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Abstract

Diabetic nephropathy (DN) is one of the most common chronic and progressive diabetes complications. It causes most end-s-
tage renal disease (ESRD) worldwide due to its high mortality rate. To prevent or delay DN, high-risk patients must be identified
early. Individuals with diabetes develop it due to hereditary and environmental causes. Several single nucleotide polymorphisms
(SNPs) have been identified in different genes, which significantly contribute to genetic susceptibility to DN. An extensive
search was conducted on Google Scholar, Scopus, Web of Sciences, and PubMed between 2004 until May 2024 We utilized publi-
cations, including original articles, Review, Systematic review and meta-analysis studies, that were published in English. Current
studies revealed that variations in genes related to glucose metabolism are thought to be associated with DN. This review is fo-
cused on the various studies about the association between different polymorphisms in glucose metabolism-related genes and
DN. Aldose Reductase (AKR1B1), Glucose transporter-1 (GLUT-1), Glucokinase regulatory protein (GKRP), Receptor of Ad-
vanced glycation end products (RAGEs), and Transcription factor 7-like 2 (TCF7L2) are the most important glucose metabolis-
m-related genes in DN. Identifying gene variants at a biomarker level could enable the detection of patients who are at an elevat-

ed risk for DN. This may assist in early prevention, diagnosis, and treatment.
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(AKR1B1); GR (Glutathione Reductase); Aldose Reductase (ALR2); Angiotensin II (Ang II); Centers for Disease Control (CDC);
Chronic Kidney Disease (CKD); Connective Tissue Growth Factor (CTGF); Cyclooxygenase (COX); Deoxyribonucleic Acid (D-
NA); Diabetes Mellitus (DM); Diabetic Nephropathy (DN); Diacylglycerol (DAG); Diacylglycerol/Protein kinase C (DAG-P-
KC); Dihydroxyacetone Phosphate (DHAP); Angiotensin II Receptors, (ATR); Endothelin-1 (ET-1); End-Stage Renal Disease
(ESRD); estimated Glomerular Filtration Rate (eGFR); Extracellular Matrix (ECM); Extracellular signal-Regulated Kinase
(ERK); Genetics of Diabetes Audit and Research Tayside (Go-DARTSs); Genome Wide Association Studies (GWAS); Glomerular
Filtration Rate (GFR); Glucokinase (GK); Glucokinase Regulator (GCKR); Glucokinase Regulatory Protein (GKRP); Glucose
Transporter 1 (GLUT1); Glucose-6-phosphate (G-6-P); Glutathione Disulfide (GSSG); Glyceraldehyde 3-phosphate (GA3P);
Haemophilus Aegyptius (Hae); Helicobacter pylori CH4 (HpyCH4); High-Mobility Group (HMG); Hyperglycemia (HG); Indu-
cible Nitric Oxide Synthase (iNOS); Insulin-like Growth Factor-1 (IGF-1); Intercellular Adhesion Molecule 1 (ICAM-1); Inter-
leukin 6 (IL-6); Interleukin 8 (IL-8); Interleukin-1 beta (IL-1pB); Janus kinase/ Signal Transducers and Activators of Transcrip-
tion (JAK/STAT); Kilo Dalton (kDa); Linkage Disequilibrium (LD); Lysyl Oxidase (LOX); Matrix Metalloproteinases (MMP);
Mitogen-Activated Protein Kinase (MAPK); Monocyte Chemoattractant Protein 1 (MCP1); NADPH-Oxidase (NOX); Nicoti-
namide Adenine Dinucleotide Phosphate (NADPH); Nitric Oxide (NO); Nitric Oxide Synthase (NOS); Non-Alcoholic Fatty Liv-
er Disease (NAFLD); Non-Insulin-Dependent Diabetes Mellitus (NIDDM); Nuclear Factor Kappa B (NF-kB); endothelial Nitric
Oxide Synthase (eNOS ); Phosphatidylinositol 3-Kinase (PI3K); Prostaglandins (PG); Protein Kinase B (PKB, or Akt); Protein ki-
nase C (PKC); Reactive Oxygen Species (ROS); Nicotinamide Adenine Dinucleotide (NADH); Receptor of Advanced Glycation
End products (RAGEs); Renin-Angiotensin System (RAS); Renin-Angiotensin-Aldosterone System (RAAS); Serum Amyloid A
(SAA); Single Nucleotide Polymorphisms (SNPs); Solute carrier family 2 member 1 (SLC2A1); Sorbitol Dehydrogenase (SDH);
Suppressor of Mothers Against Decapentaplegic (SMAD); T-cell Factor/Lymphoid Enhancer binding factor Family (TCF/LEF);
Sodium/Glucose cotransporter 2 (SGLT2); Transcription Factor 4 (TCF4); Transcription Factor 7-like 2 (TCF7L2); Transform-
ing Growth Factor beta (TGF-B); Reduced Glutathione (GSH); Tumor Necrosis Factor alpha (TNF a); Type 2 Diabetes (T2D);
Upstream Stimulatory Factor (USF); Vascular Cell Adhesion Molecule 1 (VCAM-1 or CD106); Vascular Endothelial Growth
Factor (VEGF); Wingless-related integration site (Wnt); Xanthomonas badrii (Xba)

