investigated as a critical
factor in the immune dysregulation that accompanies severe COVID-19. For example, in a French
center, the relative risk for the need for invasive mechanical ventilation was seven-fold greater in
patients with a body mass index > 30 kg/m?than those within the normal range of body mass index[21].

Similarly, it has been discovered that obesity alters the immune response to influenza infection and
vaccination. Compared to vaccinated normal-weight individuals, vaccinated obese adults demonstrated
double the relative risk for influenza or influenza-like infection, despite evidence of seroconversion. The
hyperleptinemia and hyperinsulinemia accompanying the obese state contribute to T cell dysfunction,
leading to impaired immune response[22].

Monocytes and macrophages appear to have a hallmark role in the dysregulated immune state of
severe COVID-19 infections. Experimental data show that higher extracellular glucose concentrations
promote sustained monocyte glycolysis, increased SARS-CoV-2 replication in antigen-presenting cells,
and proinflammatory cytokine expression, leading to T-cell dysfunction and lung epithelial damage
[23]. Therefore, it has been hypothesized that mitochondrial reactive oxygen species generation
stimulated by SARS-CoV-2 leads to hypoxia-inducible factor alpha synthesis. Hypoxia-inducible factor
alpha increased the expression of ACE2 (the entry point of SARS-CoV-2 into lung epithelial cells),
interleukin-1pB, tumor necrosis factor-a, interleukin-6, and interferons a, p, and A in infected monocytes.
Those findings suggest that hypoxia-inducible factor alpha is necessary to induce glycolysis and the
consequent proinflammatory state of SARS-CoV-2-infected monocytes[23].

In addition to proinflammatory cytokines and coagulation factor modulation, SARS-CoV-2-induced
reactive oxygen species production and viral activation of the renin-angiotensin system (leading to
increased angiotensin II expression) lead to insulin resistance, hyperglycemia, and vascular endothelial
injury, contributing to acute respiratory distress syndrome as well as cardiovascular, cerebrovascular
thromboembolic complications, and disseminated intravascular coagulation[24].

ROUTINE VACCINES FOR DIABETES PATIENTS

Diabetes patients (both type 1 and type 2) are at an increased risk of significant complications from
vaccine-preventable illnesses, including hospitalizations and death. Even properly managed diabetes
could be associated with second immune deficiency and increased susceptibility to infections due to
impaired cellular immune function. Diabetes patients are more likely to die from pneumonia,
bacteremia, and meningitis. In line with this, immunization offers the most effective protection against
vaccine-preventable illnesses. Therefore, in the next paragraph, we provide information about the
routine and recommended vaccination of diabetes patients to emphasize the solid background behind
the vaccines that can be used to improve patient and doctor confidence in the vaccines while decreasing
vaccine hesitancy.

Moreover, vaccine side effects are often minor and resolve on their own. Severe adverse effects are
quite uncommon. Given all the information above and the usually immunocompromised status of
diabetes patients, many routine vaccines are officially recommended. For example, the National Health
Service in Great Britain recommends the inactivated intramuscular vaccine against seasonal influenza
for patients with diabetes types 1 and 2. This is because the risk of severe disease is higher for them than
for people without diabetes[25].

The Centers for Disease Control and Prevention (CDC) gives the same recommendation according to
seasonal influenza. All patients with diabetes from 6 mo are recommended for the inactivated
intramuscular vaccine against the disease. The CDC does not recommend the live attenuated influenza
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vaccine, also known as the nasal spray, for people with diabetes types 1 and 2[26].

A multicenter, randomized, and controlled study from the Republic of Korea demonstrated the safety
and effectiveness of trivalent subunit inactivated intramuscular influenza vaccine, which contained an
A/California/7/2009 (H1N1)-like strain, an A/Victoria/361/2011 (H3N2)-like strain, and a
B/Brisbane/60/2008-like strain[27]. The World Health Organization recommended the strains during
the 2012-2013 influenza season. The scientists observed similar results of seroprotection rates against the
A/H3N2 and the B strains in the diabetic and non-diabetic groups. However, the diabetic group had
significantly lower rates than those in the non-diabetic controls for the A/H1NT1 strain. In both groups, 1
mo after vaccination, the geometric mean titers and seroprotection rates had increased dramatically for
all three virus strains (P < 0.001)[27]. According to this study, 6 mo after vaccination, differences in the
immunogenicity profiles between the diabetic and the non-diabetic groups were proven, with the
seroprotection rate much lower in the elderly diabetes group than in the elderly control group. The
safety of the trivalent subunit inactivated intramuscular influenza vaccine was established during the
study, and all the participants confirmed that the vaccine was well tolerated. The post-vaccination
reactions were mild to moderate, with tenderness at the injection site being the most frequent local
reaction. In the diabetes group, 34.3% of the patients reported this local adverse event compared to
45.3% in the control group (P < 0.001). From the systemic reactions, myalgia was most reported,
followed by tiredness, headache, malaise, chills, and arthralgia[27].

Another highly recommended vaccine for patients with diabetes is the vaccine against pneumococcal
disease. The CDC recommends the pneumococcal vaccine for all children younger than 2 years and all
adults 65 years or older. In addition, adults aged 19 through 64 are recommended for vaccination if they
have chronic illnesses (including diabetes), human immunodeficiency virus/acquired immunodefi-
ciency syndrome, or cancer or smoke cigarettes[28].

In a randomized controlled trial among elderly adults with comorbidities, the 13-valent pneumo-
coccal conjugate vaccine showed significantly higher vaccine efficacy among subjects with diabetes
mellitus[29].

A German retrospective cohort study proved the effectiveness of the 23-valent polysaccharide vaccine
for invasive pneumococcal disease provoked by Streptococcus pneumoniae 22 /23 serotypes. Therefore,
scientists have recommended increasing the vaccination coverage of 23-valent polysaccharide vaccine
among elderly adults in Germany[30].

Herpes zoster is an infection that occurs after reactivation of the varicella-zoster virus and is most
common in people older than 50 years who have age-related fading of the immune function and
concomitant comorbidities[31]. Herpes zoster is more prevalent among people with diabetes mellitus
[32]. There are currently two vaccines against herpes zoster, a live-attenuated vaccine and a recombinant
zoster vaccine. The effectiveness of both vaccines resulted in a significant decrease in the incidence of
the disease in the older adult population[33-35].

Regarding immune responses after vaccination, diabetes patients mounted an adequate B-cell
immune response after influenza and the 23-valent polysaccharide vaccine[36]. However, they had a
lower response to the hepatitis B vaccine[37]. All findings support the notion that vaccines for vaccine-
preventable illnesses should be administered in a timely manner to diabetic patients, given that this
population are susceptible to infection and have a higher risk of diabetes deterioration during infections.

COVID-19 VACCINES, AUTOIMMUNITY, AND GLUCOSE METABOLISM

Autoimmune inflammatory diseases are characterized by an abnormal immune response to self
antigens[38]. The interactions between people with autoimmune diseases and SARS-CoV-2 infection are
generally unexpected. The mechanisms underlying the possible complications and fatal outcomes are
not fully understood. COVID-19, like other viral infections, has the potential to cause a flare, including
in diabetes patients[39,40].

Although preliminary findings revealed that autoimmune diseases did not enhance the incidence of
SARS-CoV-2 infection and severe disease[41], autoimmune disorders are associated with organ damage,
chronic cardiovascular, metabolic and respiratory comorbidities, susceptibility to bacterial infections,
and sometimes, B cell depletion therapy and usage of high-dose glucocorticoids. All these factors may
enhance the risk of a poor prognosis for patients during the COVID-19 course[42]. As a result, COVID-
19 preventive methods should focus on the unique group of autoimmune disease patients, with
immunization against SARS-CoV-2 being one of the most promising approaches. Nonetheless, because
of growing findings, their safety and efficacy should be primarily and regularly assessed in different
patient populations, including patients with diabetes[43].

We will focus on vaccine hesitancy in patients with diabetes later. Still, aside from the fear of
immunization-related autoimmunity, there is considerable evidence that the development of
autoimmune diseases is influenced by a variety of other variables. In fact, because autoimmune illnesses
can develop without immunizations, it is impossible to conclude that vaccines alone induce autoim-
munity[44].
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Also, people with autoimmune disorders are most concerned about whether the risk of disease flare
or aggravation increases following immunization. However, more than 5000 studies confirmed that
those with autoimmune illnesses were not at risk of aggravation or worsening conditions[45].

The approved COVID-19 vaccines have played the most significant role in the battle with the SARS-
CoV-2 virus to reduce disease severity and mortality among those affected, especially those with
diabetes. As of March 16, 2022, more than 10 billion doses of different COVID-19 vaccines have been
administered worldwide, including booster doses[46]. So far, we know that although the COVID-19
vaccinations” immunogenicity and efficacy in the autoimmune disease patient population may be lower
than in healthy controls, they are typically comparable. Furthermore, data on the vaccines’ effectiveness
in the autoimmune disease population of adults and children are lacking since only a few studies follow
up on the duration of protection and different modalities of immune responses after immunization[47].

Vaccination is recommended as a priority for people with diabetes. The aim is to elicit a sustained
immune response in the target population. There is evidence that glycemic control in diabetes
significantly affects the immune response[48]. Therefore, it is important to determine whether glycemic
disturbances occur before or after vaccination against COVID-19 in people with diabetes.

Monitoring blood glucose levels became critical during the COVID-19 pandemic because the data
show two to three times higher hospitalizations and double the mortality rate among patients with
simultaneous diabetes and COVID-19[49-51]. It also turned out that emerging diabetes, hyperosmolar
hyperglycemic syndrome, and diabetic ketoacidosis could accompany post-COVID syndrome[52,53].

Very few studies have been conducted on how vaccination affects blood sugar levels. However, some
effects of COVID-19 on glycolytic metabolism are already known[54]. Several cases of hyperglycemia
followed by vaccination against COVID-19 were reported[53,55,56]. One diabetic woman and two
diabetic men had post-vaccine hyperglycemia within 6 d of receiving the first dose of the Covishield
vaccine (AstraZeneca). Hyperglycemia passed after about a month in the woman after treatment with a
higher dose of metformin. At the same time, the two men achieved glycemic control in 3-15 d without
an additional medication[56]. However, no association between vaccination and disturbed glycemic
control was proven.

Another study reported hyperglycemia between the 20* and 36" days after the first dose of the
AstraZeneca vaccine[55]. Similar conditions have also been reported following mRNA vaccines,
Comirnaty (Pfizer/BioNTech) and Spikevax (Moderna)[53]. This case report demonstrated remarkably
high blood sugar and HbAlc levels after vaccination in a patient with previously reasonable blood
glucose control. However, this patient probably had undiagnosed diabetes since his two parents had
type 2 diabetes and the patient himself had a clinical picture of insulin resistance[53,57].

Another retrospective study examined 96 adults over the age of 18 with type 1 diabetes before and
after their first COVID-19 vaccination[58]. Fifty-nine percent of them had a significant deviation in
blood glucose levels, which were controlled within 7-10 d after vaccination. Again, the data show no
difference in the effects between the AstraZeneca and Pfizer vaccines.

There could be many reasons for fluctuations in blood glucose. Regarding existing studies, no
excipients and/or adjuvants to vaccines have been reported to cause hyperglycemia, so that the
condition could be related to the antigens in the vaccine against COVID-19. A possible mechanism for
its occurrence is stimulating the immune system, which leads to a stress response. However, it is milder
than usually occurs with COVID-19 infection. Different changes in the glycolytic pathway occur in
COVID-19 infection in response to stress and lead to increased glucose levels in cells[54,59]. Stress also
increases hormones such as adrenaline, cortisol, and/or glucagon that cause metabolism changes[60]. In
addition, they affect the immune system by reducing the activity and number of natural killer cells and
lymphocytes, decreasing antibodies and reactivating latent viral infections[61].

More research and patient results need to be analyzed to provide a clear and definitive answer about
this temporary instability of blood glucose levels after the COVID-19 vaccination. Understanding
changes in the glycolytic pathway associated with COVID-19 and/ or after vaccination could help find a
new treatment for this disease.

Clinical data support a strong response of the neutralizing antibodies in patients with diabetes after
COVID-19[36]. However, patients should be consulted and prepared for possible hyperglycemia after
the COVID-19 vaccination[60].

There is still no data on the effects on glucose levels after the second COVID-19 vaccination or booster
dose. These studies are underway. The question remains if the immunity to vaccination against COVID-
19 in people with diabetes would change or decrease.

COVID-19 VACCINES: DATA ON EFFECTIVENESS IN DIABETES PATIENTS

Although there is a high incidence of diabetes among populations, during the COVID-19 vaccine
studies, patients with diabetes are usually rolled out. Therefore, we rely on the data from real-life
studies from vaccinations after the vaccine approval.

Soetedjo et al[62], in their systematic review, managed to cover eight studies with a total of 64468
patients and 5156 patients with diabetes[62]. The vaccines included were BNT162b2 vaccine
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(Pfizer/BioNTech), CoronaVac (Sinovac Life Sciences), Covishield™ (ChAdOx1-nCOV), and Covaxin™
(BBV-152). The effectiveness studies showed lower seropositivity and antibody responses following
vaccination in diabetes patients than in healthy controls. This was observed from 1-4 wk after full
COVID-19 vaccination.

The studies on the immunogenicity of COVID-19 patients with diabetes are presented in Table 1[63-
72].

We can assume from the data that the seroconversion rates in diabetes patients following COVID-19
vaccination is lower, including lower antibody titers. However, the underlying reasons for that are not
fully understood. It was proposed that impaired adaptive immune response in diabetes patients
contributes to altered vaccination response[37]. Additionally, patients with diabetes had some immune
alterations such as reduced circulating CD4+ cells, lymphocyte proliferation, and antigen presentation
[67]. Immunological alterations in patients with diabetes are shown in Figure 1.

As we stated above, hyperglycemia at immunization may reduce the immune response. As a result,
having sufficient glycemic control during the post-vaccination interval increases immunological
response because strict glycemic control may predispose to a favorable immune response to the SARS-
CoV-2 vaccine[67]. The host’s ability to respond to infections and the formation of long-term immuno-
logical memory, including correct responses to immunizations, are both influenced by the immune
system’s steady degradation. Among other things, the adaptive immune system can be compromised by
poor proliferation in response to antigenic stimulation, impaired generation of CD4+ T follicular helper
cells, and a reduced capacity to generate effector lymphokines. Additionally, it is well-known that
hyperglycemia induced glycosylated receptors on the immune cells lead to impaired immune cell
function[67]. Immunological features and alterations of diabetes are shown in Figure 1.

In line with this, the leading cause of reduced immune response and protection after vaccination in
diabetes patients remains relative immune deficiency. Other factors, such as poorly controlled diabetes,
may indirectly impact the vaccines’ efficacy and effectiveness. Thus, we must pay attention to
hyperglycemia, which can influence clinical COVID-19 results and vaccination efficacy. This leads us to
assume that maintaining proper glycemic control after immunization increases immunological
response. Also, we anticipate that strict glycemic management will support the favorable immuno-
logical response to the SARS-CoV-2 vaccination. Therefore, glycemic management should be the
standard during pandemics, which strengthens the role of diabetologists in vaccination program effect-
iveness[67].

Additionally, different vaccines elicited comparable results, as shown in Table 1. This is also valid for
the adverse effects demonstrated in the next section of the paper.

To sum up, the vaccines’ overall effectiveness could also be evaluated by the re-infection rate among
patients with diabetes who were immunized against SARS-CoV-2. Generally, patients with diabetes
were among the population of people with a higher risk of re-infection, both after natural infection or
vaccination[73]. However, no particular numbers or percentages were cited for the re-infection rate after
COVID-19 vaccination in diabetes patients, although the risk ratio for hospitalization due to re-infection
was declared at 1.6[74]. The re-infection was less likely to occur in naturally infected or vaccinated
people than in naive patients. Therefore, the disease course was expected to be less severe in vaccinated
diabetes patients.

COVID-19 VACCINES: DATA ON ADVERSE EFFECTS IN DIABETES PATIENTS

Although the benefits of vaccination against COVID-19 in diabetic patients are undeniable, we will try
to systematize the information gathered in the literature on the side effects of COVID-19 vaccines. A
recent study analyzing the side effects of the two mRNA COVID-19 vaccines (BNT162b2 mRNA and
mRNA-1273) among 1245 healthcare workers described general and organ-specific symptoms after the
first and/or second dose of mRNA vaccines in the United States. The common endocrine symptoms
were decreased appetite (5.73%), heat/cold intolerance (3.24%), increased thirst (1.12%), increased
appetite (0.87%), and increased urine production (0.25%)[75]. Importantly, there are no reported
symptoms associated with glucose metabolism; nevertheless, there is no information about diabetic
participants in this study. Commonly reported symptoms were soreness, fatigue, myalgia, headache,
chills, fever, joint pain, nausea, muscle spasm, sweating, dizziness, flushing, feeling of relief, brain
fogging, anorexia, localized swelling, decreased sleep quality, itching, tingling, diarrhea, nasal
stuffiness, and palpitations. Despite this extended list of symptoms, 79.7% of participants did not violate
daily activities. In comparison, around 98.0% of them planned to have the second dose, and 92.9% had
already received it[75].

