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incidence. Kidney disease associated with DM in children and adolescents is
represented by persistent albuminuria, arterial hypertension, progressive decline
in estimated glomerular filtration rate to end-stage renal disease and increased
cardiovascular and all-cause morbidity and mortality of these conditions. In
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Avrticle in press: July 11, 2022 by microalbuminuria screening even if it has low specificity to detect early stages

Published online: August 15, 2022 of DKD. There are some known limitations in albuminuria value as a predictor
biomarker for DKD, as not all diabetic children with microalbuminuria or

macroalbuminuria will develop end-stage renal disease. As tubular damage
occurs before the glomerular injury, tubular biomarkers are superior to the
glomerular ones. Therefore, they may serve for early detection of DKD in both

type 1 DM and type 2 DM. Conventional and new biomarkers to identify diabetic
children and adolescents at risk of renal complications at an early stage as well as
renoprotective strategies are necessary to delay the progression of kidney disease
to end-stage kidney disease. New biomarkers and therapeutic strategies are
discussed as timely diagnosis and therapy are critical in the pediatric diabetic

population.
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Core Tip: Several reviews in the literature contributed to the pathophysiology, diagnostics and therapeutic
options for diabetic kidney disease in pediatric patients. In this review, we reported the latest data
regarding novel biomarkers and methods to identify diabetic children and adolescents at risk of renal
complications at an early stage as well as renoprotective strategies to delay the progression of kidney
disease to end-stage kidney disease.
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INTRODUCTION

Diabetes mellitus (DM), a chronic metabolic condition, is characterized by complete or insufficient
insulin production. The main form of DM in childhood and adolescence is type 1 DM (T1DM) compared
to type 2 DM (T2DM), which is more frequent in adulthood. Within the last 20 years, DM prevalence
increased significantly worldwide. In the last decades, we have also assisted in an ascending trend in
the prevalence of T2DM in childhood and youth because of the outbreak in juvenile obesity prevalence
[1]. TIDM and T2DM have similar symptoms upon diagnosis, and both include polyuria, polydipsia
and polyphagia. While obesity and insulin resistance signs (acanthosis nigricans and polycystic ovarian
syndrome) are typical hallmarks of T2DM, loss of weight may be present in both types of DM[1].

Both T1DM and T2DM, with lasting inadequate glycemic control, are associated with long-term
vascular complications[2] and a significant increase in mortality, especially in those who develop kidney
disease[3]. While DM represents the main worldwide cause of end-stage kidney disease in adults, this is
uncommon during childhood[2,3].

Although specific kidney structural changes in DM patients, namely thickening of the glomerular
basement membrane and mesangial expansion, appear soon after DM onset (1.5 years to 5.0 years), they
are in a clinically silent phase[4]. These structural changes of diabetic kidney injury progress at different
rates among T1DM patients, and this is more evident in T2DM cases[4]. Clinical and biological
abnormalities (micro/ macroalbuminuria) and glomerular filtration rate (GFR) decline will develop over
a longer period (10 years to 25 years)[3]. This emphasizes that diabetic kidney disease (DKD) starts
early. Therefore, an early diagnosis, intensive monitoring and therapeutic interventions are necessary.
Albuminuria and changes in GFR, which are late biomarkers, are the most used tools to assess kidney
involvement. Diagnostic strategies for early diagnosis of kidney involvement are necessary.

There are several reviews in the literature that contributed to the pathophysiology, diagnostics and
therapeutic options for DKD in pediatric patients. In this work, the state-of-the-art novel biomarkers
and methods to identify diabetic children and adolescents at risk of renal complications at an early stage
as well as renoprotective strategies to delay the progression of kidney disease to end-stage kidney
disease was carried out.

EPIDEMIOLOGY OF DM IN CHILDREN

From 2002 to 2015 the Centers for Disease Control and Prevention reported a 4.8% increase per year for
T1DM and a 1.9% increase per year for TIDM in youths aged < 20 years[5]. A very recent study,
comprising six areas of the United States from 2001 to 2017, reported an important increase in estimated
prevalence for both TIDM and T2DM (T1DM from 1.48 to 2.15 per 1000 youths < 19 years and T2DM
from 0.34 to 0.67 per 1000 youths among those aged 10-19 years)[6]. Up-to-date research that included a
large cohort of Hungarian children and teenagers during the period 2001 to 2016 (covering 16 years),
showed that T1DM is still the most common type, and its prevalence is rising, with a significant male
predominance (male/female ratio: 1.25). Also, there is a high prevalence of T2DM, affecting more
females every year (female/male ratio: 2.86)[7]. A Danish study showed no increase in T2DM
prevalence in children and adolescents[8], while in the United Kingdom a rising incidence and
prevalence of T2DM have been observed in youths, especially in some ethnicities[9].

Contributing risk factors to this major increase in incidence are obesity, race, ethnicity, exposure to
maternal obesity and diabetes as well as exposure to environmental contaminants[6]. There is an
increased morbidity and mortality rate, mainly in T1IDM and in those with early T2DM onset.
According to Rhodes et al[10], a considerably lower life expectancy (approximately 15 years) was
observed in the diabetic group compared to the general population of children without diabetes[10]. A
significantly shorter life expectancy was reported in children developing T1IDM before 10 years of age
(loss of 17.7 years for females vs 14.0 years for males) compared with those diagnosed at 25-30 years
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(loss of 10.0 years for females and 9.4 years for males)[11]. There is a double cardiovascular risk in
pediatric diabetes that triggers early cardiovascular mortality and a four-fold higher mortality rate for
all causes in youth[12]. In a nationwide Swedish study of patients with T1DM, age before 10 years at
diabetes onset, was the most important risk factor for survival and cardiovascular disease (coronary
heart disease and acute myocardial infarction) in their early adult years, especially in females (2-3-fold
higher vs males)[13].

DM represents the main cause of end-stage renal disease (ESRD) worldwide in adults[14]. Diabetic
nephropathy affects 20% (1 in 5) of adults with diabetes[15]. Within the pediatric population, a
significant increase in the incidence of DKD was also observed, the prevalence rate being three times
higher in 2013 compared to 2002 (1.16% to 3.44%)[16].

A 4-fold higher risk of kidney failure was found in a large cohort of youth with T2DM vs those with
T1DM[17]. Also, compared with the control group, those with youth-onset T2DM had a 16-fold higher
risk of a kidney disorder, a 23-fold higher risk of severe renal injury and a 39-fold increased risk of
ESRD[17]. A multicenter study reported that more than a quarter (28%) of T2DM youth aged under 20
years developed microalbuminuria[18].

PATHOPHYSIOLOGY

Chronic hyperglycemia leads to the occurrence of diabetic nephropathy, retinopathy and neuropathy as
well as macrovascular complications (cardiovascular disease: Stroke, coronary artery disease, peripheral
vascular disease)[1,19,20]. DKD recognizes four major pathogenic mechanisms: Glomerular damage,
tubular injury, inflammation and oxidative stress[21] (Figure 1). In DKD patients there are important
alterations in tubules as well as in the interstitium. These findings may pave the way, or they may
appear concomitant with glomerular changes[22].

This is sustained by tubular hypertrophy observed in the immediate future of hyperglycemia. Also,
an increase in tubular basement membrane thickening was found even among diabetic patients with
normoalbuminuria. Tubular basement membrane is one of the location of the earliest structural changes.
Therefore, it may represent a better severity marker of DKD than glomerular basement membrane
alteration[22]. Pathological glomerular changes in DKD are typical and consist of glomerular basement
membrane thickening, podocyte foot process widening, expansion of the mesangial matrix and loss of
endothelial fenestrations[23].

There is a greater risk for complication occurrence in youths with T2DM vs adults with TIDM and
T2DM[1]. The main microvascular complication of diabetes is represented by DKD and later by diabetic
nephropathy, which finally leads to ESRD. In time, with diabetes evolution, clinical and biological
changes will be observed (Figure 2). DKD, one of the most important and frequent complications of DM,
recognizes a wide spectrum of risk factors, some of which are modifiable. Therefore, DKD occurrence or
evolution may be considerably influenced by strict control of these factors that are listed in Table 1.
Children with TIDM may have damaged renal function at the disease onset as acute complications
through acute kidney injury (AKI) and renal tubular damage as well as chronic complications by
diabetic nephropathy development[24].

Genetic aspects

DKD is a multifactorial disorder and is influenced by genetic susceptibility, epigenetics and environ-
mental factors (such as lifestyle, diet and medication). Also, oxidative stress, metabolic disturbance,
activation of the renin-angiotensin-aldosterone system and production of inflammatory factors are
involved in the development and progression of DKD[25]. Genetic and epigenetic studies were
performed to understand the pathogenesis of the DKD and to identify genes that confer susceptibility to
disease. Genetic studies of DKD investigated mainly the association between genomic DNA variants
(for example, single nucleotide polymorphisms, copy number variants, etc) and clinical phenotypes of
DKD in both TIDM and T2DM][26]. Epigenetic modifications (histone modifications and DNA
methylation) may play a critical role in DKD as it was shown that histone acetylation and methylation
are involved in the regulation of inflammation and fibrosis in DKD[27]. Epigenetics studies of DKD
investigated the potentially inherited changes in gene expression that occur without changing the DNA
nucleotide sequence.

Candidate gene association studies, genome-wide association studies (GWAS) and epigenome-wide
association studies were performed in DKD patients[28]. A large meta-analysis study conducted by
Mooyaart[29] identified 24 genetic variants in 16 genes (EPO, APOE, APOC1, ACE, ALR2, eNOS, HSPG2,
VEGF, FRMD3, GREM1, ELMO1, CCR5 and CNDP1, CARS, UNC13B and CPVL/CHN?2), which are the
most likely to be associated with diabetic nephropathy[29]. Recently, Tziastoudi et al[30] conducted a
systematic review and meta-analysis of genetic association studies in diabetic nephropathy in order to
elucidate the contribution of genetic background in the development of this disease and observed an
association with the genes revealed by Mooyaart[29] and some additional genes (ACACB, ADIPOQ,
AGT, AGTR1, AKR1B1, ATP1B2, ATP2A3, CGNL1, CNDP1, CYGB-PRCD, EDN1, ENPP1, FLT4, FTO,
GLO1, HMGA?2, IGF2/INS/TH cluster, interleukin genes (IL1B, IL8, IL10), KCNQ1, KNG, LOC101927627,
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Table 1 Risk factors for diabetic kidney disease development

Non-modifiable Modifiable

Small/young age at DM onset Poor glycemic control

Diabetes duration Glucose variability: Hypo/hyperglycemia
Puberty Overweight/obesity

Family history of diabetic complications and insulin resistance Dyslipidemia

Genetic factors High blood pressure

Race/ ethnicity Microalbuminuria

Smoking, alcohol
Intrauterine exposure (maternal diabetes, obesity)

Low birth weight

DM: Diabetes mellitus.

Renal
fibrosis

Tubular
inflammation

Mesangial
expansion

Oxidative
stress

DOI: 10.4239/wjd.v13.i8.587 Copyright ©The Author(s) 2022.

Figure 1 Pathogenesis in diabetic kidney disease. DKD: Diabetic kidney disease.

MTHFR, NOS3, SETD7, SIRT1, SLC2A1, SLC2A2, SLC12A3, SLC19A3, TCF7L2, TGFB1, TIMP1, TTC39C,
UNC13B, VEGFA, WTAPP1, WWC1, XYLT1)[30].

Genome-wide association studies identified about 30 genes associated with DKD (for example
ELMO1, CNDP1, FRMD3, MMP9, UMOD, SLC12A3, etc)[25]. Epigenome-wide association studies
identified several genes (for example TRPM6, AQP9, SLC22A12, HP, HYAL2, AGTX) that have
epigenetic effects on DKD[25]. The data presented above provide further evidence for the contribution
of genetic factors in DKD offering new perspectives in the discovery of new therapies for personalized
medicine.

DIAGNOSIS

GFR abnormalities

Hyperfiltration, defined as an increase in GFR with more than 2 standard deviations than the mean GFR
value, is related to an early increase in renal blood flow and high intraglomerular pressure[31]. In the
first phases of DKD, hyperfiltration is observed in up to 40% of diabetic patients[32]. In both TIDM and
T2DM, hyperfiltration has been linked to GFR loss[33,34]. Hyperfiltration was noticed more frequently
in females vs males in both TIDM and T2DM][32,35]. The estimated GFR (eGFR) in children and
adolescents with TIDM or T2DM should be screened at diagnosis and then annually[36]. These ongoing
changes help us to assess DKD stages, which are presented in Table 2[20,21,37]. Normal GFR values
according to child age are listed in Table 3.
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Table 2 Diabetic kidney disease stages

Biomarker
Estimated - Biomarker-
Stage . Characteristics GFR BP . UACR
period albuminuria
mg/mmoL
= From Glomerular hyperfiltration and N/increased N Normoalbuminuria <30 <2
hyperfiltration ~diabetes hypertrophy. No ultrastructure mg/g
onsetto5yr  abnormality. A 20% increase in renal
size. TRenal plasma flow
2 = silent From 2 yr Mild GBM thickening and interstitial N N Normoalbuminuria <30 <3
after onset expansion mg/g
3 = incipient 5-10 yr after ~ More significant changes vs stage 2.~ GFR-N or mild Increasing BP;  Microalbuminuria 2-20
onset Moderate tubular and GBM decreased +/- appears Albuminuria 30-
thickening and variable focal hypertension 300 mg/g
mesangial sclerosis
4 = overt 10-15 yr after Marked GBM thickening and GFR-decreased <  BP? Macroalbuminuria > 300 > 20
onset variable focal mesangial sclerosis 60 mL/min/1.73 mg/g
2
m
5 = uremic Diffuse glomerulosclerosis, ESRD GFR-marked BPt Decreasing albuminuria
decreased <15
mL/min/1.73 m?

UACR: Urinary albumin to creatinine ratio; GBM: Glomerular basement membrane; GFR: Glomerular filtration rate; BP: Blood pressure; ESRD: End-stage

renal disease; 1: Increase; N: Normal.

Table 3 Normal glomerular filtration rate limit at different ages according to KDOQI Guidelines[66] and Hogg et al[67]

Age Gender Normal GFR

1wk Males and females 41 +15 mL/min/1.73 m?
2-8 wk Males and females 66 + 25 mL/min/1.73m?
> 8wk Males and females 96 + 22 mL/min/1.73 m?
2-12 yr Males and females 133 + 27 mL/min/1.73 m?
13-21 yr Males 140 + 30 mL/min/1.73m?
13-21 yr Females 126 + 22 mL/min/1.73m?

GFR: Glomerular filtration rate.

Seric and urinary biomarkers for DKD

Common markers for kidney injury are creatinine, albuminuria, cystatin C, neutrophil gelatinase-
associated lipocalin and alfa-1-microglobulin in plasma and urine. Kidney function in pediatrics is
assessed mainly by eGFR according to updated/bedside Schwarts equation eGFR = k x height
(cm)/serum creatinine (mg/dL), k = 0.413[38].

In a recent study, 11.5% of Romanian children with TIDM had DKD, manifested as transitory
microalbuminuria (7.7%) and incipient diabetic nephropathy (3.8%)[39]. In another research study,
T1DM patients were found to have microalbuminuria in 30% of cases, representing the most common
microvascular complication. In TIDM children the occurrence of microvascular complications was
correlated with metabolic control, higher glycated hemoglobin, albuminuria, systolic blood pressure
(SBP), triglycerides and total cholesterol[40].

Microvascular as well as macrovascular complications can lead to serious morbidity and mortality.
Nephropathy (which is preceded by microalbuminuria), retinopathy and neuropathy represent diabetic
microvascular complications[2,41]. According to the International Society for Pediatric and Adolescent
Diabetes guidelines, annual microalbuminuria or urinary protein screening should start from the age of
11 years and after 2 years of diabetes evolution and then annually. It was demonstrated that persistent
microalbuminuria predicts the progression to ESRD and is linked with an increased risk of
macrovascular complications occurrence[41].

In T1DM pediatric patients, urine microalbumin to creatinine ratio (UACR) monitoring should start at
puberty or 10 years of age (whichever is earlier), and when the child has had DM for 5 years this
parameter should be checked annually. In T2DM the UACR should be checked at diagnosis and every
year thereafter[36].
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Genetic risk factors
Familial aggregation Racial and ethnic differences

L

Female sex

Hypertension

Duration of diabetes
WIEEEIEINIRPERS High normal urine albumin excretion
Elevated (LDL-C) and triglycerides/dyslipidemia
High BMI/obesity

Smoking

40%

Male sex
Elevated HbAlc
MECCEIEEUGEEERS High serum uric acid

15 yr
Smoking

DOI: 10.4239/wjd.v13.i8.587 Copyright ©The Author(s) 2022.

Figure 2 Changes in diabetic kidney disease: Blood pressure evolution and glomerular filtration rate decline along with albuminuria
level. Influence of factors involved in diabetic kidney disease occurrence and progression. N: Normal; DKD: Diabetic kidney disease; BP: Blood pressure; GFR:
Glomerular filtration rate; LDL-C: Low-density lipoprotein cholesterol; BMI: Body mass index; HbA1c: Glycated hemoglobin.
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In medical practice, the common and still the “gold standard” marker for prediction and detection of
diabetic kidney involvement in pediatric diabetes is represented by the microalbuminuria screening
[21], even if it has a low specificity and sensitivity to detect early stages of DKD. Microalbuminuria
screening should be done annually by timed overnight or 24-h urine collections (albumin excretion rate)
or first-morning UACR[41].

Definitions of albuminuria and its abnormalities are based on the International Society for Pediatric
and Adolescent Diabetes Clinical Practice Consensus Guidelines[37,41]. Normoalbuminuria is defined
as a urine albumin level of <30 mg/L in all first-morning urine specimens, while microalbuminuria is
characterized by the presence of an albumin limit of 30-300 mg or 20-200 pg/min in 24-h urine
collection or a value of 30-300 mg/L in at least 2 of 3 first-morning urine specimens. Another parameter,
namely UACR of 2.5-25.0 mg/mmol in males or 3.5-25.0 mg/mmol in females in at least 2 of 3 first-
morning urine specimens quantifies microalbuminuria. Macroalbuminuria is defined as the presence of
> 300 mg/L albumins in at least two first-morning urine specimens[37,41].

There are some limitations in albuminuria value as a biomarker for the prediction and detection of
DKD, as not all diabetic children with micro- or macroalbuminuria will present a decrease in kidney
function. Also, there are a lot of factors that may influence albuminuria level, UACR and eGFR: Fever,
infection, diet, hydration status, hemodynamics, stress, physical activity, periods and hyperglycemia.
Furthermore, a significant proportion of cases with microalbuminuria (up to 40%) may return to
normoalbuminuria with strict glycemic and blood pressure (BP) control. Therefore, microalbuminuria
can be transitory[21].

Microalbuminuria incidence in children with TIDM spans between 3% to 30%[37]. A cross-sectional
study that involved children with T1IDM reported a 25.0% frequency for microalbuminuria, while
macroalbuminuria was found in 3.5% of these cases. The results of the cited study revealed a
significantly higher (3 times) prevalence of microalbuminuria in T2DM (68%) compared to T1IDM (24%)
patients[37]. This is of particular interest given that children with TIDM are already at risk for renal
complications secondary to DKD over the long term. A recent study reported early occurrence of
microalbuminuria within 2 years of diagnosis of DM in 3.5% (7 of 199) of patients, whereas in 2 of those
with microalbuminuria it appeared within the 1% year of diagnosis (in 7 mo)[37].

In a recent study, Hursh et al[24] showed that more than 64% of children hospitalized for DKD
developed AKI. The same authors showed that a decreased serum bicarbonate level (< 10 mEq/L) and
an increased heart rate are associated with a higher risk of severe AKI[24]. Higher morbidity and
mortality rate is encountered in diabetic children that developed AKI along with a higher risk of chronic

kidney disease, a finding that is particularly important in these patients who are already at risk for DKD
[24].
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It is already known that patients with DM may present with kidney damage (decrease in GFR) but
without micro- or macroalbuminuria[42]. Therefore, other biomarkers that precede albuminuria should
be considered more reliable to predict renal lesions, especially in the early stages. However, most of
these biomarkers still need validation in clinical practice[43].

As tubular damage occurs before the glomerular injury, tubular biomarkers are superior to the
glomerular ones, namely microalbuminuria. Therefore, they may serve for early detection of DKD in
both T1DM and T2DMJ[44]. Tubulointerstitial damage may be suggested by the urinary albumin-to-
creatinine to total protein-to-creatinine ratio of 0.40, with high sensitivity and specificity[45].

In patients without glomerular involvement, low-molecular-weight (LMW) proteinuria or non-
albumin proteinuria represents an adequate marker of tubular dysfunction[46]. Urinary LMW proteins
are absorbed in the proximal tubules so healthy individuals excrete up to 20 mg of LMW proteins/d in
urine[46]. Alphal microglobulin, beta-2 microglobulins, immunoglobulin light chains, retinol-binding
protein, cystatin C, neutrophil gelatinase-associated lipocalin (NGAL), N-acetyl-B-D-glucosaminidase,
kidney injury molecule 1 and liver-type fatty acid-binding protein, etc are included in the LMW protein
group[46]. In the early period of diabetes, an increase in urinary tubular biomarkers suggests that
kidney injury is present[47].

A recent study showed the association of proximal tubule (alpha-1 microglobulin and kidney injury
molecule 1) and podocyte (nephrin, vascular endothelial growth factor) damage biomarkers in T2DM
even in the normoalbuminuric stage, indicating they may serve for early DKD diagnosis[47].

Urinary NGAL level increases before the onset of microalbuminuria in the very early phase of the
kidney disease[48]. Alongside urinary biomarkers of tubular health (NGAL), the oxidative stress
biomarker (pentosidine) may be used in the early detection of diabetic nephropathy before the microal-
buminuric phase, as they correlate with albumin excretion and loss of nocturnal dipping of SBP and
mean arterial BP[49].

Klotho, a transmembrane protein, is composed of a large extracellular and a small intracellular
domain. Klotho is highly expressed in the renal tissue, especially in the distal tubules. The extracellular
domain is cleaved by membrane proteases and discharged into the bloodstream, urine and
cerebrospinal fluid as soluble klotho (s-klotho)[50,51]. A faster decline in eGFR was observed in DKD
patients with low levels of serum s-klotho concentrations[52], which was opposite to the results of
another study where s-klotho levels did not correlate with eGFR[50]. Bob et al[50] found a direct
correlation of s-klotho levels with the rate of eGFR decline and with the serum levels of tubular injury
marker kidney injury molecule 1[50]. A recent study found an inverse correlation between the klotho
and glycated hemoglobin levels in TIDM children suggesting its possible role in chronic complications
of diabetes occurrence[53].

Early stage prediction and recognition of DKD before microalbuminuria occurrence have a pivotal
role in providing timely management. In this process, the assessment of more sensitive and specific
biomarkers is essential. A new study showed that serum cystatin C may be used as a biomarker for
DKD at an early stage in TIDM children with disease duration not exceeding 5 years before albuminuria
detection[21]. The same study found a significantly lower eGFR-cystatin C value in diabetic children
compared to controls. Also, significantly higher urinary cyclophilin A (CypA) and urinary CypA/
creatinine ratios were found in T1DM children with microalbuminuria compared to the control group or
normoalbuminuric subjects[21].

Salem et al[21] observed a better diagnostic value with the highest sensitivity (93.5%), specificity
(71.4%) and accuracy (86.7%) to predict microalbuminuria in TIDM children by the combined use of
serum cystatin C and urinary CypA than that of urinary CypA alone[21]. CypA, an endogenous
cytosolic protein, is expressed mainly by the proximal tubular epithelial cells. A kidney injury is
followed by an increase in urinary CypA concentration[21]. CypA level proved an encouraging
biomarker for the early stage of diabetic nephropathy in adults with T2DM, and it correlates with the
progression of diabetic nephropathy[54-56]. Novel biomarkers (Table 4) were proposed as early
predictors of DKD[21,43].

Urinary biomarkers in DKD are crucial as they can indicate the site of injury within the nephron
(structural biomarkers) as well as the loss of /reduced function of the nephron (functional biomarkers)
and the main pathophysiological pathways (pathophysiological biomarkers)[57]. The proposed
functional and/or structural tubular biomarkers might be valuable in the timely detection of DKD[57].

BP in diabetic children

Another important sign of diabetes-related nephropathy is BP measurement. In pediatric T2DM the
guidelines recommend BP and UACR evaluation at diagnosis and annually thereafter[58].