Introduction

Diabetes mellitus (DM) is a chronic metabolic syn-
drome that over time inflicts significant damage to blood
vessels and results in chronic complications such as nephro-
pathy, neuropathy, retinopathy, etc [1]. The International
Diabetes Federation estimated over 537 million diabetic cas-
es worldwide in 2021.The number of diabetic individuals
has been regularly increasing for the past few decades, so
that by 2045 this number might rise to approximately 783
million. Complications of diabetes lead to higher mortality
rates, lower quality of life, and account for a major chal-
lenge to the health care system regarding the economic bur-
den of diabetic cases [2]. Diabetic nephropathy (DN) is a
common microvascular complication of DM, defined by hy-
perglycemia-induced renal dysfunction, often with persis-
tent albuminuria and a gradual decline in the estimated
glomerular filtration rate (eGFR). In other words, microvas-
cular complications of DM mostly target the kidney and

cause glomerular changes. The Centers for Disease Control
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and Prevention (CDC) state that DM is the leading cause of
chronic kidney disease (CKD) and end-stage renal disease
(ESRD) [3]. Other causes of CKD include hypertension, ge-
netic basis, glomerulonephritis, etc. DN can result from ei-
ther type 1 or type 2 DM with a similar renal risk and an
equal time period between proteinuria and ESRD in both
types [4]. It has been reported that up to 50% of diabetic cas-
es will develop CKD. Approximately 700 million people, or
9% of the global population, are affected by CKD, and kid-
ney replacement therapy is required in nearly four million
cases [5]. DN and ESRD, as a global public health problem,
impose an enormous financial burden on the healthcare sys-

tem annually [6].

The pathophysiology of DN is complicated, and
precise mechanisms remain unknown, but various causes
such as hyperglycemia (HG), autoimmune processes, in-
sulin resistance, genetics, etc., have been proposed. Chronic
HG is the primary cause of DN. It produces reactive oxygen