An anaphylactic reaction is another reported side effect post-vaccination. The CDC reported in
January 2021 that anaphylaxis might occur more frequently after the BNT162b2 mRNA vaccine than
other vaccines[76]. According to this report, 11.1 per million was the estimated rate of anaphylaxis from
1893360 first doses of the Pfizer-BioNTech COVID-19 vaccine. The total reported adverse events after
vaccination were 4393 (0.2%). Of them, only 175 cases were identified as potentially life-threatening
allergic reactions, and 21 were reported as anaphylaxis. Most of the observed allergic reactions have
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Table 1 Existing studies on effectiveness of coronavirus disease 2019 vaccines in patients with diabetes

Type and name of - . " Adverse
Ref. Type of study P . Participants Efficacyleffectiveness
the vaccine effects
Nomuraet  Observational BNT162b2 12 from a total of 252,  Lower antibody titers compared to non-diabetic N/A
al[63] study ata mean age of 43.9 yr subjects 3 mo post-vaccination
Lustigetal  Longitudinal BNT162b2 139 from a total of 2498, Substantial antibody response after 2 doses, but overall N/A
[64] cohort study at a mean age of 47.7 lower concentrations of IgG and IgA in diabetics
yr; mostly healthcare compared to healthy adults
workers
Van Praetet Case-control BNT162b2 25 from a total of 75, at  Decreased cellular immune response only in N/A
al[65] study a mean age of 85 yr individuals with diabetes or active malignancy in the
studied population
Ali et al[66] ~ Cohort study BNT162b2 81 The BNT162b2 vaccine induced robust IgG and N/A
neutralizing antibody responses in people with and
without T2DM. On average, diabetics had 13.86
BAU/mL less IgG and 4.42% less neutralizing
antibodies compared to non-diabetics
Marfellaet  Prospective BNT162b2, mRNA- 251, of which 134 with 21 d after the second dose, neutralizing antibody titers N/A
al[67] observational 1273, ChAdOx1-S optimal glycemic and CD4 Th1 cytokine responses were weaker in
study control and 117 with individuals with HbAlc > 7% compared to those with
poor glycemic control ~ HbAlc < 7% whose titers were indistinguishable from
those of healthy subjects
Singhetal  Cross-sectional ~ChAdOx1-nCOV 52 from a total of 463 at Amongst all studied comorbidities, people with T2DM  N/A
[68] study (Covishield), BBV-152 a mean age of 44.8 yr had lower seropositivity rates compared to those
(Covaxin) without (84.6% vs 96.1%)
Sauréetal  Surveillance CoronaVac, 4626 from a total of IgG seropositivity was significantly lower in diabetics ~ N/A
[69] study BNT162b2 59987 people from receiving the CoronaVac vaccine compared to healthy
Chile’s population subjects
Piccini etal ~ Retrospective mRNA- 39 In adolescents and young adults with TIDM, No serious
[70] cohort study 1273BNT162b2 vaccination with either product was safe and did not adverse
influence glycemic control events were
reported
Watanabe et  Observational Pfizer/BioNTech 2 from a total of 66 ata  Undetectable titers of anti-SARS-CoV-2 antibodies N/A
al[71] study BNT162b2 vaccine mean age of 29 yr;
mostly healthcare
workers
Karamese Cross-sectional ~ CoronaVac 49 from a total of 186 Significantly lower levels of anti-SARS-CoV-2 N/A
and study people, ata mean age  antibodies in diabetes patients than in the controls
Tutuncu[72] of 70.4 yr

SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; IgG: Immunoglobulin G; TIDM: Type 1 diabetes mellitus; T2DM: Type 2 diabetes mellitus;
N/ A: Not applicable; BAU: Binding antibody units.

manifested within the first 30 min of vaccination. Anaphylaxis usually occurs in individuals with a
history of allergies or a previous anaphylactic episode. Again, there is no information related to glucose
disturbances or predisposition for allergic reactions among diabetes patients[76].

Another CDC report on the side effects of the two mRNA vaccines showed that the most frequently
reported symptoms after vaccination were headache, fatigue, and dizziness. The rate of anaphylaxis was
defined as rare (4.5 reported cases per million doses administered). There were no data on side effects
associated with glucose metabolism and no evidence that vaccine symptoms were more pronounced in
diabetics[77].

Increased risk of myocarditis and pericarditis has been reported after mRNA COVID-19 vaccination
(Pfizer-BioNTech and Moderna)[78-82] and rarely after adenovirus vector-related vaccine[83,84].
Detailed analyses of these cases showed that myocarditis and pericarditis were more often in
adolescents and young adult males. In addition, they were associated with multiple comorbidities,
including obesity and hyperlipidemia[85].

An Italian study reported that the most frequent adverse events observed post-vaccination were
vagal response (30%), anxiety reaction (24%), and dizziness (21%) among a total of 314671 vaccinated
subjects. These side effects were predominantly observed in women and people with comorbidities;
however, it is unclear whether diabetes was included[86].

Another study analyzed the adverse effects among 447346 reports 2 wk after vaccination with one of
following three COVID-19 vaccines: 19462 Ad26.COV2.S (Janssen COVID-19 vaccine), 120580 mRNA-
1273 (Moderna COVID-19 vaccine), and 100752 BNT162b2 (Pfizer-BioNTech COVID-19 vaccine).
Headache, joint-related symptoms, muscle pain, musculoskeletal and connective tissue pain, nausea or
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vomiting, dermal and epidermal conditions, and febrile disorders were common post-vaccination
complaints. They were associated with delayed recovery in people with underlying diseases, including
diabetes[36].

Theoretically, vaccination could be followed by mild to moderate elevation of blood glucose levels
[87]. However, a few studies have already reported worsened glucose control after the COVID-19
vaccination[53,56]. However, a recent study showed that COVID-19 vaccination was not associated with
impairment in glucose management. The study analyzed the short-term effects of COVID-19
immunization in patients with type 1 and type 2 diabetes who were vaccinated with one of the
following three COVID-19 vaccines: BNT162b2, mRNA-1273, and AZD1222 (Oxford-AstraZeneca). The
study collected and analyzed 49200 continuous glucose monitoring data from 74 participants in the
study and showed that there were no changes in time spent in the target glycemic range (70-180
mg/dL) on the days of follow-up (2 d before and 3 d after vaccination). However, patients with type 1
diabetes and more pronounced post-vaccine side effects spent more time above the target range (> 180
mg/dL); no such observations were found in patients with type 2 diabetes. Additionally, the study
reported no need for adjustment in the insulin bolus dose and changes in carbohydrate intake around
the vaccination in patients with both diabetes types[88].

To sum up, the most common systemic side effects are headache, chills, fever, flu-like symptoms,
nausea, and fatigue. The local effects are pain, redness, and swelling at the injection site on the arm.
Patients with diabetes are not more prone to have pronounced side effects of COVID-19 vaccination
than healthy people. However, most of them are mild and disappear a few days after vaccine adminis-
tration. Although it is possible to have increased blood sugar levels after vaccination, it is rather not
associated with a significant impact on glycemic control. Therefore, it does not require any changes in
diabetic therapy. However, we must remember that COVID-19 may exert deteriorating effects in
patients with autoimmune diseases[89], including type 1 diabetes. On the other hand, therapies for type
2 diabetes that target cytokines can also change the course of infection[90].

VACCINE HESITANCY IN DIABETES PATIENTS

Diabetes patients were not excluded from the COVID-19 vaccine trials due to the higher prevalence of
the disease amongst the populations. Thus, we obtained much more data on the evidence for the long-
term safety and efficacy of the COVID-19 vaccine in patients with diabetes, in contrast to other
autoimmune diseases where many gaps in the knowledge still exist. However, despite the considerable
information, physicians and patients still fear exacerbation of the disease and the adverse effects of
vaccination, which increases the hesitancy to vaccination.

Even though COVID-19 vaccination has emerged as the sole practical approach to improving clinical
outcomes, vaccine hesitancy remains a barrier to obtaining significant levels of vaccine coverage. This
poses a particular concern to individuals suffering from autoimmune illnesses, who are already at a
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higher risk of hospitalization and poor clinical outcomes due to COVID-19 infection. While long-term
safety and effectiveness data for COVID-19 immunization in individuals with autoimmune illnesses are
lacking, existing research clearly shows that the advantages of vaccination exceed the risks of side
effects and disease flare-ups.

The COVAD study group demonstrated some causes for vaccination hesitancy, which was reported
in around half of the patients with autoimmune illnesses in the study’s pilot findings[91]. Of all the
respondents who did not receive any dose of the COVID-19 vaccine, 16.94% reported not getting the
vaccine due to long-term safety concerns or other fears, such as disease exacerbation and delayed
adverse effects, and 27.45% stated that they plan to wait until more data are available on the safety of
the vaccine before vaccination. Other reasons given by the respondents for not vaccinating are the lack
of the vaccine in some parts of the world (32.00%), planning for vaccination at a later date (11.67%), and
postponing vaccination due to recent COVID-19 infection (7.30%). Some patients also reported not
getting the vaccine because they had been advised to do so by their doctor (5.40%)[91].

However, there are no medical recommendations against vaccination. Only 35% of those vaccinated
had mild side effects (fever/headache/myalgia). Furthermore, patients with autoimmune diseases had
fewer side effects than healthy controls. Recent international studies show a negligible risk of severe
side effects or disease exacerbation after vaccination[91].

Wang et al[91] showed that more than half of 483 Chinese diabetes patients experienced vaccine
hesitancy (58.2%). Of them, 41.8% were unwilling to get the COVID-19 vaccine. Although patients were
aware of the severity of COVID-19 in diabetes patients, they were concerned about vaccine safety.
Interestingly, the vaccination status of their relatives did not influence the patients’ decisions, but
disagreement with their physician on the ability of the vaccine to reduce the severity of COVID-19
correlated with vaccine hesitancy[92].

The five factors associated with vaccine hesitancy in diabetes patients are the false belief that diabetes
is not a high risk factor for severe COVID-19 and a lack of confidence in vaccine efficacy to prevent
infection. However, diabetes patients were convinced that diabetes worsens COVID-19 prognosis and
that vaccination may reduce the transmission risk. The third factor associated with vaccine hesitancy
was the fear of adverse effects, and the fourth and fifth were the dependence on the opinion of others,
including vaccines to be administered to a large group of people, and the influence of social media on
them[92].

Similarly, Aldossari et al[92] showed that 34.7% of Saudi diabetes patients in the survey were willing
to be vaccinated, and 79.0% supported COVID-19 vaccination. However, they showed signs of fear and
uncertainty[92]. Therefore, the key to a successful vaccination campaign for these patients remains the
accurate information provided and the fight against misinformation. Some factors related to vaccine
hesitancy were relatively quick development, beliefs that the trials were insufficient, fears and
uncertainty of components, and especially the mRNA behavior after vaccination. In addition, an
enormous impact is the anti-vaccination movements in social and traditional media. Furthermore, social
media misinformation has led to increased anxiety and vaccine hesitancy.

CONCLUSION

Since diabetes mellitus is a significant contributor to COVID-19 mortality, patients with disturbed
glucose metabolism should be protected from SARS-CoV-2 infection. Few studies have established data
on the effectiveness and safety of the COVID-19 vaccine in patients with diabetes. Despite the significant
reduction in the immune response to vaccination in diabetes individuals, they should be prioritized for
complete vaccination and booster dose delivery. Also, glycemic management in achieving sufficient
immunity against SARS-CoV-2 is mandatory. Data also showed that COVID-19 vaccines presented an
excellent safety profile with adverse effects following vaccination similar to the healthy population and
no increase in the incidence of adverse events in the diabetic group. Finally, vaccine hesitancy among
diabetes patients could be overcome with proper information and patient care.
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Abstract

BACKGROUND
Benzylamine (Bza) oral administration delays the onset of hyperglycemia in
insulin-resistant db”/-mice; a genetic model of obesity and type 2 diabetes.

AIM
To extend the antihyperglycemic properties of oral benzylamine to a model of
insulin-deficient type 1 diabetes.

METHODS

Male Swiss mice were rendered diabetic by streptozotocin treatment (STZ) and
divided in two groups: one received 0.5% Bza as drinking solution for 24 d (STZ
Bza-drinking) while the other was drinking water ad libitum. Similar groups were
constituted in age-matched, nondiabetic mice. Food intake, liquid intake, body
weight gain and nonfasting blood glucose levels were followed during treatment.
At the end of treatment, fasted glycemia, liver and white adipose tissue (WAT)
mass were measured, while glucose uptake assays were performed in adipocytes.

RESULTS

STZ diabetic mice presented typical features of insulin-deficient diabetes: reduced
body mass and increased blood glucose levels. These altered parameters were not
normalized in the Bza-drinking group in spite of restored food and water intake.
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Bza consumption could not reverse the severe fat depot atrophy of STZ diabetic mice. In the
nondiabetic mice, no difference was found between control and Bza-drinking mice for any
parameter. In isolated adipocytes, hexose uptake was partially activated by 0.1 mmol/L Bza in a
manner that was obliterated in vitro by the amine oxidase inhibitor phenelzine and that remained
unchanged after Bza supplementation. Oxidation of 0.1 mmol/L Bza in WAT was lower in STZ
diabetic than in normoglycemic mice.

CONCLUSION

Bza supplementation could not normalize the altered glucose handling of STZ diabetic mice with
severe WAT atrophy. Consequently, its antidiabetic potential in obese and diabetic rodents does
not apply to lipoatrophic type 1 diabetic mice.

Key Words: Diabetes; Adipocytes; Amine oxidases; Insulin-like agents; Glucose transport; Polydipsia

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In adipocytes, benzylamine (Bza) is oxidized by amine oxidases and stimulates glucose uptake.
Bza oral administration alleviates insulin-resistant diabetes in obese and diabetic mice. It was investigated
whether Bza was also antihyperglycemic in insulin-deficient type 1 diabetes. To this aim, a 0.5% Bza
drinking solution was given to streptozotocin-induced diabetic mice. Oral Bza did not recover
hyperglycemia and reduced adiposity of lipoatrophic and diabetic mice. A minimal level of adiposity was
required to support benzylamine oxidation and to improve glucose utilization. Thus, the antidiabetic
properties of Bza in obese and diabetic models, do not apply for diabetes with severe lipoatrophy.
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INTRODUCTION

A recent study indicates that orally given benzylamine (Bza) delays the onset of diabetes in obese and
insulin-resistant db”-mice[1]. Supplementation with 0.5% Bza (5 g/L) in the drinking water impaired the
increase in blood glucose, water intake and urine emission that occurs after weaning in this mouse
model of insulin-resistant type 2 diabetes. The proposed mechanism of action for ingested Bza, which is
naturally present in vegetables and edible plants, relies on its oxidation by an amine oxidase, which is a
copper-containing enzyme highly expressed in fat cells[2,3]: The semicarbazide-sensitive amine oxidase
(SSAO)[4] also known as amine oxidase copper containing 3[5] and identical to vascular adhesion
protein (VAP-1)[6]. More precisely, it is hydrogen peroxide, one of the products of amine oxidation, and
known from decades to stimulate glucose uptake in fat cells[7], that supports the insulin-mimetic
actions of Bza in adipocytes, either in rodents[8] or in humans[9]. The in vitro insulin-like actions of Bza
encompass activation of glucose uptake[10], induction of adipogenesis[11] , stimulation of lipogenesis
[12], and inhibition of lipolysis. They occur even in the absence of insulin[8]. It was therefore of interest
to investigate whether an oral treatment with Bza is capable of alleviating the impaired glucose
handling of insulin-deficient, type 1 diabetic states.

Type 1 diabetes is characterized by a deficiency in insulin resulting from endocrine pancreas injury.
To treat this disease, it is necessary to permanently normalize the altered blood glucose homeostasis.
Since insulin is the major regulator of blood glucose levels, many therapeutic beneficial approaches have
consisted in providing this pancreatic hormone, via repeated injections, or even by more sophisticated
administration modes using biotechnologies, islet transplants or cell therapies[13]. Whatever the mode
of supply, insulin overdose has to be avoided to prevent the risk of fatal hypoglycemia and to limit the
onset of insulin resistance. Of note, various pharmacological agents or naturally occurring molecules
can act as insulin-like factors on the glucose utilization by peripheral tissues[14]. In this view, testing the
putative antihyperglycemic effect of Bza in type 1 diabetic rodents remains a preclinical step that
deserves descriptive studies.

Alongside its capacity to oxidize Bza[1], fat tissue is not quantitatively but qualitatively of paramount
importance in the regulation of glucose disposal. Adipose tissue uses glucose for accumulating lipid
stores, and it also acts as an endocrine organ secreting a variety of adipokines with hyperglycemic or
hypoglycemic properties, even in the absence of exogenous insulin[15]. The lack of adipose tissue
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(lipoatrophy), such as that obtained in several genetically modified mice, is accompanied with altered
glucose homeostasis[16,17]. Similarly, diabetic type 1 models, such as streptozotocin (STZ) diabetic
rodents, with destroyed endocrine pancreas, exhibit reduced fat stores[18,19]. In humans, successful
treatment of type 1 diabetes is concomitant with both restoration of normal glucose levels and adipose
tissue recovery[20].

More importantly, diabetic phenotypes of diverse animal models have been ameliorated when white
adipose tissue (WAT) or brown adipose tissue (BAT) has been reintroduced in these models,
irrespective of the method used. Nowadays, it is suggested that adipose tissue contributes to the
correction of type 1 diabetes, since hyperglycemia was lowered in diabetic mice treated by conditioned
media from adipose-derived stem cells[21], and since mitigation of diabetes was observed in STZ
diabetic mice receiving BAT transplantation[19]. To date, the beneficial effects of ingested Bza on
glucose and lipid handling have been studied in obese rodents only[1,22]. These studies have suggested
that enhanced fat deposition contribute to the insulin-like effects observed in vivo. Again, these consid-
erations reinforced our interest in investigating the effects of Bza in a lipoatrophic model of type 1
diabetes.

The capacity of Bza to activate glucose transport in rat or mouse adipocytes is potentiated by the
presence of vanadium([10,23], a widely recognized insulin-like agent[24,25]. Accordingly, it has been
already demonstrated that in vivo treatments with a combination of amine oxidase substrates and
vanadium exert antidiabetic effects in diverse diabetic rodents, including the STZ diabetic rats[10,26].
However, we demonstrated in recent studies that Bza[9] or catecholamines[27] are capable of activating
glucose transport in human adipocytes, even in the absence of vanadium, and that the synergism
vanadate/amine is much more weak in human adipocytes than in the murine ones. All these
observations prompted us to examine for the first time the influence of prolonged oral administration of
Bza alone-without any added vanadate —in a model of type 1 diabetes, which is nonobese and insulin-
deficient; the STZ-induced diabetic mouse.

We investigated whether Bza alone was able, via oral consumption, to improve glucose handling in
insulin-deficient STZ mice. The following results do not confirm our assumption, although they suggest
that Bza action on glucose disposal requires a minimal amount of adipocytes prone to increase their
glucose consumption when oxidizing this SSAO substrate.