An important and modifiable risk factor for the development of DKD is hypertension[59]. Arterial
hypertension is an important and frequent risk factor for the appearance of cardiovascular disease in
T1DM patients. High BP triggers the development and progression of microvascular complications,
namely nephropathy, and retinopathy.

Ambulatory blood pressure measurement is superior to office BP measurements in predicting future
cardiovascular events and targeting organ damage[60]. In their study, Shalaby and Shalaby[60] showed
an abnormal BP profile for systolic and diastolic BP, with significant loss of nocturnal dipping. A
significantly higher frequency of non-dipping patterns was observed in TIDM patients with microalbu-
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Table 4 Renal biomarkers of diabetic kidney injury[21,43]

Biomarkers
Traditional Traditional Albumin/creatinine ratio eGFR  Lack of specificity and sensitivity (1) Predict the late stages of DKD; (2)
biomarkers biomarkers of Daily variation in urine

glomerular injury albumin/ creatinine ratio; and (3)

Novel biomarkers

eGFR values may be affected by the
patient’s hemodynamics, diet and
hydration status

Glomerular NEF-q, transferrin, Type IV Appear before microalbuminuria Early predictor of DKD
biomarkers collagen, L-PGDS, IgG, cerulo-

plasmin, laminin, GAGs,

fibronectin, podocalyxin, VEGF

Tubular biomarkers a-1-microglobulin CysC; KIM-1;  Appear before/precede microalbu- (1) Are more sensitive vs new

NGAL; nephrin; NAG; L-FABP; minuria glomerular biomarkers; (2) Early
VDBP; CypA; s-Klotho predictors of DKD; and (3) Predictor
of DKD progression
Biomarkers of Cytokines: TNF-a, IL-18, IL-18, (1) Precede a significantly increased Predictor of DKD progression
inflammation interferon gamma-IP-10, MCP-1,  albuminuria; (2) Correlate
adiponectin, G-CSF, eotaxins, positively with albumin excretion

RANTES or CCL-5, orosomucoid rate and intima-media thickness;
and (3) May trigger direct renal
injury
Biomarkers of Urinary 80HdG Pentosidine Predict the development of DKD
oxidative stress

L-PGDS: Lipocalin-type prostaglandin D synthase; IgG: Immunoglobulin G; GAGs: Glycosaminoglycans; CysC: Cystatin C; KIM-1: Kidney injury molecule
1; 80HdG: 8-0x0-7,8-dihydro-2-deoxyguanosine; RANTES: Regulated on activation, normal T cell expressed and secreted; G-CSF: Granulocyte colony-

stimulating factor; MCP-1: Monocyte chemoattractant protein 1; IP-10: Induced protein-10; TNF-a: Tumor necrosis factor a; IL: Interleukin; CypA:
Cyclophilin A; VDBP: Vitamin D-binding protein; L-FABP: Liver-type fatty-acid binding protein; NAG: N-acetyl-p-D-glucosaminidase; NGAL: Neutrophil
gelatinase-associated lipocalin; DKD: Diabetic kidney disease; eGFR: Estimated glomerular filtration rate; VEGF: Vascular endothelial growth factor; CCL-
5: Chemokine ligand 5T.
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minuria[60].

A recent study that comprises 3529 children and adolescents with TIDM revealed impaired BP
regulation with elevated systolic BP, nocturnal diastolic BP, mean arterial pressure and diastolic dipping
but lower nocturnal systolic dipping[61]. Lurbe et al[62] showed that an increase in nocturnal SBP
precedes microalbuminuria occurrence within TIDM children[62].

The non-dipper pattern for SBD is one of the earliest abnormalities in the BP profile detected for
children with TIDM. Also, non-dipping status has been associated with kidney damage (renal morpho-
logical changes) and hyperfiltration in adolescents with TIDM[63]. Also, the non-dipping status seems
to be an early predictor of later nephropathy[63].

Teenagers with T1DM are at risk for hyperfiltration and higher UACR (urinary albumin-to-creatinine
ratio), which are biomarkers for early/ incipient nephropathy[35]. A recent meta-analysis found that
almost 25% of T2DM patients have arterial hypertension, the male sex being more frequently affected,
and that 1 in 4 or 5 children have albuminuria[58].

Mamilly et al[49] found an increased urinary NGAL/creatinine (a marker of tubular injury) and
pentosidine/creatinine (a marker of oxidative stress) in subjects with TIDM compared to controls even
in the absence of microalbuminuria[49]. The same study reported a high incidence of abnormal BP
dipping, which is important because dipping abnormalities may serve as a predictor for vascular
complications, especially kidney injury in diabetic individuals[49]. The same study proved that urine
NGAL correlates with loss of nocturnal dipping of SBP[49].

Based on these data, ambulatory blood pressure measurement represents the gold standard to assess
BP regulation and should be used in all diabetic patients for timely therapeutic intervention to prevent
renal and cardiovascular diabetic complications later in life.

PROPHYLACTIC AND THERAPEUTIC STRATEGIES FOR DKD

The well-known strategies, namely rigorous glycemic control, strict BP control and modulation of
obesity, still represent the most important tools to prevent and slow down the progression of diabetic
nephropathy/the deterioration of renal function. These therapies proved to be effective mainly by
targeting the modifiable risk factors for diabetic nephropathy, which are listed in Table 1.

A recent systematic review confirmed that early high doses of vitamin D supplementation in
combination with renin-angiotensin-aldosterone system blockers may slow the onset or progression of
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Table 5 Common and new therapeutic strategies in diabetic kidney disease

Dose adjustment
Therapy Drug class Aim Mechanism of action DKD result/effect to eGFR
(mL/min/1.73 m?)
Conventional
therapies
Strict glycemic control - HbAlc <7% (1) Reduces the risk of Delay DKD GFR = 10-50:
(Insulin) microalbuminuria; and (2) ~ progression/risk Reduce the dose to
Reduces progression of 75%; GFR < 10:
microalbuminuria to Reduce dose to 50%
macroalbuminuria
Dietary - |High protein intake (1) Reduces hyperfiltration; Lower DKD risk No restriction. CKD
protein/phosphate and (2) Slows down/delays stage 3: 100%-140%
restriction the loss of function or of the DRI. CKD
progression of diabetic stage 4-5: 100%-
nephropathy in TIDM and 120% of the DRI
T2DM
Weight loss, increased - (1) Reduces hyperfiltration; Lower DKD risk No
physical activity and (2) Reduces
albuminuria, especially in
moderate/severe obesity
Antihypertensive (1) ACEI/ ARB/ calcium- Control of BP (1) Reduces albuminuria Delay DKD ARB, calcium
therapy channel blockers; and (2) and delays the onset of DN; progression channel blockers:
ACEI/ARB + calcium- (2) Prevents progression of No adjustment
channel blockers DN in microalbuminuric ACEL GFR 30-60:
patients; and (3) Reduces Reduce dose to
the frequency of microalbu- 50%; GFR < 30:
minuria in hypertensive Stop
normoalbuminuric cases
Treatment of Dyslip- (1) Atorvastatin; (2) Reduce LDL-C Reduce albuminuria in Reduces CV No
idaemia Fluvastatin; and (3) patients with DKD disease/risk
Osuvastatin receiving RAAS blockers
Psychological (1) Family therapy; (2) Reduce depression Follow lifestyle adjustment ~ Delay DKD No
Intervention Cognitive behavioral regimens and achieve progression
therapy; (3) Motivational optimal glucose levels
interviewing; (4)
Counselling; (5) Mentoring;
and (6) Peer support
Novel therapies
Vitamin D analogues  Paricalcitol. Calcitriol (1) Ameliorates Delay DKD No
nephropathy by reducing progression
the albuminuria; and (2)
Prevent glomerulosclerosis
Vitamin D metabolites Inhibit RAAS and prevent ~ Delay DKD No
glomerulosclerosis progression/risk
Uric acid antagonist ~ Allopurinol Uric acid (1) Reduces urinary TGF-1  Delay DKD GFR > 50: No
antagonist/xanthine in diabetic nephropathy; (2) risk/progression adjustment. GFR
oxidase inhibitor Reduces albuminuria in 30-50: Reduce dose
T2DM; and (3) Improves by 50%. GFR < 10:
endothelial dysfunction Reduce dose to
30%, longer
interval
Renin inhibitor Aliskiren Block RAAS cascade Reduces albuminuria and Delay DKD No
serves as an antihyper- progression
tensive in T2DM
Endothelin antagonist ~Atransetan, avosentan, (1) Reduces residual Delay/slow DKD Yes
or I inhibitor ETA sparsentan (irbesartan + albuminuria in type 2 progression
receptor antagonist ETA) diabetic nephropathy; (2)
Reduces proteinuria in
T2DM patients and
nephropathy; and (3)
Significant proteinuria
reduction
MRA Mineralocor- Spironolactone = tNatriuresis Reduce albuminuria and Delay DKD GFR > 50: No dose
ticoid Receptor nonselective MRA. blood pressure in patients  risk/progression adjustment. GFR
Antagonists Eplerenone with DN when added to a 30-50: Reduce dose
RAAS inhibitor to 25%, once daily.
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GFR < 10: No use

SGLT2 inhibitors Empagliflozin, Glucose-lowering (1) Improves glycaemic Delay DKD No
canagliflozin control, reduces fasting progression,
blood glucose and HbAlc reduces blood
by increasing urinary pressure
glucose excretion; and (2)
Reduces the reabsorption of
sodium
GLP-1 agonist Liraglutide, semaglutide Stimulates insulin Improves glycaemic control Delay DKD No
secretion, 7satiety risk/progression
Exenatide, lixisenatide Stimulates insulin Improves glycaemic control Delay DKD Caution in CrCl <
secretion risk/ progression 50 mL/min
DDP-4 inhibitors Linagliptin, saxagliptin, Glucose-lowering- Reduce albuminuria in Delay DKD eGFR < 50
vildagliptin preserve the glucagon- macroalbuminuric T2DM risk/ progression mL/min: Reduce
like peptide effect patients dose by 50%; eGFR
<30 mL/min:
Reduce dose by
75%
TZD Thiazolidine- Rosiglitazone. Pioglitazone |Hepatic glucose (1) Reduce albuminuriain ~ Delay DKD No
diones production activate macroalbuminuric T2DM risk/ progression
peroxisome proliferator-  patients; and (2) Lower
activated receptor-y to microalbuminuria and
increase tissue insulin proteinuria
sensitivity
Aldosterone synthase Decrease in plasma Delay DKD NL
(CYP11B2) inhibition aldosterone levels risk/ progression
Anti-inflammatory
Compounds
CCR2 Antagonists Emapticap pegol (NOX-  Reduces UACR and HbAlc In T2DM-delay NL
E36), CCX-140 DKD, DN
risk/ progression
VAP-1 inhibitors An adhesion molecule for ~ ASP-8232 Reduces albuminuria in Delay DKD NL
lymphocytes, regulating T2DM in CKD risk/ progression

leukocyte migration into
inflamed tissue

ETA: Endothelin type A; T2DM: Type 2 diabetes mellitus; DKD: Diabetic kidney disease; UACR: Urine microalbumin to creatinine ratio; HbAlc: Glycated
hemoglobin; GFR: Glomerular filtration rate; RAAS: Renin-angiotensin-aldosterone system; eGFR: Estimated glomerular filtration rate; |: Decreased;
T1DM: Type 1 diabetes mellitus; CKD: Chronic kidney disease; DRI: Dietary reference intake; ACEI: Angiotensin-converting enzyme inhibitor; ARB:
Angiotensin II receptor blocker; BP: Blood pressure; DN: Diabetic nephropathy; LDL-C: Low-density lipoprotein cholesterol; CV: Cardiovascular; TGF-1:
Transforming growth factor 1; MRA: Mineralocorticoid receptor antagonists; SGLT-2: Sodium-glucose cotransporter-2; GLP-1: Glucagon-like peptide 1;
CrClI: Creatinine clearance; DPP-4: Dipeptidyl peptidase 4; TZD: Thiazolidinediones; NL: Not listed; CCR2: Chemokine receptor 2; VAP-1: Vascular
adhesion protein 1.

DKD[64]. Standard and some novel proposed therapies in early-stage or late-stage development of
diabetic nephropathy are presented in Table 5[20,64,65].

CONCLUSION

DKD, the most significant and frequent burden of this metabolic disorder, is still discovered late as
microalbuminuria is the most used biomarker for predicting kidney involvement. Novel biomarkers are
valuable tools in the detection of kidney damage in the early phases as well as reliable predictors for
DKD progression. Therefore, effective therapies may be proposed. Early stage prediction and
recognition of DKD in children and adolescents before microalbuminuria occurrence have a pivotal role
in preventing the development of and/or progression to irreversible kidney damage and to provide
timely management and appropriate treatment by using conventional and novel therapies that may
slow the onset or progression of DKD.
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Abstract

BACKGROUND

Diabetic nephropathy (DN) is the principal cause of end-stage renal disease.
Previous studies have shown that clopidogrel can prevent the early progression of
renal injury.

AIM

To elucidate whether clopidogrel is beneficial against DN by using a db/db mouse
model.

METHODS

db/db mice with a higher urinary albumin/creatinine ratio (ACR) relative to age-
and sex-matched wild-type control mice were randomly allocated to clopidogrel
and vehicle treatment groups. Clopidogrel was administered at doses of 5, 10, and
20 mg/kg by gavage for 12 wk. Body mass, blood glucose level, and urinary
creatinine and albumin concentrations in each group were measured before and
after the intervention. Renal fibrosis was evaluated using periodic acid-Schiff and
Masson’s trichrome staining. The renal protein expression of tumor necrosis
factor-a (TNF-0), interleukin-1p (IL-1B), and F4/80 was assessed using immuno-
histochemistry. Urinary TNF-a, monocyte chemoattractant protein-1 (MCP-1), and
IL-6 levels were analyzed using enzyme-linked immunosorbent assay; TNF-a and
IL-1p mRNA expression was measured using real-time quantitative polymerase
chain reaction. The protein expression of fibronectin (FN) and collagen I was
assessed using immunohistochemistry.

RESULTS
Clopidogrel treatment did not affect the body mass or blood glucose level of the
db/db mice; however, it increased bleeding time and reduced urinary ACR in a
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dose-dependent manner. Immunohistochemical staining revealed an amelioration of renal fibrosis,
significantly lower deposition of FN and collagen I, and significantly lower expression of the
proinflammatory cytokines TNF-a and IL-1B and lower levels of urinary TNF-a and MCP-1 in the
clopidogrel-treated db/db mice (P < 0.05). Furthermore, clopidogrel significantly reduced
macrophage infiltration into the glomeruli of the db/db mice.

CONCLUSION

Clopidogrel significantly reduced renal collagen deposition and fibrosis and prevented renal
dysfunction in db/db mice, most likely through inhibition of renal macrophage infiltration and the
associated inflammation.

Key Words: Diabetes; Clopidogrel; Inflammation; Fibronectin; Diabetic nephropathy

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

Core Tip: Diabetic nephropathy is the most common microvascular inflammatory disease among the
diabetic complications. Previous studies have shown that clopidogrel administration is an effective means
of suppressing inflammation in diseases such as acute myocardial infarction, diabetes, and acute ischemic
cerebral infarction. In this study, we aimed to determine whether treatment with clopidogrel has a
preventive or therapeutic effect in the kidneys of obese, type 2 diabetic db/db mice. In this experiment, we
demonstrated that clopidogrel significantly reduced renal collagen deposition and fibrosis and prevented
renal dysfunction in db/db mice, most likely through inhibition of renal macrophage infiltration and the
associated inflammation.

Citation: Li HQ, Liu N, Zheng ZY, Teng HL, Pei J. Clopidogrel delays and can reverse diabetic nephropathy
pathogenesis in type 2 diabetic db/db mice. World J Diabetes 2022; 13(8): 600-612

URL: https://www.wjgnet.com/1948-9358/full/v13/i8/600.htm

DOI: https://dx.doi.org/10.4239/wjd.v13.i8.600

INTRODUCTION

Diabetes is a major public health issue, affecting more than 400 million people worldwide[1]. Type 2
diabetes is a highly prevalent condition that is associated with major vascular, renal, and neurologic
complications. Diabetic nephropathy (DN) is the most common microvascular inflammatory disease
among diabetes complications. Proteinuria is a hallmark of early DN, and the associated morphological
abnormalities include glomerular hypertrophy, thickening of the glomerular basement membrane,
expansion of the mesangial matrix, and renal tubular injury. Renal changes in the later phases include
glomerulosclerosis and tubulointerstitial fibrosis[2-4].

The mechanism of DN is complex. A persistently high glucose level is considered the principal risk
factor for DN; however, other factors, such as abnormal renal hemodynamics, may also be involved in
the development of DN[5]. Hyperglycemia leads to the expression of proinflammatory mediators
(chemokines and cytokines) in injured glomerular and tubular cells, which contributes to renal damage
through various mechanisms, including mesangial proliferation, podocyte/tubular damage, and
leukocyte infiltration[6,7]. Leukocytic interleukin-6 (IL-6) and tumor necrosis factor (TNF)-a promote
the release of vascular endothelial factors, stimulate the proliferation of glomerular mesangial cells,
increase the permeability of the endothelium, and promote the synthesis and release of superoxide and
proteolytic enzymes, which eventually cause renal structural remodeling and dysfunction[8,9]. An
increasing amount of evidence indicates that diabetes-associated vascular and renal inflammation is
likely to be associated with high platelet reactivity, which would contribute to high atherothrombotic
risk[10,11].

Clopidogrel is an anti-platelet aggregation drug that with a pyridine-based structure. It can
specifically and irreversibly bind to platelet P2RY12 purinergic receptors, which inhibits ADP-mediated
platelet activation and aggregation. Clopidogrel not only inhibits platelet aggregation but also inflam-
matory responses in a platelet activation-dependent or independent manner[12,13]. Previous studies
have shown that clopidogrel administration is an effective means of suppressing inflammation in
conditions such as acute myocardial infarction, diabetes, and acute ischemic cerebral infarction[14,15].
Lower expression levels of IL-6, TNF-a, and transforming growth factor-f1; lower matrix metallopro-
teinase (MMP)-2 and MMP-9 activity; and stabilization of the extracellular matrix (ECM) in clopidogrel-
treated mice with hyperlipidemia and acute myocardial infarction reflected the protective effect of the
drug[16]. We have previously shown that clopidogrel significantly reduced renal collagen and
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fibronectin (FN) expression and thus ameliorated diabetes-induced renal fibrosis in a streptozotocin-
induced murine model of type 1 diabetes[17]. However, because 80%-90% of the population with
diabetes has type 2 disease[1], in the present study, we aimed to determine whether clopidogrel
treatment has a preventive or therapeutic effect in the kidneys of obese type 2 diabetic db/db mice, a
widely used mouse model of type 2 diabetes for DN investigations[18].

MATERIALS AND METHODS

Experimental animals, groups, and drug administration

db/db mice used in the present study were leptin receptor (Lepr) knockout mice with the C57BLKS
background developed by GemPharmatech Co., Ltd. by using the clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 technique, (https://www.gempharmatech.us/en/strain
/detail /?strain_id=3913). This mouse line has features similar to that from the Jackson Laboratory (
https:/ /www jax.org/strain/000642): Significant increases in the body weight starting at 4 wk,
hyperglycemia (6-h fasting blood glucose and hemoglobin Alc) at 8 wk, insulinemia (> 3-fold) at 8 wk,
and hyperlipidemia (cholesterol, triglyceride, and low-density lipoprotein) along with the early onset of
renal dysfunction (indicated by significantly increased microalbumin level in 24-h urine analysis) at 12
wk of age. Therefore, this mouse line has been widely used as a model for studies on type 2 diabetes[19,
20], including for the studies on DN of type 2 diabetes[18,21].

Eight-week-old, specific pathogen-free male C57BLKS db/db diabetic mice (n = 24) and age-matched
C57BLKS [wild-type (WT)] mice (n = 6) were purchased from the Model Animal Research Center of
Nanjing University (Cat. No. T002407, GemPharmatech Co., Ltd., Nanjing, China). All animal
experiments were approved by the ethics committee of the First Hospital of Jilin University and
conformed to the internationally accepted principles for the care and use of laboratory animals. All the
mice were adoptively fed until 12 wk of age when these db/db mice should show typical DN, defined as
the baseline. Then the db/db mice were randomly assigned to vehicle or low-dose (5 mg/kg), medium-
dose (10 mg/kg), or high-dose (20 mg/kg) clopidogrel groups. The mice were administered clopidogrel
or vehicle daily by gavage for 3 mo. At the end of the experiment, the animals were intraperitoneally
anesthetized with tribromoethanol (350 mg/kg) and sacrificed to collect blood and kidneys for
subsequent experiments.

Sample collection

Blood glucose levels were measured at regular intervals by using samples collected from a tail vein.
Twenty-four-hour urine collections were performed before and after 3 mo of treatment with the animals
in metabolic cages, and the 24-h urine albumin output was measured using a mouse microalbuminuria
enzyme-linked immunosorbent assay (ELISA) kit (Beijing XinQuan Tech Company, XQ-EN20536). The
urine creatinine output was measured using a creatinine test kit (Nanjing Jiancheng Bioengineering
Institute, C011-1-1).

Blood clotting time

Blood clotting time was measured using the mouse tail-vein bleeding assay. Briefly, the mouse’s tail was
cut 1-2 mm from the tip, where its diameter was approximately 1 mm, and then, it was immediately
dipped into a 50-mL tube filled with saline at 37 °C. The bleeding time was recorded over a period of up
to 5 min, as in our previous study[17].

Histology and immunohistochemical staining

The collected kidneys were fixed in 10% formalin, dehydrated in a graded series of alcohol, cleaned
with xylene, embedded in paraffin, and sectioned at a thickness of 5 pm. Periodic acid-Schiff and
Masson staining was performed to facilitate the examination of the glomerular basement membrane and
mesangial matrix of the kidneys. Immunohistochemistry was used to assess the expression of TNF-a
(Abcam, ab220210), IL-1p (Cell Signaling Technologies, #12242), F4/80 (Abcam, ab100790), FN (Santa
Cruz Biotechnology, SC-8422), and collagen I (Abcam, ab253113) in the kidney sections. After 3,3'-
diaminobenzidine staining, cells that were positive for target protein expression stained brown-yellow,
whereas the cells without the said expression were unstained. The percentage of each area that was
stained was quantified using the Image-Pro Plus software.

Measurement of TNF-a, MCP-1, and IL-6 levels in the urine

Urinary TNF-a, MCP-1, and IL-6 levels were measured using a mouse TNF-a precoated ELISA kit
(DAKEWE, 1217202), mouse MCP-1 precoated ELISA kit (DAKEWE, 1217392), and mouse IL-6
precoated ELISA kit (DAKEWE, 1210602), respectively. These concentrations were normalized to the
urinary creatinine concentrations.
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RNA isolation and real-time polymerase chain reaction

RNA was extracted from tissues by using Trizol and reverse-transcribed into cDNA. Real-time
polymerase chain reaction (PCR) was performed using SYBR Green chemistry, with g-actin as the
reference gene. Gene expression was quantified using the 244" method. The primer sequences used
were as follows: TNF-a (F): TATAAAGCGGCCGTCTGCAC, TNF-a (R): TCTTCTGCCAGTTCCACGTC;
IL-1p (F): TTGACGGACCCCAAAAGATG, IL-18 (R): AGAAGGTGCTCATGTCCTCA; and g-actin (F):
CCCTGTATGCCTCTGGTCGT, p-actin (R): CGTGGGGTGAAGCTGTAGCCACG.

Statistical analysis

Data are presented as mean + SD values for n = 6 mice per group. Multiple comparisons of data were
performed using one-way analysis of variance, with Tukey’s test for post-hoc pairwise comparisons. All
statistical analyses were conducted using GraphPad Prism 5, and P < 0.05 was considered to represent
statistical significance.

RESULTS

Effects of the db/db genotype and clopidogrel on the body mass, blood glucose level, and bleeding

time of the mice

At the age of 12 wk, the db/db mice were significantly heavier and had higher fasting blood glucose
levels compared to the WT mice (Figures 1A and B). Their animals” body mass slightly increased with
age thereafter, whereas their fasting blood glucose levels did not significantly change during the 3-mo
treatment period. Because db/db mice start showing typical DN at 12 wk of age, we started to
administer clopidogrel from this age with one of three doses (5, 10, or 20 mg/kg), to observe the drug’s
therapeutic effects or delay DN progression. First, the bleeding times of the WT and diabetic mice that
had or had not been administered clopidogrel were measured (Figure 1C). There was no difference
between diabetic mice and WT nondiabetic mice at the baseline level, and treatment of the diabetic mice
with clopidogrel increased the bleeding time in a dose-dependent manner during the 3-mo treatment.
Furthermore, clopidogrel treatment did not affect the body mass or blood glucose levels of the diabetic
mice during the experimental period (Figures 1A and B).