species (ROS) and activates downstream pathways such as
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advanced glycation end products (AGEs) formation,
pro-tein kinase C, hexosamine and hexosamine [7]. HG
stimu-lates the renal cells to release chemokines and
cytokinessuch as VEGF, TGF-B, MCP-1, and IL-6, which
can lead tofibrosis and increased vascular permeability.
This leads topodocytopathy, which causes albuminuria.
The conse-quence of intraglomerular hypertension is
proteinuria [8].Generally, the histological changes in DN
are characterizedby expansion of the mesangial cells, thick-
ening of glomeru-lar and tubular basement membrane,
and endothelial dis-ruption, which eventually results in
the loss of nephrons(Figure 1) [9]. DN is asymptomatic in
early stages. As a re-sult, most patients are not diagnosed
until the disease hasprogressed. The primary characteristics
of DN include pro-gressive proteinuria, hypertension,
glomerulosclerosis, andreduced GFR. In fact, DN is
characterized by consistently(at least 3 months) reduced
eGFR < 60 (mL/min/1.73 m2)and increased urine albu-
min excretion (albumin-to-crea-tine ratio [ACR] = 30
mg/g) (10). Due to the considerablemorbidity and mortali-
ty rates and high treatment costs ofDN, screening and
monitoring DN cases are crucial. For ex-ample, optimizing
glycemia and controlling hypertensioncan hinder the

progression of DN [7].

Risk factors for DN include modifiable and non--
modifiable risk factors. Hyperglycemia, oxidative stress, hy-
pertension, smoking, obesity and hyperlipidemia contribute
to the progression of DN, and all are modifiable. As a result,
implementing intensive management is critical in order to
prevent renal cell disruption. On the other hand, genetic
background, ethnicity, and diabetes duration, which play a
key role in the developing of DN, cannot be modified [11].
The role of heredity and genetic make-up in the susceptibili-
ty of diabetic cases to DN has been studied by researchers
for a long time [12,13]. The risk of proteinuria in diabetic
patients is significantly related to the renal function of their
parents. It has been shown that irrespective of glycemic con-
trol, 46% of the offspring were found to have DN if both par-
ents had the disease. On the other hand, if only one parent
had proteinuria, only 23% of the offspring progressed to
DN, and 14% can progress to DN if both parents had no
proteinuria [14]. Family-based linkage studies of DN have
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mapped this trait to certain parts of chromosomes, like sites
on chromosomes 18q, 3q, 7p, 22q and 2p. It shows that th-
ese loci are highly penetrant Mendelian genes with rare ge-

netic variants that have substantial effects [15].

Genetic studies were conducted to identify genes
(alleles) that increase susceptibility to DN and comprehend
the pathophysiology of DN at the molecular and mechanis-
tic level. These studies focused mainly on the association be-
tween clinical phenotypes of DN and genetic variants such
as single nucleotide polymorphisms (SNPs) [16]. Numerous
candidate gene polymorphisms of DN have been pinpoint-
ed with development genetic methods such as genome-wide
association studies (GWAS) and linkage and candidate gene
studies. GWAS is a method used to investigate the correla-
tion between a particular gene and a disease. This is done by
analyzing a large number of DNA samples and examining
the existence of sequence variants using high-density SNP
genetic markers. Over the last decades, GWAS have
emerged as a potent method for detecting genetic risk fac-
tors for DN [13]. Mooyaart et al. carried out a comprehen-
sive meta-analysis and determined 24 genetic variants in 16
genes most likely to cause DN [17]. Recently, Tziastoudi et
al. conducted a meta-analysis of genetic association studies
in order to clarify the role of genetic background in the de-
velopment of DN and identified 66 genetic variants located

in 53 genes [12].

DN, the main complication of DM, is undoubtedly
associated to glucose metabolism. Therefore, it is believed
that DN is associated with changes in the genes involved in
glucose metabolism. This article aims to examine the most
significant glucose metabolism gene polymorphisms associ-

ated to DN.