MATERIALS AND METHODS

Chemicals

Benzylamine hydrochloride, STZ, bovine insulin, phenelzine, collagenase A, and most of the other
reagents were from Sigma-Aldrich-Merck (Saint Quentin Fallavier, France). [’H]-2-Deoxyglucose (2-
DG) was from Perkin Elmer (Boston, MA, USA). The glucometers and consumables for follow-up of fed

blood glucose were provided by Pr. Valet P. (Univ Toulouse, France), and used as previously described
[28].

Insulin-deficient type 1 diabetic mice

Male Swiss mice obtained from Charles River Laboratories (L’arbresle, France) were housed at constant
temperature (20-22°C) and with a 12-h light-dark cycle. At the age of 2 mo, they received an intraperi-
toneal injection of STZ (40 mg/kg) diluted in citrate buffer (0.05 mmol/L, pH 4.5) for four consecutive
days, as described previously[21]. A week later, mice receiving only citrate buffer (nondiabetic) and
treated mice exhibiting blood glucose = 300 mg/100 mL (STZ diabetic) were subdivided into four
groups of eight males, with either free access to water (control) or a 0.5% Bza solution as drinking liquid
(Bza-drinking) for 24 d. To measure plasma insulin levels at the beginning of treatment, blood samples
were withdrawn from tail vein then centrifuged and analyzed using Ultrasensitive insulin-ELISA kit
(Mercodia, Uppsala, Sweden). All the mice had free access to food and water and were treated in
accordance with the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments)[29].
During this period, nonfasting blood glucose levels were determined every 3 d at 12:00 h (equivalent in
the used circadian rhythm to 4 h after lights turned on) using an Accu-Check glucometer (Roche
Diagnostics) on a blood drop withdrawn from the tail vein. Mice were killed after overnight fasting at
the end of treatment and organs were collected and weighed.

Adipocyte preparations

Adipocyte preparations were obtained by collagenase digestion of WAT immediately after removal
from the epididymal, intra-abdominal and inguinal anatomical locations. WAT was cut into small
pieces, digested at 37°C by collagenase under agitation in Krebs-Ringer buffered at pH 7.5 with 15
mmol/L sodium bicarbonate, 10 mmol/L HEPES, supplemented with 3.5% of bovine serum albumin, as
previously described[1]. Preparations of buoyant adipocytes were isolated from the digested WAT by
filtration through nylon stockings and two gentle buffer washes, as described previously[10]. In our
digestion process, approximately 1 g WAT was necessary to obtain sufficient functional adipocytes for
the subsequent hexose uptake assays. When total amount of dissected WAT exceeded 1 g, excess
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samples were snap-frozen at -80°C. This occurred for each of the normoglycemic mice but not for the
lipoatrophic STZ-treated mice. In this case, pools of two mice were used to freeze approximately 200 mg
WAT.

Glucose transport assays

The nonmetabolizable analog [°’H]-2-DG was the only source of hexose for the cell preparations during
glucose transport assays. It was added at a final concentration of 0.1 mmol/L after 45 min incubation of
the fat cell suspension with the tested agents, as previously described[10]. Pyruvate (2 mmol/L) was
also present in the medium throughout the experiments for energy supply. Radioactive 2-DG (100 pL;
approximately 1300000 dpm/vial) was added to 400 pL fat cell suspension, and hexose uptake assays
were stopped 10 min later with 100 pL 100 pmol/L cytochalasin B. Cell suspensions (200 pL) were
immediately transferred to plastic centrifugation microtubes prefilled with dinonyl-phthalate (density
0.98 g/mL), then subjected to a 30 s spin. The upper part of the tubes, containing radiolabelled hexose
internalized in intact fat cells floating above the silicon layer was counted in scintillation vials, as
described previously[10]. The extracellular [*H]-2-DG present in the upper part of the tubes was
determined in tubes receiving cytochalasin B prior to 2-DG. It averaged 1%-5% of the radioactivity
found in control uptake, and was subtracted from all assays, as described previously[9].

Determination of benzylamine oxidation

Amine oxidase activity was determined at 37°C using [**C]-Bza as substrate, in homogenates of thawed
WAT samples, as previously described[10]. Isotopic dilution of [*C]-Bza (final concentration: 0.1
mmol/L) was incubated for 30 min in 200 pL 200 mmol/L phosphate buffer with approximately 50 pg
proteins, then the radiolabeled oxidation products were immediately extracted in toluene/ethyl acetate
and counted as previously specified[9]. Results were expressed as nmol of deamination products/mg
protein/min.

Statistical analysis

Results are presented as means + SEM of (1) observations. All the statistical analyses for comparisons
between parameters used ANOVA followed by post hoc Dunnett’s multiple comparisons test, analyzed
with Prism 6 for Mac OS X (GraphPad Software). Relative EC;,values were calculated by nonlinear
regression.

RESULTS

Bza supplementation normalizes increased food and water consumption of STZ-induced diabetic

mice without restoring body weight gain

At the start of the experiment, the STZ-induced diabetic mice exhibited lower body weight when
compared to age-matched normoglycemic mice (Figure 1). The body weight gain of the insulin-deficient
mice was also limited during the treatment period and was not corrected by Bza supplementation. At
the end of the experiment, the mean body weight of STZ mice remained lower than that of
normoglycemic mice. Hence, Bza supplementation tended to limit body weight gain in both groups, but
this trend did not reach significance (Figure 1A). No significant decrease in food consumption was
found in the Bza-drinking normoglycemic mice. By contrast, the hyperphagic status of the STZ mice
was alleviated by Bza supplementation (Figure 1B). A similar influence of Bza supplementation was
found for water consumption. An almost normalization of the elevated daily water intake of STZ
diabetic mice occurred in the group subjected to Bza drinking (Figure 1B).

Figure 1 also shows that the characteristic polydipsic feature that occurs in STZ-induced type 1
diabetes was of greater magnitude than the hyperphagy triggered by the noxious diabetogenic agent.
The exaggerated liquid consumption of the diabetic group was increased by 5.7 times when compared
to normoglycemic control while this increase only reached 1.7 times for food intake. The former defect
was expected to traduce glycosuria[19,30], while the second likely corresponded to a lowered efficiency
of the ingested carbohydrates that accompanies insulin deficiency[31].

In view of these alterations of food and water intake in STZ diabetic mice and their recovery after Bza
drinking, the influence of Bza supplementation on blood glucose levels was examined in both fed and
fasted conditions.

Influence of oral supplementation of Bza on blood glucose in nondiabetic and diabetic mice

Figure 2 shows the pattern of nonfasting glycemia during the treatment period for the four experimental
groups. The unfasted blood glucose levels of the mice previously challenged with STZ were at least
twice higher than those of the controls throughout the study (Figure 2A). Such strong hyperglycemia
was mainly a consequence of the low circulating levels of insulin found at the start of treatment in the
two groups of STZ diabetic mice (0.40 + 0.04 and 0.38 + 0.05 ng/mL) when compared to the nondiabetic
mice (1.26 + 0.14 and 1.35 + 0.09 ng/mL, n = 8; P < 0.001). In the STZ diabetic mice, the blood glucose
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Figure 1 Influence of Bza supplementation on body weight gain, food intake and water consumption in normoglycemic and STZ-induced

diabetic mice. A: Body weight of diabetic (squares) and nondiabetic mice (circles) drinking water (open symbols) or 0.5% Bza (Bza-drinking, closed symbols).
Mean + SEM of n = 8 males in each group. Significant difference at: 2P < 0.001 between diabetic and nondiabetic mice, irrespective of the treatment; B: Average daily
food intake and water intake. The mean daily consumption calculated throughout the treatment is expressed as g or mL/mouse, for each of the following groups:
nondiabetic (white columns), nondiabetic Bza-drinking (red columns), STZ diabetic (yellow columns), STZ diabetic Bza-drinking (black columns). Each column is the
mean + SEM of at least 16 determinations. Different from nondiabetic rats at: 2P < 0.01. Different from respective control significant at: °P < 0.01; °P < 0.001. STZ:
Streptozotocin; Bza: Benzylamine.
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levels remained elevated in both Bza-drinking and water-drinking groups (Figure 2A). In the
normoglycemic mice, the nonfasting blood glucose was superimposed in the control and Bza-drinking
groups and remained below 200 mg/100 mL. Thus, blood glucose levels were not significantly
influenced by repeated Bza consumption.

To avoid any alteration in body weight gain and in glucose handling, the mice were subjected to
overnight fasting only once, at the end of experiment. Fasting blood levels were expectedly lower than
nonfasting blood glucose (Figure 2B). Again, the fasting values were superimposable in Bza-drinking
mice and their respective controls, while the fasting blood glucose of STZ diabetic mice was higher than
that in nondiabetic groups (Figure 2B). Thus, Bza supplementation did not exhibit any hypoglycemic or
antihyperglycemic action in this animal model of severe type 1 diabetes.

These findings contrasted with the capacity of Bza to delay the onset of diabetes in the genetically
obese and diabetic db”/-mice[1]. Given the unexpected lack of efficiency of Bza consumption on glucose
handling, it was poorly appropriate to delineate its putative mechanisms of action or to further examine
other surrogate makers of diabetic state, as reported previously[1]. Instead, we verified whether the
dose of Bza ingested was similar in the two diabetic models. Considering the daily liquid intake and the
body mass of the STZ mice, it was calculated that these type 1 diabetic mice ingested 10850 + 598
pmol/kg bw/d Bza throughout the treatment. This dose was similar to that used for Bza supple-
mentation in young type 2 diabetic db”/-mice[1], which ranged between 9300 and 10 100 pmol/kg bw/d.
However, another difference between type 2 (insulin-resistant) and type 1 (insulin-deficient) diabetic
mouse models lies in the occurrence of excessive fat depots in the former and a clearly emaciated state
in the latter. Therefore, attention was focused on WAT in the STZ mice and their controls.

Comparison of fat stores between normoglycemic and STZ-induced diabetic mice
Smaller mass of subcutaneous and visceral WAT was a typical feature of STZ-induced diabetic mice
when compared to normoglycemic controls (Figure 3). In the STZ diabetic mice, the low mass of fat
pads was not modified by Bza drinking, whatever their anatomical location. Similarly, the normal
adiposity of the nondiabetic mice was not modified after oral Bza supplementation.

When the mass of the dissected fat depots was normalized as percentage of body weight, such
adiposomatic index[22] was significantly lower in diabetic than in nondiabetic mice (1.2 £ 0.4% vs 3.7 +
0.6%, P < 0.001). Again, Bza supplementation did not modify adiposomatic index: 1.3 + 0.4% and 3.9 +
0.4%, in Bza-drinking diabetic and nondiabetic groups, respectively.
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Figure 2 Non-fasting and fasting blood glucose in normoglycemic and STZ-induced diabetic mice during Bza supplementation. A: Blood
glucose measured every three days at 12:00 in diabetic (squares) and nondiabetic mice (circles) drinking water (open symbols) or Bza 0.5% (Bza-drinking, closed
symbols) for 24 d; B: Overnight fasted blood glucose levels at the end of experiment for the same groups of mice. Mean + SEM of n = 8 males in each group.
Different from nondiabetic mice at: 2P < 0.001. No significant difference was found between Bza drinking and respective controls. STZ: Streptozotocin; Bza:
Benzylamine; Expt end: The end of experiment.
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Figure 3 Lack of influence of Bza supplementation on organ weight in normoglycemic and STZ-induced diabetic mice. Mean + SEM of the
wet weight of subcutaneous or visceral white adipose tissues, and of liver for eight males in each group. Different from nondiabetic mice at: 2P < 0.001. No significant
difference was found between Bza-drinking and respective controls. STZ: Streptozotocin; Bza: Benzylamine; WAT: White adipose tissues.

In contrast, the weight of the liver was identical in the four experimental groups (Figure 3). However,
when liver mass was expressed as ratio to body weight, the difference that appeared between diabetic
and nondiabetic animals was opposite to that of the adiposomatic index. The liver represented 5.3 +
0.2% of body mass in both STZ diabetic and STZ diabetic Bza-drinking mice (NS, n = 8). This proportion
was smaller in nondiabetic mice (4.2 + 0.1%, P < 0.001), even after Bza drinking (4.5 £ 0.2%).

These observations indicated that the STZ-induced diabetic mice did not normalize their reduced fat
deposition and body weight gain after Bza supplementation, in spite of partial recovery of their altered
food intake. Moreover, Bza supplementation was not efficient in normalizing the altered blood glucose
control or relative hepatomegaly of the STZ mice, although limiting polydipsia. We have previously
proposed that Bza oxidation occurring in the hypertrophied WAT of obese and diabetic db”/- mice
supports its insulin-like in vitro effects by facilitating glucose utilization in adipocytes and contributes to
its antihyperglycemic action[1]. Therefore, such in vitro effects were examined.
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Effects of insulin and Bza on glucose transport in mouse adipocytes

Unfortunately, the WAT atrophy of the STZ diabetic mice did not allow the preparation of sufficient
biological material for exploring the activation of 2-DG uptake in functional adipocytes from diabetic
and Bza-drinking diabetic mice. There was only a pool of around 400 mg of WAT dissected from
different anatomical locations in each STZ mouse, while 1-2 g was removed from each nondiabetic
mouse. Consequently, sufficient adipocytes could be isolated from the latter samples only, and the
subsequent hexose uptake assays were performed with adipocyte preparations that contained 18.0 + 2.8
and 19.0 + 2.5 mg lipid /400 pL in normoglycemic Bza-drinking and control mice, respectively. Thus,
Figure 4A shows insulin stimulation of 2-DG uptake in nondiabetic mice only. As expected, insulin
dose-dependently activated hexose uptake in adipocytes from control mice, and a tendency to improve
insulin maximal effect was detected in Bza-drinking mice. EC,,values of insulin were 0.4 and 2.3
nmol/L for Bza-drinking and control mice, respectively, without showing a significant difference
between them. Figure 4B indicates that 0.1 mmol/L benzylamine was capable of reproducing one-third
of the maximal insulin stimulation, in a manner that was blunted by the amine oxidase inhibitor
phenelzine, which was inactive on basal or insulin-stimulated hexose uptake. The amine-oxidase-
dependent insulin-like effect of 0.1 mmol/L Bza was similar in control and Bza-drinking nondiabetic
mice. There was no influence of oral Bza supplementation on the capacity of phenelzine to inhibit in
vitro the insulin-like action of the amine (Figure 4B).

Oxidation of Bza in thawed preparations of adipose tissues

Amine oxidase activity was determined in homogenates from thawed WAT samples by measuring their
capacity to oxidize 0.1 mmol/L [**C]-Bza. When expressed as nmol amine oxidized/ mg protein/min,
the activity was limited in WAT from STZ diabetic mice compared to normoglycemic ones, whether in
the control or Bza-drinking groups (Figure 5). The reduced amount of WAT and its limited amine
oxidase activity did not argue for a strong contribution of fat stores to the biotransformation of the Bza
ingested by STZ diabetic mice.

DISCUSSION

At the first glance, the lack of antihyperglycemic effect of Bza drinking described here in STZ diabetic
mice contrasts with its antidiabetic action observed in obese and diabetic db”/- mice[1]. As discussed
below, all these findings converge to propose that the difference in Bza-drinking efficiency between the
models of type 1 and type 2 diabetes is not related to insulin deficiency versus resistance, but rather to a
difference in adiposity between the murine models.

Alongside bearing dramatically larger fat depots than their lean counterparts, the obese and diabetic
db’-mice also possess higher levels of SSAO activity in their fat cells[1,32]. Thus, the antihyperglycemic
effect of oral Bza reported for db’/- mice, and not for their lean littermates, could be related to the
elevated amine oxidase activity found in the hypertrophied WAT of obese and diabetic animals[1]. In
contrast, STZ diabetic rats exhibit lower monoamine oxidase (MAO) and SSAO activities in WAT than
their normoglycemic controls[18]. The lack of antihyperglycemic effect of Bza supplementation in STZ
mice reported here resembles the weak antidiabetic effect of prolonged administration of tyramine in
STZ rats[18]. Tyramine, which is a substrate of both MAO and SSAO, can limit the hyperglycemic
responses to a glucose load during a glucose tolerance test but cannot normalize the elevated fasting
blood levels of these insulin-deficient rats. Tyramine or Bza can lower the elevated blood glucose of
STZ-induced diabetic rats only when combined with vanadium[10,18,33].

Particular attention has been paid to studying the potential antidiabetic effects of amines alone since
the synergism between vanadium and biogenic amines on the activation of glucose transport does not
work well in human adipocytes[9,27]. Moreover, the potential antidiabetic use of vanadium derivatives
is still limited by toxicological aspects. Several observations suggest that the beneficial effects of dietary
amines on glucose handling in diabetic rodents (even when not combined with vanadium) rely upon
the amount of SSAO present in WAT. The supplementation of drinking water with 0.4% methylamine
(another SSAO substrate) has been reported to increase epididymal WAT mass and to improve glucose
tolerance in transgenic mice overexpressing a human form of SSAO/VAP-1, while it is inefficient in
nontransgenic mice[34]. Oral Bza also improves glucose handling in high-fat diet fed mice, charac-
terized by increased adiposity[22]. Here, we suppose that it is the lipoatrophy of STZ diabetic mice (and
not their lack of insulin) that prevented the occurrence of an antihyperglycemic action of Bza.

The sole beneficial effect of Bza drinking seen in the STZ diabetic mice was an almost total recovery of
their characteristic hyperphagic and polydipsic behavior[31]. It could be supposed that urinary glucose
leak of STZ mice was partially rescued by Bza drinking. Unfortunately, individual metabolic cages were
not available for this study and we could not determine daily urine emission or glucosuria. However,
water intake reduction occurred without correction of hyperglycemia. This indicated that renal glucose
leak, if any, was not sufficiently rescued by Bza drinking to influence the overall glucose homeostasis,
while this was the case for db”/-mice[1]. Food intake was also reduced in Bza-drinking STZ diabetic mice,
but without notable decrease in body weight gain. Thus, food efficiency was increased by Bza drinking.