Clopidogrel ameliorated diabetes-associated renal dysfunction, glomerular sclerosis, and collagen

fiber deposition in the mice

Clopidogrel administration for 3 mo reduced the urinary albumin/creatinine ratio (ACR) of the diabetic
mice, especially in the high-dose group, which implies an improvement in the glomerular filtration rate
(Figure 2A). The kidneys of the WT mice did not show any obvious pathology, whereas those of the db/
db mice showed larger renal glomeruli, thickening of the substrate membranes, hyperplasia of
mesangial cells, and an expansion of the ECM. These histopathological changes were markedly
ameliorated by clopidogrel administration (Figure 2B). Masson’s trichrome staining showed greater
collagen deposition in the db/db mice; however, this was less severe in the mice administered
clopidogrel (Figure 2B).

Potential mechanisms for the beneficial effects of clopidogrel: A reduction in the renal accumulation

of ECM components responsible for fibrosis

It has been shown that in the early stages of DN, there is a significant increase in the deposition of
collagen, FN, and laminin in the glomerular basement membrane and ECM in glomerular mesangial
cells[22]. We assessed the protein expression of FN and collagen type I in the kidney cortex of the mice
by immunohistochemical staining (Figure 3). No significant FN or collagen I protein expression was
identified in the renal glomerulus of WT mice (Figure 3), and there was only a low level of expression
around the blood vessels (data not shown). In contrast, there was an excessive deposition of both FN
and collagen I in the glomerular membranes and mesangium of the db/db mice (Figure 3). However, the
accumulation of both proteins was significantly lower in db/db mice that had been administered
clopidogrel for 3 mo (Figure 3). These data imply that clopidogrel reduced collagen synthesis and ECM
deposition and inhibited fibrosis in the kidneys of the db/db mice.

Potential mechanisms for the beneficial effects of clopidogrel: Inhibition of the diabetes-associated

renal inflammatory response and macrophage infiltration

We next measured the mRNA expression of TNF-a and IL-15 by using real-time PCR, which showed
that both mRNA expression levels were significantly lower in the clopidogrel treatment group
(Figure 4A). Furthermore, immunohistochemical staining of kidney sections showed that TNF-a and IL-
1B were expressed at low levels in the kidneys of the WT mice. However, there was higher TNF-a
expression principally in the renal tubules and higher IL-1B expression in both the glomeruli and renal
tubules of the db/db mice (Figure 4B). Semi-quantitative analysis showed significantly higher protein
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expression of TNF-a and IL-1p in the kidneys of diabetic mice. Nevertheless, clopidogrel significantly
reduced the expression of these renal inflammatory cytokines (Figure 4C).

We also examined these inflammatory cytokine levels in the urine, which may be indirect indicators
of systemic inflammation. Furthermore, considering that MCP-1 is a potent chemokine in the
recruitment of macrophages[23], urinary TNF-a, IL-6, and MCP-1 levels were measured by ELISA
(Figure 5). The results showed that the development of diabetes significantly increased urinary TNF-q,
IL-6, and MCP-1 levels. However, clopidogrel reduced the levels of urinary TNF-o and MCP-1 (Figures
5A and C), and urinary IL-6 level in db/db mice had a slight decrease (Figure 5B). These results indicate
that clopidogrel can inhibit the diabetes-associated renal inflammatory response and probably systemic
inflammation.

Macrophages, lymphocytes, and mast cells secrete large amounts of proinflammatory mediators and
cytokines in the diabetic kidney, which directly or indirectly induce renal damage and accelerate local
fibrosis[24,25]. F4/80 is a macrophage marker expressed on the surface of these cells in mice. Consistent
with the urinary MCP-1 results, there was no obvious expression of F4/80 in normal mouse kidney
tissue (Figure 6). On the other hand, macrophage infiltration was apparent around the glomeruli in
diabetic mice. Furthermore, the number of macrophages at this location was significantly high in db/db
mice; this number was significantly reduced by clopidogrel treatment (Figure 6). These results suggest
that clopidogrel reduces macrophage infiltration and inhibits cytokine secretion, thereby reducing
damage to the kidneys caused by the inflammatory response.

DISCUSSION

Clopidogrel is an antagonist of the P2RY12 receptor, which is expressed on the surfaces of platelets. It
not only inhibits platelet aggregation but also reduces ventricular inflammation and fibrosis in animal
models[26-28]. Consistent with this, in this study, we found that clopidogrel administration for 3 mo
delayed or prevented the progression of DN in db/db diabetic mice. These beneficial effects of
clopidogrel in db/db mice appear to be mediated by inhibition of the renal deposition of collagen,
probably through suppression of macrophage infiltration into the kidney and thus a reduction in
proinflammatory cytokine secretion, as illustrated in Figure 7.

We have also shown that clopidogrel administration does not significantly affect the body mass or
blood glucose level of db/db diabetic mice, which implies that the dose and duration of clopidogrel
administration used in these mice were safe, without evidence of potential side-effects. Furthermore,
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these beneficial effects of the drug against DN development in these mice were independent of glycemic
control. There have been few previous studies on the effects of clopidogrel on blood glucose. However,
in one study, patients with type 2 diabetes were treated daily with one 70 mg clopidogrel tablet for 2
mo, which improved their fasting blood glucose level (from 9.7 + 0.7 mmol/L to 7.5 £ 0.5 mmol/L).
Therefore, the potential hypoglycemic effect of clopidogrel requires further investigation.

In addition, although clopidogrel is an anti-platelet aggregation drug, its preventive or therapeutic
effect on the development of DN in db/db mice does not seem to be predominantly related to its effect
on platelet aggregation. We believe this is because the db/db mice did not demonstrate shorter bleeding
times than those noted in the WT mice before or after 3 mo of clopidogrel administration (Figure 1C).
However, clopidogrel increased the bleeding times of the db/db mice in a dose-dependent manner
(Figure 1C) during the 3-mo treatment period, parallel to the dose-dependent effects of improvement in
renal function (Figure 2A).

The urinary albumin concentration is closely related to the progression of glomerular lesions and
kidney damage, and this was significantly reduced by clopidogrel administration in db/db mice to levels
that were lower than those prior to treatment (Figure 2A). Inflammation plays an important role in the
development and progression of DN, and this involves the production of chemokines and proinflam-
matory cytokines, infiltration of immune cells into the kidney, formation of immune complexes, and
complement activation[29]. Chronic diabetic hyperglycemia causes an increase in the circulating concen-
tration of advanced glycation end-products, which induce macrophage migration through advanced
glycation end product receptor-mediated activation of the nuclear factor (NF)-xB inflammatory
pathway[30,31]. Furthermore, the production of the proinflammatory cytokines TNF-a and IL-1f is
induced by NF-xB activation. TNF-o promotes inflammatory cell aggregation and adhesion,
microvascular dilation, vascular permeability, and exacerbation of the inflammatory response, thereby
contributing to glomerular tissue damage. Therefore, the serum TNF-a concentration is considered a
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Figure 3 Clopidogrel reduces the production of fibronectin and collagen I in the kidneys of db/db mice. A: Representative immunohistochemical
staining. Magnification: x 400; B: Quantitative analysis of fibronectin protein and collagen | protein. Data are shown as mean + SD values of n = 6 mice per group. *P
< 0.05 vs wild type mice; °P < 0.05 vs db/db mice. FN: Fibronectin; WT: Wild type; db/db: dbldb mice; Clo: Clopidogrel.
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predictor of disease progression[9,32]. IL-1p stimulates the proliferation of glomerular cells in the
kidneys, promotes the production of ECM, and accelerates the process of renal fibrosis[8,33]. Consistent
with this, we found significantly higher expression of both TNF-a and IL-1p in the kidneys and urine of
db/db mice. However, treatment with clopidogrel significantly reduced the expression of both cytokines,
which implies that the drug has an anti-inflammatory effect in the kidneys of diabetic mice.

Macrophages are the principal type of immune cells that promote kidney damage in diabetes[34,35].
F4/80 is a macrophage-specific antigen that participates in the maturation and activation of this cell
type. Consistent with the increased urinary level of MCP-1, which is a potent chemokine in
macrophages, we found a significant increase in macrophage infiltration, mirrored by F4/80-positive
staining (Figure 6), in the kidneys of the db/db mice. However, the number of macrophages in the
kidneys of the clopidogrel-treated mice was significantly lower. Chronic renal inflammation causes
glomerular membrane cells to produce large amounts of type I and type IV collagen and FN, which
leads to thickening of the glomerular basement membrane and ECM accumulation, ultimately resulting
in glomerulosclerosis[36,37]. We also found higher expression of collagen I and FN in the kidneys of the
db/db mice. However, this was much lower in the kidneys of mice that had been treated with
clopidogrel for 3 mo.

Thus, as illustrated in Figure 7, the results of the present study suggest that clopidogrel adminis-
tration for 3 mo to db/db mice, which had significant renal dysfunction (high urinary ACR), delayed the
progression of DN and possibly improved renal function. This effect is accompanied by an amelioration
of features of the renal pathology of DN, including lower renal accumulation of ECM components, such
as collagen and FN. The beneficial effects of clopidogrel on the renal deposition of collagen in the
kidneys of db/db mice may be explained by its inhibition of diabetes-associated macrophage infiltration
and proinflammatory cytokine release. However, further research is required to determine whether
there is a genuine cause-and-effect link between these findings. In addition, the lower macrophage
infiltration may explain the reduction in ECM accumulation and fibrosis. However, it may be that
clopidogrel also directly inhibits renal inflammation and fibrosis. This possibility requires further
investigation.
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Figure 4 Clopidogrel inhibits the expression of tumor necrosis factor-a and interleukin-18 in db/db mice. Data are shown as mean + SD values
of n =6 per group. 2P < 0.05 vs wild-type mice; °P < 0.05 vs db/db mice. A: Tumor necrosis factor (TNF)-o. and interleukin (IL)-1B gene expression, determined using
real-time polymerase chain reaction; B: Immunohistochemical staining; C: Semi-quantitative analysis of TNF-a and IL-1p protein expression. WT: Wild type; db/db: db
/db mice; Clo: Clopidogrel; TNF: Tumor necrosis factor; IL: Interleukin.
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CONCLUSION

We found that clopidogrel significantly reduced renal collagen deposition and fibrosis and prevented
renal dysfunction in db/db mice. These findings suggest a promising alternative approach to the
treatment of diabetes and prevention of DN because clopidogrel is in current use and could be co-
administered with other antidiabetic drugs.
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Figure 5 Clopidogrel reduces the levels of urinary tumor necrosis factor-a and monocyte chemoattractant protein-1 in db/db mice. Data
are shown as mean + SD values of n = 6 mice per group. P < 0.05 vs wild type mice; °P < 0.05 vs db/db mice. A: Tumor necrosis factor-a. levels in the urine; B:
Interleukin-6 levels in the urine; C: Monocyte chemoattractant protein-1 levels in the urine. WT: Wild type; db/db: db/db mice; Clo: Clopidogrel 20 mg/kg; TNF: Tumor
necrosis factor; IL: Interleukin; MCP: Monocyte chemoattractant protein.
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Figure 6 Clopidogrel reduces renal macrophage infiltration in db/db mice. P < 0.05 vs wild type mice; °P < 0.05 vs db/db mice. Immunohistochemical
staining, magnification: x 400. A: Wild type; B: db/db mice; C: db/db + clopidogrel (20 mg/kg); D: Immunohistochemical analysis of F4/80 expression. WT: Wild type;
db/db: dbldb mice; Clo: Clopidogrel.
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Figure 7 Outline of the potential mechanisms whereby clopidogrel ameliorates defects in renal structure and function in db/db mice.
Diabetes is associated with the activation of platelets, predisposing toward systemic thrombosis, which is reflected in a shorter bleeding time. Diabetes is also
characterized by the activation of inflammatory cells, including macrophages, which infiltrate the kidney and release proinflammatory cytokines, causing systemic and
renal inflammation, which is followed by renal damage, remodeling, and dysfunction. The treatment of db/db mice with clopidogrel may exert its effects in three main
ways: (1) Direct inhibition of the infiltration of circulating inflammatory cells into the kidney; (2) Inactivation of activated platelets, preventing their promotion of
inflammatory cell infiltration; and (3) Direct prevention of the diabetes-related renal inflammatory response and associated downstream pathways. The dashed arrow
indicates that the systemic activation of platelet aggregation in diabetes requires further confirmation in longer-term studies of diabetes models. T2D: Type 2 diabetes;
ECM: Extracellular matrix.
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ARTICLE HIGHLIGHTS

Research background

Diabetic nephropathy (DN) is the leading cause of end-stage kidney disease in the United States and
most developed countries. New strategies are required to delay the development and the progression of
DN.

Research motivation

Previous studies have shown that clopidogrel administration is an effective means of suppressing
inflammation in diabetes. Moreover, clopidogrel can ameliorate diabetes-induced renal fibrosis in a
streptozotocin-induced murine model of type 1 diabetes.

Research objectives

We aimed to determine whether treatment with clopidogrel has a preventive or therapeutic effect in the
kidneys of obese type 2 diabetic db/db mice.

Research methods

Clopidogrel at doses of 5, 10, or 20 mg/kg was administered by gavage for 12 wk. The body mass, blood
glucose, and urinary creatinine and albumin concentrations were measured. Immunohistochemistry,
enzyme-linked immunosorbent assay and real-time quantitative polymerase chain reaction were used to
evaluate the expression of cytokines. Fibronectin (FN), and collagen I was assessed using immunohisto-
chemistry.

Research results

Clopidogrel treatment reduced urinary albumin/creatinine ratio. Immunohistochemical staining
revealed an amelioration of renal fibrosis, significantly less deposition of FN and collagen I. Lower
expression of the proinflammatory cytokines tumor necrosis factor-o. (TNF-0) and interleukin-1p and
lower levels of urinary TNF-0, monocyte chemoattractant protein-1 and significantly reduced
macrophage infiltration of the db/db mice.

Research conclusions
Clopidogrel prevented renal dysfunction in db/db mice, most likely through inhibition of renal
macrophage infiltration and the associated inflammation.

Research perspectives
The present findings suggest a promising alternative approach to the treatment of patients with diabetes
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and the prevention of DN because clopidogrel is in current use and could be co-administered with other
antidiabetic drugs.
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Abstract

BACKGROUND

Glucagon-like peptide-1 (GLP1) is an endogenous peptide that regulates blood
glucose level. But its susceptibility to rapid metabolic degradation limits its
therapeutic use.

AIM
To prepare GLP1-encapsulated nanosize particle with controlled release property
to improve the systemic half-life of GLP1.

METHODS

GLP1 nanoparticles were prepared by complexation of GLP1 with carbonate
apatite nanoparticles (CA NPs). The physicochemical properties of the CA NPs,
the effects of GLP1-loaded CA NPs on cell viability, and the systemic bioavail-
ability of GLP1 after CA NPs administration were determined.

RESULTS

The GLP1-loaded CA NPs was within 200 nm in size and stable in fetal bovine
serum. The formulation did not affect the viability of human cell lines suggesting
that the accumulation of CA NPs in target tissues is safe. In Sprague Dawley rats,
the plasma GLP1 Levels as measured from the GLP1-loaded CA NPs-treated rats,
were significantly higher than that of the control rats and free GLP1-treated rats at
1 h post-treatment (P < 0.05), and the level remained higher than the other two
groups for at least 4 h.

CONCLUSION
The GLP1-loaded CA NPs improved the plasma half-life of GLP1. The systemic
bioavailability of GLP1 is longer than other GLP1 nanoparticles reported to date.
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Core Tip: Glucagon-like peptide-1 (GLP1), owing to its physiological properties, is a promising peptide in
the treatment of obesity and diabetes. Due to the short half-life of GLP1 and in order to improve GLP1
therapeutic use, GLP1 receptor agonists (GLP1-RAs) have been widely synthesised and encapsulated into
nanocarriers for targeted delivery. But the use of GLP1-RAs is associated with unwanted side effects and
risks. In the present study, we synthesised a new nanocarrier for native GLP1 - the GLP1 carbonate apatite
nanoparticles. The nanocarrier appears comparable if not significantly better than other GLP1
nanoparticles, which have shown promising features as therapeutic agents.

Citation: Ibnat N, Zaman R, Uddin MB, Chowdhury E, Lee CY. Improved systemic half-life of glucagon-like
peptide-1-loaded carbonate apatite nanoparticles in rats. World J Diabetes 2022; 13(8): 613-621
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INTRODUCTION

The incretin hormone glucagon-like peptide-1 (GLP1) is a peptide secreted from the L cells of the distal
ileum and colon in response to nutrient to stimulate insulin secretion. However, as with other peptides,
GLP1 is rapidly broken down by circulating enzyme dipeptidyl peptidase-IV (DPP-1V). The poor
bioavailability of peptide-based therapeutics is the main challenge of achieving maximum benefit from
the drugs.

The metabolic instability of GLP1 has led to the development of GLP1 receptor agonists (GLP1-RAs),
which are now widely used in diabetic treatments. GLP1-RAs are generally delivered as payload of
drug carriers in injectable formulation. Besides retaining the physiological functions of GLP1, GLP1-RAs
have shown additional effects such as regulation of body weight, blood pressure, and cholesterol level
[1,2]. But the use of GLP1-RAs was accompanied by side effects such as nausea, vomiting, adverse
injection-site reaction, and has posed the risks for pancreatitis and thyroid cell carcinomas[2]. Another
aspect of the GLP1-RAs preparations that is worth considering is their pharmacokinetics profile, which
essentially is determined by the properties of the drug carriers. Systemic bioavailability of the same
drug varies depending on the route of administration that the drug carriers are designed for.

Frequent parenteral administration of therapeutic peptides may lead to a lower patient compliance as
compared to oral administration, and also increase the chance of side effects. Moreover, systemically
administered peptide drugs have very short half-lives owing to renal clearance and their interaction
with the host immune system[3], thus necessitating multiple administration over the course of
treatment, which may in turn causes systemic toxicity and undesirable off-target effects. The drawback
of GLP1 has also led to the common strategies of conjugating GLP1 or its analogues to polyethylene-
glycol (PEG)[4,5] and albumin[6,7] with the aim to extend the peptide’s half-life. However, the efficiency
and long-term safety of these conjugates have limited their use[6]. Of note, most of these chemical
conjugations was done on GLP1-RAs.

Controlled release formulation is a promising approach as it releases the peptide molecule depending
on the needs. Such formulation is therefore able to maintain the circulating level of the peptide and
prolong therapeutic activities[3-10]. Previously, we demonstrated that pH sensitive inorganic carbonate
apatite nanoparticles (CA NPs) were excellent carriers for intracellular delivery of deoxyribonucleic acid
(DNA). We have reported the properties of the CA NPs including their sizes, distribution and zeta
potential, measurements from the fourier transform-infrared spectroscopy (FT-IR) and x-ray diffraction
and dissolution studies, and effects on crystal growth kinetics[11].

In this study, GLP1-loaded CA NPs was formulated, and the in vitro and in vivo properties of the NPs,
specifically their ability to improve the systemic half-life of GLP1 were assessed. We asked the following
questions: (1) Does GLP1-CA NPs increase the systemic bioavailability of GLP1 as compared to free
GLP1? And (2) Will GLP1-CA NPs with controlled release properties improve the systemic half-life of
GLP1 to a similar extent to that of GLP1-RAs?
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MATERIALS AND METHODS

Fabrication of GLP-1-loaded CA NPs

The CA NPs was prepared by dissolving 44 mmol/L of sodium bicarbonate and Dulbecco’s Modified
Eagle Medium (DMEM) powder in mili Q water (pH adjusted to 7.4). The DMEM solution was then
mixed with 7 mmol/L concentration of calcium chloride (CaCl,), followed by 30 min incubation at 37°C.
For the complexation of GLP1 with CA NPs, a series of GLP1 concentrations ranging from 10 pg to 2
mg, was added to the DMEM solution prior to the addition of 7 mmol/L CaCl,, and the preparations
were incubated at 37°C for 30 min.

Turbidity measurement of GLP1-loaded CA NPs

Turbidity measurement was carried out to determine the growth of the particles. The CA NPs and the
GLP1-loaded CA NPs were formulated, as described above. The turbidity of the particle suspensions
was assessed using ultraviolet (UV) spectrophotometer at 320 nm absorbance wavelength (UV 1800
Spectrophotometer, Shimadzu, Japan).

Visualisation of GLP1-loaded CA NPs under a Field Emission-Scanning Electron Microscope

The field emission-scanning electron microscope (FE-SEM) was used to observe the morphology of the
NPs. The GLP1-CA NPs samples were prepared by adding GLP1 (1 and 10 pg) along with 4 mmol/L
CaCl,to 1 mL bicarbonate-buffered medium containing inorganic phosphate. One drop of the complex
particle suspension was dried on a glass slide at 37°C for 1 h. The slide was placed onto a carbon tape-
coated sample holder. The dried samples underwent platinum sputtering with 30 mA sputter current at
2.30 tooling factor for 70 s, and the sputtered particles visualised at 5.00 kV (Hitachi/SU8010, Tokyo,

Japan).

Binding affinity of GLP1 to CA NPs

Fetal bovine serum (FBS, 1%) was used as a source of serum protein to test the binding affinity of GLP1
to CA NPs. The CA NPs containing 5 mmol/L CaCl,was prepared under the same condition as
mentioned above. The CA NPs was then added with 1% FBS and incubated for 10 min. The NPs,
coupled with different concentrations of GLP1 - 500 pg, 1 mg and 2 mg were incubated for 30 min at
37°C. These samples together with the free GLP1 were centrifuged at 13000 rpm for 10 min, where the
supernatant was discarded. The pellet was washed with 1 mL DMEM before being dissolved with
ethylenediaminetetraacetic acid (EDTA) in phosphate-buffered saline (50 mmol/L). The samples were
then subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) in 1%
agarose gel. The gel was fixed in a fixing solution for 1 h, stained with Coomassie Blue for 20 min with
gentle agitation, and de-stained in a de-staining solution. The image of the de-stained gel was captured
using the gel documentation system from Bio-Rad (The United States of America, United States).

Effect of GLP1-CA NPs on the viability of human cell line

The human Michigan Cancer Foundation-7 (MCF-7) cell line, which is a breast cancer cell line, was
grown in DMEM supplemented with 10% FBS and 1% penicillin and streptomycin antibiotic in a 25
mm?®culture flask. One day before the treatment, the exponentially growing cells were trypsinised,
centrifuged and re-suspended using DMEM. Cells were counted under the optical microscope using a
haemocytometer and seeded on a 24-well plate with cell density of 50000 cells per well. The cells were
allowed to attach overnight at 37°C with 5% carbon dioxide (CO,). Cells were then treated with either
free GLP1 or GLP1-CA NPs in the presence or absence of 10% FBS, and for different length of time prior
to the cytotoxicity study using 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT). In
the MTT assay, 50 pL MTT (5 mg/mL in phosphate buffered saline) was added to each well and
incubated for 4 h. The formazan products were dissolved with 300 pL dimethyl sulfoxide, and the
absorbance measured at 595 nm wavelength with reference to 630 nm on a microplate reader (Dynex
Opsys MR, United States).

Measurement of plasma GLP1 Levels following intravenous injection in rats

The experiment was approved by the Monash University Animal Ethics Committee (MARP/2016/008).
Male Sprague Dawley rats (n = 18, 6 wk old) were obtained from the Monash Animal Facility and
handled according to the appropriate animal care guidelines. Each rat was housed in an individually
ventilated cage, in a temperature- and humidity-controlled room with a 12 h light-dark cycle (lights on
06:00-18:00), and was allowed free access to control diet (Gold Coin Sdn. Bhd.) and water. After 7 d of
acclimatisation period, the rats were divided into three groups (1 = 6 per group), and administered via
the tail vein, one of the following preparations: CA NPs only, 1 mg/kg free GLP1, and GLP1-loaded CA
NPs containing 1 mg/kg GLP1. Approximately 300 uL of blood sample was collected from the tail vein
and transferred to a sterile 1.5 mL EDTA-coated tube. Samples were collected at 0 h (pre-treatment), and
1, 2, 4, and 24 h post-treatment, and the blood was centrifuged at 3000 rpm for 15 min at 4°C to separate
out the plasma, which was then stored at -20°C. The plasma levels of GLP1 were measured using a
commercially available GLP1 enzyme-linked immunosorbent assay (ELISA) kit (Millipore, United
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States).