The purpose of this article is to review the most ef-
fective glucose metabolism gene polymorphisms associated
with DN, according to their functions in the development
of DN. As a result, we have provided an overview of recent
research. In Table 1, we categorized and discussed these sus-
ceptibility genes based on their SNPs. In this study, we are

investigating this matter for the first time.
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Table 1: The susceptibility genes related to glucose metabolism associated with DN

Gene SNP OR Study | Population Race Sar.np le P value Location Ref.
type type size
Caucasians
1.52 (1.26, & Asians
AKR1B1 rs759853 1.84) Meta DN (Different 7435 < 0.0001 7q35 (33)
population)
rs759853 1.63(1.02-2.61) CC DKD Brazil 1005 0.03 (92)
(AC)n dinucleotide
repeat
polymorphism at 1.40 (1.07, .
the 5'-end of the 1.84) Meta T1DM Caucasian 2751 <0.05 (93)
aldose reductase
gene
West
GLUT1 rs841853 - CC T2DM . 631 0.027 1p34.2 (39)
Indians
rs1385129 - cC T2DM West 631 0.01 (39)
Indians
1.73 (49,
rs841847 (1.17-2.56) Meta T2DM 598 0.006 94)
rs841853 174 Caucasians 0.005 (94)
(1.18-2.55) :
2.01
rs12407920 (1.17-3.45) 0.01 (94)
GCKR rs1260326 1 O}S,_If 33) Cohort T2DM Chinese 6072 <0.05 2p23.3 (57)
rs1260326 1.12 Cohort T2DM European 2097 | 4.27x10-2 (54)
rs780094 171 CC T2DM Chinese 318 0.048 (56)
(1.17-2.49) :
rs1799884 173 Cohort T2DM Chinese 6072 <0.05 (57)
(1.24-2.40) :
RAGE G1704T 2.93 CC T2DM Japanese 181 0.0057 6p21.32 (95)
(1.34-6.41) P : Pt
rs1800625 151 CC T2DM Chinese 347 0.03 (96)
(1.04-2.20) '
2184A/G 0.46 CcC T2DM Chinese 868 0.028 (67)
(0.22-0.92) ’
374T/A 2.36(1.1-56) | CC T1DM Egyptian 50 <0.001 (71)
152070600 1.4 (1.01-1.95) | CC T2DM Chinese 347 0.04 (96)
TCF712 rs7903146 a 629'_12983) CC T2DM Caucasians 1355 <0.001 10q25.2-g25.3 | (84)
. (97,
rs12255372 1.45(1.1-1.91) CC T2DM Egyptian 100 <0.05 98)
rs7903146 - Meta T2DM Indian 205 0.049 (99)
rs11196218 1.37 CC T2DM Chinese 898 0.0051 (91)
(1.06-1.78) ‘
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Abbreviations: AKR1B1, Aldo-Keto Reductase Family 1 Member B; CC, Case Control; DKD, Diabetic Kidney Disease; DN, Dia-
betic Nephropathy; GCKR, Glucokinase Regulatory Protein; GLUT1, Glucose Transporter 1; OR, Odds Ratio; RAGE, Ad-
vanced Glycosylation End-Product Specific Receptor; SNP, Single-Nucleotide Polymorphism; T1DM, Type 1 Diabetes; T2DM,
Type 2 Diabetes; TCF7L2, Transcription Factor 7 Like 2.

Selection and search strategy of the literature

An extensive search was conducted on Google
Scholar, Scopus, Web of Sciences, and PubMed between
2004 until May 2024. We utilized 398 publications, includ-
ing original articles, Review, Systematic review and meta-a-
nalysis studies, that were published in english with human
filter, using the Medical Subject Headings (MeSH) phrases
“Diabetic Nephropathies” AND “Polymorphism, Single Nu-
cleotide” AND “Glucose Metabolism Disorders”.

Genetic variants related to glucose metabolism

Research has established that many genes play a
significant role in the development of DN, alongside vari-
ous environmental factors. In this regard, numerous genes
related to glucose metabolism have been evaluated for their
potential relationship with DN, including several SNPs
which are associated with susceptibility genes for the condi-
tion. It's observed that different ethnic groups may experi-
ence varying levels of risk associated with specific genes in
individuals affected by diseases such as DN [18-21]. There-
fore, below is a discussion of several genes related to glucose