WJD | https://www.wjgnet.com 758 September 15,2022 | Volume13 | Issue9 |



Carpéné C et al. Benzylamine and glucose handling in lipoatrophic diabetic mice

A - e . —o- o . s B Non-diabetic Non-diabetic + 0.1 mM phenelzine
c Non-diabetic Non-diabetic Bza-drinking B Non-diabetic Bza-drinking B Bza-drinking + 0.1 mM phenelzine
£ 6
o
)
g
a c 67
= J S
g * S 5]
IS5 4 J
5 g2 ;
~ o
© J S o 31
g 2 0k b b
c D. o 2
u s
5 e\ 1 1 K
g N W
S o T ‘\‘\ T r " < 0 r r
8 bas -9 -8 -7 Basal Insulin 200 nM Benzylamine 0.1 mM
& log(M) insulin DOI: 10.4239/wjd.v13.19.752 Copyright ©The Author(s) 2022.

Figure 4 Direct stimulation by insulin and Bza of hexose uptake in adipocytes: lack of influence of Bza supplementation and in vitro
inhibition by phenelzine. A: Radiolabeled 2-deoxyglucose (2-DG) uptake was determined in basal condition or in response to increasing doses of insulin in
adipocytes from nondiabetic mice of the water-drinking (open circles) or Bza-drinking (red circles) group, while it could not be determined in diabetic mice due to the
scarcity of adipocytes isolated from their emaciated fat depots, in both control and Bza-drinking groups. Mean + SEM of eight adipocyte preparations. B: 2-DG uptake
was determined after 45 min incubation without (basal) or with 200 nmol/L insulin and 0.1 mmol/L Bza. The stimulated hexose uptake was significantly different from
basal at: 2P < 0.001; ®P < 0.01. Phenelzine was added at 0.1 mmol/L in the incubation medium of adipocytes from control nondiabetic mice (blue columns) or from
Bza-drinking nondiabetic mice (purple columns). Phenelzine inhibited significantly Bza-induced hexose uptake at: °P < 0.01. STZ: Streptozotocin; Bza: Benzylamine;
WAT: White adipose tissues.
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Figure 5 Bza oxidation in adipose tissue of normoglycemic and STZ-induced diabetic mice: lack of influence of dietary Bza consumption.
Radiolabeled Bza was present at 0.1 mmol/L during 30 min incubation at 37°C with WAT homogenates from nondiabetic (white columns), nondiabetic Bza-drinking
(red columns), STZ diabetic (yellow columns), STZ diabetic Bza-drinking (black columns). Mean £ SEM of eight determinations for nondiabetic mice and four
determinations for lipoatrophic STZ diabetic mice. Different from nondiabetic at: 2P < 0.02. No significant influence of Bza-treatment was detected. STZ:
Streptozotocin; Bza: Benzylamine; WAT: White adipose tissues.

However, we cannot propose any underlying mechanism for this effect.

Indeed, it cannot be excluded that mechanisms other than oxidation by amine oxidases might be
involved in the in vivo effect of Bza on food and water intake. Raimondi and coworkers have reported
that Bza, like methylamine, rapidly induces hypophagia in mice via a modulation of neuronal channels,
which is reinforced by SSAO inhibition[35,36]. This suggests that adipose SSAO is likely not the sole
target of ingested Bza. Regarding activation of glucose uptake in adipocytes, the effect of Bza is
impaired when its oxidation by SSAO is blocked. Surprisingly, the opposite occurred regarding its
central effects on food and water intake. When Bza degradation by SSAO is blocked, its half-life is
increased and its capacity to modulate the neuronal channels depicted by the group of Raimondi is
improved[35,36]. Since there is practically no WAT in the STZ-diabetic mice, and since they have little
adipose SSAO, we propose that the limitation of hyperphagia and polydipsia observed in these animals
is likely due to a central effect distinct from oxidation by peripheral tissues.

Although the liver is another of the organs reached by ingested Bza, it is not a major site for its
biotransformation or detoxification because Bza is metabolized to only a small extent by hepatic
subcellular fractions, as observed by Mutlib ef al [37]. By contrast, these authors reported that, when
orally given to rats, Bza undergoes oxidative deamination and generates benzaldehyde, then hippuric
acid, which is the major metabolite. These authors also observed that Bza was fairly stable in rat plasma
despite of the presence of a soluble form of SSAO. Although circulating SSAO activity is known to
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increase with diabetes[18,38-40], it is low when compared to the levels of SSAO found in WAT[1]. A
putative mediation of the amine effects via modulation of insulin secretion can be ruled out because, in
another model of insulin-deficient diabetes, the alloxan-injected rat, oral administration of tyramine
reduced the hyperglycemia by 35%-43% in a manner that was more dependent on insulin-like than on
insulin-releasing actions[41].

A limitation of the study was that insulin plasma levels were not determined throughout the
treatment since such measurements were performed only at the beginning. However, since circulating
insulin was dramatically decreased by STZ challenge, and since the overt hyperglycemia was not
corrected by Bza drinking, it was hypothesized that pancreatic injury was not recovered. The hyperinsu-
linemic levels of the insulin-resistant db”/- mice remained unchanged after Bza supplementation[1].
Similarly, no change in plasma insulin was found in the db*/* lean control after Bza drinking.
Nonetheless, it has been reported that methylamine (another SSAO substrate) limits the insulin
degradation by adipocytes[42]. If one supposes that increasing the ability of insulin to stimulate glucose
transport is one of the mechanisms involved in the antidiabetic effect of Bza, this can explain why Bza
was active in insulin-resistant but not in insulin-deficient diabetes models. Such a paradigm of insulin-
sensitizer capacity might provide an alternative to our interpretations based on the necessary
abundance of SSAO and WAT to support peripheral glucose disposal. However, it requires to be
demonstrated by further investigations, while we report in the current study that Bza alone activated 2-
DG uptake in adipocytes, being therefore able to act as an insulin mimicker even in the absence of
insulin.

Whether the in vitro SSAO-mediated insulin-like effect of Bza is solely responsible for the antihyper-
glycemic effect of Bza drinking is far from being demonstrated here. However, this assumption agrees
with the conclusions of independent studies showing that treatment of diabetic rodents with SSAO
inhibitors prevents diabetic complications but is not antihyperglycemic at all[43-45]. All these
observations bring evidence that adipose cells are predominantly involved in Bza oxidation, as a
consequence of their high SSAO expression[3], although they do not rule out other concomitant
mechanisms.

We designed the current study to achieve a similar daily amount of Bza ingested by the STZ diabetic
mice to that ingested by the obese and type 2 diabetic db’/- mice[1]. The results showed that such an
objective was reached. However, similar amine intake did not result in a similar beneficial influence on
glucose disposal in the two models. In the STZ diabetic mice, the lipoatrophy and lower richness of
WAT in amine oxidase activity gave less probability for an adipocyte-dependent metabolism of the
ingested amine and subsequent insulin-like actions. Another apparent weakness of the present study
was that the nondiabetic Swiss mice did not ingest the same daily amount of Bza than those subjected to
the STZ diabetogenic challenge. Our experiments showed that the polydipsia of the STZ diabetic mice
was early rescued, after the first week of Bza supplementation. They also showed that, among the Bza-
drinking groups, the accumulated fluid intake of the STZ diabetic mice was about twice that of the
normoglycemic mice. It could be easily justified post hoc that, considering the initial polydipsia of
diabetic mice, it would have been preferable to double the Bza concentration in the solution given to the
Bza-drinking nondiabetic group. Hence, it cannot be excluded that such a high dose of Bza would have
reduced liquid consumption in the nondiabetic mice also. By assumption, such an adverse effect on
liquid consumption remains unlikely since, as with other organic amines, Bza has a taste varying from
almond to fish waste[46], which is not supposed to be repellent for rodents. In reality, achieving exactly
the same oral dose of Bza for diabetic and nondiabetic animals would have required weekly pair-
adjustments, which are difficult to achieve, and would not have yielded more information about the
mechanisms of action. The unchanged lipoatrophy, together with the early recovery of polydipsia in the
Bza-drinking group, converge to indicate that the antipolydipsic effect of the amine is mediated by a
central effect, distinct from that observed in adipocytes.

The in vitro insulin-like effect of submillimolar dose of Bza on glucose transport in adipocytes, and its
blockade by phenelzine, reinforced our hypothesis of enhancement of peripheral glucose disposal,
although it could not be evidenced in lipoatrophic Bza-drinking STZ mice. Phenelzine, which is a
combined MAO and SSAOQO inhibitor, was used because both MAO and SSAO substrates mimic insulin-
like effects in adipocytes[33]. It blocked Bza-stimulated hexose uptake, but not basal or insulin-
stimulated hexose uptake. No resistance to the selective blockade by phenelzine appeared in the fat cells
from Bza-drinking nondiabetic mice, indicating that continuous supplementation with the substrate did
not dramatically downregulate the amine oxidase activities. These hexose uptake assays, which could be
performed on nondiabetic mice only, confirmed that, even in the absence of insulin, Bza oxidation
activates hexose uptake in adipocytes from Swiss white mice as well as in other rodents[43]. According
to the literature, the increase of glucose transport by SSAO activation is limited to adipocytes, and only
rare reports have extended this hydrogen-peroxide-dependent insulin-like action to other cell types[47].
Unfortunately, the insufficient number of adipocytes isolated from the atrophied WAT of STZ mice
hampered the verification of glucose transport responsiveness to insulin and Bza in the type 1 diabetic
state. Even if such insulin mimicry also occurred in adipocytes from insulin-deficient mice, it was too
limited to modify the glucose handling, when considering the low mass of WAT, as attested by the
significantly lower adiposomatic index found in STZ-treated mice. The limited oxidative metabolism of
Bza found in WAT of STZ mice was likely unable to contribute to a replenishment of the atrophied fat
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depots via the increase of glucose utilization demonstrated in adipocytes of the normoglycemic controls.

Being poorly biotransformed by the limited fat stores of STZ diabetic mice, the ingested Bza could not
increase glucose entry in adipocytes and thereby did not contribute to glucose disposal. We presume
that such a lack of Bza action explains how its consumption did not decrease elevated blood glucose.
Such inefficiency does not preclude future improvements of the antidiabetic therapeutic applications of
other amine substrates. However, our findings limit the relevance of Bza consumption to alleviate the
complications of type 1 diabetes, especially when accompanied with lipoatrophy. Nevertheless, Bza and
its derivatives remain potential antihyperglycemic agents since a recent integrated network pharma-
cology analysis has revealed that Bza derivatives contribute to the anti-insulin resistance effects of
Moringa oleifera[48], one of the most potent antidiabetic medicinal plants[30,49,50].

CONCLUSION

Although Bza drinking is devoid of beneficial in vivo effects on the type 1 diabetes at doses that limit the
onset of type 2 diabetes in genetically obese db”/-mice, the present findings reinforce the hypothesis that
oxidation of Bza at the level of adipocytes contributes to peripheral glucose uptake and improves
glucose homeostasis. When no sufficient WAT is present (in STZ diabetic mice), the antihyperglycemic
effect of Bza is hampered. In contrast, when Bza can be readily oxidized in WAT, it improves glucose
tolerance at the expense of an enlargement of fat stores (in db”-mice). The in vitro experiments confirmed
the capacity of submillimolar doses of Bza to activate glucose transport in adipocytes. They also show
that such SSAO-dependent insulin mimicry is not altered by chronic administration of the substrate.

ARTICLE HIGHLIGHTS

Research background

Oral administration of benzylamine (Bza) exerts antihyperglycemic effects in obese and diabetic rodent
models. This effect has been proposed to depend on the insulin-like action of Bza in adipose cells. The
amine oxidation catalyzed by amine oxidases abundantly present in adipocytes generates hydrogen
peroxide, which activates glucose transport.

Research motivation

To extrapolate the potential antihyperglycemic properties of Bza found in obese and diabetic models to
the treatment of insulin-deficient type 1 diabetic states. Bza administration might facilitate glucose
utilization to increase lipogenic and adipogenic activities in the adipose tissue and thereby improve
glucose disposal even in the absence of insulin.

Research objectives

To evaluate the impact of Bza supplementation on hyperglycemia, polydipsia and hyperphagia in type
1 diabetic mouse, and to demonstrate that Bza metabolism by adipose tissue supports these antidiabetic
effects.

Research methods

Bza solution (5 g/L, Bza-drinking) replaced drinking water in streptozotocin (STZ)-induced, insulin-
deficient diabetic mice. Similar comparison between control and Bza-drinking groups was performed in
normoglycemic mice. Nonfasting blood glucose, water and food intake were periodically recorded in
the four groups. Adiposity was determined at the end of a 24-d treatment. Glucose transport in freshly
isolated adipocytes was assessed ex vivo by determining the uptake of the nonmetabolizable
radiolabeled 2-deoxyglucose.

Research results

Chronic Bza intake did not normalize hyperglycemia in STZ diabetic mice, despite it alleviating
excessive water and food consumption. Bza intake had no effect on the limited body weight of the STZ
diabetic mice and could not restore their dramatically reduced adipose tissue mass. In normoglycemic
mice, the Bza-drinking group did not show altered body weight, or food or water consumption.
However, when directly given in vitro to adipocytes isolated from nondiabetic mice, Bza was efficient in
activating glucose uptake in both control and Bza-drinking groups.

Research conclusions

The capacity of Bza supplementation to reduce hyperglycemia, previously reported in obese and
diabetic rodents, was not detectable in the emaciated and insulin-deficient STZ diabetic mice. However,
the capacity of Bza to activate glucose transport in adipocytes was confirmed in nonobese, nondiabetic
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mice. It is likely that the adipose tissue atrophy induced by STZ challenge hampered the lipogenic and
adipogenic action of Bza in this severe model of lipoatrophic, insulin-deficient diabetes.

Research perspectives

The current findings and their interpretations considerably limit the field of applications of oral Bza
since this molecule did not work as an antidiabetic agent in rodents with reduced adiposity, as it is the
case in type 1 STZ diabetic and lipoatrophic mice. Nevertheless, since SSAO substrates exhibit a direct
action on glucose handling by fat cells, they still have potential interest for therapeutic use to combat
other diabetic states.
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Abstract

BACKGROUND

The pancreatic islet microcirculation adapts its metabolism to cope with limited
oxygen availability and nutrient delivery. In diabetes, the balance between oxygen
delivery and consumption is impaired. Insulin has been proven to exert complex
actions promoting the maintenance of homeostasis of the pancreas under
glucotoxicity.

AIM
To test the hypothesis that insulin administration can improve the integrated
pancreatic microcirculatory oxygen profile and bioenergetics.

METHODS

The pancreatic microcirculatory partial oxygen pressure (PO,), relative
hemoglobin (rHb) and hemoglobin oxygen saturation (SO,) were evaluated in
nondiabetic, type 1 diabetes mellitus (T1IDM), and insulin-treated mice. A three-
dimensional framework was generated to visualize the microcirculatory oxygen
profile. Ultrastructural changes in the microvasculature were examined using
transmission electron microscopy. An Extracellular Flux Analyzer was used to
detect the real-time changes in bioenergetics by measuring the oxygen

consumption rate and extracellular acidification rate in islet microvascular
endothelial cells (IMECs).

RESULTS
Significantly lower PO,, rHb, and SO, values were observed in T1IDM mice than in
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nondiabetic controls. Insulin administration ameliorated the streptozotocin-induced decreases in
these microcirculatory oxygen parameters and improved the mitochondrial ultrastructural
abnormalities in IMECs. Bioenergetic profiling revealed that the IMECs did not have spare
respiratory capacity. Insulin-treated IMECs exhibited significantly greater basal respiration than
glucotoxicity-exposed IMECs (P < 0.05). An energy map revealed increased energetic metabolism
in insulin-treated IMECs, with significantly increased ATP production, non-mitochondrial
respiration, and oxidative metabolism (all P < 0.05). Significant negative correlations were revealed
between microcirculatory SO, and bioenergetic parameters.

CONCLUSION
Glucotoxicity deteriorates the integrated pancreatic microcirculatory oxygen profile and bioener-
getics, but this deterioration can be reversed by insulin administration.

Key Words: Diabetes mellitus; Glucotoxicity; Endothelial cells; Microcirculation; Mitochondria;
Bioenergetics

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The pancreatic islet microvasculature adapts its metabolism to cope with limited oxygen
availability and nutrient delivery. Insulin has been proven to exert complex actions promoting the
maintenance of homeostasis under glucotoxicity. Our findings demonstrate that insulin ameliorates the
suppression of the integrated microcirculatory oxygen profile in type 1 diabetes mellitus mice and
improves mitochondrial ultrastructural abnormalities in islet microvascular endothelial cells (IMECs).
Additionally, insulin administration restores glucotoxicity-induced microcirculatory failure by increasing
the mitochondrial basal respiration and glycolytic capacity of IMECs.

Citation: Li BW, Li Y, Zhang X, Fu SJ, Wang B, Zhang XY, Liu XT, Wang Q, Li AL, Liu MM. Role of insulin in
pancreatic microcirculatory oxygen profile and bioenergetics. World J Diabetes 2022; 13(9): 765-775

URL: https://www.wjgnet.com/1948-9358/full/v13/i9/765.htm

DOI: https://dx.doi.org/10.4239/wjd.v13.i19.765

INTRODUCTION

The concept of pancreatic islet microcirculation, which is currently under the spotlight[1,2], is
responsible for coupling metabolic demands with glucose distribution and oxygen delivery in a manner
involving microvascular endothelium-dependent vasodilation. Emerging evidence, including ours,
indicates that the integrated pancreatic microcirculation in islets is necessary to maintain endocrine
function and is involved in the pathogenesis of diabetes, partially through impairment of microcircu-
latory blood perfusion[3,4].

As part of a highly specialized microvascular system[5], pancreatic islets are richly vascularized and
have 5-10-fold higher blood flow than the exocrine pancreas[6]. Pancreatic islet microvascular
endothelial cells (IMECs) are therefore responsible for maintaining substance exchange and contribute
to the dynamic regulation of glucose metabolism. Malfunction of IMECs is not only the culprit of deteri-
orated pancreatic islet microvascular blood perfusion and oxygen supply but also a victim of
imbalanced energetic homeostasis.