Statistical analysis

Results were presented as mean * standard error of the mean (SEM). The statistical significance of the
treatment groups compared to the control was analysed using the Student’s t test. Student’s ¢ test is a
well-established parametric statistical method that compares the means of two independent groups and
is more appropriate to be used when sample size is small. A P value of less than 0.05 was considered
statistically significant[12].

RESULTS
The growth profile of GLP1 nanoparticles

As illustrated in Figure 1, increasing the concentration of free GLP1 in the DMEM solution did not
change the absorbance intensity of GLP1. An inverse relationship between GLP1 concentrations (ranged
from 10 pg to 2 mg) and the formation of CA NPs was found. This indicates that GLP1 might interact
with the growing CA NPs and modulate the NPs growth kinetics.

Size and elemental analysis

As shown in Figure 2A, CA NPs was approximate 200 nm in sizes. The presence of GLP1 (1 and 10 pg)
along with 4 mmol/L CaCl,yielded particles of heterogeneous sizes. Accordingly, 1 pg GLP1 gave rise
to particle sizes ranging from approximate 15 to 200 nm (Figure 2B), while 10 pg GLP1 produced
particles with intermediate sizes ranging from approximate 60 to 70 nm (Figure 2C). Energy Dispersive
X-Ray Analysis-based elemental analysis showed that particles formed with 10 pg GLP1 contained more
carbon than particles formed with 1 pg GLP1, which may be explained by the presence of higher
amount of hydrocarbon in the particles formed with 10 pg GLP1. In addition, the calcium/phosphate
(Ca?"/P) ratio was found to be much higher in particles fabricated with higher amount of GLP1,
probably as a result of phase transformation (data not shown).

Binding affinity of GLP1 towards CA NPs

In SDS-PAGE, a GLP1 band along with a FBS band was observed for CA NPs prepared with 1 mg and 2
mg GLP1. A more prominent GLP1 band was seen from the latter (Figure 3). Results confirmed that
there was sufficiently stable complex formation between the NPs and GLP1. Serum proteins did not
trigger the dissociation of GLP1 from the CA NPs.

Effect of GLP1-CA NPs on the viability of human cell line

In the MTT assay, both the free GLP1 and CA NPs-bound GLP1 did not exert noticeable effects on the
viability of the human cell line (Figure 4). This suggests that the GLP1-loaded CA NPs are likely to be
safe for clinical application. More pre-clinical studies are needed to confirm this.

Plasma half-life of GLP1

The plasma levels of GLP1 in rats treated with GLP1-CA NPs were significantly higher than control rats
at1h (49.61 + 9.24 picomolar (pM), P < 0.05), 2 h (20.22 £ 5.20 pM, P < 0.05), and 4 h (16.32 + 4.01 pM, P
< 0.05) (Figure 5). The increased plasma GLP1 Level at 1 h in GLP1-CA NPs treated rats was also
significantly higher than the levels measured from rats administered with free GLP1 (15.68 + 4.34 pM, P
<0.05).

DISCUSSION

Therapeutic drug with a high tendency of reaching its target site may have increased efficiency and
limited side effects. Nanosize particle has the advantage in this aspect as it allows targeted drug
delivery. In the present study, a new GLP1-loaded nanosize particle with controlled release property
was successfully developed. The formulation adds to the list of GLP1 nanoparticles reported to date,
which has made little progress since our review of clinically available GLP1 NPs for diabetic treatment 5
years ago[13].

The slow progress or lack of interest in developing particles that encapsulate native GLP1 could be
attributed to the rapid metabolism of GLP1, and as such, making GLP1-RAs a potentially more viable
option. The only NPs preparation for intravenous GLP1 administration, a study design closest to the
present study, was reported more than a decade ago[14]. The preparation, which used liposome as the
drug carrier, produced a 3.6-fold higher serum GLP1 Level than that of free GLP1 at 15 min post-
treatment. But the elevated GLP1 Level decreased rapidly thereafter. Another preparation, which was
comparable to the present study in terms of the administrative dose and test subject, and involved a
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Figure 1 Turbidity measurement. The turbidity of samples measured at absorbance 320 nm was an indicator of carbonate apatite nanoparticles (CA NPs)
particles growth. The growth of glucagon-like peptide-1 (GLP1)-loaded CA NPs declined in inverse proportion as the concentration of GLP1 increased.
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Figure 2 The field emission-scanning electron microscope images of the carbonate apatite nanoparticles. Particles approximate 200 nm in size
were formed when carbonate apatite nanoparticles (CA NPs) were fabricated without glucagon-like peptide-1 (GLP1) (A). When the CA NPs were fabricated with 1 pg
GLP1 (B) and 10 pg GLP1 (C), various sizes of particles were observed with the latter preparation gave a greater size heterogeneity.
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Figure 3 The binding affinity of glucagon-like peptide-1 towards carbonate apatite nanoparticles. Lane 1. Free glucagon-like peptide-1 (GLP1) 50
jg; 2. Free GLP1 100 pg; 3. GLP1 500 ug + Ca®; 4. GLP1 1 mg + Ca%; 5. GLP1 2 mg + Ca?¥; 6. protein ladder; 7. GLP1 500 pg + Ca* +1% fetal bovine serum
(FBS); 8. GLP1 1 mg + Ca?*+ 1% FBS; 9. GLP1 2 mg + Ca* + 1% FBS; 10. Dulbecco’s Modified Eagle Medium (DMEM) + Ca? + 1% FBS; 11. Blank; 12. 1% FBS;
13. Ca + 1% FBS. GLP1 band was observed from carbonate apatite nanoparticles prepared with 1 mg and 2 mg GLP1, as shown in Lanes 8 and 9, along with the
FBS band.

silica-based pH sensitive nanomatrix system, showed a burst release of GLP1 during the first hour. The
plasma level of GLP1 however, returned to basal level at 4 h[15].

The GLP1-CA NPs have improved the systemic bioavailability of GLP1, showing better sustained
release properties than the liposomal carrier and pH sensitive nanomatrix system. The plasma GLP1
Level of the CA NPs-treated rats was 3.2-fold higher compared to the free GLP1-treated rats at 1 h, and
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Figure 4 The effect of glucagon-like peptide-1 nanoparticles on the viability of Michigan Cancer Foundation-7 cells. The carbonate apatite
nanoparticles with increasing glucagon-like peptide-1 concentrations did not affect the viability of the cells.
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Figure 5 Plasma-time profile of glucagon-like peptide-1. At 1 h post-treatment, Sprague Dawley rats (n = 6) administered with carbonate apatite
nanoparticles containing 1 mg/kg of glucagon-like peptide-1 (GLP1) showed significantly higher plasma GLP1 level than the control rats and 1 mg/kg of free GLP1-
treated rats (°P < 0.05). The increased plasma GLP1, which was continued to be seen at 4 h, showed that GLP1 was released from the particles in a controlled

manner.

Jaishideng®

the level was sustained for at least 4 h post-treatment. Although carbonate apatite was reported to have
strong affinity toward bovine serum albumin at physiological pH[16], the observed high binding
affinity of GLP1 towards CA NPs may have negated the potential interaction between CA NPs and
various blood proteins.

The liposomal preparation[14], and the silica-based pH sensitive nanomatrix system[15] mentioned
above reported significant reduction in the glucose level, and the liposomal GLP1 also significantly
increased insulin secretion. Given that CA NPs showed superior plasma GLP1 profile to these prepar-
ations, it is reasonable to predict that GLP1-loaded CA NPs will exert similar insulinotropic and
hypoglycaemic effects. Nonetheless, further studies are necessary to confirm the therapeutic effects of
GLP1-CA NPs.

Despite having a short plasma half-life, GLP1 may still be preferred to GLP1 agonists for therapeutic
use. This is evidenced in several studies which used nanomaterials without GLP1 or GLP1-RAs as
payload to stimulate GLP1 secretion[5,17,18]. The surface-modified lipid-based nanocarriers not only
increased GLP1 secretion significantly, but normalised plasma glucose levels, and reduced insulin
resistance in obese/diabetic mice following a 4 wk treatment[5].

Liraglutide, exenatide and exendin-4 are GLP1-RAs widely used to improve the therapeutic effects of
GLP1. It is therefore useful to understand the pharmacokinetic/ pharmacodynamic profiles of GLP1-RA-
loaded carrier systems so as to gain a better understanding of how significant these preparations had in
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improving GLP1 bioavailability when comparing with GLP1 nanoparticles, and this was reviewed
recently[19]. In order to make comparison between GLP1-CA NPs and GLP1-RAs preparations for their
systemic bioavailability and usefulness, only studies that used rats as test subjects and preparations
meant for oral administration were discussed below.

Exendin-4 released from enteric-coated capsule containing pH responsive NPs showed a maximum
plasma concentration at 5 h after treatment[20]. Another preparation that involved poly(lactic-co-
glycolic acid) NPs conjugated with dextran and a C-terminal Src kinase peptide showed peak plasma
exenatide level at 6 h post-administration. However, the elevated plasma exenatide level was not
significantly different from rats receiving subcutaneous injection of exenatide solution, which was used
as a positive control[21]. Zhang et al[22,23] who used functionalised NPs for oral exenatide delivery,
reported maximum plasma exenatide level at 4 h and 6 h, respectively after administration. But similar
to the study by Song et al[21], the exenatide level was not significantly different from that seen in rats
administered subcutaneously with an exenatide solution. Overall, the sustainability of the plasma
concentration of GLP1-RAs encapsulated in various types of nanomaterials was between 4-6 h, only
slightly higher than that of GLP1-encapsulated CA NPs, although an oral formulation may produce
better patient compliance than parenteral administration.

On this note, it is necessary to highlight that the GLP1 systemic bioavailability and/or the biological
effects of the different nanomaterial preparations discussed above were cited from and compared
between animal subjects. Preparations which are under pre-clinical testing stages, as per the present
study, provide useful information on the potential usability and practicality of the preparations in
human, and are instructive for future investigation on other animal species and subsequently, human
subjects.

Liraglutide and semaglutide have been approved by the United States Food and Drug Adminis-
tration as weight management agents, and semaglutide in obese or overweight adults with at least one
weight-related condition including diabetes. Emerging evidences support the implementation of
pharmacotherapy along with behavioural therapy and dietary intervention in optimising obesity
treatment. The same approach may apply to diabetes management because consumption of food with
antioxidant and anti-inflammatory properties could synergise the effects of GLP1 and GLP1-RAs[24]. If
combination therapy is the recommendation for the treatment of metabolic syndrome, the overall cost of
management should be taken into consideration.

This study was limited by the lack of chronic and sub-chronic in vivo study involving obese or
diabetic animals. A longer duration of study and measurement of metabolic parameters will provide
evidence of the effectiveness of GLP1 CA NPs in the long-term treatment of metabolic syndrome.
Nevertheless, we showed that this new preparation has therapeutic potential. A second limitation is on
the discussion of the data itself. In order to make valid and comparable comparison of the pharma-
cokinetics profiles between the different GLP1 nanocarriers, only studies that used the same animal
species, and native GLP1 were included in the discussion. This means that not all GLP1 and GLP1 RAs
nanocarriers that are reported to date have been included. The literature search has nevertheless implied
that there is higher interest in GLP1-RAs than native GLP1 despite the high cost of producing GLP1-
RAs.

CONCLUSION

In summary, we have developed a new nanocarrier for GLP1. In vitro, the GLP1-CA NPs are safe on
human cell lines, and stable against dissociation from interaction with plasma proteins. In vivo, GLP1-
CA NPs demonstrated sustained release properties by significantly improving the plasma half-life of
GLP1. The preparation has resulted in a better GLP1 systemic bioavailability than previously reported
GLP1-loaded nanocarriers, making it a potentially promising treatment option for metabolic syndrome.

ARTICLE HIGHLIGHTS

Research background

Apart from Glucagon-like peptide-1 (GLP1) receptor agonists that are being widely used and studied,
more effort should also be channeled to designing carrier with sustained release properties for native
GLP1 because both approaches may be equally effective in improving the systemic half-life of GLP1.

Research motivation

The GLP1-carbonate apatite nanoparticles (CA NPs) overcome the short half-life of GLP1. The
nanoparticles could be a potential therapeutic option for metabolic syndrome and warrant further
investigation.
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Research results

A stable GLP1-CA NPs was successfully fabricated. The NPs improved the systemic half-life of GLP1 as
compared with free GLP1-treated rats. The increased plasma GLP1 Level was maintained for at least 4 h
post-treatment.

Research methods

The nanoparticles were fabricated through complexation between GLP1 and CA NPs. The GLP1-CA
NPs was then evaluated for physicochemical properties, tested for their potential cytotoxic effects on
human cell line, and finally measured for systemic bioavailability in rats through intravenous adminis-
tration.

Research objectives

To fabricate GLP1-loaded carbonate apatite nanoparticles (GLP1-CA NPs), and improve the systemic
half-life of GLP1 through GLP1-CA NPs.

Research conclusions
pH sensitive inorganic carbonate apatite nanoparticles, which we have successfully formulated
previously may be a potential carrier for GLP1.

Research perspectives

GLP1 is an endogenous peptide with established glucose lowering property. Its therapeutic use
however is limited due to it being rapidly degraded in the systemic circulation. Nanosize particles with
sustained release property may protect as well as extend the plasma half-life of GLP1.
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Abstract

BACKGROUND

Diabetes is a metabolic disease with a high complication rate. Diabetic foot ulcers
(DEUs) seriously affect the quality of life of patients. A total of 15%-20% of
diabetic patients develop DFUs, which heal with difficulty over a long time and
can result in amputation and disability. Traditional Chinese medicine has a
unique effect in the treatment of skin ulcerative diseases. Ruyi Jinhuang powder
(RHP) is one of the classic prescriptions in traditional Chinese medicine and is
widely used in clinical practice.

AIM

To verify the ability of RHP to promote wound healing by electron microscopy
analysis in animal models and hematoxylin-eosin (HE) staining. The effective
components of RHP were extracted and identified by gas chromatography-mass
spectrometry (GC-MS), and the obtained chemical components were analyzed by
network pharmacology methods to predict its therapeutic mechanism.

METHODS

Sprague Dawley rats were injected with streptozotocin to establish the DFU
model. HE staining was used to observe the wound tissue under an electron
microscope. The chemical constituents of RHP were extracted first by supercritical
fluid extraction and alcohol extraction, and then, GC-MS and ultra-performance
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liquid chromatography-MS were used to separately identify the chemical constituents. In
addition, the "herb-component-target" link was established through the Traditional Chinese
Medicine Systems Pharmacology database to obtain the target information, and the molecular
docking of important components and key targets was performed in Discovery Studio software.
Cytoscape software was used to visualize and analyze the relationship between the chemical
composition, targets and Traditional Chinese Medicine network.

RESULTS

RHP promoted DFU healing in rats by affecting fibroblasts and nerve cells. A total of 89 chemical
components were obtained by GC-MS. Network pharmacological analysis revealed that RHP was
associated with 36 targets and 27 pathways in the treatment of DFU, of which the important
components were luteolin, trans caryophyllene, ar-turmerone, palmitic acid, methyl palmitate,
gallic acid, demethoxycurcumin, berberine, and rheic acid. The key targets were posttranscrip-
tional silencing, topoisomerase II alpha, muscarinic acetylcholine receptor M2, interleukin 6, tumor
necrosis factor and retinoic X receptor alpha, and the key pathways were the phosphoinositide 3-
kinase-protein kinase B signaling pathway, neuroactive ligand-receptor interactions, and the
forkhead box O signaling pathway.

CONCLUSION

Our results indicated that RHP may play a role in the treatment of DFU through these target
pathways by affecting insulin resistance, altering the nervous system and immune system,
participating in inflammatory responses and regulating cell proliferation, differentiation and
apoptosis through other specific mechanisms.

Key Words: Ruyi Jinhuang powder; Diabetic foot ulcer; Mass spectrometry-chromatography; Network
pharmacology; Hematoxylin-eosin staining; Components analysis

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

Core Tip: Although some studies have suggested that Ruyi Jinhuang powder (RHP) has a therapeutic effect
on diabetic foot ulcers (DFUs), few have used component analysis, investigated the mechanism of action,
and utilized wound-healing experiments. The components of RHP were used to predict the mechanism of
action, and wound healing was observed by establishing a DFU rat model to further prove the therapeutic
effect of RHP on DFU to finally determine a possible mechanism of action.

Citation: Li XY, Zhang XT, Jiao YC, Chi H, Xiong TT, Zhang WJ, Li MN, Wang YH. In vivo evaluation and
mechanism prediction of anti-diabetic foot ulcer based on component analysis of Ruyi Jinhuang powder. World J
Diabetes 2022; 13(8): 622-642

URL: https://www.wjgnet.com/1948-9358/full/v13/i8/622.htm

DOI: https://dx.doi.org/10.4239/wjd.v13.i8.622

INTRODUCTION

Ruyi Jinhuang powder (RHP) is included in “ Authenticity of Surgery” written by Chen Shigong in the
Ming Dynasty, which includes “THF [Trichosanthin (Tian Hua Fen)], DH [Rhubarb (Da Huang)], HB [
Phellodendron (Huang Bai)], JH [Turmeric (Jiang Huang)], BZ [Angelica dahurica (Bai Zhi)], TNX [Arisaema (
Tian Nan Xing)], CZ [Atractylodes lancea (Cang Zhu)], HP [Magnolia officinalis (Hou Po)], CP [Pericarpium
Citri Reticulatae (Chen Pi)] and GC [Glycyrrhiza uralensis (Gan Cao)]”[1] and is now included in the
Chinese Pharmacopoeia. This prescription is used for swelling relief and pain relief. In this prescription,
Trichosanthes is the monarch medicine, and the minister medicine rhubarb with the same cold and bitter
taste is used to purge fire detumescence; angelica dahurica and turmeric are the minister pungent
medicines with compatibility to discharge pus pain; pericarpium citri reticulatae, Magnolia officinalis,
atractylodes lancea and glycyrrhiza uralensis are combined to remove dampness and regulate Qi; and
arisaema alleviates swelling pain. The above five medicines act together as adjuvants with glycyrrhiza
uralensis to reconcile and detoxify the medicine. Modern clinical applications mainly include cutaneous
vasculitis, gouty arthritis, herpes zoster and diabetic foot ulcer (DFU). After many studies on its
pharmacological effects, it was found that RHP can inhibit bacterial infection, increase lysosomal
content, enhance immune defenses and inhibit inflammation. The traditional preparation is through the
addition of honey to the powder, which is then directly applied to the affected area to treat diseases;
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however, the formulation has been innovated using the original preparation through the continuous
implementation of modern technology and made into creams, cataplasms, films, and sponges[2,3].

DFU is a diabetic complication. Its pathogenic causes are often vascular and nerve lesions, resulting
in lower limb infection and the formation of foot ulcers[4]. The clinical manifestations are ischemic
necrosis or damage to skin tissue, incomplete skin, wound exudation, abscess generation, etc. From the
perspective of traditional Chinese medicine, DFUs are caused by deficiency of Qi and Yin, weakness of
pulse, and blockage of dampness-heat and blood stasis toxin. Traditional chinese medicine also has
shown promising effects with regard to safety and renoprotection in some prospective, multicenter,
randomized, controlled clinical trial conducted[5]. And studies have found that RHP has a good effect
in the treatment of DFUs in traditional Chinese medicine. Shao et al[6] found that its combination with
antibiotics can quickly reduce the swelling of patients' ulcers to shorten the course of treatment. Liu ef al
[7] treated 40 patients with diabetic skin abscesses with the external application of RHP and found that
the rate of effective treatment in the treatment group was higher than the control group. This result
shows that RHP has a therapeutic effect on DFU. Zhang][8] treated patients with RHP and Simiao
Tongluo decoction and found that this prescription can promote wound healing to promote
improvement and play a therapeutic role.

Gas chromatography-mass spectrometry (GC-MS) and ultra-performance liquid chromatography-
mass spectrometry (UPLC-MS) are widely used in the separation and identification of complex
components, of which GC-MS is mainly used to separate the sample into volatile products in the
instrument by pyrolysis of the sample at high temperature, with the advantages of high sensitivity,
large information content, high efficiency, and small sample requirements. UPLC-MS technology allows
the sample to be separated in the mobile phase after the ionization process through fragment ion mass
number analysis and identification. This technology can compensate for the disadvantages of GC-MS,
which cannot analyze components with features such as strong polarity, thermal instability, and
difficult volatilization; UPLC-MS has the advantages of low detection limit, high automation, wide
analysis range, and short analysis time. Network pharmacology research is mainly based on databases
and software to obtain important target information for drug treatment of diseases and establish
network connections to predict its mechanism of action. Because network pharmacology analysis shows
synergy and compatibility with traditional Chinese medicine in the treatment of diseases and the
therapeutic principle of syndrome differentiation and treatment, it is widely used in traditional Chinese
medicine to explore the mechanism of action in the treatment of diseases from multiple targets. Wound
healing is caused by a variety of molecular proteins that affect cells and remodel the tissue.
Hematoxylin-eosin (HE) staining electron microscope observation is a more intuitive way to observe the
healing of the wound surface. Fibroblasts can be clearly observed to evaluate drug treatment.

Although it has been proven that RHP has a therapeutic effect on DFU, the specific mechanism of
action is not clear. In this study, the chemical components of RHP were extracted by supercritical
extraction and alcohol extraction and separated and identified by GC-MS and UPLC-MS techniques,
respectively, to obtain the active ingredients of the RHP formula, and the target pathway for the
treatment of DFU was studied using network pharmacological analysis. In addition, a rat model of DFU
was established to verify the therapeutic effect of RHP on wound healing, providing a direction for
further clinical research.

MATERIALS AND METHODS

Materials

RHP (201202056, Jilin Shuangshi Pharmaceutical Co., Ltd) was purchased from Harbin Shiyitang
Chinese Herbal Medicine Co., Ltd. (Harbin, China). Methanol (purity) and acetonitrile (purity) were all
obtained from Merck Co., Inc. (Germany). Formic acid (purity) was obtained from West Asia Chemical
Technology Co., Ltd. All other chemicals and solvents were of analytical grade.

Animals and drug administration

Thirty healthy male Sprague Dawley rats (weights, 200 + 20 g) were purchased from Jinan Pengyue
Experimental Animal Breeding Co., Ltd. (Jinan, China) and housed for adaptive feeding for 2 d. The
animal facilities and protocols were approved by the Animal Ethics Committee of Heilongjiang
University of Chinese Medicine (Heilongjiang, China).

Thirty rats were divided into 3 groups with 10 rats in each group, including the blank, model and
RHP groups. The model and RHP groups were injected with streptozotocin/0.1 mol L* citrate buffer
solution (1/100, g/v). After 72 h, fasting blood glucose was measured with an electronic blood glucose
meter (Sannuo Biosensor Co., Ltd, China). The modeling standard was that the random blood glucose
level was greater than 12.0 mmol/L, accompanied by the typical symptoms of diabetes mellitus. In the
establishment of the ulcer model, the rat hindfoot skin in each group was cut with scissors (the depth of
the wound that would reach the fascia). The wound was cleaned before each treatment every day. The
wound area was measured on the 5%, 7%, and 14* days, and the wound-healing rate was calculated. The
formula for the healing rate was as follows: Healing rate (%) = (original wound area-unhealed
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area)/original wound area x 100%.

After 14 d, the rats were sacrificed, and the skin around the wound was cut into 3 cm x 3 cm areas.
The cut tissue was fixed with a 2.5% pentanediol solution and stored at low temperature (-80 °C).

The sample tissues were placed in liquid paraffin, freeze-fixed and sliced. Dewaxing, hydration and
dyeing with hematoxylin staining solution and eosin dye solution were performed. The samples were
air dried, sealed and observed with transmission electron microscopy (HT7700, Hitachi, Japan).

Composition analysis of RHP by GC-MS

Supercritical fluid extraction (SFE) equipment (HA220-40-11, Nantong Huaan Supercritical Extraction
Co., Ltd, China) was used to extract volatile oil. First, an appropriate amount of RHP sample was
crushed and sifted through a 40 pm mesh; the medicinal material was placed into supercritical
extraction equipment, and the pressure was boosted to the set parameters for extraction. The pressure of
the extraction kettle was 25 MPa, and its temperature was 45 °C. The pressure of the separating kettle
was 8 MPa, and its temperature was 60 °C. The pressure of the other separating kettle was 4.5 MPa, and
its temperature was 37 °C. The pump frequency of the SFE was 18 Hz, and the flow rate was 60 L/h.
After extraction, the materials were removed to obtain the SFE.