metabolism implicated in DN (Table 1).
Aldose Reductase

Aldose Reductase (AKR1B1) is a member of the al-

do-keto reductase superfamily that acts as a cytosolic en-

zyme on the rate-limiting step of the polyol pathway and cat-
alyzes the conversion of glucose to sorbitol in the presence
of NADPH. This gene is located on chromosome 7q35 and
extends over ~18 kb. Protein of Aldose reductase consists of
316 amino acids and weighs 3500 Daltons. It presents in the
majority of the tissues affected by DM. Also, toxic aldehy-
des generated by reactive oxygen species (ROS) are reduced
by AKR1BI1. Various mechanisms have been suggested to
elucidate the process by which hyperglycemia-induced le-
sions in various tissues are induced by AKRIBI activity
[22]. The polyol pathway is a two-step process that reduces
glucose to sorbitol and then converts it to fructose. Hyperg-
lycemia stimulates activation of the polyol pathway by pro-
duction of glutathione. Subsequently, glutathione levels dec-
line in response to a drop in NADPH levels. Therefore, os-
motic stress caused by the buildup of excess sorbitol and
oxidative stress resulting from a drop in the NADPH/-
NADP" ratio and reduced NAD" levels contribute to the de-
velopment of DN. Also, sorbitol, due to its hydrophilic and
polyhydroxy structure, cannot diffuse easily through renal
cell membranes, causing osmotic stress and DN. Finally, it
may be inferred that AKR1BI activation in the polyol path-
way can lead to the generation of ROS, causing oxidative
stress and DN (Figure 2) [23,24]. It demonstrated that ad-
ministration of AR inhibitors can halt the development of
DN. It lends credence to the hypothesis that the upregula-
tion of the AKR1B1 gene could be one of the several risk fac-

tors associated with the development of DN.
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Figure 1: The pathophysiology of DN
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The pathophysiology of DN involves several mechanisms, as hyperglycemia caused by diabetes triggers various harmful pro-
cesses within the kidneys. These processes can be generally categorized into hemodynamic, metabolic, inflammatory, and oxida-
tive stress, which are the primary contributors to the disease's development. This added glucose burden, along with increased
oxidative stress, triggers a detrimental cascade that leads to tubular fibrosis and the development of DN. Abbreviations: VEGF,
Vascular Endothelial Growth Factor; TGF-B, Transforming Growth Factor Beta; IGF-1, Insulin-like Growth Factor-1; RAAS,
Renin-Angiotensin-Aldosterone System; PG, Prostaglandins; SGLT2, Sodium/Glucose Cotransporter 2; GFR, Glomerular Fil-
tration Rate; TNF-a, Tumor Necrosis Factor alpha; SAA, serum amyloid A; IL-1B, Interleukin-1 beta; ROS, Reactive Oxygen
Species; NOX, NADPH Oxidase; AGEs, advanced glycation end products; JAK-STAT, Janus kinase/ Signal Transducers and Ac-
tivators of Transcription; MCP-1, monocyte chemoattractant protein 1; MAPK, mitogen-activated protein kinase; SMAD 2/3,

suppressor of mothers against decapentaplegic 2/3; NF-kB, nuclear factor kappa B; ECM, extracellular matrix.
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Figure 2: GLUT1 and AKR1BI1 Pathway involved in the development of DN