Metabolic abnormalities in glucose are generally related to alterations in energy metabolism,
especially at the onset of diabetes. The main organelle of IMECs responsible for energetic homeostasis is
the mitochondrion, which plays a critical role in IMEC survival and death by regulating ATP synthesis
through glucose metabolism, ROS generation, and apoptosis[7,8]. Furthermore, the metabolic profile of
IMECs links the microcirculatory phenomena to the occurrence of pathological phenotypes. It is
therefore important and rational to investigate the metabolic states of IMECs to clarify the microcircu-
latory pathological changes that occur under glucotoxicity.

Several reports have suggested the involvement of microcirculatory endothelial dysfunction in
diabetes. However, knowledge surrounding the bioenergetics of IMECs related to insufficient microcir-
culatory oxygen is rather limited. We have established a new microcirculatory monitoring approach that
integrates pancreatic microcirculatory partial oxygen pressure (PO,), relative hemoglobin (rHb) and
hemoglobin oxygen saturation (SO,) using a multimodal device[9]. Thus, the purpose of this study was
to describe the integrated pancreatic microcirculatory oxygen under glucotoxicity and to determine the
impact of insulin on the microcirculatory oxygen and bioenergetic profile of IMECs.
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MATERIALS AND METHODS

Animals

BALB/c mice were obtained from the Institute of Laboratory Animal Science, Chinese Academy of
Medical Sciences (CAMS). The mice were bred and housed at 22 + 1 °C with 55%-65% humidity under a
12 h:12 h light:dark cycle. The mice were randomly divided into three groups, including a type 1
diabetes mellitus (T1IDM) model group, an insulin-treated group and a nondiabetic control group (all n
= 3). T1IDM was established by intraperitoneal administration of streptozotocin (STZ, 40 mg/kg) into
the mice for five consecutive days. A level of blood glucose higher than 200 mg/dL was considered to
indicate diabetes. Insulin was subcutaneously injected (1.5 IU/day) into the mice in the insulin-treated
group to maintain the blood glucose within the normal range[10]. The animal experiments in this study
were permitted by the Laboratory Animal Welfare and Ethics Committee, Institute of Microcirculation,
CAMS (China).

Measurements of the microcirculatory oxygen profile

To assess pancreatic microcirculatory oxygen, we employed a multimodal auxiliary microcirculatory
monitoring system established with a fiber-optic oxygen sensor (Precision Sensing, Regensburg,
Germany) and an Oxygen to See device (LEA Medizintechnik, Giessen, Germany) to determine the SO,,
rHb, and PO,. After anesthesia, the pancreas was gently exposed by a median abdominal incision, and
the microcirculatory oxygen profile, including SO,, rHb, and PO,, was subsequently captured. These
parameters were measured at three random sites of the pancreas in each mouse.

Establishment of the three-dimensional framework of the microcirculatory oxygen profile

Python (ver 3.7.4) and Apache ECharts (ver 4.2.0-rc.2) were used to generate a three-dimensional
framework to visualize the pancreatic microcirculatory oxygen profile. In the 3-D framework, the X-, Y-,
and Z-axes represented the time course, microcirculatory oxygen variables, and calculated values of the
microcirculatory oxygen profile, respectively. The outliers were adjusted by the box plot algorithm.
Additionally, the least common multiple algorithm was used to adjust the time granularity. Min-max
normalization was conducted to transform the dimensions of multiple parameters.

Video recording of the microcirculatory oxygen profile
ScreenToGif (version 2.19.3) was used to capture the dynamic 3-D framework. Each video was recorded
in an MPEGH4 file. The bitrate was 2000 Kbps with a 1920 x 1080 resolution ratio.

Transmission electron microscopy

Ultrastructural changes in the pancreatic islet microvasculature were examined using transmission
electron microscopy (TEM). Fresh pancreatic tissue was fixed in 3% glutaraldehyde and 1% osmic acid
and then passed through a graded series of dehydration and embedding solutions. Ultrathin sections
(70 nm) were made after resin polymerization and uranyl acetate/Lead citrate staining. The samples
were examined using a JEM-1400Plus transmission electron microscope (JEOL Ltd., Tokyo, Japan). The
mitochondrial ultrastructure of IMECs was assessed.

Cell culture

The IMECs were purchased from ATCC (MS1, Manassas, VA, United States) and routinely cultured in
DMEM supplemented with 10% FBS, 5.6 mmol/L glucose, 2% HEPES and 100 U of
penicillin-streptomycin (Gibco, Carlsbad, CA, United States). After IMECs grew to confluence, the cells
were divided into three groups, the control, glucotoxicity-exposed (HG, 25 mmol/L glucose), and
insulin-treated (HG + Ins, 25 mmol/L glucose plus 10 mol/L insulin[10]) groups, and were treated for
24 h (n = 4 each group).

Bioenergetics assay

To investigate the effects of the high concentration of glucose with or without insulin on the bioener-
getics of IMECs, an Extracellular Flux Analyzer (XFe24, Seahorse Bioscience, Billerica, MA, United
States) was used to detect the real-time changes in energy pathways by directly probing the oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR). Briefly, IMECs were seeded in
XFe24 culture plates at 1 x 10* cells per well. The cells were treated according to the abovementioned
grouping for 24 h in DMEM with 0.5% FBS. The medium was subsequently replaced by Seahorse XF
assay medium, and the cells were incubated without CO, for 1 h until detection.

For the mitochondrial stress test, mitochondrial function was monitored along with the sequential
addition of oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and
rotenone/antimycin A (all 0.5 pM). Multiple respiratory indexes, including baseline metabolic functions
(basal respiration, proton leak, ATP-linked respiration, non-mitochondrial respiration, and oxidative
metabolism) and metabolic stress responses (maximum respiratory capacity [MRC] and spare
respiratory capacity [SRC]), were analyzed and compared. In addition, an ECAR value was probed to
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indicate the basal glycolytic function when 10 mmol/L glucose was preadded into the medium before
any pharmacological intervention. The ECAR-associated glycolytic capacity was subsequently reached
after the injection of oligomycin. In this study, the values of both OCR and ECAR were normalized to

10* cells.

Statistical analysis

SPSS software 21.0 (IBM, Armonk, NY) was used to perform the statistical analyses. The data are shown
as the mean * standard error of the mean. The data sets were subjected to one-way ANOVA and post
hoc multiple comparisons. A P value under 0.05 was considered to indicate statistical significance. In
addition, the correlation between the microcirculatory oxygen profile and bioenergetics of IMECs was

analyzed by Pearson's method.
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Figure 2 Glucotoxicity induced ultrastructural damage to mitochondria in islet microvascular endothelial cells. The ultrastructure of pancreatic
islet microvascular endothelial cells (IMECs) in the control (A), type 1 diabetes mellitus (T1DM) (B) and insulin-treated groups (C) was revealed by TEM (upper
panels, scale bar = 0.5 ym). The ultrastructure of mitochondria in IMECs in the control (D), T1DM (E) and insulin-treated groups (F) is shown in the lower panels.
Swollen mitochondria with cristae rupture or disappearance and a transparent matrix were found in T1DM mice. Restored mitochondria were observed after insulin
administration (lower panels, scale bar = 2 ym).
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RESULTS

Insulin ameliorates the decrease in the integrated microcirculatory oxygen profile

In this study, the efficiency of STZ to induce TIDM mice model was 100%. To analyze the integrated
microcirculatory oxygen profile of islet microcirculation, the preprocessed raw data were imported into
the common microcirculatory framework. The oscillation of the microcirculatory oxygen profile is
shown in histograms of the 3-D module (Figure 1A-C), and the distribution pattern of the microcircu-
latory oxygen profile was indicated using a scatter plot (Figure 1D-F, Videos 1-6). Loss of microcircu-
latory oxygen was observed in TIDM mice, which exhibited a significant decrease in PO,, rHb, and SO,
compared with nondiabetic controls. Additionally, insulin administration ameliorated the STZ-induced
decreases in these microcirculatory oxygen parameters (Figure 1G-I).

Insulin improves the mitochondrial ultrastructural abnormalities in IMECs in TIDM mice

Given that microvessels are responsible for distributing oxygen, we sought to determine whether the
mitochondrial ultrastructure of IMECs changes in TIDM mice. TEM revealed the normal architecture of
IMECs in the nondiabetic control group, with ovoid nuclei and well-arranged mitochondria in the
cytoplasm. In contrast, mice with TIDM showed a narrowed or closed lumen with a contorted and
thickened basement membrane, nuclear disaggregation, and mitochondrial swelling, suggesting an
impaired ultrastructure of mitochondria in IMECs. The mitochondria in insulin-treated IMECs were
restored, with a thin basement membrane, wide capillary lumen, and well-arranged parallel cristae
(Figure 2). These data confirm the protective effect of insulin in the microcirculation of TIDM mice.

Effects of glucotoxicity and insulin administration on OCR and ECAR
The tight integration between endothelial metabolism and microcirculatory oxygen transport begs for
integrative analysis that spans the cellular scale. We then performed real-time analysis of OCR and
ECAR to determine energetic metabolic features in IMECs. The OCR of the IMECs was determined
before and after receiving interventions of oligomycin, FCCP, and rotenone/antimycin A. A schematic
of the real-time analysis of the IMEC OCR is depicted in Figure 3A. Our data revealed comparable
mitochondrial maximal respiration in control, glucotoxicity-exposed, and insulin-treated IMECs, which
was not induced after the injection of FCCP (Figure 3B).

Subsequently, to determine whether FCCP concentration is responsible for the evaluation of the
MRC, the IMECs were incubated with different concentrations of FCCP (0.125, 0.25, 0.5, 1, and 2 pM) in
the control and HG groups. Surprisingly, none of the OCR values exceeded the corresponding basal
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Figure 3 Characterization of mitochondrial function in the control, glucotoxicity-exposed, and insulin-treated islet microvascular

endothelial cell groups. A: Schematic representation of real-time mitochondrial respiration. The parameters of mitochondrial function were measured by kinetic
oxygen consumption rate (OCR) analysis, starting from basal detection and after the injection of oligomycin (complex V inhibition), carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP, maximal respiration induction), and rotenone/antimycin A mixture (electron transport chain inhibition). Non-mitochondrial
respiration was directly measured. Basal respiration, ATP production, maximal respiration, proton leak, and mitochondrial spare respiratory capacity were then
calculated according to the OCR curve; B: Representative kinetic curve of mitochondrial OCR in control, glucotoxicity-exposed islet microvascular endothelial cells
(IMECs) (HG), and insulin-treated IMECs (HG + Ins) after sequential injection of oligomycin, FCCP, and rotenone/antimycin A; C: Representative kinetic curve of
mitochondrial OCR in control and glucotoxicity-exposed IMECs (HG) after sequential injection of gradient FCCP concentrations; D: Representative kinetic curve of
extracellular acidification rate (ECAR) after injection of oligomycin. The peak values of ECAR reflect the glycolytic capacity. The data are presented as the mean £
SEM, n = 4 for each group. OCR: Oxygen consumption rate; FCCP: Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; HG: High glucose; Ins: Insulin.
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OCR after the FCCP injections, suggesting that the IMECs do not have SRC (Figure 3C). The ECAR
values were simultaneously measured to reflect the glycolytic activity of IMECs. After 0.5 pM
oligomycin injection, the glycolytic capacity was recorded as the peak value of ECAR (Figure 3D).

Insulin administration increases basal respiration and glycolytic capacity

Insulin-treated IMECs exhibited significantly increased basal respiration in comparison with
glucotoxicity-exposed IMECs (P < 0.05, Figure 4A). However, there were no significant differences in
the basal glycolytic activity among the groups (all P > 0.05, Figure 4B). Moreover, an energy map was
plotted based on the basal respiration and glycolytic activity in the IMECs. IMECs in the control group
were in the quiescent quadrant (lower left). Glucotoxicity-exposed IMECs shifted to the energetic
quadrant (upper right), reflecting increased mitochondrial activity. Insulin-administered IMECs were
located in the right upper energetic quadrant, revealing more energetic metabolism (Figure 4C),
suggesting that insulin increased the glycolytic activity of glucotoxicity-exposed IMECs when needed.

Insulin administration activates oxidative metabolism and alleviates glucotoxicity-induced

microcirculatory failure in IMECs

The basal respiration of mitochondria and non-mitochondrial respiration constitute oxidative
metabolism in IMECs. Specific mitochondrial and non-mitochondrial functions were subsequently
analyzed. ATP production, non-mitochondrial respiration, and oxidative metabolism were significantly
increased in insulin-treated IMECs (P < 0.05, Figure 5A, D and E). However, proton leak (Figure 5B),
coupling efficiency (Figure 5C), and endothelial glycolytic capacity (Figure 5F) were comparable among
the groups.
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Figure 4 Basal respiration and glycolytic activity in islet microvascular endothelial cells. The oxygen consumption rate and extracellular
acidification rate were measured and compared among control, glucotoxicity-exposed islet microvascular endothelial cells (IMECs) (HG), and IMECs (HG + Ins). A:
Basal respiration among groups; B: Basal glycolytic activity among groups; C: Glucotoxicity-exposed and insulin administered IMECs display distinct metabolic
phenotypes. The data are presented as the mean + SEM, n = 4 for each group. 2P < 0.05. OCR: Oxygen consumption rate; ECAR: Extracellular acidification rate;
HG: High glucose; Ins: Insulin.
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The correlation between the microcirculatory oxygen profile and bioenergetics of IMECs was then
analyzed. Significant negative correlations between microcirculatory SO, and bioenergetic parameters
(ATP production, basal respiration, oxidative metabolism, and non-mitochondrial respiration) were
found by Pearson’s correlation analysis (Figure 5G). These lines of evidence further confirmed that
glucotoxicity in IMECs was related to pancreatic islet microcirculatory failure that could be reversed by
insulin administration.

DISCUSSION

The influence of microcirculatory disturbance on the development of diabetes mellitus has been
highlighted over decades[11]. However, the current data associated with pancreatic microcirculatory
oxygen profiles are deficient. Here, we used a computer algorithm-based common microcirculatory
framework to reveal integrated pancreatic microcirculatory oxygen profiles among groups. The
existence of microcirculatory hypoxia in T1IDM was noted.

Considering islet B cells, rather than IMECs, are specific target of STZ. Therefore, STZ-involved TIDM
animal models are useful in elucidating the mechanisms of diabetic microvascular endothelial
pathogenesis. IMECs are the key determinants in pancreatic islet microcirculation homeostasis. Blood
perfusion and oxygen transport requires the coordinated communication of mitochondria with
metabolic demands, which is influenced by a variety of factors (including hypoxia)[12]. Coinciding with
the impairment in the microcirculatory oxygen profile, pathological alterations in mitochondrial
ultrastructure and other subcellular structures have been observed in IMECs of T1DM mice. Earlier
studies have reported that defects in mitochondrial function correlate with mal-matching adenosine
triphosphate generation[13,14], which interferes with the bioenergetics of pancreatic islet microcircu-
lation. Treatment with insulin during glucotoxicity exposure resulted in restoration of the ultrastructure
of IMECs. Thus, our data suggest that insulin can improve the functional status of pancreatic islet
microcirculation.

Metabolic capacity is important for energy regulation and the maintenance of cell survival[15]. In
parallel with damage to the ultrastructure of IMECs, biogenetic mechanisms act during glucotoxicity
exposure to compensate for the decreased blood perfusion and oxygen distribution. IMECs supplied
with insulin increase their basal respiration and ATP production and switch to energetic adaptation.
Mitochondria are important organelles for ATP production[16]. Dysfunction of mitochondria is one of
the key determinants in the pathogenesis of diabetes[17].

Unexpectedly, our results indicated that maximal respiration of the mitochondria was not induced
after injection of FCCP. Multiple factors are associated with FCCP-induced maximal respiration of
mitochondria[18]. Therefore, to exclude the effect of FCCP concentration, we subsequently tested five
FCCP concentrations, but none caused the basal OCR value to be exceeded, suggesting that the IMECs
do not have SRC. In addition to the organ- and tissue-specific nature of microvascular endothelial cells
[19], one of the possible explanations is that IMECs generate more than 85% of their ATP through
glycolysis[20], which does not require an excessive number of mitochondria to obtain energy.

Furthermore, the increased OCR was associated with non-mitochondrial respiration, suggesting the
existence of extensive ROS signaling caused by increased enzymatic activity of nitric oxide synthases,
NADPH oxidase, and other oxygenases[21,22]. Although the glycolytic metabolism of endothelial cells
is a protective strategy against oxidative stress[14], insulin can increase ROS production via activation of
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Figure 5 Metabolic characteristics of the islet microvascular endothelial cells. A-E: Oxygen consumption rates associated with mitochondrial ATP
production, proton leak, coupling efficiency, non-mitochondrial respiration and oxidative metabolism; F: Endothelial glycolytic capacity evaluated by extracellular
acidification rate; The data are presented as the mean + SEM, n = 4 for each group. 2P < 0.05, °P < 0.01 vs Control; G: The correlation analysis among pancreatic
microcirculatory oxygen profile and microvascular endothelial mitochondrial metabolism. The correlation coefficients (r) in the control, glucotoxicity-exposed, and
insulin-treated groups are illustrated as matrix plots. The numbers in the figure represent the correlation coefficient (r) values. SO,: oxygen saturation; rHb, relative
amount of hemoglobin; PO,: partial oxygen pressure. OCR: Oxygen consumption rate; HG: High glucose; Ins: Insulin.
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non-mitochondrial respiration in vitro. The excessive ROS levels and increased oxidative stress may lead
to mitochondrial dysfunction[23] and endothelial dysfunction[24]. In this energy-demanding process,
quiescent endothelial cells divide and migrate to form new vessels[25], and excessive ROS synthesis
inhibits angiogenesis by inducing excessive ROS synthesis[26].