GC-MS (5975B, Agilent Technologies, Inc., United States) was used to analyze the chemical
composition of the SFE extraction. The prepared SFE extract was vortexed for 2 min, extracted with a
solid-phase microextraction needle for 20 min, centrifuged for 20 min, and filtered with a membrane.
Each of the samples was injected into GC-MS equipment equipped with an HP-INNOWAX (25 m x 0.20
mm, 0.40 pm) column (Agilent, United States) at 100 °C for 5 min. Then, the temperature was raised to
150 °C at 5 °C/min and then to 280 °C at 30 °C/min. The inlet temperature was 240 °C, and the flow rate
of the carrier gas was 1.0 mL/min. The ion source temperature of MS with an EI source was 200 °C, and
its transmission line temperature was 250 °C. The bombardment voltage was 70 eV.

Composition analysis of RHP by UPLC-MS

UPLC-MS (Ultimate 3000LC, Q Exactive HF, Thermo Fisher, United States) was used to analyze the
chemical composition of RHP. First, the sample was pulverized, passed through a 40-pm mesh sieve,
accurately weighed and placed in a stoppered conical flask. Hydrochloric acid/ethanol solution (1/100,
v/v) was accurately added and ultrasonically treated for 40 min. The filtrate was shaken well, filtered
and diluted into a 50-mL volumetric flask to obtain a sample solution. The reference substance was
precisely weighed and placed in a 10-mL volumetric flask; methanol solution was added, and the
solution was diluted to volume after ultrasonic treatment and shaken well to obtain the reference
substance solution. Each of the samples was injected into UPLC-MS equipment equipped with a C18
chromatographic (2.1 mm x 100 mm, 1.8 pm) column (Zorbax Eclipse, Agilent, United States) at 30 °C.
The flow rate was 0.3 mL/min. The mobile phase was water/formic acid (0.1/100, v/v) (A)/acetonitrile
(B). The injection volume was 2 L.

Mass spectrometry conditions utilized positive and negative modes for UPLC-MS. Electrospray
ionization was used in ionization mode with a sheath gas flow rate of 45 arb. The auxiliary gas flow rate
was 15 arb. The purge gas flow rate was 1 arb. The electrospray voltage was 3.5 KV. The capillary
temperature was 330 °C. The S-Lens RF level was 55%. The scan mode was full scan/dd-MS2 (TopN =
10) with a scanning range of 100-1500 m/z and a resolution of 120000/60000. The collision mode was
high energy collision dissociation.

Building a drug-component-target-disease network relationship graph

Cytoscape (v3.7.2.) is an analysis software that shows the complex corresponding relationship of "drug-
component-target-disease" in the form of a network graph. It can conveniently visualize a network
relationship, perform network topology analysis, analyze the degree of connection between each node
according to the relevant parameters, and thus enable researchers to draw the corresponding
conclusions.

Determining the "Chemical Composition-Target" correspondence

The Traditional Chinese Medicine Systems Pharmacology (TCMSP) database (http://Lsp.nwu.edu.cn/)
is a platform for the analysis and study of traditional Chinese medicines in many aspects, and it
synthesizes the chemical composition and drug target data of traditional Chinese medicines[9], closely
links diseases with targets and components, and explains the mechanism of action of traditional Chinese
medicines[10]. The chemical components extracted from ten traditional Chinese medicines of the RHP
formula were searched by entering the CAS number of chemical components in the TCMSP database,
and the information related to the components could be obtained, of which the "Relatedtarget" column
contained the targets corresponding to the component, and the obtained targets were integrated to
determine the corresponding relationship between the components and the target.

Screening targets of RHP
Comparative Toxicogenomics Database (CTD) (http://ctdbase.org/) is a database that brings together
detailed information on the intersection between genes, proteins and diseases[11], and the combination
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Table 1 Statistical analysis of wound healing rate at different times

Time 0d (%) 3d (%) 7d (%) 14.d (%)
Control group 0 10.41 £0.24 17.43 £0.13 33.73 £0.28
Experimental group 0 32.78 £ 0.46 38.14 +£0.28 53.11+0.07
Homogeneity of variance - v v Xl

P value - <0.05 <0.05 <0.05

WID |

Jaishideng®

of these data with that of their pathways and functions can further elucidate the mechanism of diseases
[12]. A component usually corresponds to one or more targets, and information unrelated to the
treatment of DFU in the above integrated "component-target" dataset needs to be screened out. In the
TCMSP database, the information related to each target in the "Relatedtarget" column above was
viewed, the relevant target with the keywords "diabetes-related diseases", "pain" and "bacterial
infection" was selected according to the disease type in "Relateddiseases", and its "GenecardID" was
recorded. To prevent the limitations of the TCMSP database on the target and disease correspondence
and make the study more accurate, the targets without keywords were searched in the CTD database to
further determine whether they were related to DFU in the "Diseases" category. Two databases, TCMSP

and CTD, were used to screen for and obtain the chemical compositions of targets related to DFU.

Molecular docking of ingredients and targets

DiscoveryStudio (DS v19.1.0) software is a life science molecular simulation software that can be used to
establish molecular docking models. Cytoscape was used to visualize the targets and components,
analyze the key targets and important components, perform molecular docking, and observe the
binding effect of chemical components to target proteins. First, the structural model of the component
was downloaded from the TCMSP database; the human protein number corresponding to the target
from the UniProt database was queried, and the number from the PDB database was the input to obtain
the three-dimensional structural model of the target protein. The component structure and protein
structure were opened in DiscoveryStudio software; H,0O and ligand were removed, the protein was
hydrogenated, and the relationship between the molecule and the protein was established. In the end,
the binding sites can be identified.

Pathway enrichment analysis

The STRING database (https://cn.string-db.org/) and the DAVID database (https:/ /david.nciferf.gov)
are mainly used to provide information on the individual target genes and proteins or the interaction
between multiple histones and to perform GO or KEGG pathway enrichment analysis on them. The
STRING database was used to observe the correlation between target proteins of RHP formula herbs,
and the DAVID database was used to enrich KEGG pathways for target components and targets to
obtain possible pathways for the treatment of DFU.

Statistical analyses

SPSS software (Version 24.0.0, Chicago, IL, United States) was used to analyze the wound-healing rate
results of rats at different times, and all data are expressed as the mean + SD. The differences were
considered significant at P < 0.05.

RESULTS

In vivo wound healing effect

During continuous culture for 14 d, the wound areas of the rats on the first, third, seventh, and
fourteenth days were recorded, and the cure rate was calculated. The results are shown in Table 1; the
difference was significant. The results of the three groups of experiments showed that the cure rate of
the RHP group was increased and reached 53.11%, indicating that RHP has a good therapeutic effect on
the healing of DFU wounds in rats. The HE staining electron microscope results showed that after 14 d
of uninterrupted administration, the ulcer tissues of 10 rats in the model group showed varying degrees
of demyelination changes, unlike rats in the blank group, which showed symptoms of neuritis, as
shown in Figure 1. In addition, neutrophil infiltration and granulation tissue loosening were observed.
The mice treated with powder had good fibroblast function, mature granulation tissue, and restored
nerve cells. The thickness of the stratum corneum and the integrity of the epidermis were good,
showing a good state of recovery, and intact lymphocytes were observed, but there were a few mast
cells. RHP promoted the healing of DFUs in rats by affecting fibroblasts and nerve cells.
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Figure 1 Hematoxylin-eosin staining electron micrograph of rat diabetic foot ulcer. A: The fibroblasts of blank group; B: The neuritis of model group;
C: Mast cells of powder group; D: Nerve cells of powder group. The mice treated with powder had good fibroblasts function, mature granulation tissue, and restored
nerve cells. The thickness of the stratum corneum and the integrity of the epidermis were good, showing a good state of recovery, and intact lymphocytes would be
observed, but there were a few mast cells. Ruyi Jinhuang powder promoted the healing of diabetic foot ulcers in rats by affecting fibroblasts and nerve cells.

Composition analysis of RHP by GC-MS

The GC-MS full spectrum identification results of RHP are shown in Table 2, and a total of 43
components were detected to obtain the total ion flow diagram (Figure 2), which mainly included
alcohols, enes, esters, phenols, and other components, accounting for 27.91%, 20.93%, 20.93%, 16.28%,
4.65%, and 9.30% of the total, respectively. Among them, the higher components were ar-turmerone
24.33% (No. 23), tigerone 20.74% (No. 17), agarospirol 13.80% (No. 18), p-eudesmol 9.06% (No. 22),
palmitic acid 2.31% (No. 43), and (E)-allylantone 2.23% (No. 29).

Composition analysis of RHP by UPLC-MS

The UPLC-MS full spectrum identification results of RHP are shown in Table 3. A total of 46
components were detected. The main components include flavonoids, organic nitrogens, isopentenol
esters, carboxylic acids and their derivatives, benzene and its substituted derivatives, diarylheptans,
fatty acyls, anthracyclines and other components, accounting for 23.92%, 15.23%, 10.88%, 8.71%, 6.52%,
6.52%, 6.52%, 4.26% and 17.44% of the total, respectively. The positive and negative ion flow diagrams
are shown in Figure 3. Among them, the components with the highest levels were a,a-trehalose
(409.04%; No. 6), curcumin (307.20%; No. 37), berberine (232.25%; No. 24), (3R,5R)-1,3,5-trihydroxy-4-
{[(2E)-3-(4-hydroxy-3-methoxyphenyl)-2-propenoyl]oxy}cyclohexanecarboxylic acid (201.34%; No. 16),
bisdemethoxycurcumin (153.92%; No. 33), genistein (153.83%; No. 39), demethoxycurcumin (151.99%;
No. 35), and citricol acid (145.29%; No. 9).

Establishment and analysis of the network relationship of "Traditional Chinese Medicine-Ingredients-
Target”

Eighty-nine components were obtained by GC-MS and UPLC-MS. According to the "target-disease"
relationship in the database, 43 relevant components for the treatment of DFU were finally screened
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Table 2 Gas chromatography—-mass spectrometry full spectrum identification results

No. RT (min) Relative content (%) Qualitative CAS Name

1 26.36 0.59 51.56 512-61-8 (-)-o-Santalene

2 27.07 0.26 25.81 87-44-5 Caryophyllene

3 29.71 1.86 65.77 495-60-3 a-Zingiberene

4 29.83 0.64 14.58 495-61-4 6-methyl-2-(4-methylcyclohex-3-enyl)hept-1,5-diene

5 30.64 1.95 60.85 20307-83-9  B-Sesquiphellandrene

6 30.7 1158 80.1 644-30-4 a-Curcumene

7 34.21 0.38 26.47 56192-70-2  (Z)-a-Atlantone

8 34.27 0.23 61.92 1139-30-6 Caryophyllene oxide

9 34.36 0.30 19.52 83173-76-6  2-Methyl-1-(4-methylphenyl)-3-buten-1-ol

10 34.52 0.25 58.19 108549-47-9  (6Z)-2-Methyl-6-(4-methyl-3-cyclohexen-1-ylidene)-2-hepten-4-one

11 3547 0.58 29.36 639-99-6 Elemol

12 3578 0.28 58.71 145512-84-1 Trans-Sesquisabinene hydrate

13 36 0.37 62.02 58334-55-7  Zingiberenol

14 36.57 0.74 86.3 6989-21-5 Atractylon

15 36.83 0.25 12.5 82508-14-3  2-methyl-6-(4-methylidenecyclohex-2-en-1-yl)hept-2-en-4-one

16 37.23 0.77 22.65 1209-71-8 y-Eudesmol

17 3741 20.74 91.81 180315-67-7 Tumerone

18  37.67 13.80 22.04 1460-73-7 Agarospirol

19 3781 1.75 38 112-39-0 Methyl palmitate

20 3841 1.26 412 473-16-5 a-Eudesmol

21 3848 0.72 9.97 515-20-8 Costol

22 3865 9.06 76.48 473-15-4 B-Eudesmol

23 391 24.33 97.75 532-65-0 ar-Turmerone

24 39.28 0.24 11.67 19888-00-7  4,8-Cycloundecadien-1-ol, 6,6,9-trimethyl-2-methylene-, (1R 4E,8E)-

25 3947 0.23 442 65646-68-6  N-(4-hydroxyphenyl)retinamide

26 39.64 0.39 8.22 19912-67-5  (+)-Epicubenol

27 399 0.85 49.47 30666-87-6  2-Methyl-6-(4-methylphenyl)-4-heptanone

28 4016 1.05 49.07 72441-71-5  (6R,7R)-Bisabolone

29 4053 223 89.2 108645-54-1  (E)-Atlantone

30 4089 0.65 82.79 120681-80-3  2-Cyclohexene-1-propanol,g-methyl-4-methylene-a-(2-methyl-1-propen-1-yl)

31  41.58 0.45 75.15 112-61-8 Octadecanoic acid, methyl ester

32 4188 1.87 16.03 112-62-9 Methyl oleate

33 4198 0.65 7.88 1937-62-8 trans-octadec-9-enoicacidmethylester

34 4255 1.03 26.03 112-63-0 methyl linoleate

35 43.54 0.42 42.85 301-00-8 9,12,15-Octadecatrienoic acid, methyl ester

36 4361 0.22 4.63 29550-55-8  Teresantalol(7CI)

37 4458 0.24 88.5 69301-27-5  2-(1,5-Dimethyl-4-Hexenyl)-5-Methyl-Phenol

38 4385 0.84 6.23 38142-57-3  2-Methyl-6-(p-tolyl)hept-2-en-4-ol

39 4501 1.11 28.14 3218-36-8 4-Biphenylcarboxaldehyde

40  46.86 0.84 75.64 4666-84-6 Proximadiol

41 4775 0.46 98.07 949081-10-1  (S)-3-Methyl-6-((S)-6-methyl-4-oxohept-5-en-2-yl)cyclohex-2-enone
Beisnidenge WID | https://www.wjgnet.com 628 August 15,2022 | Volume13 | Issue8 |
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42 48.71 0.24 9.54 2566-90-7 Methyl 4,7,10,13,16,19-cis-docosahexanenoate
43 51.08 2.31% 83.12 1957-10-3 Palmitic acid
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Figure 2 The total ion flow diagram of gas chromatography-mass spectrometry. Among them, the higher components were ar-turmerone 24.33%,
tumerone 20.74%, agarospirol 13.80%, B-eudesmol 9.06%, palmitic acid 2.31%, (E) atlantone 2.23%, p-quadruphellandrene 1.95%, methyloleate 1.87%, a-
zingiberene 1.86%, and methylmitate 1.75%.

Jaishideng®

from the ten medicines. There were 36 related targets. The results are shown in Table 4. Cytoscape
software was used to visualize the network relationship of "TCM-Ingredient-Target", which was
constructed by the parameters of "Degree", "Betweenness" and "Closeness" of each node, as shown in
Figure 4. The important medicinal materials of RHP for the treatment of DFU are turmeric, Magnolia
officinalis, and rhubarb, and the important components are luteolin, naringin, demethoxycurcumin, gallic
acid, methyl linoleate, caryophyllene, arylcurcumin, methyl palmitate, berberine and rheic acid. The
important targets are posttranscriptional silencing (PTGS2), muscarinic acetylcholine receptor M2
(CHRM2), Dipeptidyl peptidase 4, topoisomerase II alpha (TOP2A), retinoic X receptor alpha (RXRA),
Protein tyrosine phosphatase nonreceptor type 1, tumor necrosis factor (TNF), interleukin 6 (IL-6), etc.

Analysis of the docking results of important components and key target molecules

Molecular docking was performed between important components of luteolin, methyl palmitate, ar-
turmeric, methyl linoleate, palmitic acid, demethoxycurcumin, and naringin and the key targets PTGS2,
TOP2A, CHRM2, and RXRA. The results are shown in Table 5, in which LibDockScore indicates the
docking effect, and the value indicates the docking effect. Seven components (luteolin, methyl palmitate,
ar-turmeric, methyl linoleate, palmitic acid, demethoxycurcumin and naringin) had a large
LibDockScore, indicating that the binding effect between these components and key targets was good.
The component docking conformations shown in Figure 5 indicate the following: The complex naringin-
PTGS2 was stabilized by five conventional hydrogen bonds, eight carbon-hydrogen bonds, and two
bonds to the alkyl with residues including GLY, ANS, ARG, PHE, ASN, HIS, GLY, GLN, LEU; the
complex methyl linoleate-RXRA was stabilized by three carbon-hydrogen bonds, two Pi bonds to the
alkyl with residues including DA and DG; the complex luteolin-TOP2A was stabilized by four conven-
tional hydrogen bonds, two carbon-hydrogen bonds, two Pi bonds to the alkyl, six Pi bonds to the
benzene ring with residues including LYS, GLU, SER, and ASP; the complex naringin-TOP2A was
stabilized by three conventional hydrogen bonds, four carbon-hydrogen bonds, one Pi bond to the alky]l,
four Pi bonds to the benzene ring with residues including ASP, ARG, ASN, and LYS; the complex
methyl palmitate-PTGS2 was stabilized by two conventional hydrogen bonds, one Pi bond to the alkyl
with residues including VAL, ASN, and TRP; the complex ar-turmeric-CHRM2 was stabilized by nine
Pi bonds to the alkyl, two Pi bonds to the benzene ring and Van der Waals interactions with residues
including PHE, LYS, ILE, VAL, LEU, ASP, ARG, ASN, and THR; the complex methyl linoleate-PTGS2
two carbon-hydrogen bonds, one Pi bond and one bond to the alkyl with residues including VAL, ASN,
ILE, and TRP; the complex ar-turmeric-PTGS2 was stabilized by one conventional hydrogen bond, one
Pi bond and three bonds to the alkyl, two Pi bonds to the benzene ring with residues including GLN,
PHE, VAL, PRO, and ASN; the complex palmitic acid-PTGS2 was stabilized by two conventional
hydrogen bonds with residues including VAL and GLY; the complex demethoxycurcumin-PTGS2 was
stabilized by four conventional hydrogen bonds, one carbon-hydrogen bond, three Pi bonds to the
benzene ring with residues including GLY, VAL, ASN, and PHE.
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Table 3 Ultra-performance liquid chromatography full spectrum identification results

Relative
No. Name CAS Mo.lecular RT, concentration
weight (min)
(hg/mL)
1 DL-Arginine 7200-25-1  174.11175 0.783  24.44253696
2 Nitrosobis(2-oxopropyl)amine 60599-38-  158.06914 0.817  15.74503993
4
3 Gluconic acid 526-95-4  196.05765 0.821  82.48616363
4 D-(+)-Proline 344-25-2  115.06357 0.846  15.35704499
5 Cabotegravir 1051375-  405.11182 0.847  20.08010135
10-0
6 o,a-Trehalose 99-20-7 34211623 0.847 409.0449144
7 D-(-)-Quinic acid 77-95-2 192.06275 0.85 56.2670819
8  Isocitric acid 320-77-4  192.02637 0.939  63.29259087
9  Citric acid 77-92-9 192.02637 1169  145.2856943
10  Gallic acid 149-91-7  170.02078 1.899 23.57871448
11 Chlorogenic acid 327979 354.09527 5332  44.58986172
12 Catechin 88191-48-  290.07917 5431  98.07463825
4
13 methyl chlorogenate 123483- 368.11081 5.501 18.15074983
19-2
14  6-Acetylcodeine 6703-27-1  341.16237 5886 123548527
15  2-(3,4-Dihydroxyphenyl)ethyl 3-O-(6-deoxy-B-L-mannopyranosyl)-6-O-[(2E)-3-(3/4- ~ 61303-13-  624.20617 6.092 20.78761602
dihydroxyphenyl)-2-propenoyl]-B-D-glucopyranoside 7
16  (3R,5R)-1,3,5-Trihydroxy-4-{[(2E)-3-(4-hydroxy-3-methoxyphenyl)-2- 2613-86-7  368.11084 6196  201.3429867
propenoyl]oxy}cyclohexanecarboxylic acid
17  Emodin-8-Beta-D-Glucoside 23313-21- 43210571 6.579  7.280885459
5
18  2-[4-[3-[34-dihydroxy-4-(hydroxymethyl)oxolan-2-yl]oxy-4,5-dihydroxy-6-(hydroxy- 74639-14- 550.16902 6.625  13.98565399
methyl)oxan-2-ylJoxyphenyl]-7-hydroxy-2,3-dihydrochromen-4-one 8
19  Baicalin 21967-41-  446.0852 6.663  16.85569046
9
20  Liquiritin 551-15-5  418.12676 6.737  22.91985259
21  Naringin 10236-47-  580.17964 6.959  26.36327029
2
22 Hesperidin 520-26-3  610.19038 7191  85.82076776
23 Azelaic acid 123-99-9  188.1042 7.548  4.773123466
24  Berberine 2086-83-1  335.11525 8242 2322489146
25  isosakuranetin-7-O-rutinoside 14259-47-  594.19556 8493  4.34803523
3
26  Tinnevellin glucoside 80358-06-  408.14228 8.786 13.59498227
1
27  Daidzein 486-66-8  254.05778 9.009  13.05981793
28  Chrysophanol 8-O-B-D-glucoside 13241-28-  416.11099 9.01 17.88080565
6
29  Licoricesaponin G2 118441- 838.39998 9.824  7.195669531
84-2
30 Luteolin 491-70-3  286.04776 9.909  1.034661042
31  (152)-9,12,13-Trihydroxy-15-octadecenoic acid 95341-44-  330.24071 9.938  19.41925634
9
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32 Rheic acid 478-43-3  284.03211 11.029  81.8044913

33  Bisdemethoxycurcumin 24939-16-  308.10496 11.328  153.9247824
0

34  6-Hydroxy-2-naphthoic acid 16712-64-  188.04652 11.328  7.047135466
4

35  Demethoxycurcumin 22608-11-  338.11567 11.473  151.9906609
3

36  5,7-dihydroxy-2-(4-hydroxy-3-methoxyphenyl)-6-(3-methylbut-2-enyl)-2,3-dihydro- ~ 76735-58-  370.14168 11.541  55.08087646

chromen-4-one 5

37  Curcumin 458-37-7  368.12606 11.619  307.1972754

38  Isoimperatorin 482-45-1  270.08918 11.847  1.025466018

39  Genistein 446-72-0  270.05279 12.256  153.8276373

40 (+/-)9-HODE 98524-19-  296.23511 13.146  23.43829567
7

41  (+)-ar-Turmerone 532-65-0  216.15135 13.605  23.84749189

42 Indane 496-11-7  118.07843 13.605  27.63249372

43  Prespatane 100387- 204.18777 13.956  2.010509748
71-8

44  (+)-Nootkatone 4674-50-4  218.16696 14.497  16.6606139

45  Aristolone 6831-17-0  218.16696 14.588  45.88543598

46  2,2-Methylenebis(4-methyl-6-tert-butylphenol) 119-47-1  340.24015 16.788  25.70628216

RT: Radiotherapy.

WID |
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Analysis of KEGG pathway enrichment results

The interaction between each target protein was preliminarily obtained by entering the target protein
into the STRING database, as shown in Figure 6. Among the 36 targets, except for CHRM2, CHRM4,
PCYT1A and Sodium voltage-gated channel alpha subunit 5, the remaining 32 target proteins are
closely related to each other and may participate in multiple pathways. The target list was uploaded to
the DAVID database to establish the "pathway-target" link. A total of 27 pathways related to DFU
treatment were retrieved. The number of targets contained in each pathway is shown in Figure 7A.
Cytoscape was used to construct the "pathway-target" network relationship diagram, which is shown in
Figure 7B; the "pathway-target" relationship is shown in Figure 7C. Correspondence between channel
categories is shown in Figure 7D. Most of the 27 pathway diagrams belong to the immune system and
participate in the processes of inflammatory and infectious diseases, which demonstrate signal
transduction effects. This finding shows that RHP can affect the body’s immune system, regulate
inflammation through signal transduction, and exert curative effects in DFU. Further analysis of the
literature shows that RHP is mainly related to the phosphoinositide 3-kinase (PI3K)-protein kinase B
(Akt) signaling pathway, neuroactive ligand-receptor interaction and the forkhead box O (FoxO)
signaling pathway in the treatment of DFU.

We established the network relationship between the three pathways of the PI3K-Akt signaling
pathway, neuroactive ligand-receptor interaction and FoxO signaling pathway and the target and
chemical components and analyzed the topological parameters of each node. The network diagram
(Figure 8) showed that CHRM2 and RXRA are the common targets of the three pathways.