Elevated blood sugar levels trigger the polyol pathway, producing glutathione, which decreases when NADPH levels fall. This
leads to osmotic stress and oxidative stress, causing DN. Fructose produced through the polyol pathway is phosphorylated, pro-
ducing fructose-3-phosphate, which is converted into 3-deoxyglucosone and methylglyoxal, which create AGEs. The DAG-P-
KC pathway controls vascular function, controlling endothelial permeability, vasoconstriction, extracellular matrix synthesis,
cell proliferation, angiogenesis, cytokine activation, and leukocyte adhesion. Activation of DAG-PKC disrupts glomerular
blood flow, causing albuminuria and promoting extracellular matrix accumulation. GLUT1 transports glucose in mesangial
cells, stimulating signaling pathways that promote glomerulosclerosis. Synthesis of Ang II and TGF-f enhances GLUT1 gene ex-
pression, increasing glucose flow and contributing to glomerulosclerosis. Abbreviations: AGES - RAGE, Advanced Glycation
End products - Receptor of Advanced Glycation End products; AKR1B1, Aldo-Keto Reductase Family 1 Member B; ANGII,
Angiotensin II; ATR, Angiotensin II Receptors; CTGF, Connective Tissue Growth Factor; DAG, Diacylglycerol; DAG-PKC, Di-
acylglycerol-Protein Kinase C; DHAP, Dihydroxyacetone Phosphate; GA3P, Glyceraldehyde 3-Phosphate; GLUT 1, Glucose
Transporter 1; GR, Glutathione Reductase; GSH, Reduced Glutathione GSSG, oxidized glutathione; NADH, nicotinamide ade-
nine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; NF-KB, Nuclear Factor Kappa B B. NO, Nitric
oxide; ROS, Reactive Oxygen Species; SDH, Sorbitol dehydrogenase; TGF-B, Transforming Growth Factor Beta; VEGF, Vascu-
lar Endothelial Growth Factor.

Most research indicates an association between ele- gene [25,26]. First, Ko et al. [27] found seven alleles at the lo-
vated risk of quick onset or heightened incidence of dia- cus of the (AC)n dinucleotide repeat sequence upstream of
betes complications and polymorphisms in the AKRI1BI1 the AKR1B1 gene. Multiple studies have shown a correla-
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tion between the “Z-2” (AC)n and a higher incidence of DN
[28,29]. '5ALR2 was identified as a polymorphism that was
located 2.1 kb upstream of the transcription start site of
AKRIBI. It is demonstrated that there is an association be-
tween DN and "5-ALR2 in Caucasian patients with DM
[30]. At position 106 of the AKR1B1's promoter region, a se-
cond polymorphism has been found. It is associated with
DN in DM cases [25,31,32]. The authors determined that
their meta-analyses offered more compelling evidence for
the involvement of the C-106T polymorphism compared to
the (CA), microsatellite in DN [25]. Wenpeng Cui et al. car-
ried out a meta-analysis which showed strong associations
between the rs759853 polymorphism and the susceptibility
to DN in DM cases [33]. The association between DN and
the C-106T polymorphism is unclear at the molecular level.
It might be directly in the transcription process of the gene
or in linkage disequilibrium with another marker. The poly-
ol pathway is typically active solely under hyperglycemic
conditions. As a result, for patients exhibiting inadequate
glycemic control, the action of AR may be more significant
than for those with optimal glycemic control. It has been
shown that Glucose transporters can controls gene expres-
sion of AKR1B1, activity with polyol accumulation and and
increased total and active PKCalpha, and GLUT1 in mesan-
gial cells in vitro, which lead to stimulation of matrix pro-

tein synthesis [34].
Glucose transporter-1

The primary facilitative glucose transporter in
glomerular mesangial cells is glucose transporter 1 (G-
LUTI). It is a uniporter protein encoded by the SLC2A1
gene in humans. The SLC2A1 gene contains 10 exons that
span 33,802 base pairs and is located on the p arm of chro-
mosome 1 in position 34.2. A 54.1 kDa protein made up of
492 amino acids is produced by the gene [35]. The transport
of glucose across the kidney cells is facilitated by GLUT1.
The degree of GLUT1 expression is typically correlated with
the rate of cellular glucose metabolism, and it is found in
high concentrations in the mesangial cells of the glomeruli
[36].