Similar to basal respiration, the basal glycolytic activity increases when insulin is present, although no
significant difference was noted. An in vitro study indicated that insulin, in the context of high glucose,
significantly activates oxidative metabolism other than glycolysis in IMECs, although endothelial cells
are considered “glycolysis addicted”[27]. The OCR measurements for oxidative metabolism can be
divided into three components, including OCR associated with ATP production, proton leak, and non-
mitochondrial respiration; the first two indicators together constitute the basal respiration of the
mitochondria. Increased ATP production-associated OCR was found in IMECs after insulin treatment,
suggesting that mitochondrial energy metabolism participates in the regulatory effects of insulin on
microvascular endothelial mitochondrial injury.
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The unique role of mitochondria in endothelial cells implies that a cell-regulatory function other than
their energy-providing function is dominant[28]. Our previous study indicated that the microvascular
blood perfusion of pancreatic islets was significantly decreased in TIDM mice but was partially restored
after the administration of insulin[4]. Negative correlations were observed between the microcirculatory
oxygen profile and metabolic indexes in the control group. In addition, a relatively low level of
mitochondrial metabolism was detected in glycolysis-addicted IMECs, suggesting that glucotoxicity
broke the negative correlation due to decreases in microcirculatory perfusion and the oxygen profile.

The current study is the first report on the relationship between pancreatic microcirculatory oxygen
profile and microvascular endothelial mitochondrial metabolism. However, there are still several
limitations. First, the sample size of mice in each group was limited. Although pancreatic microcircu-
latory oxygen profile was measured at three random sites of the pancreas in each mouse, large sample
size is preferred to ensure the data are representative. Second, in an interdependent functional
relationship with B cells, IMECs are involved not only in the delivery of oxygen, but affect adult  cell
function and promote P cell proliferation via vasoactive substances. However, the phenotypic and
functional crosstalk between IMECs and islet B cells are not involved in our study.

CONCLUSION

In conclusion, glucotoxicity deteriorates the integrated pancreatic microcirculatory oxygen profile and
bioenergetics, but this deterioration can be reversed by insulin administration.

ARTICLE HIGHLIGHTS

Research background

The pancreatic islet microcirculation adapts its metabolism to cope with limited oxygen availability and
nutrient delivery. In diabetes, the balance between oxygen delivery and consumption is impaired.
Insulin has been proven to exert complex actions promoting the maintenance of homeostasis of the
pancreas under glucotoxicity.

Research motivation
We tried to provide new insight into the relationship between pancreatic microcirculatory oxygen
profile and microvascular endothelial mitochondrial metabolism.

Research objectives
To test the hypothesis that insulin administration can improve the integrated pancreatic microcircu-
latory oxygen profile and bioenergetics.

Research methods

A three-dimensional framework was generated to visualize the pancreatic microcirculatory oxygen
profile. The microcirculatory partial oxygen pressure (PO,), relative hemoglobin (rHb) and hemoglobin
oxygen saturation (SO,) were evaluated in nondiabetic, type 1 diabetes mellitus (T1IDM), and insulin-
treated mice. An Extracellular Flux Analyzer was used to detect the real-time changes in bioenergetics
by measuring the oxygen consumption rate and extracellular acidification rate in islet microvascular
endothelial cells (IMECs).

Research results

Insulin administration ameliorated the glucotoxicity-induced decreases in microcirculatory oxygen
parameters (PO, rHb, and SO,) and improved the mitochondrial ultrastructural abnormalities in
IMECs. Insulin-treated IMECs exhibited significantly greater basal respiration than glucotoxicity-
exposed IMECs. An energy map revealed increased energetic metabolism in insulin-treated IMECs,
with significantly increased ATP production, non-mitochondrial respiration, and oxidative metabolism.
Significant negative correlations were revealed between microcirculatory SO, and bioenergetic
parameters.

Research conclusions
Glucotoxicity deteriorates the integrated pancreatic microcirculatory oxygen profile and bioenergetics,
but this deterioration can be reversed by insulin administration.

Research perspectives
Our understanding of the physiology and pathology of the pancreas islet microvascular endothelial cell
in T1IDM has been continually enhanced with the advancement of microcirculatory technology in
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parallel with rapidly developing bioenergetics that allows us to increase resolution and precision in our
investigations.
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Abstract

BACKGROUND

Gestational diabetes mellitus (GDM) refers to abnormal glucose tolerance during
pregnancy, and it is often accompanied by obvious changes in glucose and lipid
metabolism, and associated with adverse pregnancy outcomes. The incidence of
fetal distress, polyhydramnios, puerperal infection, premature delivery, and

macrosomia in pregnant women with GDM are higher than in those without
GDM.

AIM
To analyze the relationship between age of pregnant women with GDM and
mode of delivery and neonatal Apgar score.

METHODS

A total of 583 pregnant women with GDM who delivered in the Department of
Obstetrics at our hospital between March 2019 and March 2022 were selected.
Among them, 377 aged < 35 years were selected as the right age group and 206
aged > 35 years were selected as the older group. The clinical data of the two
groups were collected, and the relationship between age of the pregnant women
with GDM and mode of delivery, maternal and neonatal outcomes, and neonatal
Apgar score were compared. In the older group, 159 women were classed as the
adverse outcome group and 47 as the good outcome group according to whether
they had adverse maternal and infant outcomes. The related factors of adverse
maternal and infant outcomes were analyzed through logistic regression.

RESULTS
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The number of women with assisted pregnancy, < 37 wk gestation, > 2 pregnancies, one or more
deliveries, and no pre-pregnancy blood glucose screening in the older group were all higher than
those in the right age group (P < 0.05). The natural delivery rate in the right age group was 40.85%,
which was higher than 22.33% in the older group (P < 0.05). The cesarean section rate in the older
group was 77.67%, which was higher than 59.15% in the right age group (P < 0.05). The older
group had a higher incidence of polyhydramnios and postpartum hemorrhage, and lower
incidence of fetal distress than the right age group had (P < 0.05). There was no significant
difference in neonatal weight between the two groups (P > 0.05). The right age group had higher
Apgar scores at 1 and 5 min than the older group had (P < 0.05). Significant differences existed
between the poor and good outcome groups in age, education level, pregnancy mode, < 37 wk
gestation, number of pregnancies, and premature rupture of membranes (P < 0.05). Logistic
regression showed that age, education level and premature rupture of membranes were all risk
factors affecting the adverse outcomes of mothers and infants (P < 0.05).

CONCLUSION
Delivery mode and Apgar score of pregnant women with GDM are related to age. Older age
increases the adverse outcome of mothers and infants.

Key Words: Gestational diabetes mellitus; Age; Mode of delivery; Neonatal Apgar score

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study analyzed the relationship between the age of pregnant women with gestational
diabetes mellitus (GDM) and mode of delivery and neonatal Apgar score. Pregnant women with GDM
were divided into right age and older groups. Compared with the older group, the natural delivery rate in
the right age group was higher, but the cesarean section rate was lower. Moreover, age, education level
and premature rupture of membranes were associated with the adverse outcomes of mothers and infants.
Age was related to the delivery mode and Apgar score of pregnant women with GDM.

Citation: Gao L, Chen CR, Wang F, Ji Q, Chen KN, Yang Y, Liu HW. Relationship between age of pregnant
women with gestational diabetes mellitus and mode of delivery and neonatal Apgar score. World J Diabetes 2022,
13(9): 776-785

URL: https://www.wjgnet.com/1948-9358/full/v13/i9/776.htm

DOI: https://dx.doi.org/10.4239/wjd.v13.19.776

INTRODUCTION

Gestational diabetes mellitus (GDM) is one of the specific diseases of pregnant women. It refers to
abnormal glucose tolerance in different degrees during pregnancy, often accompanied by obvious
changes in glucose and lipid metabolism, and is closely related to adverse pregnancy outcomes. The
incidence rate of GDM is increasing annually in China. GDM results in a high-risk pregnancy, which
can induce complications, such as abortion, premature delivery, amniotic fluid and infection[1,2]. The
incidence of fetal distress, polyhydramnios, puerperal infection, premature delivery, and macrosomia in
pregnant women with GDM are higher than in those without GDM[3,4]. Pregnancy at the right age is
the key to reduce the risk of adverse outcomes. With the implementation of China’s three-child policy,
the number of pregnant women with advanced maternal age is gradually increasing, and the incidence
of pregnancy complications is significantly higher than that in right-age pregnant women. In recent
years, with the rapid development of medical technology, significant progress has been made in the
treatment of birth defects and premature infants. However, there are no effective measures to avoid the
adverse outcomes of older-age pregnancies, especially those with GDM. Previous studies have shown
that body mass index (BMI) may have an impact on maternal and neonatal outcomes in pregnant
women with GDM[5,6]. However, pregnancy is still a risk factor for adverse maternal and neonatal
outcomes and is affected by many factors. The clinical data of 583 pregnant women with GDM who
delivered in the Department of Obstetrics at our hospital between March 2019 and March 2022 were
retrospectively analyzed. The delivery mode and neonatal Apgar score of pregnant women with GDM
at different ages were compared, to improve the pregnancy outcome of the older pregnant women, and
provide a reference for ensuring the effect of eugenics and prenatal care.
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MATERIALS AND METHODS

General data

The clinical data of 583 pregnant women with GDM who delivered in the Department of Obstetrics at
our hospital between March 2019 and March 2022 were retrospectively analyzed. This study was
approved by the Ethics Committee of our hospital. Inclusion criteria were: (1) All women conformed to
the clinical diagnostic criteria for GDM[7]; (2) regular pregnancy examination; (3) successful delivery; (4)
no hereditary diseases of coagulation system; (5) complete clinical medical records; and (6) pregnant
women and family members gave informed consent to participate in this study.

Exclusion criteria were: (1) Women were diagnosed with diabetes mellitus or impaired glucose
regulation before pregnancy; (2) women with other pregnancy-related diseases; (3) heart, liver or kidney
dysfunction; (4) hematological diseases; (5) other diseases that may affect blood glucose; and (6) mental
illness or retardation. Among the selected pregnant woman, 377 aged < 35 years were selected as the
right age group and 206 aged > 35 years were selected as the older group. The data flow chart is shown
in Figure 1.

Clinical data selection

The clinical data of the two groups were collected, including: age; pregnancy mode; educational level;
BMI; fasting blood glucose; gestational weeks of delivery; number of pregnancies; number of deliveries;
pre-pregnancy blood glucose screening; maternal and infant outcomes (preterm birth, polyhydramnios,
oligohydramnios, fetal distress, macrosomia, umbilical cord around the neck, neonatal death events,
neonatal hospitalization, neonatal aspiration pneumonia, neonatal hypoglycemia, neonatal jaundice,
and postpartum hemorrhage); and Apgar scores at 1 and 5 min after birth. The clinical data of pregnant
women in the two groups were retrospectively analyzed. In the older group, 159 women were classed as
the adverse outcome group and 47 as the good outcome group according to whether they had adverse
maternal and infant outcomes.

Diagnostic criteria

GDM was diagnosed by the International Association of Diabetes and Pregnancy Study Group
(IADPSG) criteria. The IADPSG recommends testing to be routinely carried out between 24 and 28 wk
of gestation or at the first prenatal visit in high-risk women. Based on the results of a 75-g, 2-h oral
glucose tolerance test, a woman was diagnosed with GDM when one or more of her plasma glucose
concentrations were equivalent to or exceeded the following levels: fasting, 92 mg/dL; 1 h, 180 mg/dL;
or 2 h, 153 mg/dL.

Statistical analysis

The data in this study were analyzed using SPSS 21.0. The measurement data were expressed as mean +
SD, and were compared using the independent sample ¢ test between two groups. The enumeration
data were expressed as 1 (%), and were compared using the y? test between two groups. Factors related
to adverse maternal and infant outcomes in older pregnant women were analyzed using logistic
regression analysis. P < 0.05 was regarded as statistically significant.

RESULTS

Comparison of general data of pregnant women with GDM in two groups

The number of women with assisted pregnancy, < 37 wk gestation, > 2 pregnancies, one or more
deliveries, and no pre-pregnancy blood glucose screening in the older group were all higher than those
in the right age group (P < 0.05) (Table 1).

Comparison of delivery modes between the two groups

The right age pregnant women had a higher natural delivery rate of 40.85% compared with 22.5% in the
older group (P < 0.05). The older group had a higher cesarean section rate of 77.67% compared with
59.15% in the right age group (P < 0.05) (Table 2).

Comparison of adverse outcomes between two groups
The older group had a higher incidence of polyhydramnios and postpartum hemorrhage, and lower
incidence of fetal distress than the right age group had (P < 0.05) (Table 3).

Comparison of Apgar score between two groups
No significant difference existed in neonatal weight between the two groups (P > 0.05). The right age
group had higher Apgar scores at 1 and 5 min after birth than the older group had (P < 0.05) (Table 4).
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Table 1 Comparison of general data of pregnant women with gestational diabetes mellitus in two groups

General data

Right age group (n=377)  Older group (n=206) tiy* P

Pregnancy mode Natural pregnancy 343 (90.98) 170 (82.52) 9.018  0.003
Assisted pregnancy 34 (9.02) 36 (17.48)
Education level Primary school and below 4 (1.06) 5 (2.43) 5.054  0.080
Junior high school 80 (21.22) 57 (27.67)
College degree or above 293 (77.72) 144 (69.90)
BMI before pregnancy (kg/m?) 22.30+3.77 22.80+3.75 1.534  0.126
Gestational weight gain (kg) 10.83 +15.21 9.20 £16.15 1210  0.227
FBG (mmol/L) 493 +1.14 4.89 +0.69 0.460  0.646
<37 wk gestation 110 (29.18) 84 (40.78) 8.072  0.004
No. of Pregnancies 1 134 (35.54) 24 (11.65) 38493 <0.001
22 243 (64.46) 182 (88.35)
Delivery times 0 226 (59.95) 59 (28.64) 52441 <0.001
1 129 (34.22) 123 (59.71)
22 22 (5.84) 24 (11.65)
Pre-pregnancy blood glucose screening Yes 159 (42.18) 67 (32.52) 5227  0.022
No 218 (57.82) 139 (67.48)

BMI: Body mass index; FBG: Fasting blood glucose.

Table 2 Comparison of delivery modes between the two groups

Groups

Cases Natural delivery Cesarean section rate

Right age group
Older group

XZ

P

377 154 (40.85) 223 (59.15)
206 46 (22.33) 160 (77.67)
20.271

<0.001

JBaishideng®

Analysis of related factors of adverse maternal and infant outcomes in older pregnant women
Significant differences existed between the poor (n = 159) and good (n = 47) outcome groups for age,
education level, pregnancy mode, < 37 wk gestation weeks, number of pregnancies, and premature
rupture of membranes (P < 0.05) (Table 5).

Logistic regression analysis of risk factors for maternal and infant adverse outcomes in older

pregnant women with GDM

The interference between the various indicators was controlled and the correlation between these
indicators and maternal and infant adverse outcomes in older women with GDM was analyzed by
logistic regression analysis. The analysis was conducted using significant factors in Table 5 as
independent variables and adverse maternal and infant outcomes as the dependent variable. The
regression model was established by selecting the indexes such as age, education level, pregnancy
mode, < 37 wk gestation, number of pregnancies, and premature rupture of membranes. Logistic
regression showed that age, education level and premature rupture of membranes were risk factors for
maternal and infant adverse outcomes in older women with GDM (P < 0.05) (Table 6 and nomogram
analysis in Figure 2).

DISCUSSION
GDM is a special type of diabetes with a morbidity of 17.5%-18.9%, and the morbidity increases with
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Table 3 Comparison of adverse outcomes between two groups

Adverse outcomes Right age group (n = 377) Older group (n = 206) tix? P

Preterm birth 40 (10.61) 26 (12.62) 0.37 0.464
Polyhydramnios 5(1.32) 8 (3.88) 3.996 0.046
Oligohydramnios 32 (8.49) 10 (4.85) 2.631 0.105
Fetal distress 40 (10.61) 10 (4.85) 5.628 0.018
Macrosomia 8 (2.12) 2(0.97) 1.047 0.306
Umbilical cord around the neck 125 (33.16) 59 (28.64) 1.258 0.262
Neonatal death events 3 (0.80) 1(0.49) 0.188 0.664
Neonatal hospitalization 4(0.27) 1(0.49) 0.519 0.471
Neonatal aspiration pneumonia 3 (0.80) 2(0.97) 0.048 0.827
Neonatal Hypoglycemia 4(0.27) 2(0.97) 0.011 0.918
neonatal jaundice 5(1.32) 2(0.97) 0.142 0.706
Postpartum hemorrhage (mL) 318.62 + 97.02 362.20 +175.92 3.861 0.001

Table 4 Comparison of Apgar score between the two groups

Groups Cases Neonatal weight (g) 1 min Apgar score 5 min Apgar score
Right age group 377 3107.66 + 467.26 9.69 +0.06 9.93+0.05

Older group 206 3102.07 + 508.40 9.67 +0.08 9.89+0.04

r 0.134 3.408 9.882

P 0.894 0.001 <0.001

Participates in the original database (7 = 1080)

207 patients were excluded by inclusion criteria
does not meet diagnostic criteria (7 = 122);
combined with other diseases (7 = 85)

Included participants (7 = 873)

Missing baseline information (7 = 156);
missing follow-up data (7 = 134)

Eligible participants (7 = 583)

l
l l

Age < 35 (n = 377) Age = 35 (n = 206)

DOI: 10.4239/wjd.v13.i9.776 Copyright ©The Author(s) 2022.