The prediction of anti-DFU mechanism
According to the literature, wound healing mainly involves the three processes of hemostasis and
inflammation, proliferation, and remodeling. The target pathways involved are diverse and complex, as
shown in Figure 9. RHP can act on leukocytes by regulating IL-6 and TNF, regulating the inflammatory
response, and then participating in hemostasis to participate in inflammation and remodeling stages.
RHP can also affect platelets, macrophages and fibroblasts by acting on the PI3K-Akt pathway to
promote angiogenesis participation in the proliferation stage and facilitate wound healing in DFUs.
Further analysis of the effects of the three pathways in the human body found that if the PI3K-Akt
signaling pathway is inhibited in diabetic neurons, neuronal apoptosis is increased, and diabetic
neuropathic pain is induced; thus, activating this pathway can alleviate painful diabetic peripheral
neuropathy. The abnormal expression or loss of genes related to the neuroactive ligand-receptor
interaction pathway can cause neuropathy, such as with the downregulation of glial gene expression,
which impairs nerve impulse conduction and increases the potential nerve involvement of systemic
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Table 4 Ruyi Jinhuang powder “Chinese medicine-ingredients-target” correspondence

CAS Name GenecardID Attribution
512-61-8 (-)-o-Santalene PTGS2, CHRM2 JH
87-44-5 Caryophyllene PTGS2, CHRM2 BZ, JH, CZ, ZHP, TNX
495-60-3 a-Zingiberene PTGS2, DPP4 JH
20307-83-9 B-Sesquiphellandrene PTGS2 JH
644-30-4 a-Curcumene PTGS2, TOP2A, DPP4 JH
1139-30-6 Caryophyllene oxide CHRM2, DPP4 ZHP, TNX
639-99-6 Elemol CHRM2 ZHP, JH
58334-55-7 Zingiberenol CHRM2 JH
6989-21-5 Atractylon SCN5A, CHRM4, HTR2A, CHRM2, cz
OPRM1
82508-14-3 2-methyl-6-(4-methylidenecyclohex-2-en-1-  PTGS2, CHRM2 JH, ZHP, CZ
yl)hept-2-en-4-one
112-39-0 Methyl palmitate PTGS2, IL-10, TNF, IL-6 JH, ZHP, BZ, HB, THF
473-15-4 beta-Eudesmol CHRM2 ZHP,JH, CZ
532-65-0 (6S)-2-methyl-6-(4-methylphenyl)hept-2-en-  DPP4, PTGS2, CHRM2x, ampC JH
4-one
112-62-9 Methyl oleate RXRA ZHP, THF
1937-62-8 trans-octadec-9-enoicacidmethylester RXRA ZHP, THF
112-63-0 methyl linoleate PTGS2, RXRA BZ, THF, ZHP, TNX
301-00-8 9,12,15-Octadecatrienoic acid, methyl ester, =~ PTGS2, RXRA THE
(Z,2,Z)-
38142-57-3 2-Methyl-6-(p-tolyl)hept-2-en-4-ol PTGS2, CHRM2, DPP4, ampC, RXRA THEF, ZHP, TNX
1957—-10-3 Palmitic acid PTGS2, IL-10, TNF, PCYT1A DH, ZHP, THF
149-91-7 Gallic acid PTGS2, PTPN1, TOP2A DH, TNX, CP, GC, JH
23313-21-5 Emodin-8-Beta-D-Glucoside TOP2A DH
458-37-7 Curcumin PTGS2, PTPN1 JH
22608-11-3 Demethoxycurcumin PTGS2, PTPN1, AKR1B1, ABCBI1, JH
SCN5A
520-26-3 Hesperidin PTGS2 CP
14259-47-3 isosakuranetin-7-O-rutinoside TOP2A CP
10236-47-2 Naringin TOP2A, CDKN1A, TNF, RASGRF2, RAF, CP, GC
PTGS2, ampC, MTTP, APOB, mvaA,
PPARA
21967-41-9 Baicalin PTPN1, TOP2A DH
88191-48-4 Catechin CHRM2 DH, CP
491-70-3 Luteolin PTGS2, DPP4, EGFR, IL10, CDK4, TNF, = CP, ZHP
IL6, NFKBIA, psdAl, IL2, TOP2A,
SLC2A4, INSR, MET
551-15-5 Liquiritin PTGS2 GC
478-43-3 Rheic acid PTGS2, AKR1B1 DH
2086-83-1 Berberine PTGS2, RXRA HB
77-92-9 Citric acid PTGS2, AKR1B1, GRIN2A, GRIA2, DH
PTPN1
320-77-4 Isocitric acid PTGS2 DH
7200-25-1 DL-Arginine PTGS2 THF
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Genistein PTGS2, EGFR, TNF, SELE, IL8 GC
Isoimperatorin PTGS2 BZ
Daidzein PTGS2, RXRA GC
Aristolone CHRM2, PTGS2 BZ
(+) -ar-Turmerone PTGS2, RXRA, CHRM2, ampC, DPP4 JH
Chlorogenic acid PTGS2 HB
D-(-)-Quinic acid PTGS2 HB
Agarospirol CHRM2 ZHP

TNEF: Tumor necrosis
receptor M2; RXRA:

factor; IL: Interleukin; PTGS2: Posttranscriptional silencing; TOP2A: Topoisomerase II alpha; CHRM2: Muscarinic acetylcholine
Retinoic X receptor alpha; DPP4: Dipeptidyl peptidase 4; SCN5A: Sodium voltage-gated channel alpha subunit 5; HTR2A: 5-

hydroxytryptamine (serotonin) receptor 2A; OPRM1: Opioid Receptor Mu 1; EGFR: Epidermal Growth Factor Recepto; PTPN1: Protein tyrosine
phosphatase nonreceptor type 1; THF: Trichosanthin (Tian Hua); DH: Rhubarb (Da Huang); HB: Phellodendron (Huang Bai); JH: Turmeric (Jiang Huang);
BZ: Angelica dahurica (Bai Zhi); TNX: Arisaema (Tian Nan Xing); CZ: Atractylodes lancea (Cang Zhu); HP: Magnolia officinalis (Hou Po); CP: Pericarpium
Citri Reticulatae (Chen Pi); GC: Glycyrrhiza uralensis (Gan Cao).

Table 5 Docking parameters of chemical components and target protein molecules

Name Target LibDockScore
Luteolin TOP2A 104.333
Methyl palmitate PTGS2 114.221
ar-Turmeric PTGS2 91.0625
CHRM2 88.3765
Methyl Linoleate RXRA 138.583
PTGS2 130.838
Palmitic acid PTGS2 114.349
Demethoxycurcumin PTGS2 135.479
Naringin TOP2A 141197
PTGS2 164.305

PTGS2: Posttranscriptional silencing; TOP2A: Topoisomerase II alpha; CHRM2: Muscarinic acetylcholine receptor M2; RXRA: Retinoic X receptor alpha.

WID |

Jaishideng®

diseases. The link between the FoxO signaling pathway and diabetes is that type II diabetes mellitus
causes abnormal tissue signaling due to hyperglycemia or insulin resistance. The identified important
targets, such as IL-6 and TNF, participate in the abovementioned pathways and play a role in
hemostasis and tissue remodeling so that the DFU wound can heal. The mechanism of action is shown
in Figure 10.

DISCUSSION

The results of the three groups of experiments showed indicated that RHP has a good therapeutic effect
on the healing of DFU wounds in rats. The HE staining electron microscopy results showed neutrophil
infiltration and granulation tissue loosening in the model group and blank group. The fibroblasts of the
RHP group had good function, the granulation tissue was mature, and nerve cells were restored. The
thickness of the stratum corneum and the integrity of the epidermis were good, showing a good state of
recovery, and intact lymphocytes could be observed, but there were a few mast cells. Thus, RHP
promoted the healing of DFUs in rats by affecting fibroblasts and nerve cells.

In this study, GC-MS and UPLC-MS were used to collect and identify the chemical components of
RHP. Eighty-nine compounds were detected and analyzed, including flavonoids, terpenes, and
coumarins. The components obtained by GC-MS are mainly volatile substances, and the components
obtained by UPLC-MS are mostly high boiling point, nonvolatile, high molecular weight substances.
The network pharmacology analysis of these compounds shows that RHP plays a role in the treatment
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Figure 3 Ultra-performance liquid chromatography ion flow diagram of Ruyi Jinhuang powder. A: Positive ion flow diagram; B: Negative ion flow
diagram. Among them, the components with high levels were a,a-trehalose 409.04% (No. 6), curcumin 307.20% (No. 37), berberine 232.25% (No. 24), (3R,5R)-1,3,5-
trihydroxy-4-{[(2E)-3-(4-hydroxy-3-methoxyphenyl)-2-propenoylJoxy}cyclohexanecarboxylic acid 201.34% (No. 16), bisdemethoxycurcumin 153.92% (No. 33),
genistein 153.83% (No. 39), demethoxycurcumin 151.99% (No. 35), and citricol acid 145.29% (No. 9).

of DFUs through multiple targets and channels. However, the manner in which specific components are
combined with target proteins needs to be further explored.

DFU is one of the main complications of diabetes. Current studies have found that its main causes are
neuropathy, vascular disease and impaired immune function[13,14]. The specific pathogenesis is that
when persistent hyperglycemia occurs, nerve cells accumulate a large number of toxic components,
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Figure 4 The “traditional Chinese medicine-ingredient-target” network of Ruyi Jinhuang powder topology diagram. There are a total of 89
nodes and 186 edges; diamonds represent ten herbs of Ruyi Jinhuang powder, circles represent 43 related chemical components (represented in the form of CAS
number), squares represent 36 target targets (represented in the form of GenecardID), nodes indicate that the greater Degree value, the darker color indicates the
greater Closness value, and the thicker lines indicate the greater Betweenness value.
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damage to endothelial cell function occurs, vascular tension is decreased, and nerve ischemia occurs;
thus, nerve and vascular lesions develop. In addition, persistent hyperglycemia affects the inflammatory
response of the wound by acting on cells and the immune system, and the wound is persistently
infected and difficult to heal[15,16].

The active ingredients were extracted from the ten herbs of RHP, and network pharmacological
analysis of "herb-component-target pathway-disease" was performed to identify three key pathways:
The PI3K-Akt signaling pathway; neuroactivated-receptor interactions; and the FoxO signaling
pathway. These pathways are important targets for the treatment of DFU. Studies have found that
RXRA has a negative regulatory effect on glucose-stimulated insulin secretion[17], while CHRM2
mainly plays a role in the central nervous system and peripheral nervous system and can activate
endothelial cell NO lyase to relax vascular smooth muscle[18,19], which is a major cause of foot ulcers
caused by diabetic vascular disease and is a key target for the treatment of vascular disease[20]. The
mechanism of the PI3K-Akt signaling pathway in the treatment of DFU is reflected in the following two
aspects. On the one hand, insulin initiates this signaling pathway by upregulating PI3K expression with
Akt molecules and inhibits FoxO1 expression, thereby allowing normal glucose uptake by cells and
improving abnormal lipid metabolism[21-23]. On the other hand, if the PI3K-Akt signaling pathway is
inhibited in diabetic neurons, neuronal apoptosis is increased, and diabetic neuropathic pain is induced;
thus, activation of this pathway can relieve painful diabetic peripheral neuropathy[24]. In addition,
diabetic patients have difficulty healing repeated wound infections due to a prolonged wound inflam-
matory response due to metabolic disorders, and the PI3K-Akt signaling pathway can promote the
expression of hypoxia-inducible Factor 1, an important factor in wound healing, to accelerate wound
cell proliferation to promote healing[25]. The neuroligand-interreceptor interaction pathway is a
collection of intracellular and extracellular related receptor ligands, and abnormal expression or deletion
of related genes in this pathway can cause neuropathic lesions; for example, downregulation of Glral
gene expression impairs nerve impulse conduction and increases the potential incidence of neurological
diseases[26,27]. The link between the FoxO signaling pathway and diabetes is that type 2 diabetes
induces skeletal muscle atrophy due to abnormal tissue signaling and protein disorders caused by
hyperglycemia or insulin resistance, and insulin phosphorylates mediators of the FoxO signaling
pathway and inhibits autophagy-related gene expression. Luteolin can reduce neuropathic pain by
decreasing FoxO1 acetylation, regulating this pathway, and inhibiting the expression of inflammation-
and pain-related genes[28]. In addition to these three pathways, the PI3K-Akt signaling pathway,
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Figure 5 The virtual docking of bioactive ingredients from Ruyi Jinhuang powder for diabetic foot ulcer targets. A and D: The virtual docking of
naringin with post-transcriptionalgenesilencing (PTGS2) and Topoisomerase Il alpha (TOP2A); B and G: The virtual docking of methyl linoleate with Retinoid X
Receptor alpha and PTGS2; C: The docking of Luteolin and TOP2A; E: The docking of Methyl palmitate and PTGS2; F and H: The virtual docking of ar-Turmeric with
Muscarinic Acetylcholine receptor M2 and PTGS2; I: The virtual docking of palmitic acid and PTGS2. J represents the virtual docking of demethoxycurcumin and
PTGS2.

DOI: 10.4239/wjd.v13.i8.622 Copyright ©The Author(s) 2022.

Figure 6 Interaction diagram of target proteins. The edges with different colors represent different association relationships. Among the 36 targets, except
for Muscarinic Acetylcholine receptor M2 (CHRM2), CHRM4, Choline-phosphate cytidylyltransferase A and Sodium channel protein type 5 subunit alpha, the
remaining 32 target proteins are closely related to each other and may participate in multiple pathways.

neuroactivated-receptor interactions, and the FoxO signaling pathway, the network topological
properties of the human T-cell leukemia virus-infection signaling pathway were also found to be
prominent in the RHP network pharmacology analysis; however, there is no specific research result on
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Figure 7 Target-pathway diagram of Ruyi Jinhuang powder-diabetic foot ulcer. A: A bar graph of Kyoto Encyclopedia of Genes and Genomes
(KEGG,) signal pathway enrichment. The left side is the pathway name, and the right side is the number of targets contained; B: The target-path network relationship
diagram. The yellow circle represents 27 pathways, and the blue square represents 36 targets; C: An enriched bubble diagram of the KEGG signaling pathway. The
left side is the pathway name, and the abscissa is the fold enrichment. The bubble size corresponds to the number of targets contained, and the color category
corresponds to the P value; D: The correspondence diagram of pathway categories. The first column is the ownership of the pathway, the second column is the
pathway, and the third column is the target.

how this pathway affects DFU and needs further study.

CONCLUSION

RHP, a traditional Chinese medicine formula, may play a role in the treatment of DFU through these
target pathways by affecting insulin resistance, altering the nervous system and immune system,
participating in inflammatory responses, and regulating cell proliferation, differentiation and apoptosis
through other specific mechanisms. The key active components were luteolin, methyl palmitate, ar-
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Figure 8 Critical pathway-target-component network relationship diagram of Ruyi Jinhuang powder. Pink represents the pathway, yellow
represents the target and blue represents the components. It was shown that Muscarinic Acetylcholine receptor M2 and Retinoid X Receptor alpha are common
targets of the three pathways. Luteolin, atractylenone and arylodone are the key components in the three pathways.
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Figure 9 Wound healing mechanism diagram. TNF: Tumor necrosis factor; IL: Interleukin; VEGF: Vascular endothelial growth factor; NF-kB: Nuclear factor-
kappaB.

turmeric, methyl linoleate, palmitic acid, demethoxycurcumin, and naringin.
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W

Figure 10 Target pathway mechanism of Ruyi Jinhuang powder. TNF: Tumor necrosis factor; IL: Interleukin; NF-kB: Nuclear factor-kappaB; IKK:
lkappaB kinase; JNK: c-Jun N-terminal kinase; IkB: Inhibitor kB; IRS1: Insulin receptor substrate-1.
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ARTICLE HIGHLIGHTS

Research background

Diabetic foot ulcer (DFU) seriously affects the quality of life of patients. Traditional Chinese medicine
has a unique effect in the treatment of skin ulcerative diseases. Ruyi Jinhuang powder (RHP) is one of
the classic prescriptions in traditional Chinese medicine and is widely used in clinical practice.

Research motivation
Although there have been studies suggesting that RHP has a therapeutic effect on DFU, there is a lack of
research that further verify the mechanism of RHP to promote wound healing.

Research objectives

The effective components of RHP were extracted and identified by chromatography-mass spectrometry,
and the obtained chemical components were analyzed by network pharmacology methods to predict its
therapeutic mechanism. Gas chromatography-mass spectrometry (MS) and ultra-performance liquid
chromatography-MS were used to separately identify the chemical constituents.

Research methods

Sprague Dawley rats were injected with streptozotocin to establish the DFU model. Hematoxylin-eosin
staining was used to observe the wound tissue under an electron microscope. Medicine Systems
Pharmacology database to obtain the target information, and the molecular docking of important
components and key targets was performed in Discovery Studio software. Cytoscape software was used
to visualize and analyze the relationship between the chemical composition, targets and Traditional
Chinese Medicine network.

Research results

RHP was shown to promote the healing of diabetic foot ulcers in rats by affecting fibroblasts and nerve
cells. A total of 89 chemical components were obtained by chromatography-mass spectrometry.
Network pharmacological analysis revealed that RHP was associated with 36 targets and 27 pathways
in the treatment of DFU.

Research conclusions

Our results indicated that RHP may play a role in the treatment of DFU through these target pathways
by affecting insulin resistance, altering the nervous system and immune system, participating in inflam-
matory responses and regulating cell proliferation, differentiation and apoptosis and through other
specific mechanisms.
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Research perspectives

We found that RHP plays a role in the treatment of diabetic foot ulcers through multiple targets and
channels. However, the way in which specific components are combined with target proteins needs to
be further explored.
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Abstract

BACKGROUND

Hypertension (HTN) and type 2 diabetes mellitus (T2DM) are often coincident,
and each condition is considered a risk factor for the other. Both occur frequently
in the Inner Mongolia region of China. The reasons for differences in risk between
Han and Mongolian ethnic groups are not known. The LEPR gene and its
polymorphism, rs1137101 (GIn223Arg), are both considered risk factors for HTN
and T2DM, but any role of rs1137101 in the occurrence of HTN + T2DM remains
unclear for Mongolian and Han populations in the Inner Mongolia region.

AIM
To investigate the relationship between rs1137101 and the occurrence of HTN
with T2DM in Mongolian and Han populations in Inner Mongolia.

August 15,2022 | Volume13 | Issue8 |


https://www.f6publishing.com
https://dx.doi.org/10.4239/wjd.v13.i8.643
mailto:xlsu@sina.com

Zhao KY et al. rs1137101 association with HTN + T2DM

Jaishideng®

METHODS
A total of 2652 subjects of Han and Mongolian ethnic origins were enrolled in the current study,
including 908 healthy controls, 1061 HTN patients and 683 HTN patients with T2DM.

RESULTS

The association between the rs1137101 polymorphism and HTN with T2DM was analyzed, and
differences between Han and Mongolian individuals assessed. There was a significant correlation
between rs1137101 and HTN (co-dominant, dominant, over-dominant and log-additive models)
and HTN + T2DM (co-dominant, dominant, over-dominant and log-additive models) after
adjustment for sex and age in individuals of Mongolian origin. rs1137101 was significantly
associated with HTN (co-dominant, recessive and log-additive models) and HTN + T2DM (co-
dominant, dominant, over-dominant and log-additive models) in the Han Chinese population.

CONCLUSION

Mongolian and Han subjects from Inner Mongolia with HTN who had rs1137101 were protected
against the development of T2DM. Allele A has the opposite impact on the occurrence of HTN in
Mongolian and Han Chinese populations.

Key Words: rs1137101; Mongolian; Han Chinese; Hypertension; Type 2 diabetes mellitus; Associate study

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

Core Tip: Hypertension and type 2 diabetes mellitus are often coincident, and each condition is a risk factor
for the other. It is unknown why there are differences in risk between Han and Mongolian ethnic groups.
The LEPR gene and its polymorphism, rs1137101 (GIn223Arg), are considered risk factors for the
occurrence of hypertension and type 2 diabetes mellitus. The current study investigated the relationship
between rs1137101 and the occurrence of hypertension with type 2 diabetes mellitus in Mongolian and
Han populations in Inner Mongolia. Differences between the two populations were analyzed. The aim was
to inform further research on advanced metabolic disease.

Citation: Zhao KY, Yuan ML, Wu YN, Cui HW, Han WY, Wang J, Su XL. Association of rs1137101 with
hypertension and type 2 diabetes mellitus of Mongolian and Han Chinese. World J Diabetes 2022; 13(8): 643-653
URL: https://www.wjgnet.com/1948-9358/full/v13/i8/643.htm

DOI: https://dx.doi.org/10.4239/wjd.v13.i8.643

INTRODUCTION

The causes of hypertension (HTN) are multifactorial, and the condition is in turn a risk factor for
cardiovascular disease and nephropathy[1]. Current estimates put a global figure of 1.3 billion[2,3] on
the number of people with high blood pressure, an estimate that is set to rise to 1.6 billion by 2025[2,4].
Advanced age, gender, obesity and genotype are all risk factors for HTN[2]. Diabetes mellitus (DM) is
another public health problem that has increased rapidly over recent years with 80%-90% patients
having type 2 DM (T2DM)[5,6]. Epidemiological studies have shown that HTN is a major risk factor for
T2DM][7]. One-third of HTN patients also have T2DM and are at an increased risk of cardiovascular
disease and mortality[8,9].

The leptin (LEP) receptor (LEPR) is a transmembrane protein encoded by the LEPR gene. Several
variants have been characterized, and there is widespread expression throughout the body’s tissues[10].
The LEP hormone is known to have roles in the regulation of hunger, energy balance, metabolism,
reproduction and insulin secretion mediated by binding to LEPR[11,12]. Binding of LEP to its
hypothalamic receptor has been shown to raise blood pressure in mice, and blockade of LEPR resulted
in lower values[13,14]. LEPR has roles in insulin secretion, and its activity is relevant to the
development of insulin resistance[12,15]. Indeed, a recent study has correlated LEPR polymorphisms
with DM and HTN[16,17]. Among the Han Chinese population, the LEPR gene polymorphism,
rs13306519, has been associated with DM and rs12037879 with HTN[5]. Moreover, rs1137100
(Argl09Lys) and rs8179183 (Lys656 Asn) have been associated with both DM and HTN[15,18].

The LEPR gene polymorphism, rs1137101, is located on chromosome 1p31 and involves a substitution
of the 223rd amino acid residue, gln (Q) for Arg (R). This mutation affects the ObRIg domain, according
to the PFAM database (http://pfam.xfam.org/protein/P48357; Figure 1A and Table 1). Construction of
a 3D model of the region including amino acids 126 to 533 using Swiss-model software (https://
swissmodel.expasy.org/) revealed a consequent change in protein structure (Figure 1B). These
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Table 1 Domain boundaries and score for each of the domains

Gathering threshold (bits) Score (bits) E-value
Source Domain Start End

Sequence Domain Sequence  Domain  Sequence  Domain
Pfam ObR _Ig 126 233 258 258 170.5 61.1 3.50E-47 3.9E-13
Pfam Lep_receptor_Ig 329 420 288 28.8 84.8 84.8 1.00E-20 1.00E-20
Pfam ObR_Ig 431 533 258 258 170.5 112.7 3.50E-47 3.40E-29
Transmembrane NA 840 862 NA NA NA NA NA NA
Low_complexity NA 849 83 NA NA NA NA NA NA
Disorder NA 924 N7 NA NA NA NA NA NA
Low_complexity NA 937 946 NA NA NA NA NA NA
Disorder NA 9%66 967 NA NA NA NA NA NA
Disorder NA 970 973 NA NA NA NA NA NA
Disorder NA 975 976  NA NA NA NA NA NA
Disorder NA 997 1001 NA NA NA NA NA NA
Disorder NA 1064 1065 NA NA NA NA NA NA

NA: No adoption.

Jaishideng®

predictions imply that the rs1137101 mutation may influence protein structure and have an impact on
protein function. Previous studies have associated rs1137101 (GIn223Arg) with obesity, cancer, HTN
and DM]9,19,20]. It also has been shown to be a risk factor for HTN and T2DM in the Chinese
population[21,22]. The current study investigated the relationship between rs1137101 and the
occurrence of HTN with T2DM in Mongolian and Han populations in Inner Mongolia.