Figure 1 Flow chart of general data selection.

age[8]. GDM increases the morbidity of pregnancy-related complications, which could lead to adverse
pregnancy outcomes such as premature delivery, cesarean section, macrosomia and premature rupture
of membranes, thus attracting the attention of the majority of medical staff and pregnant women[9,10].
Some scholars have found that gestational age > 35 years, pre-pregnancy BMI, and family history of
diabetes are all risk factors for GDM, which increasing the incidence of adverse pregnancy outcomes
such as premature delivery, macrosomia and fetal distress[11,12]. Previous studies have mainly focused
on the high-risk factors of GDM[13-15], and have confirmed that advanced age is a risk factor for GDM.
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Table 5 Analysis of related factors of adverse maternal and infant outcomes in older pregnant women

Factors Poor outcome group (n=112) Good outcome group (n=94) tix* P

Age 38.75+1.26 3726+1.78 7.011  <0.001

Education level Primary school and below 0 (0.00) 5(5.32) 6.257  0.044
Junior high school 33 (29.46) 24 (25.53)
College degree or above 79 (70.54) 65 (69.15)

Pregnancy mode Natural pregnancy 87 (77.68) 83 (88.30) 3.996 0.046
Assisted reproduction 25 (22.32) 11 (11.70)

<37 wk gestation 53 (47.32) 31 (32.98) 4354  0.037

No. of pregnancies 1 18 (16.07) 6 (6.38) 4661 0.031
22 94 (83.93) 88 (93.62)

No. of deliveries 0 36 (32.14) 23 (24.47) 1543 0462
1 63 (56.25) 60 (63.83)
22 13 (11.61) 11 (11.70)

Mode of delivery Natural labor 25 (22.32) 21 (22.34) 0.000 0.997
Cesarean section 87 (77.68) 73 (77.66)

Premature rupture of membranes 36 (32.14) 0 (0.00) 36.613 <0.001

Table 6 Logistic regression analysis of risk factors for maternal and infant adverse outcomes in elderly pregnant women with

gestational diabetes mellitus

Risk factors B SE Wald x? P OR 95%Cl

Age 0.485 0.074 15.090 0.005 1.254 1.002-4.056
Education level 0.650 0.112 20.482 0.019 1.234 1.051-5.573
Pregnancy mode 0.253 0.145 2.774 0.045 1.254 0.976-1.780
<37 wk gestation 0.504 0.256 3.157 0.086 1.643 0.949-2.954
No. of pregnancies 0.784 0.165 5.48 0.097 1.262 0.758-1.985
Premature rupture of membranes 0.864 0.142 16.751 0.011 1.318 1.185-9.254

SEM: Standard error of mean; OR: Odd ratio; CI: Confidence interval.

JBaishideng®

However, there has been less research on older women with GDM. In this study, we retrospectively
analyzed the clinical data of older and right-age pregnant women with GDM. The general situation,
delivery mode, and maternal and neonatal outcomes were compared, and the delivery characteristics of
women with GDM at different ages were discussed, aiming to improve pregnancy outcome in the older
age group and providing a reference for ensuring the effect of eugenics in China.

The number of women with assisted pregnancy, < 37 wk gestation, > 2 pregnancies, one or more
deliveries, and no pre-pregnancy blood glucose screening in the older group were all higher than those
in the right-age group. The ovarian function of older women decreased significantly, and the ovarian
reserve and egg quality decreased gradually, resulting in a decline in successful pregnancy rate.
Assisted reproductive technology helps a large number of infertile older women conceive successfully,
but the complications during pregnancy are higher than those of pregnant women who conceive
naturally. With the implementation of the three-child policy in China, the number of older pregnant
women is increasing gradually. Older women have a higher incidence of pregnancy complications, such
as GDM, and higher risk of maternal and infant deaths than pregnant women at the right age have.
Therefore, we should attach importance to the healthcare of older women during pregnancy and in the
perinatal period. The results of the present study showed that the older group had a higher cesarean
section rate of 77.67%, compared with 59.15% in the right-age group. The right age group had higher
Apgar scores at 1 and 5 min after birth compared with the older group. In recent years, the rate of
cesarean section has increased due to incorrect fetal position or prevention of fetal distress. There are
many pregnancy complications in older women, uterine contraction is weaker, and the total labor
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Figure 2 Nomogram analysis of risk factors for adverse maternal and infant outcomes in older pregnant women. PROM: Premature rupture of

membrane.
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process is prolonged. Therefore, natural delivery can increase maternal and neonatal risks. This is one of
the reasons why older women choose cesarean section, but this increases the risk of maternal and
neonatal infection and thromboembolism[8,16-18]. With increasing age, pregnant women are prone to
obesity, and various bodily functions gradually decrease. In older pregnant women with GDM, the
incidence of fetal macrosomia is high. We showed that older women had a higher incidence of polyhy-
dramnios and postpartum hemorrhage than the right-age women had, which confirms that GDM is
closely related to maternal and infant adverse outcomes. According to previous studies, older age
pregnancy has a higher risk of GDM[19-21]. Older age can also increase the probability of gestational
hypertension, perinatal complications and other diseases. The present study found that the older group
had a lower incidence of fetal distress than the right-age group had, which may be related to the high
rate of cesarean section in the older group. The incidence of fetal distress was reduced due to the high
proportion of women with < 37 wk gestation in the older group.

To control the interference between the various indicators and analyze the correlation between
related indicators and maternal and infant adverse outcomes in older women with GDM, logistic
regression analysis was conducted. Logistic regression showed that age, education level and premature
rupture of membranes were risk factors for maternal and infant adverse outcomes in older women with
GDM. Pregnant women aged > 35 years old are more likely to have pregnancy complications during
pregnancy or delivery. Laura estimated the risk of adverse outcome over a pregnancy cycle of 3-24 mo
based on the maternal age at the initial birth (20-34 years and > 35 years)[20]. The risk of maternal
mortality or serious morbidity at 6 mo of pregnancy was increased compared to the 18-mo pregnancy
cycle of women aged 2 35 years. Women aged 20-34 years had an increased risk of spontaneous preterm
birth within 6 mo of pregnancy. In the present study, with the increase in academic qualifications, the
proportion of maternal and infant adverse outcomes in older pregnant women with GDM increased,
and there was a significant difference compared with the good outcome group. Education level is a risk
factor for maternal and infant adverse outcomes in older women with GDM. The reason may be that the
higher the educational background is, the later the childbearing age is, which affects fertility and
reproductive quality. Premature rupture of membranes induces serious adverse effects in both the
mother and fetus. In premature rupture of membranes, the reproductive tract loses its protective barrier,
and the amniotic fluid gradually decreases, which affects the blood circulation of the placenta and
increases proneness to adverse outcomes such as fetal distress[22,23]. Obstetric medical staff should
focus on monitoring pregnant women with high-risk factors of premature rupture of membranes and
implement timely intervention measures.

The limitation of this study was that the subjects were from a single institution, which limits the
extrapolation of research results. More eligible samples will be included in future studies and more
disease-related data will be analyzed, to enhance the reliability and validity of the results and provide a
basis for treatment.

CONCLUSION

In summary, the delivery mode and neonatal Apgar score are related to the age of pregnant women
with GDM and advanced age increases the adverse outcomes in mothers and infants. Therefore, to
improve the pregnancy outcome and reduce the incidence of complications in pregnant women with
GDM,, it is suggested that pregnant women with a family planning plan should have pre-pregnancy
eugenics health examination and pregnancy health care.
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ARTICLE HIGHLIGHTS

Research background

Gestational diabetes mellitus (GDM) is one of the serious pregnancy complications, which severely
threatens the health of pregnant women and newborns. In recent years, with the increased childbearing
age and proportion of overweight people, the incidence of GDM has an upward trend. The detrimental
effect of GDM on the prognosis has been recognized, which can increase the incidence of dystocia,
cesarean section and macrosomia, and 17%-63% of pregnant women and infants will develop type 2
diabetes in the long term.

Research motivation

We analyzed the risk factors affecting the adverse outcomes of mothers and infants, we also put forward
targeted prevention and control measures to provide reference for formulating GDM early prevention
and intervention policies.

Research objectives
To explore the relationship between the age of GDM pregnant women and the delivery mode and
neonatal Apgar score, so as to provide a theoretical basis for reducing the incidence of adverse
pregnancy outcomes.

Research methods

We used the latest diagnostic criteria of GDM to investigate pregnant women who met the inclusion
criteria, and collected their general conditions before and during pregnancy and related clinical data.
The women were divided into right age group and older group according to whether they were older
than 35 years old. Logistic regression analysis was used to analyze the related risk factors affecting the
delivery outcome of GDM pregnant women.

Research results

The older group had a higher cesarean section rate, higher incidence of polyhydramnios and
postpartum hemorrhage, and lower incidence of fetal distress than the right age group. The right age
group had higher Apgar scores at 1 and 5 min after birth than the older group. Moreover, age,
education level and premature rupture of membranes were risk factors for adverse pregnant outcomes
in older GDM women. Our results showed that gestational age greater than 35 years old will increase
the incidence of gestational diabetes and adverse pregnancy outcomes, but it needs to be confirmed by
large samples and studies involving patients in multiple research centers.

Research conclusions

The age of pregnant women with GDM affects the delivery mode and neonatal Apgar score, and
advanced age increases the adverse pregnancy outcomes. Therefore, it is suggested that pregnant
women should have pre-pregnancy eugenics health examination and pregnancy health care.

Research perspectives

In the future research, we want to explore the effective means of screening GDM in pregnancy physical
examination, as well as the means of early intervention and treatment for pregnant women with high-
risk factors of GDM.
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Abstract

BACKGROUND
Insulin resistance is a risk factor for metabolic syndromes and is associated with a wide variety of
metabolic illnesses, including obesity, type 2 diabetes, and cardiovascular disease.

AIM
To investigate and map global insulin resistance studies.

METHODS

A bibliometric methodology was applied to the literature retrieved from the Scopus database and
Reference Citation Analysis (https://www.referencecitationanalysis.com) by using a validated
search strategy. The study period was limited from 2002 to 2021. Bibliometric indicators and
mapping were presented.

RESULTS

A total of 26808 articles on the topic of insulin resistance were included in the Scopus database.
The articles included research articles (n = 21918; 81.76%), review articles (n = 2641; 9.85%), and
letters (n = 653; 2.44%). During the study period, 136 countries contributed to the research on
insulin resistance. The highest number of articles was from the United States (n = 7360; 27.45%),
followed by China (n = 3713; 13.85%), Japan (n = 1730, 6.45%), ltaly (n = 1545; 5.54%), and the
United Kingdom (1 = 1484; 5.54%). The retrieved articles identified two main research themes:
“inflammatory mechanisms in the regulation of insulin resistance” and “mechanisms linking
obesity to insulin resistance”.

CONCLUSION

Our data show that insulin resistance has steadily gained interest from researchers, as evidenced
by the number of citations and yearly publications. Publications have grown significantly in the
last decade, while low-income countries with greater burdens continue to produce fewer public-
ations in this field. This approach might assist researchers in choosing new research areas and
recognizing research hotspots and frontiers. In the future, perhaps high-quality clinical evidence
will be acquired.

Key Words: Insulin resistance; Research hotspots; Scopus; VOSviewer; Bibliometric

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Several bibliometric studies have been conducted in the field of diabetes research. However, no
bibliometric study has been conducted on insulin resistance research. Therefore, the current study aims to
investigate and map global research on insulin resistance. The retrieved articles identified two main
research themes: “inflammatory mechanisms in the regulation of insulin resistance” and “mechanisms
linking obesity to insulin resistance”. This approach might assist researchers in choosing new research
areas and recognizing research hotspots and frontiers. In the future, perhaps high-quality clinical evidence
will be acquired.

Citation: Zyoud SH, Shakhshir M, Koni A, Abushanab AS, Shahwan M, Jairoun AA, Al Subu R, Abu Taha A, Al-
Jabi SW. Mapping the global research landscape on insulin resistance: Visualization and bibliometric analysis.
World J Diabetes 2022; 13(9): 786-798

URL: https://www.wjgnet.com/1948-9358/full/v13/i9/786.htm

DOI: https://dx.doi.org/10.4239/wjd.v13.19.786

INTRODUCTION

During the last two decades, the global prevalence of diabetes has increased dramatically. Diabetes is
increasing worldwide, both in terms of prevalence and the number of affected[1]. For more than half a
century, insulin resistance and type 2 diabetes have been associated. Insulin resistance is not only a
powerful predictor of future type 2 diabetes development but is also a therapeutic target in the presence
of hyperglycemia[2]. Insulin resistance is defined as a reduced physiological response to insulin
stimulation of target tissues, especially adipose tissue, liver, and muscle. Insulin resistance limits
glucose disposal, leading to a compensatory increase in beta cell insulin synthesis and hyperinsulinemia
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[3]. More than 30 years ago, hyperinsulinemia and insulin resistance were hypothesized to be key
contributors to hypertension, hyperglycemia, dyslipidemia, hyperuricemia, visceral adiposity, elevated
inflammatory markers, prothrombic state, and endothelial dysfunction related to obesity and the
metabolic syndrome[4].

Several bibliometric studies have been conducted in diabetes research[5-9] or in depression and
insulin research[10]. However, no bibliometric study has been conducted on insulin resistance research.
As a scientific evaluation approach, bibliometrics can assess the research impact of organizations and
individuals[11]. Similarly, bibliometrics provide evidence to promote the formation of future research
hotspots[12,13]. As a result, this research aims to examine the scientific development in insulin
resistance thoroughly. Therefore, this bibliometric analysis was designed to examine the research trend
related to insulin resistance and identify future research hotspots. Furthermore, the study offers some
important information by providing references and ideas for future studies on insulin resistance
pathophysiology and clinical applications.

MATERIALS AND METHODS

Data acquisition

The documents in the current study were obtained and downloaded from the Scopus database on
January 29, 2022 to prevent bias caused by the database’s daily updates. With more than 36000 titles
from around 11678 publishers, of which 34346 were peer-reviewed journals, Scopus is one of the most
extensive and authoritative databases for collecting academic information[14,15]. Unfortunately, only
one database may be utilized in bibliometric analyses because data from many databases cannot be
integrated and analyzed. On the other hand, systematic reviews use multiple databases to retrieve a
large number of documents for further analysis[16]. Furthermore, only one database was chosen on the
topic and objective coverage, and past research has shown that Web of Science and PubMed are
included in the Scopus database. Based on previous studies and findings, it was recommended to use
Scopus (Elsevier database) because it was the most comprehensive database on the subject, offering all
the data needed for quantitative analysis[17,18].

Search strategy

Keywords used in the Scopus engine to achieve the aim of this study were chosen from previous
systematic reviews and meta-analyses on insulin resistance[19-21]. “Insulin resistance” or “insulin
sensitivity” was used as a search expression in the title search in the Scopus database over the last two
decades (January 2002 to December 2021). This study used the keywords “insulin resistance” or “insulin
sensitivity” because we are more interested in these terms than related terminology. Therefore,
keywords were used instead of a title/abstract search in the title search. Consequently, the search for
the title will provide the fewest false positive documents, making it a trustworthy strategy[22-26]. A
title/abstract search, on the other hand, will provide numerous false positives in which the main focus
is not on insulin resistance per se.

Bibliometric analysis

As described in previous studies, the bibliometric technique was applied[27-30]. The following biblio-
metric indicators were generated when the refined findings were exported to Microsoft Excel: (1)
Growth pattern; (2) Type of publications; (3) Core countries; (4) Core institutions; (5) Core funding
agencies; (6) Prolific authors; (7) Core journals with their impact factors (IF); and (8) Top 10 cited
articles. The Impact Index per article for the top 10 highly-cited papers collected from Reference Citation
Analysis, https:/ /www.referencecitationanalysis.com, was presented. Reference Citation Analysis is an
open, multidisciplinary citation analysis database owned by Baishideng Publishing Group Inc.
(Pleasanton, CA 94566, United States)[31].

Visualized analysis

VOSviewer 1.6.18 was used to perform a co-occurrence analysis and visualize the collaborative
networks of the countries to determine a worldwide scientific cooperation network across
countries/regions and keywords in the titles and/or abstracts to determine hotspots and research
trends. VOSviewer maps have nodes or frames that are colored and scaled differently. The node or the
frame size is proportional to the number of times it appears. The node’s or the frame’s color indicates its
link to other nodes with similar colors[32].
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Figure 1 Annual growth of publications on insulin resistance research the last two decades (2002-2021). Source: Own elaboration, based on
Scopus; this figure created using EXCEL version 2013.
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RESULTS

Current status and annual trend

A total of 26808 articles on insulin resistance were included in the Scopus database. The articles
included research articles (n = 21918; 81.76%), review articles (n = 2641; 9.85%), and letters (n = 653;
2.44%). After 2003, as shown in Figure 1, the number of publications on insulin resistance studies
increased rapidly. In 2021, 1645 papers were published, the highest amount in two decades.

Analysis of countries

During the study period, 136 countries contributed to research on insulin resistance. The highest
number of articles was from the United States (n = 7360; 27.45%), followed by China (n = 3713; 13.85%),
Japan (n = 1730, 6.45%), Italy (n = 1545; 5.54%), and the United Kingdom (1 = 1484; 5.54%) (Table 1). The
country network map included 42 frames (Figure 2). The top three countries in terms of centrality were
the United States, China, and the United Kingdom. The centrality proved that they had close
relationships and substantial intellectual effects on other countries.

Analysis of institutions

The top 10 active institutions are listed in Table 2. Harvard Medical School was first with 515 (1.92%)
articles, followed by INSERM with 451 (1.68%) articles and the National Institutes of Health with 298
(1.11%). The top 10 active institutions were mainly based in the United States.

Analysis of funding agencies

Table 3 lists the top 10 funding agencies with the highest output. Seven funding agencies are from the
United States, and one each is from Japan, China, and Canada. These countries contributed 10459
(39.01%) documents. The three most productive funding agencies were the National Institute of
Diabetes and Digestive and Kidney Diseases (1 = 2548; 9.50%), the National Institutes of Health (n =
2094, 7.81%), and National Heart, Lung, and Blood Institute (1 = 1140, 4.25%).

Analysis of journals

Table 4 shows the top 10 most active journals. Diabetes Journal was first (n = 830; 3.10%), followed by
Clinical Endocrinology and Metabolism (1 = 692, 2.58%) and Diabetes Care (n = 623; 2.32%). Four of the
journals on the active list were on the subject of diabetes. All the journals on the active list have a
relatively high impact factor.

Analysis of citations
Table 5 lists the top 10 articles that were the most cited in research related to insulin resistance from 2002
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Table 1 Top 10 most productive countries on insulin resistance research, ranked by the total number of publications in the last two

decades (2002-2021)

Ranking Country Number of documents %
e United States 7360 27.45
g China 3713 13.85
3rd Japan 1730 6.45
4t Ttaly 1545 5.76
5 United Kingdom 1484 5.54
6 Canada 1186 442
7 Germany 1070 3.99
gth Spain 1061 3.96
gth South Korea 1056 3.94
10" France 858 3.20

Table 2 Top 10 most productive institutions in insulin resistance research, ranked by the total number of publications in the last two

decades (2002-2021)

Ranking Institute Country n %

1% Harvard Medical School United States 515 1.92

ond INSERM France 451 1.68

3 National Institutes of Health United States 298 111

4th University of Toronto Canada 286 1.07

5th Keabenhavns Universitet Denmark 280 1.04

6 Karolinska Institutet Sweden 268 1.00

7t Consiglio Nazionale delle Ricerche Italy 263 0.98

gth VA Medical Center United States 253 0.94

oth Universidade de Sao Paulo Brazil 247 0.92

10" Yale School of Medicine United States 234 0.87
to 2021. The 10 highest citations ranged from 4911 to 1827[33-42]. Furthermore, the 10 most cited articles
have an impact index per article of 101.5 to 241.2 (Table 5).
Term co-occurrence cluster analysis of research hotspots
The term co-occurrence analysis provided a complete summary of hot topics discussed in insulin
resistance research. VOSviewer detected 456 keywords that appeared a minimum of 300 times in the
titles and abstracts of the included articles by analyzing the contents of the titles and abstracts. All terms
were sorted into clusters on the VOSviewer keyword co-occurrence visualization map, and various
clusters were colored differently (Figure 3). There are two clusters: (1) Cluster #1, shown by green dots,
contained phrases typically found in publications relating to “inflammatory mechanisms in the
regulation of insulin resistance”; and (2) Cluster #2, shown by red dots, contained phrases typically
found in publications relating to “mechanisms linking obesity to insulin resistance”. Hotspots in the
field of insulin resistance were revealed via an overlay visualization map scaled by occurrence. The
colored terms differ depending on when they appeared in the literature. The blue keywords were first
shown, followed by the yellow keywords. After 2013, the most popular terms were related to inflam-
matory mechanisms in the regulation of insulin resistance (Figure 4).
Analysis of authorship
The total number of authors who participated in the publication of the retrieved documents was 80932,
a mean of 3.1 authors per document. The list of the top 10 active authors in insulin resistance research,
ranked by the total number of publications in the last two decades (2002-2021), is shown in Table 6. The
top 10 list included four from the United States, three from Germany, two from Spain, and one from
Italy.
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Table 3 The top 10 funding agencies having the most publications on insulin resistance, ranked by the total number of publications in

the last two decades (2002-2021)

Ranking Institute Country n %

1 National Institute of Diabetes and Digestive and Kidney Diseases United States 2548 9.50
ond National Institutes of Health United States 2094 7.81
3rd National Heart, Lung, and Blood Institute United States 1140 4.25
4t National Natural Science Foundation of China China 1137 424
5 National Center for Research Resources United States 1051 3.92
6™ United States Department of Health and Human Services United States 629 2.35
7 National Institute on Aging Canada 521 1.94
gth Japan Society for the Promotion of Science Japan 466 1.74
gth National Center for Advancing Translational Sciences United States 450 1.68
10" Eunice Kennedy Shriver National Institute of Child Health and Human United States 423 1.58

Development

Table 4 Top 10 most productive journals on insulin resistance research, ranked by the total number of publications in the last two

decades (2002-2021)

Ranking Journal n % IF'

1 Diabetes 830 3.10 9.461
ond Journal of Clinical Endocrinology and Metabolism 692 2.58 5.958
3 Diabetes Care 623 232 19.112
4th Plos One 517 1.93 3.2400
5th Diabetologia 499 1.86 10.122
6™ Clinical and Experimental 425 1.59 8.694
7 American Journal of Physiology Endocrinology and Metabolism 377 1.41 4.310
gth Diabetes Research and Clinical Practice 227 0.85 5.602
gth Obesity 219 0.82 5.002
10" Scientific Reports 218 0.81 4379

12020 Journal Citation Reports® Science Edition (Clarivate Analytics, 2021). IF: Impact factor

JBaishideng®

DISCUSSION

Bibliometric analysis of insulin resistance publications in the last 20 years revealed that the number of
articles published has gradually increased in recent years, indicating that more and more researchers are
becoming involved in insulin resistance research. To our knowledge, this is the first bibliometric study
that comprehensively examined worldwide trends in insulin resistance research over the last 20 years.
The current study showed that research activity on insulin resistance was worldwide and involved
countries in different world regions. The United States and China had a noticeable edge on this topic,
probably due to a greater economy and investment in the scientific field. The research output from these
countries may be related to a diverse spectrum of researchers interested in this topic and strong
financial support for researchers.

Another important reason for the contribution of different world regions is the high level of interna-
tional collaboration, as evident from the thick lines coming out from most countries in the visualization
map. This collaboration was initiated because different regions of the research groups in different
regions of the world were involved in different aspects of insulin resistance research or different
complications of insulin resistance. Another area of relevance for the current study with regard to
scientific publications on insulin resistance is the quality of research papers. It is worth noting that nine
of the top 10 cited articles were published in journals with an IF larger than 10, implying that they have
a large impact in medicine: Journal of Clinical Investigation, Cell Metabolism, and Nature. As shown,
articles related to insulin resistance have been published both in endocrinology and non-endocrinology
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Table 5 Top 10 most cited papers on research related to insulin resistance, ranked by the total number of citations in the last two

decades (2002-2021)

. . Impact index per

Ranking Ref. Journal name Cited by IF! a rt’i)clez P Type of paper

15 Xu et al[36], 2003 Journal of Clinical Invest- 4911 14.808 241.2 Original article
igation

pod Cani et al[40], 2007 Diabetes 3645 9.461 2222 Original article

3rd Kahn et al[39], 2006 Nature 3109 49.962 185.2 Review articles

4th Shoelson et al[37], 2006  Journal of Clinical Invest- 2822 14.808 156.4 Review articles
igation

5th Shi et al[42], 2006 Journal of Clinical Invest- 2521 14.808 149.0 Original article
igation

6th Hirosumi et al[35], 2002  Nature 2503 49.962 112.6 Letter to the editor

7 Kadowaki et al[33], 2006 Journal of Clinical Invest- 2140 14.808 112.9 Review articles
igation

gt Newgard et al[34], 2009  Cell Metabolism 1852 27.787 139.7 Original article

oth Houstis et al[41], 2006 Nature 1838 49.962 101.5 Letter to the editor

10t Kanda et al[38], 2006 Journal of Clinical Invest- 1827 14.808 105.4 Original article
igation

12020 Journal Citation Reports® Science Edition (Clarivate Analytics, 2021).
The Impact Index Per Article is presented based on Reference Citation Analysis, https:/ /www.referencecitationanalysis.com [Source: Baishideng Publishing
Group Inc (Pleasanton, CA 94566, United States)]. IF: Impact factor.

Table 6 List of top 10 active authors in insulin resistance research, ranked by the total number of publications in the last two decades

(2002-2021)

Ranking Author Country n % Hindex
1% Shulman GI United States 150 0.56 154
pad Haffner SM United States 86 0.32 144
3rd Reaven GM United States 76 0.28 120
3rd Roden M Germany 76 0.28 86
5th Hiring HU Germany 75 0.28 104
6™ Fritsche A Germany 70 0.26 80
7t Fernandez-Real ]M Spain 68 0.25 75
7 Izaola O Spain 68 0.25 32
7 Wagenknecht LE United States 68 0.25 87
10t Pacini G Italy 65 0.24 65

subject areas, such as medicine, biochemistry, genetics, and molecular biology, nursing, pharmacology,
toxicology, and pharmaceutics, agricultural and biological sciences, neuroscience, and immunology and
microbiology journals, revealing the contribution and collaboration of many researchers from different
subject areas. Previous research has confirmed that[43-45]. The findings of this study confirm the close
association between IF and citations and the fact that the most cited articles are frequently published in
journals at the top of the IF list, which helps these journals maintain their high IF.

Furthermore, the increase in insulin resistance publications can be attributed to the fact that
numerous hot topics were published during this period[33-37], exposing novel hypotheses and esta-
blishing new research fields such as “inflammatory mechanisms in the regulation of insulin resistance”
and “mechanisms linking obesity and insulin resistance”. Several studies have shown that inflammation
is a critical mediator in obesity-induced insulin resistance. Most of these investigations examined the
links between adipose tissue in obesity and the regulation of inflammation and insulin resistance[46-49]
and the mechanisms by which dietary anti-inflammatory components/functional nutrients may be
helpful[50-52].
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Figure 2 Map of visualization of worldwide research collaboration network. Countries with short distances and extensive connecting lines had a
significant research collaboration. This collaborative map was built when each country had at least 100 articles. Source: Own elaboration, based on Scopus database;
figure created using VOSviewer Software.

JBaishideng®

Publications with the highest citation frequencies have the greatest academic effect[53,54]. For
example, the study published in the Journal of Clinical Investigation in 2003 by Xu et al[36] was ranked
first. It was revealed that macrophages in white adipose tissue are involved in morbid obesity and that
macrophage-associated inflammatory activities may contribute to the pathophysiology of obesity-
induced insulin resistance[36]. The article ranked second was published in Diabetes by Cani et al[40].
Metabolic endotoxemia was found to alter the inflammatory tone of the body, causing weight gain and
diabetes[40].

Strengths and limitations

This is the first bibliometric and visual analysis study to investigate research trends and hotspots in
insulin resistance from 2002 to 2021. The current study reviewed linked papers on this issue from
numerous perspectives, demonstrated a comprehensive view of understanding in this field during the
last few years, and gave direction for future investigations. New researchers in this discipline may
simply access meaningful and relevant material with the aid of this bibliometric study. However, certain
limitations apply to the generalizability of these findings. First, bibliometric analyses solely used
published material from the Scopus database. This may underestimate the amount of research done in
South America, China, the Middle East, and other regions of the globe with non-English and unindexed
publications. Second, because bibliometric data changes over time, indexing delays may have caused a
slight (but not significant) in the number of documents or other metrics. Third, to avoid selection bias,
the current study only searched the title for terms such as “insulin resistance” or “insulin sensitivity”.
As a result, the possibility of false positive or false negative results should always be considered. Fourth,
Scopus’s results reflect the type and content of Scopus’s database. As a result, if prolific authors have
two or more Scopus profiles, their research output is likely to be dispersed, and their names may not
appear in the active list. The same is true when alternative spellings of an institution’s name are used in
published documents. As a result, interpreting data about the most active authors, institutions, and
nations should be limited to the Scopus findings produced using the described technique.
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Figure 3 Network visualization map of terms in the titles/abstracts with a minimum occurrence of 300 or more. Of the 250809 terms in this
field, 456 achieved this threshold, were grouped into two clusters, and colored differently. Each cluster represents a general research theme present in the retrieved
documents. Source: Own elaboration, based on Scopus database; figure created using VOSviewer Software. LDL-C: Low-density lipoprotein cholesterol; HDL: High-
density lipoprotein; IGT: Impaired glucose tolerance; OGTT: Oral glucose tolerance test; BMI: Body mass index; HFD: High fat diet; IRS: Insulin receptor substrate;
CRP: C-reactive protein; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance.
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Figure 4 Network visualization map of terms in the title/abstract according to the average timing of their appearance. Blue represents early
appearance, and yellow represents late appearance. Source: Own elaboration, based on Scopus database; figure created using VOSviewer Software. LDL-C: Low-
density lipoprotein cholesterol; HDL: High-density lipoprotein; IGT: Impaired glucose tolerance; OGTT: Oral glucose tolerance test; BMI: Body mass index; HFD: High
fat diet; IRS: Insulin receptor substrate; CRP: C-reactive protein; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance.

CONCLUSION

To our knowledge, this was the first study to conduct a comprehensive bibliometric analysis of insulin
resistance publications from 2002 to 2021, covering the publication year, the number of citations, and
current hot topics and trends projected from them. Our data showed that insulin resistance has steadily
gained interest from researchers, as evidenced by the number of citations and yearly publications. So
far, the United States has been the undisputed leader in this topic, which cannot be divorced from
adequate funding sources. Publications have grown significantly in the last decade, while low-income
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countries with greater burdens continue to produce fewer publications in this field. “Inflammatory
mechanisms in the regulation of insulin resistance” and “mechanisms linking obesity to insulin
resistance” were hotspots for insulin resistance research in the past 20 years. This approach might assist
researchers in choosing new research areas and recognizing research hotspots and frontiers. In the
future, perhaps high-quality clinical evidence will be acquired.

ARTICLE HIGHLIGHTS

Research background
Insulin resistance is a condition in which muscle cells take up and store glucose and triglycerides,
resulting in elevated amounts of glucose and triglycerides circulating in the bloodstream.

Research motivation
Several bibliometric studies have been carried out on the subject of diabetic investigation. However, no
bibliometric study has been done on research into insulin resistance.

Research objectives
This bibliometric study aimed to identify and assess the current state and trends in insulin resistance
research production worldwide and visually analyze research hotspots on this subject.

Research methods

The Scopus database and Reference Citation Analysis were used to compile the literature on insulin
resistance. In addition, VOSviewer software was used to visually assess data collected from relevant
publications.

Research results

This is the first bibliometric analysis of trends in insulin resistance. The number of publications on
insulin resistance has increased in the last decade. Our results indicated that the “inflammatory
mechanisms in the regulation of insulin resistance” and “mechanisms linking obesity to insulin
resistance” will remain research hotspots in the future.

Research conclusions

Our findings indicate that interest in insulin resistance has gradually increased among researchers, as
shown by the increasing number of citations and annual publications. Moreover, publications in this
field have increased significantly in the last decade, while low-income countries with higher burdens
continue to produce fewer publications.

Research perspectives

This paper contributes essential information by providing references and suggestions for future research
on pathophysiology and clinical uses of insulin resistance. This approach may aid researchers in
identifying new topics of inquiry and identifying research hotspots and frontiers. Perhaps in the future,
high-quality clinical evidence will be collected.
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Abstract

The diet structure of diabetic patients is different from that of normal people.
Diabetic patients also need to take hypoglycemic drugs to regulate blood sugar.
Both dieting and drugs affect the gut microbiota of diabetic patients. In this letter,
we discuss that different dietary patterns and the use of hypoglycemic agents may
have an impact on changes in gut microbiota in diabetic patients.
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Core Tip: Changes in diet can lead to changes in the composition of gut microbiota in
diabetic patients. On the other hand, taking hypoglycemic drugs can also change the gut
microbiota. Therefore, it is necessary to consider the dietary structure and the use of

hypoglycemic drugs in the study of changes in the intestinal flora of patients with
diabetes.
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TO THE EDITOR

Diabetes mellitus (DM) is one of important risk factor for population health in the twenty-first century
worldwide. It is of great significance to explore the lifestyle intervention mode for the prevention and
treatment of type 2 diabetes mellitus (T2DM). One study found intermittent hypoxia (IH) was
associated with metabolic diseases including as obesity and obstructive sleep apnea-hypopnea
syndrome (OSAHS)[1]. IH may be involved in selective alterations of the gut microbiota of T2DM
patients with OSAHS. Similarly, changes in gut microbiota can affect the development of T2DM.

Gut microbiota is known to change with diet. Especially when someone suffering from T2DM,
doctors often recommend dietary changes to curb the progression of the disease. Changes in eating
habits can disrupt the balance of gut microbiota when the body's resistance is low[2]. The study by Liu
et al[3] showed that blood sugar levels in mouse model of T2DM induced by streptozotocin-high-fat diet
were changes with gut microbiota. A large number of studies have shown that diet affects the
development of diabetes. For example, blackcurrant extract enhanced insulin sensitivity and glucose-
stimulated insulin secretion in non-obese type 2 diabetic rats[4]. Therefore, the diet structure will affect
the gut microbiota. However, the following questions need to be further clarified in future studies. What
nutrition considerations for persons with diabetes that will impact persons? What are the recommend-
ations for persons with diabetes concerning nutrition to be considered? The link between gut microbial,
diabetes, nutrition and autoimmunity are important, but still need to be addressed.

In addition, hypoglycemic drugs also affect gut microbiota. In this study, drugs that regulate IH have
an effect on the balance of gut microbiota. We strongly agree with this view. However, when taking
drugs to regulate IH, hypoglycemic drugs are also used. Therefore, hypoglycemic drugs also have an
impact on the balance of gut microbiota. For some patients who require combination therapy to treat
diabetes and complications of diabetes, especially after combination therapy with antibiotics and
hypoglycemic drugs, the impact on the intestinal flora is significant[5]. Clinically, metformin is widely
used in the treatment of T2DM. Studies have shown that gut microbiota is an active site of metformin.
The gut is a potential target of metformin. Metformin induce butyrate and propionate involving glucose
homeostasis[6]. When diabetics take metformin, the gut microbiota will definitely change. Studies have
also shown that treating diabetic mice with oleuropein (OP) is also treated by modulating the gut
microbiota. The OP could decrease fasting blood glucose levels and improve glucose tolerance[7].
Hypoglycemic drugs are also taken when taking drugs that regulate IH, so hypoglycemic drugs will
also affect the intestinal flora of patients with IH. It is common for IH patients to take hypoglycemic
drugs, so the regulation of hypoglycemic drugs on gut microbiota also needs to be discussed.

On the other hand, IH may be associated with changes in gut microbiota, and it is possible that
changes in gut microbiota led to IH. In the clinical setting, the effective treatment for IH is usually
oxygen therapy. Thus, we can use oxygen inhalation to intervene in changes in gut microbiota. By
conducting oxygen supply experiments, the relationship between IH and gut microbiota can be further
reflected, which makes the research results more convincing.

The diet structure of diabetic patients is different from that of normal people. Diabetic patients also
need to take hypoglycemic drugs to regulate blood sugar. Both dietary structure of patients with
diabetes and hypoglycemic drugs taken by the patients with diabetes can alter the gut microbiota of the
patients. Therefore, the influence of diet and drugs on the gut microbiota cannot be ignored.
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