MATERIALS AND METHODS

Study subjects

A total of 2652 subjects, including 908 healthy controls, 1061 HTN patients and 683 patients with HTN +
T2DM, were randomly selected from adult residents of Mongolia (Hohhot, Wuhai, Xilinhot) and
enrolled in the study. Study participants were unrelated, and the ethnic composition was 1347 Han and
1305 Mongolian. All participants provided written informed consent. The study was performed in
accordance with the declaration of Helsinki and approved by the ethical committee of the affiliated
hospital of Inner Mongolia Medical University.

T2DM and HTN were diagnosed according to the following criteria established by the World Health
Organization: HTN: Systolic blood pressure > 140 mmHg and/or diastolic blood pressure = 90 mmHg
or current prescription for antihypertensive medication[23]. Participants with chronic renal disease,
renal artery stenosis, primary hyperaldosteronism, thyroid disease, Cushing syndrome, phaeochromo-
cytoma or other diseases known to cause HTN were excluded; T2DM: Fasting blood sugar (FBS) = 7.0
mmol /L or postprandial blood glucose > 11.1 mmol/L or current definitive diagnosis of T2DM][24].
Participants with T1IDM, cancer or other severe metabolic disease were excluded.

Data collection

Age, weight and medical history were collected by questionnaire. Body mass index was calculated
according to the formula: Mass (kg)/height? (m?). Blood pressure was measured on the right arm using
a mercury sphygmomanometer. Blood samples of HTN, T2DM and HTN + T2DM groups were
collected after an 8 h fast. Genomic DNA was isolated from whole blood using a Maga bio plus whole
blood genomic DNA purification Kit II (Hangzhou Bioer Technology co. Ltd, China) according to the
manufacturer’s instructions. FBS, triglyceride, cholesterol, high density lipoprotein and low density
lipoprotein were measured after plasmapheresis.

Genotyping

151137101 (GIn223Arg) polymorphisms were assessed by PCR amplification. The primers used were
forward: 5'-TTCCCCAAAAAGGCAGTTTTCA-3" and reverse: 5-AGAAGCCACTCTTAATAC-
CCCCAGT-3". The target DNA sequences were amplified using a multiplex PCR method. Thermal

WJD | https://www.wjgnet.com 645 August 15,2022 | Volume13 | Issue8 |



Zhao KY et al. rs1137101 association with HTN + T2DM

A

Leptin receptor

Leptin receptor Q223R

ObR_Ig s ObR_Ig =

180°

&)

DOI: 10.4239/wjd.v13.i8.643 Copyright ©The Author(s) 2022.

Figure 1 Leptin receptor domains and 3D structure. A: The PFAM database obtains the domains of the leptin receptor (LEPR) protein; B: Swiss-model was
used to construct the 3D model of the leptin receptor and the leptin receptor (Q223R) protein fragment 126 to 533. The red frame represented the differences

between two models.
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cycling was performed for the rs1137101 loci in Gene Amp PCR system 9600 (PerkinElmer, Waltham,
MA, United States) fluorescent products of ligase detection reaction differentiated by 3130x] genetic
analyzer (Applied Biosystems, CA, United States).

Statistical analysis

Statistical analysis was performed using SPSS 22.0 (IBM Corp., Armonk, NY, United States) and
SNPStats (https:/ /www.snpstats.net/start.htm)[25] software. Categorical variables were presented as
frequencies. Continuous data were reported as the mean * standard deviation. Student’s f test was used
to compare age, weight, height, body mass index, FBS, systolic blood pressure, diastolic blood pressure,
triglyceride, cholesterol, high density lipoprotein and low density lipoprotein and statistical hypotheses
were tested using the 2-tailed f test. The x?test was used to analyze ethnic and gender differences.
Logistic regression was used to compute the odds ratio (OR) by adjusting for age and sex and the
adjusted OR is presented with 95% confidence interval. Logistic regression, Hardy Weinberg
Equilibrium and five genetic models (co-dominant, dominant, recessive, over-dominant and log-
additive) were calculated using SNPStats software. A value of P < 0.05 was considered to be significant.

RESULTS

Baseline demographic characteristics

Baseline demographic characteristics of the study population are summarized in Table 2. Significant
differences were found in ethnicity, gender, age, weight, height, FBS, Systolic blood pressure, diastolic
blood pressure and high density lipoprotein between cases with HTN, those with both HTN + T2DM
and controls. No significant deviation from the Hardy Weinberg Equilibrium was detected (Table 3).
Allele frequency was not significant in the Han population, but significant differences between
Mongolian groups were observed (Table 4).
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Table 2 Baseline characteristics

P value
HTN, n= HTN with T2DM,
Control, n=908 -, =683 Control vs HTN + HTN vs HTN +
Control vs HTN

T2DM T2DM

Ethnic Han 455 406 486 <0.0001 <0.0001 <0.0001
Mongolian 453 655 197
Gender Male 357 601 397 <0.0001 <0.0001 0.542
Female 551 460 286

Age 4811+ 15.06 544941567  63.89+11.17 <0.0001 <0.0001 <0.0001
Weight (kg) 66.14 +11.06 72321206  73.35%12.48 <0.0001 <0.0001 0.2156
Height (cm) 163 £ 0.09 168 +0.08 161.26 £ 0.10 <0.0001 0.6110 0.0032
BMI (kg/m?) 25.27 +8.50 25.56 +3.63 26.48 +5.12 0.4067 0.7588 0.8723
FBS (mmol/L) 5.06 +0.49 5.73 £0.77 8.59 £3.37 0.0721 <0.0001 <0.0001
SBP (mm Hg) 117.21 +14.27 15110+ 18.94  166.47 +17.53 <0.0001 <0.0001 <0.0001
DBP (mm Hg) 77.20 +7.95 88591274  100.84 +13.31 <0.0001 <0.0001 <0.0001
TG (mmol/L) 1.63+1.06 2244152 259 +12.14 0.0626 0.0051 0.4768
CHO (mmol/L) 453+1.30 4.47 £3.59 452+1.26 0.8913 0.9984 0.8885
HDL (mmol/L) 144+ 054 1.75+0.95 1.27+0.35 <0.0001 <0.0001 <0.0001
LDL (mmol/L) 2.84 £1.00 287+1.38 294+11.1 0.9921 09225 0.9586

Data presented as mean * SD and percentages. P value of < 0.05 was considered significant. BMI: Body mass index; FBS: Fasting blood sugar; SBP: Systolic

blood pressure; DBP:
Hypertension; T2DM:

Diastolic blood pressure; TG: Triglyceride; CHO: Cholesterol; HDL: High density lipoprotein; LDL: Low density lipoprotein; HTN:
Type 2 diabetes mellitus.

Table 3 Hardy Weinberg equilibrium analysis

Group GIG G/A A/A G A Pvalue
Han, n =1347 Control, n = 455 351 94 10 796 114 0.2
HTN, n = 406 312 91 3 715 97 0.24
HTN + T2DM, n = 486 394 84 8 872 100 0.21
Mongolian, n = 1305 Control, n =453 343 101 9 787 119 0.68
HTN, n = 655 436 202 17 1074 236 0.29
HTN + T2DM, n =197 151 42 4 344 50 0.53

P value of < 0.05 was considered significant. HTN: Hypertension; T2DM: Type 2 diabetes mellitus.
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LEPR gene polymorphisms and HTN in ethnic Han and Mongolian Chinese

The correlation between the LEPR gene polymorphism, rs1137101, and HTN in ethnic Han and
Mongolian Chinese subjects was analyzed. A total of 861 subjects of Han origin (control = 455; HTN =
406) and 1108 subjects of Mongolian origin (control = 453; HTN = 655) were assessed. Logistic regression
analysis was used to evaluate whether rs1137101 was independently associated with HTN after
adjusting for sex and age (Table 5). Use of five inheritance models, codominant, dominant, recessive,
over-dominant and log-additive, gave the following results: Co-dominant (A/G) model: OR = 0.88 (0.62-
1.27); co-dominant (A/A) model: OR = 0.21 (0.05-0.80); and recessive (A/A) model: OR = 0.21 (0.05-0.82)
for hypertensive Han subjects compared with controls. Results for Mongolian subjects were: Co-
dominant (A/G) model: OR = 1.49 (1.12-1.97); co-dominant (A/A) model: OR = 1.47 (0.64-3.34);
dominant (A/G-A/A) model: OR = 1.49 (1.13-1.95); over-dominant (A/A) model: OR = 1.47 (1.11-1.95);
and log-additive model: OR = 1.40 (1.10-1.79). An association between rs1137101 and HTN was
established for subjects of Mongolian ethnic origin.
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Table 4 Statistics of allele and genotype frequencies

Population Allele  All subjects count (%) Control count (%) HTN count (%)  HTN + T2DM count (%) Pvalue
Han, n = 1347 G 2383 (88) 796 (87) 715 (88) 872 (90) 0.288
A 311 (12) 114 (13) 97 (12) 100 (10)
A/A 212 10 (2) 3(1) 8(2) 0.153
G/A 269 (20) 94 (21) 91 (22) 84 (17)
G/G 1057 (78) 351 (77) 312 (77) 394 (81)
Mongolian, n=1305 G 2205 (84) 787 (87) 1074 (82) 344 (87) 0.002
A 405 (16) 119 (13) 236 (18) 50 (13)
A/A 30(2 9(2 17 (3) 402 0.006
G/A 345 (26) 101 (22) 202 (31) 42 (21)
G/G 930 (71) 343 (76) 436 (67) 151 (77)

P value of < 0.05 was considered significant. HTN: Hypertension; T2DM: Type 2 diabetes mellitus.

Table 5 Association of the control and hypertension groups for Han and Mongolian Chinese

— Genotype Han, n = 861 Mongolian, n = 1108
Control, n (%) HTN,n(%) OR(95%CI) Pvalue Control,n(%) HTN,n (%) OR(95%CI) Pvalue

Co-dominant  G/G 351 (77.1) 312(768) 1 0.041 343 (75.7) 436 (66.6) 1 0.016

A/G 94 (20.7) 91 (22.4) 0.88 (0.62-1.27) 101 (22.3) 202 (30.8)  1.49(1.12-1.97)

A/A 10 (2.2) 3(07) 0.21 (0.05-0.80) 9 (2.0) 17 (2.6) 1.47 (0.64-3.34)
Dominant G/G 351 (77.1) 312(768) 1 0.23 343 (75.7) 436 (66.6) 1 0.004

A/G-A/A 104 (22.9) 94 (23.1) 0.81 (0.57-1.15) 110 (24.3) 219 (33.4) 149 (1.13-1.95)
Recessive G/G-A/G 445 (97.8) 403 (993) 1 0.015 444 (%) 638(97.4) 1 051

A/A 10 (2.2) 3(07) 0.21 (0.05-0.82) 9 (2.0) 17 (2.6) 1.32 (0.58-2.99)
Over-dominant  G/G-A/A 361 (79.3) 315(77.6) 1 0.63 352 (77.7) 453 (692) 1 0.0064

A/G 94 (20.7) 91 (22.4) 091 (0.64-1.31) 101 (22.3) 202(308) 147 (1.11-1.95)
Log-additive - - - 075 (0.55-1.04) 0082 - - 1.40 (1.10-1.79)  0.0059

Adjusted for sex and age. P value of < 0.05 was considered significant. HTN: Hypertension; OR: Odd ratio; CI: Confidence interval.

The correlation between rs1137101 and HTN with T2DM in Han and Mongolian subjects

The association of rs1137101 with HTN + T2DM was analyzed. A total of 683 subjects, composed of 197
Mongolian and 486 Han, were included. The same five genetic models, codominant, dominant,
recessive, over-dominant and log-additive, were used to analyze associations between HTN + T2DM as
described above for HTN. OR (adjusted for sex and age) for the five genetic models in Mongolian
subjects were: Co-dominant (A/G): 0.70 (0.44-1.11); co-dominant (A/A): 1.06 (0.27-4.25); dominant
(A/G-A/A): 0.72 (0.46-1.13); recessive (G/G-A/G):1.15 (0.29-4.57); over-dominant (A/G): 0.70 (0.44-
1.11); and log-additive: 0.78 (0.52-1.16). OR (adjusted for sex and age) for the five genetic models in Han
subjects were: Co-dominant (A/G): 0.59 (0.40-0.87); co-dominant (A/A): 0.38 (0.14-1.08); dominant
(A/G-A/A): 0.56 (0.39-0.82); recessive (G/G-A/G): 0.43 (0.15-1.21); over-dominant (A/G): 0.61 (0.41-
0.89); and log-additive: 0.60 (0.43-0.83). No significant differences were found in Mongolian subjects, but
the genotypes GA and AA significantly decreased the risk of HTN + T2DM in Han subjects (Table 6).
Thus, the LEPR polymorphism is associated with the occurrence of HTN + T2DM in Han Chinese
populations but not in Mongolian Chinese.

A comparison was made between patients with HTN and those with HTN + T2DM to analyze the
correlation between the LEPR polymorphism and the occurrence of these disorders in Mongolian and
Han populations. OR (95% confidence interval) (adjusted for sex and age) for Han subjects for the same
five genetic models were: Co-dominant (A/G): 0.65 (0.46-0.92); co-dominant (A/A): 1.61 (0.41-6.28);
dominant (A/G-A/A): 0.68 (0.49-0.96); recessive (A/A): 1.77 (0.46-6.87); over-dominant (A/G): 0.65
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Table 6 Association of rs1137101 with hypertension + type 2 diabetes mellitus (control vs hypertension + type 2 diabetes mellitus)

Han, n =941 Mongolian, n = 650
Model Genotype Control,n  HTN with T2DM, n P Control,n  HTN with T2DM, n P
i) L} R 0, I L} t R 0, I
(%) (%) OR (35%C1) value (%) (%) OR (95%Cl) value
Co-dominant G/G 351 (77.1) 394 (81.1) 1 0.0075 343 (75.7) 151 (76.7) 1 0.3
A/G 94 (20.7) 84 (17.3) 0.59 (0.40- 101 (22.3) 42 (21.3) 0.70 (0.44-
0.87) 1.11)
A/A 10 (2.2) 8 (1.6) 0.38 (0.14- 9 (2.0) 4(2.0) 1.06 (0.27-
1.08) 4.25)
Dominant G/G 351 (77.1) 394 (81.1) 1 0.0024 343 (75.7) 151 (76.7) 1 0.15
A/G-A/A 104 (22.9) 92 (18.9) 0.56 (0.39- 110 (24.3) 46 (23.4) 0.72 (0.46-
0.82) 1.13)
Recessive G/G-A/G 445 (97.8) 478 (98.3) 1 0.11 444 (98.0) 193 (98.0) 1 0.84
A/A 10 (2.2) 8 (1.6) 0.43 (0.15- 9(2.0) 4(2.0) 1.15 (0.29-
1.21) 457)
Over- G/G-A/A 361 (79.3) 402 (82.7) 1 0.01 352 (77.7) 155 (78.7) 1 0.12
dominant
A/G 94 (20.7) 84 (17.3) 0.61 (0.41- 101 (22.3) 42 (21.3) 0.70 (0.44-
0.89) 1.11)
Log-additive - - - 0.60 (0.43- 0.0018 - - 0.78 (0.52- 0.22
0.83) 1.16)

Adjusted for sex and age. P value of < 0.05 was considered significant. OR: Odd ratio; HTN: Hypertension; T2DM: Type 2 diabetes mellitus; CI: Confidence
interval.

(0.46-0.91); and log-additive: 0.75 (0.55-1.02). All values were non-significant. For Mongolian subjects,
OR (adjusted for sex and age) were: Co-dominant (A/G): 0.54 (0.36-0.81); co-dominant (A/A): 0.55 (0.17-
1.79); dominant (A/G-A/A): 0.54 (0.36-0.80); recessive (A/A): 0.65 (0.20-2.11); over-dominant (A/G):
0.55 (0.37-0.82); and log-additive: 0.59 (0.41-0.84). The co-dominant A/G model, dominant A/G-A/A
model, over-dominant A/G model and log-additive model were all associated with a significantly
decreased risk of HTN + T2DM in Mongolian and Han patients (Table 7).

DISCUSSION

HTN and T2DM are major risk factors for cardiovascular and cerebrovascular diseases, and both
conditions are known to result from interactions between genetics and environment[26,27]. The LEPR
gene has been widely studied with respect to T2DM and HTN. We have previously demonstrated an
association between rs1137101 and HTN in Han subjects and an association between rs7555955 and
HTN in Mongolian subjects[28]. No association was found between rs1137101 and HTN or other
metabolic traits in Mexican children[29] nor with HTN or cardiovascular disease in Iranian subjects[17].
A meta-analysis did show an association between rs1137101 and T2DM[30], and a Brazilian study
suggested a relationship between T2DM and being overweight[31]. Furthermore, rs1137101 was
correlated with T2DM, insulin change and being overweight among the Punjabi population of North
India[32]. These findings indicate that associations are very dependent on the origins of the population
under study. Inner Mongolia is a vast territory with demarcation of urban, agricultural, pastoral and
part-farming/part-pastoral areas. Each region has a unique lifestyle with specific eating habits, all of
which have an impact on rates of HTN. Overlain on these variations are traditional risk factors, such as
smoking, drinking and salt intake[33,34] plus environmental factors[35,36]. Results of the current study
were not in accord with those of previous studies and discrepancies may be due to population and
lifestyle differences.

The current study focused on the conditions of HTN and HTN + T2DM in ethnic Han and Mongolian
populations in Inner Mongolia. There was a significant association between rs1137101 and HTN and
HTN + T2DM in Han Chinese subjects. The genotypes, AA and GA, may decrease risk of HTN and
HTN + T2DM for control and HTN groups. Whereas rs1137101 was associated with a significantly
increased risk of HTN for control subjects, it was associated with a decreased risk of developing T2DM
for HTN patients. Further investigations involving larger study populations with further data relating
to environmental and lifestyle factors are required to substantiate interactions between genetics and the
environment.
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Table 7 Associatiol
mellitus)

7101 association with HTN + T2DM

n of rs1137101 with hypertension and type 2 diabetes mellitus (hypertension and hypertension + type 2 diabetes

Han, n =892 Mongolian, n = 852
Model Genotype Control,n  HTN with T2DM, n P Control,n  HTN with T2DM, n P
t ) R 0, I t ) R 0, I
(%) (%) OR (95%C) value (%) (%) OR (95%C) value
Co-dominant G/G 312 (76.8) 394 (81.1) 1 0.034 436 (66.6) 151 (76.7) 1 0.0067
A/G 91 (22.4) 84 (17.3) 0.65 (0.46- 202 (30.8) 42 (21.3) 0.54 (0.36-
0.92) 0.81)
A/A 3(0.7) 8 (1.6) 1.61 (0.41- 17 (2.6) 4(2.0) 0.55 (0.17-
6.28) 1.79)
Dominant G/G 312 (76.8) 394 (81.1) 1 0.026 436 (66.6) 151 (76.7) 1 0.0016
A/G-A/A 94 (23.1) 92 (18.9) 0.68 (0.49- 219 (33.4) 46 (23.4) 0.54 (0.36-
0.96) 0.80)
Recessive G/G-A/G 403 (99.3) 478 (98.3) 1 0.39 638 (97.4) 193 (98.0) 1 0.46
A/A 3(0.7) 8 (1.6) 1.77 (0.46- 17 (2.6) 4(2.0) 0.65 (0.20-
6.87) 2.11)
Over- G/G-A/A 315 (77.6) 402 (82.7) 1 0012 453 (69.2) 155 (78.7) 1 0.0028
dominant
A/G 91 (22.4) 84 (17.3) 0.65 (0.46- 202 (30.8) 42 (21.3) 0.55 (0.37-
0.91) 0.82)
Log-additive - = = 075 (0.55-  0.067 - = 059 (0.41-  0.0024
1.02) 0.84)

Adjusted for sex and age. P value of < 0.05 was considered significant. OR: Odd ratio; HTN: Hypertension; T2DM: Type 2 diabetes mellitus; CI: Confidence

interval.
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CONCLUSION

The current study investigated the impact of the polymorphism rs1137101 on HTN in Mongolian
subjects. Mongolian and Han subjects with HTN who had rs1137101 were protected against the
development of T2DM, and rs1137101 decreased the risk of HTN and HTN + T2DM for the Han
Chinese population of Inner Mongolia. In contrast with its protective role in the Han population,
151137101 increased the risk of HTN for the Mongolian population.

ARTICLE HIGHLIGHTS

Research background

Hypertension (HTN) and type 2 diabetes mellitus (T2DM) are each considered a risk factor for the other.
Both occur frequently in the Inner Mongolia region of China. rs1137101 is a potential risk factor for the
occurrence of HTN and T2DM but the association between rs1137101 and HTN + T2DM in the
Mongolian and Han population in Inner Mongolia remains unknown.

Research motivation
The association between rs1137101 and occurrence of HTN + T2DM has not been fully elucidated for
Mongolian and Han populations in the Inner Mongolia region.

Research objectives

To investigate the relationship between rs1137101 and the occurrence of HTN with T2DM in Mongolian
and Han populations in Inner Mongolia. To illuminate the association between the rs1137101
polymorphism and HTN with T2DM by analyzing differences between Han and Mongolian Chinese.

Research methods

Data relating to blood samples, blood pressure, weight, height and other body indices among Chinese
populations in Inner Mongolia. The rs1137101 polymorphism was measured. Data was analyzed by
SPSS 22.0 and SNPstats software (https://www.snpstats.net/start.htm) to correlate rs1137101 with
HTN + T2DM in Mongolian and Han populations in Inner Mongolia.
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Research results

The association between the rs1137101 polymorphism and HTN with T2DM was analyzed, and
differences between Han and Mongolian individuals were assessed. There was a significant correlation
between rs1137101 with both HTN after adjustment for sex and age in individuals of Mongolian origin.
rs1137101 was significantly associated with HTN and HTN + T2DM in the Han Chinese population.

Research conclusions

There was significant correlation between rs1137101 and control and HTN/HTN + T2DM in Han and
Mongolian subjects. Mongolian and Han subjects with HTN who had rs1137101 were protected against
the development of T2DM. rs1137101 decreased the risk of HTN and HTN + T2DM for the Han Chinese
population of Inner Mongolia. By contrast, rs1137101 increased the risk of HTN for the Mongolian
population.

Research perspectives

The current study analyzed the association between rs1137101 and HTN/HTN + T2DM by comparing
control, HTN and HTN + T2DM groups and found rs1137101 to be associated with HTN and HTN +
T2DM in Mongolian and Han populations in Inner Mongolia. Further investigations involving larger
study populations with further data relating to environmental and lifestyle factors are required to
substantiate interactions between genetics and the environment.
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Published online: August 15,2022 e performed a systematic search from PubMed, Science Direct, Reference Citation

Analysis (https://www.referencecitationanalysis.com/) and Google Scholar
databases using the terms “metformin” AND “toxicity” OR “overdose” OR “lactic
acidosis” OR “hyperlactatemia”. The inclusion criteria were: (1) Case reports or
case series with individual patient details; and (2) Reported toxicity or overdose of
metformin in adults, published in the English language. Data regarding baseline
demographics, clinical presentation, therapeutic interventions, intensive care unit
course and overall outcome were collected.

RESULTS

Two hundred forty-two individual cases were analysed, from 158 case reports
and 26 case series, with a cumulative mortality of 19.8%. 214 (88.4%) patients were
diabetics on metformin. 57 (23.6%) had acute ingestion, but a great majority
(76.4%) were on metformin in therapeutic doses when they developed toxicity.
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Metformin associated lactic acidosis (MALA) was the most commonly reported adverse effect
present in 224 (92.6%) patients. Most of the patients presented with gastrointestinal and
neurological symptoms and a significant number of patients had severe metabolic acidosis and
hyperlactatemia. The organ support used was renal replacement therapy (RRT) (68.6%), vaso-
pressors (58.7%) and invasive mechanical ventilation (52.9%). A majority of patients (68.6%)
received RRT for toxin removal, renal dysfunction and correction of MALA. Patients with lowest
pH and highest serum lactate and metformin levels also had favourable outcomes with use of
RRT.

CONCLUSION

Most of the reported cases were on therapeutic doses of metformin but developed toxicity after an
acute deterioration in renal functions. These patients may develop severe lactic acidosis, leading to
significant morbidity and need for organ support. Despite severe MALA and the need for multiple
organ support, they may have good outcomes, especially when RRT is used. The dose of
metformin, serum pH, lactate and metformin levels may indicate the severity of toxicity and the
need for aggressive therapeutic measures but may not necessarily indicate poor outcomes.

Key Words: Extracorporeal toxin removal; Haemodialysis; Metformin associated lactic acidosis; Metformin
overdose; Renal replacement therapy

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

Core Tip: Metformin may be associated with significant toxicity, even when used in therapeutic doses, of
which metformin associated lactic acidosis is the most commonly reported toxicity. These patients may
have favourable outcomes in spite of consumption of high doses, severe acidosis, and high serum lactate
and metformin concentrations. Early aggressive supportive care, use of renal replacement therapy for toxin
removal and organ support may help in improving outcomes.

Citation: Juneja D, Nasa P, Jain R. Metformin toxicity: A meta-summary of case reports. World J Diabetes 2022;
13(8): 654-664

URL: https://www.wjgnet.com/1948-9358/full/v13/i8/654.htm

DOI: https://dx.doi.org/10.4239/wjd.v13.i8.654

INTRODUCTION

Metformin is arguably the most commonly prescribed oral hypoglycemic agent (OHA) for the
management of diabetes mellitus (DM). In addition to its hypoglycemic properties, it has the potential
to reduce micro and macro vascular complications associated with DM and have a clinically beneficial
role in reducing serum lipids levels and body weight[1,2]. Use of metformin in the management of type
I DM has been shown to reduce all-cause mortality and risk of cardiovascular complications[3].

The primary mode of action of metformin is to reduce hepatic glucose production. In addition, it also
exerts hypoglycemic effect through the neuroendocrine axis, enhancing cellular uptake of glucose and
reducing insulin resistance[4]. It is considered a very safe drug and is generally not associated with
hypoglycemia. Rarely patients may develop toxicity related to its use. Metformin associated lactic
acidosis (MALA) has been defined as serum lactate levels above 5 mmol/L and arterial pH below 7.35
in association with metformin exposure[5]. It is a rare complication with a reported incidence of 1-30
cases per 100000 patient years but is associated with a high mortality rate of 25%-50%[6,7].

Despite severe acidosis, patients with MALA may have good clinical outcomes if it is recognised
early and aggressive resuscitative measures are initiated[8]. In addition, certain therapeutic
interventions like extracorporeal toxin removal (ECTR), if instituted timely, may improve survival in
select patient subgroups and hence, it is currently recommended in patients with severe metformin
toxicity[9]. Even though MALA remains the most dreaded complication associated with metformin use,
other complications have also been reported that may require hospitalisation. Due to the lack of
randomised control trials, most of the data pertaining to the clinical course, therapeutic interventions
and outcomes of these patients have come from case reports and case series. Hence, we conducted this
scoping review of case reports and series to analyse the symptomology, clinical interventions and
outcomes of patients presenting with severe metformin toxicity requiring hospitalisation and acute
intervention.
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MATERIALS AND METHODS

We performed a systematic search for this review from PubMed, Science Direct, Reference Citation
Analysis (https:/ /www .referencecitationanalysis.com/) and Google Scholar databases from January 1,
1975 till December 31, 2021. The search terms used were “metformin” AND “toxicity” OR “overdose”
OR “lactic acidosis” OR “hyperlactatemia”. The inclusion criteria were: (1) Case reports or case series
with individual patient details; and (2) Reported toxicity or overdose of metformin. Further, it was
filtered for the literature published in the English language and on adult (> 18 years) humans. We
excluded: (1) Conference abstracts; and (2) Case reports or series which did not have individual
biochemical data. The authors screened all the search results to include only the relevant literature for
metformin toxicity. Duplicate articles from different search databases were excluded.

All the case reports and case series were evaluated, and the data were extracted for patient
demographics, clinical symptomatology, clinical interventions including extracorporeal therapies (ECT),
intensive care unit (ICU) course, need for organ support and outcomes. Concomitant use of nephrotoxic
drugs including nonsteroidal anti-inflammatory drugs (NSAIDs), angiotensin-converting-enzyme
inhibitors (ACE-Is), angiotensin II receptor blockers (ARBs), aminoglycoside antibiotics and diuretics
was also made. A datasheet for evaluation was further prepared.

Statistical analysis

The prepared datasheet was evaluated by Excel, Microsoft office 2019. Categorical variables were
presented as frequency and percentage. Median (interquartile range) or mean * SD was used for
continuous variables. Qualitative correlation statistics were analysed by Chi-square test and Fisher's
exact test. A P value of < 0.05 was deemed significant. Unless otherwise indicated, all the statistical
analyses were done using SPSS (version 25.0, IBM SPSS Inc., Chicago, IL, United States). Tabulation and
final documentation were done using MS Office software (MS office 2019, Microsoft Corp, WA, United
States).

RESULTS

This review was performed using PRISMA 2009 checklist (Figure 1). Finally, 184 studies with 242
unique patients that met all the inclusion criteria were included (Supplementary material). Most of the
included patients were from the United States of America (66, 27.3%) and the United Kingdom (30,
12.4%) (Figure 2). 185 (76.4%) patients developed toxicity while on chronic therapeutic doses of
metformin while 57 (23.6%) patients developed toxicity after an acute overdose of the drug.

The commonly reported symptoms were gastrointestinal (vomiting 52.5%, abdominal pain 40%) and
neurological (altered mental status 36%, loss of consciousness 11.6%). Two hundred fourteen (88.4%)
patients had underlying diabetes and were on metformin (Table 1).

MALA was the most commonly reported adverse effect in 224 (92.6%) patients. Other reported
isolated adverse effects were encephalopathy in 6 (2.5%) patients, hepatitis or acute liver failure in 5
(2.1%) patients, hypoglycemia in 4 (1.6%) patients, and psychosis, vitamin B12 deficiency and acute
pancreatitis in 1 (0.4%) patient each.

Overall, 57 (23.6%) patients had acute ingestion, out of which 52 were suicidal, three were reported as
accidental and in two cases the cause was not reported or was unclear. The reported median dose
consumed by these patients was 42.5 gms (interquartile range 24.8-61.5 gms). Out of these 57 cases,
there were 11 deaths with a cumulative mortality rate of 19.3%. Sixteen patients with acute intoxications
had a history of co-ingestion of other drugs.

The mean duration of presentation after acute intoxication was 10.9 (+ 13.8) hours. Activated charcoal
(6.6%) and gastric lavage (5.8%) was rarely employed to reduce the absorption of metformin in patients
with acute intoxication. Intravenous soda-bicarbonate was most commonly used among the other
therapies employed in 65.3% of patients.

Arterial blood gas at presentation was available in 214 (88.4%) patients and serum metformin concen-
tration was measured only in 58 (24%) cases (Table 2).

Overall, 185 (76.4%) patients were on long-term therapeutic doses of metformin when they developed
metformin toxicity. These patients were on metformin doses ranging from 250-3000 mg/day (median
1625 mg/day). The cumulative mortality was 37/185 (20%) in this group of patients. Out of these 185
patients, 38 patients had underlying chronic kidney disease (CKD) and 73 patients had documented
reasons, which may have caused acute renal dysfunction precipitating metformin toxicity. These
reasons included acute gastroenteritis leading to dehydration (36 patients), ACE-I inhibitors (22
patients), NSAIDs (18 patients), diuretics (16 patients), ARBs (8 patients), IV contrast (7 patients), post-
operative (5 patients), acute urinary tract infection (5 patients), anti-retroviral drugs like tenofovir (4
patients), aminoglycosides (2 patients), and obstructive uropathy (1 patient). Several patients had
multiple risk factors for acute kidney injury.

Renal dysfunction was the most common organ dysfunction (74%), followed by cardiac (59.5%) and
pulmonary (47.1%). One hundred sixty-six (68.6%) patients underwent renal replacement therapy (RRT)

WJD | https://www.wjgnet.com 656 August 15,2022 | Volume13 | Issue8 |


https://www.referencecitationanalysis.com/
https://f6publishing.blob.core.windows.net/308b8c28-b9a6-4173-b0ee-36d6d4865149/WJD-13-654-supplementary-material.pdf

Juneja D et al. Metformin toxicity: A meta-summary

Table 1 The commonly reported symptoms (mean * SD)

Parameter Number of patients (n = 242)
Age 59.3 (16) yr
Gender, 1 (%) Females, 126 (52.1)

Males, 115 (47.5)

Not mentioned, 1 (0.4)

Clinical presentation, 1 (%) Vomiting, 127 (52.5)
Abdominal pain, 96 (40)
Altered mental status, 87 (36)
Shock, 43 (17.8)
Breathlessness, 41 (16.9)
Loss of consciousness, 28 (11.6)
Anuria, 22 (8.3)
Cardiac arrest, 5 (2)
Others, 15 (6.2)

Comorbidities, 7 (%) Diabetes, 214 (88.4)
Hypertension, 94 (38.8)
Coronary artery disease, 34 (14.1)
Chronic kidney disease, 41 (16.9)
Chronic liver disease, 6 (2.5)
Others, 24 (9.9)
None, 22 (9.9)

Not mentioned, 2 (0.8)

History of psychiatric illness, 2 (%) 30 (12.4)

History of metformin use, 1 (%) 214 (88.4)

Type of ingestion, n (%) Chronic use, 185 (76.4)
Suicidal, 52 (21.5)
Accidental, 3 (1.2)

Unclear, 1 (0.4)

Not mentioned, 1 (0.4)

Urine toxicology screen, 1 (%) 15 (6.2)

Time to presentation after acute intoxication (h) 10.9+£13.8

Hypoglycemia, n (%) 59 (24.4)

Therapies to reduce absorption, 1 (%) Activated charcoal, 16 (6.6)
Gastric lavage, 14 (5.8)

Whole bowel irrigation, 1 (0.4)
Need for organ support, n (%) RRT, 166 (68.6)
Vasopressors, 142 (58.7)
Invasive mechanical ventilation, 128 (52.9)
Extracorporeal membrane oxygenation, 2 (0.8)
Type of RRT, n (%) Haemodialysis, 83 (34.3)
Continuous RRT, 60 (24.8)

Slow low-efficiency dialysis, 13 (5.4)
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Peritoneal dialysis, 6 (2.5)
Haem-adsorption columns, 3 (1.2)
Plasmapheresis, 1 (0.4)
Other treatments given, 1 (%) Sodium bicarbonate, 158 (65.3)
Glucose/insulin, 15 (6.2)
Methylene blue, 2 (0.8)
ECMO, 2 (0.8)
L-carnitine, 1 (0.4)
High dose vitamin C, 1 (0.4)
Development of organ failure, 1 (%) Renal, 179 (74)
Cardiac, 144 (59.5)
Pulmonary, 114 (47.1)

Neurological, 88 (36.4)

Liver, 18 (17.4)
Haematological, 2 (0.8)

Days on RRT 31+6.7

Days on IMV 22+51

Number of sessions of RRT 2£26

Time of initiation of RRT after presentation (h) 63+127

Days in hospital 73+114

Days in ICU 41+6.6

Outcome, 1 (%) Alive, 192 (79.3)
Death, 48 (19.8)

Not mentioned, 2 (0.8)

RRT: Renal replacement therapy; IMV: Invasive mechanical ventilation; ICU: Intensive care unit.

Table 2 Arterial blood gas parameters

Parameter Mean Standard deviation Range
pH, at presentation 7.00 0.11 6.38-7.5
Lactates, at presentation (mmol/L) 15.7 7.6 2.1-40.2
Bicarbonate, at presentation (mmol/L) 7.7 6 1-23.7
Anion Gap, at presentation 32 10.8 10-61
Lowest pH reported 6.97 0.22 6.28-7.5
Highest lactates reported (mmol/L) 18 8.6 2.4-48
Serum metformin concentration (mcg/mL) 108.7 280 0.9-2020

for underlying renal dysfunction, metabolic acidosis correction, or metformin removal. Intermittent
haemodialysis (IHD, 34.3%) was the most commonly employed method of RRT followed by continuous
RRT (CRRT, 24.8%), which included both continuous veno-venous hemofiltration and continuous veno-
venous hemodiafiltration. Overall, 41 (16.9%) patients had underlying CKD and were already on
dialysis support. Only 17 survivors, who did not have pre-existing CKD, required RRT after hospital
discharge, rest all showed complete recovery of renal function.
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Figure 1 PRISMA flow diagram of the selected literature for this Meta summary. The inclusion criteria were (1) Case reports or case series with
individual patient details; and (2) Reported toxicity or overdose of metformin.

./ Sweden

Cana UK, i Penmark
Treland (¥ SH2 -Gp0|and

jium ., - German
Ffae,l%éu".' Netherlanés

Spain xtdroatia Georgia
Portugal '~ Italy~ “+° 7 Turkey * : - Japan
GreeC(?ael‘ JIran v Ch|na s South Korea

Mexico*. KSA Qaﬁ?_\'é India, v

I Australia
66 South .

Africa
N = Number of patients

DOI: 10.4239/wjd.v13.i8.654 Copyright ©The Author(s) 2022.

Figure 2 Geographical distribution of the patients reported with metformin toxicity.

DISCUSSION

This review evaluated data of 242 individual patients from 158 case reports and 26 case series. Most of
the patients had gastrointestinal or neurological symptoms at presentation. A great majority of patients
(76.4%) developed metformin toxicity on chronic therapeutic doses. The most commonly reported side
effect was MALA (92.6%). These patients had severe metabolic acidosis with hyperlactatemia and
required multi organ support. RRT was employed in 68.6% of patients, and the cumulative mortality
rate was 19.8%.

Several other isolated serious complications, in the absence of MALA, were also reported in many
case reports. These included encephalopathy[10-14], psychosis[15], vitamin B12 deficiency[16], acute
pancreatitis[17] and acute liver failure[18-22]. In our analysis, many patients (24.4%) developed
hypoglycemia, attributed to sulphonylureas or other OHA that the patients were co-prescribed.
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However, in a few case reports no other cause could be ascertained and hypoglycemia was attributed to
metformin toxicity[23-26]. The reported incidence for development of moderate to severe hypoglycemia
is 60 per 100000 for patients on metformin therapy, with an odds ratio of 1.42[27].

As metformin is primarily excreted by the kidneys, it is generally recommended not to use metformin
in patients with underlying renal dysfunction[28]. Nonetheless, in our review we observed that 16.9%
patients who developed metformin related side effects had underlying CKD. However, emerging
literature supports the use of metformin in patients with mild to moderate renal dysfunction, when
used in reduced dosage and regular monitoring[29].

Even though renal dysfunction is a major contributing factor for metformin toxicity, other factors like
hypotension, dehydration, sepsis, ischemia, and liver impairment, which lead to increased production
or impaired clearance of lactates, may also contribute to lactic acidosis. In our analysis, most of the
patients on therapeutic doses of metformin who developed toxicity had some insult causing acute renal
dysfunction which could have precipitated metformin toxicity. This acute insult included concomitant
use of nephrotoxic drugs, acute infection, post-operative state or dehydration secondary to severe
diarrhoea. Hence, it may be suggested that patients on long-term metformin should be closely
monitored for the development of any side-effects in case of any acute renal insult, and concomitant use
of nephrotoxic drugs should be avoided in these patients.

Patients with MALA had severe metabolic acidosis and hyperlactatemia, with the reported nadir of
pH being 6.28[30]. The mainstay of therapy for MALA remains early aggressive resuscitation and organ
support, as there is no specific antidote. In our analysis, intravenous soda-bicarbonate was used in a
large proportion of patients (65.3%). Even though it may help in the correction of acidosis, it may lead to
electrolyte imbalance and fluid overload. In addition, it does not help in the correction of the underlying
cause. However, it may be reasonable to use intravenous bicarbonate in patients with severe acidemia
and patients with an arterial pH less than 7.20 in the presence of underlying cardiovascular disease or
hemodynamic compromise[31].

Low serum pH levels, and high lactate and metformin concentration have been associated with
severe toxicity and higher mortality[32]. However, in our review, the patients with the lowest pH and
highest serum lactate and metformin levels survived. All three patients with acute ingestion of massive
doses of metformin (more than 100 g) survived after the institution of ECTR with complete recovery of
renal functions[33-35]. In addition, patients with the highest serum metformin levels (2020 and 678
mcg/mL)[36,37] and patients with the highest presenting lactate levels (40.2 and 35.3 mmol/L)[38,39]
also had favourable outcomes. The lowest pH reported was 6.28, in a post-operative diabetic CKD
patient on prolonged metformin therapy, who survived after aggressive intensive care[30]. Similar
findings have also been reported by other authors who found that blood pH, lactate and metformin
levels were poor predictors of mortality in patients with MALA[40].

Even though metformin has a relatively large volume of distribution (1-5 L/kg), but its small
molecular size (165 Da) and lack of protein binding makes it amenable for removal through ECT and
use of ECTR is recommended in the management of patients with severe toxicity[9,41]. The currently
recommended indications of ECTR include lactate levels above 20 mmol/L, pH less than 7.0, presence
of shock, reduced consciousness or in patients with failure of standard supportive measures. The
current recommendations suggest discontinuing ECTR when serum lactate levels fall below 3 mmol/L
and the pH becomes more than 7.35[9].

Intermittent HD has been recommended as the RRT modality of choice for ECTR in patients with
metformin toxicity as it provides rapid and superior correction of acidemia and removal of metformin
and lactates[9]. Lactate clearance may also be enhanced with use of higher effluent rates and high-
flux/high-efficiency dialyzers[33,42]. In addition, IHD has wider availability, lesser costs and a better
safety profile. Hence, it was the most commonly used mode of ECTR as observed in our review.

CRRT may be used as the second line therapy in patients with haemodynamic instability who cannot
tolerate IHD[9]. As many patients in our analysis had haemodynamic instability requiring vasopressor
support, CRRT was the second most common mode of RRT, employed in 24.8% patients.

Slow low efficiency dialysis (SLED) is increasingly becoming a popular RRT option, especially in ICU
patients as it can achieve rapid and efficient solute clearance while offering good haemodynamic
tolerability. This fact was evidenced in our review, where SLED was used in a few patients (5.4%) for
initial RRT. There are a few reports of effective use of resin or charcoal based haem-adsorbent filters in
managing patients with severe metformin toxicity[43,44]. However, lack of widespread availability,
higher cost, limited data regarding their efficacy and risk of complications especially haemolysis,
precludes haemoperfusion (HP) using haemadsorption filters from becoming the modality of choice for
ECTR. Additionally, as metformin is not protein-bound, HP and plasmapheresis do not offer any
advantage over IHD. Peritoneal dialysis is rarely used for ECTR because of inefficient and slow
correction of hyperlactatemia and acidosis[9].

A similar meta-summary included 253 cases and reported a cumulative mortality of 17.2% in patients
with MALA[45]. The authors reported that non-survivors had significantly higher levels of lactates and
metformin. Additionally, lactate levels above 20 mmol/L were significantly associated with mortality.
Even though the cumulative mortality rate in our review was 19.8%, which is close to that reported by
Yeh et al[45], our review has significant differences. The previous meta-summary had included patients
only up to September 2014, so must have missed the recent changes in clinical practices which might
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have happened after EXtracorporeal TReatments In Poisoning guidelines, released in 2015,
recommending ECTR for metformin toxicity[9]. Yeh et al[45], also included conference abstracts from
the EMBASE database and included publications in all languages, explaining their relatively higher case
numbers[45]. On the other hand, we included only English language papers and excluded conference
abstracts. In addition, we also included all patients with metformin toxicity and even those in whom
ECTR was not employed.

Strength and limitations

This review compiled 184 global studies involving 242 unique patients who had developed metformin
toxicity. In addition, we included only studies with individual patient’s details to compare
demographics, therapeutic interventions and outcomes.

The included studies were only case reports and case series without a control arm. Hence, the efficacy
and cost-benefit analysis of ECTR compared to pharmacological therapy could not be performed. The
studies were heterogeneous, with a high risk of bias and missing data, which may impact the generalis-
ability of the results. As we excluded case reports or series which did not have individual biochemical
data, we might have missed some relevant case reports or series.

CONCLUSION

Metformin is associated with significant toxicity, of which MALA is most commonly reported. Most of
the reported cases were on therapeutic doses of metformin but developed toxicity after an acute deteri-
oration in renal function. These patients may develop severe lactic acidosis, leading to significant
morbidity and need for organ support. However, in spite of severe lactic acidosis and need for multiple
organ support they may have good outcomes, especially when RRT is used for toxin removal. The dose
of metformin, serum pH, lactate and metformin levels may indicate the severity of toxicity and the need
for aggressive therapeutic measures but may not necessarily indicate poor outcomes.

ARTICLE HIGHLIGHTS

Research background

Metformin is arguably the most commonly prescribed oral hypoglycemic agent for the management of
diabetes. Due to the lack of randomized control trials, most of the data pertaining to the clinical course,
therapeutic interventions and outcomes of patients with metformin induced toxicity has come from case
reports or series.

Research motivation
Despite severe acidosis, patients with metformin associated lactic acidosis (MALA) may have good
clinical outcomes, if it is recognized early and aggressive resuscitation measures are initiated.

Research objectives
This study aimed to analyse the symptomology, clinical interventions and outcomes of patients
presenting with severe metformin toxicity by reviewing the published case reports and series.

Research methods

We performed a systematic search from PubMed, Science Direct, Reference Citation Analysis (https://
www.referencecitationanalysis.com/) and Google Scholar databases using the terms “metformin” AND
“toxicity” OR “overdose” OR “lactic acidosis” OR “hyperlactatemia”. The inclusion criteria were case
reports or case series with individual patient details; and reported toxicity or overdose of metformin in
adults, published in the English language. Data regarding baseline demographics, clinical presentation,
therapeutic interventions, intensive care unit course and overall outcome were collected.

Research results

Two hundred forty-two individual cases were analyzed, from 158 case reports and 26 case series, with a
cumulative mortality of 19.8%. 214 (88.4%) patients were diabetics on metformin. 57 (23.6%) had acute
ingestion, but 76.4% were on metformin in therapeutic doses when they developed toxicity. MALA was
the most commonly reported adverse effect present in 224 (92.6%) patients. Patients with lowest pH and
highest serum lactate and metformin levels also had favorable outcomes with use of renal replacement
therapy.

Research conclusions
Most of the reported cases were on therapeutic doses of metformin but developed toxicity after an acute
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deterioration in renal function. These patients may develop severe lactic acidosis, leading to significant
morbidity and need for organ support. Despite severe MALA and the need for multiple organ support,
they may have good outcomes, especially when renal replacement therapy is used. The dose of
metformin, serum pH, lactate and metformin levels may indicate the severity of toxicity and the need
for aggressive therapeutic measures but may not necessarily indicate poor outcomes.

Research perspectives
Larger trials may be required to identify the risk factors associated with poor outcomes in patients with
MALA.
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TO THE EDITOR

We read with great interest the study by Chen LY et al[1] which discovered that there
is a relationship between loss of skeletal muscle mass and the presence of diabetic
mellitus in males, but not in females. The findings have positive implications for the
treatment and prevention of diabetes. Nonetheless, it appears to me that there are still
some issues worth rethinking.
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In the study, loss of skeletal muscle mass was shown to be associated with diabetes in men; however,
the loss of skeletal muscle mass is not unique to diabetes. High insulin resistance occurs in both type 2
diabetes and high blood pressure. Insulin resistance plays a major role in the development of
hypertension. Previous animal studies have also found that the spontaneously hypertensive rat
manifests insulin resistance[2]. At the same time, there is a loss of skeletal muscle mass in insulin-
resistant diseases. Skeletal muscle is the largest insulin-sensitive tissue in the body. Decreased muscle
mass is associated with mitochondrial dysfunction and increased fat infiltration. This leads to a decrease
in glucose processing capacity. Therefore, loss of skeletal muscle mass is also associated with
hypertension.

In addition, insulin resistance also appears in adolescent obesity. Lipid accumulation is evident in
skeletal muscles in adolescents with obesity. Intermuscular fat may impair insulin action through
reducing blood flow to muscles[3,4]. Obesity is associated with biological dysfunction in skeletal
muscles[5]. Sarcopenic obesity is a symptom of obesity with loss of muscle mass and physical
dysfunction. Obesity can cause several biological dysfunctions, including insulin resistance,
mitochondrial dysfunction, and inflammation. These changes further aggravate skeletal muscle loss and
physical dysfunction. There is a study that shows that in the early stages of juvenile obesity
development, the microvasculature and prefrontal cortex exhibit impaired insulin signaling[6]. This
study suggests that obesity has insulin resistance. At the same time, there is a loss of skeletal muscle
mass in insulin-resistant diseases. This further suggests that skeletal muscle mass loss is not unique to
diabetes.

In summary, decreased skeletal muscle mass occurs in both hypertension and obesity. Insulin
resistance is not just a loss of skeletal muscle mass. Loss of skeletal muscle mass is also present in many
diseases and is not a specific feature of diabetes. More research is needed to determine the relationship
between reduced skeletal muscle mass and diabetes.
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