GLUT!1 is primarily found in the ascending thick
limb of Henle's loop within the renal tubule, vascular

smooth muscle cells, and mesangial cells of the glomerulus.
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GLUT1 expression undergoes early changes in diabetes.
The activation of Bl and PKCa and the polyol pathway are
triggered by the increased glucose metabolic flux that re-
sults from GLUT1 overexpression. PKC activation can in-
duce AP-1 and result in an increase in fibronectin expres-
sion and the accumulation of ECM. Experimental evidence
indicates that hypertensive glomerulopathy may be related
to GLUT1 [37]. Elevated ambient glucose cause an increase
in GLUT1 expression, especially in mesangial cells. In a hy-
perglycemic environment, TGF-p and GLUT1 are two pro-
teins that are enhanced in glomerular mesangial cells and

can affect each other's expression (Figure 2) [38].

Numerous case-control studies have suggested an
association between GLUT1 polymorphisms and DN. Vari-
ous studies on SNPs related to GLUT1 genes have been con-
ducted for Xbal (intron 2) concerning rs841853, Enh2-1 re-
garding rs841847, Enh2-2 for rs841848, Haelll (exon 2) for
rs1385129, and HpyCH4V for rs710218 [39]. Ng et al. de-
monstrated that the susceptibility to DN in type 1 diabetes
was correlated with SNPs at the GLUT1 (Xbal-intron 2 and
HaelIl SNPs-exon 2) [40]. Wenpeng Cui et al. carried out a
meta-analysis that showed Xbal, Enh2, and HaelIl SNPs in
the GLUT1 gene may be genetic susceptibility to DN. In all
genetic models, Xbal SNP (rs841853) elevated DN risk with
significant differences [41]. Also, another meta-analysis re-
vealed a substantial correlation between DN and the SL-
C2A1 Xbal polymorphism in the GLUT1 gene [42].

The AA genotype of rs841847 in the GLUT]1 puta-
tive enhancer elements is identified as a risk genotype [40],
while the TT genotype in the 5' promoter region (rs710218)
is associated with DN [43]. The Haell and Enh2 SNP1 geno-
types increased the risk of DN in the Tunisian population.
rs1385129 is a polymorphism that has been identified as a
risk factor for DN in various cohorts, including the Tu-
nisian [44] and Kurdish populations [45]. Although some
case-control studies on GLUT1 gene variations and DN
have shown contradictory results [46-48], the presence of
GLUT1 SNPs may be a particularly significant factor in DN
[49]. The association between DN and the GIUT1 polymor-
phisms remains ambiguous at the molecular level. For exam-
ple, the enhancer-2 SNP of GLUT1 is located within a pro-
posed binding site for USF transcription factors, which may

control gene expression in reaction to elevated glucose lev-
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els and play a critical role in controlling GLUT1 expression
in diabetes. It is notable that GLUT1 can control intracellu-
lar glucose metabolism pathways such as glycolysis. One of
the main regulatory enzymes in glycolysis is Glucokinase.

Glucokinase is regulated by glucokinase regulatory protein.

Glucokinase regulatory protein

Glucokinase (hexokinase IV or ATP: D-glu-
cose-6-phosphotransferase, EC 2.7.1.2) is one of four types
of hexokinase with special characteristics. Glucokinase
(GK) is found in the cytoplasm and catalyzes the first steps
of glycolysis. It converts glucose into glucose-6-phosphate.
It is mostly expressed in pancreatic P-cells and liver cells,
contributing to glucose homeostasis [50]. The kinetic activi-
ty of GK increases as blood glucose levels rise, which in turn
stimulates insulin secretion and maintains glucose homeos-
tasis by mediating G6P production. An alternative method
of enhancing hepatic GK activity is to disrupt the binding
between glucokinase regulatory protein (GKRP) and GK.
GKRP is a liver-specific protein and is primarily synthe-
sized in the hepatocyte and pancreatic islet B-cells. During
fasting, GKRP regulates hepatic GK with high affinity at 5
mmol/l glucose concentrations, inactivating GK after se-
questering it in the nucleus. In the postprandial state, GK se-
parates from GKRP and moves to the cytoplasmic space,
where it helps glucose become phosphorylated [51]. Its in-
hibitory impact is counteracted by fructose 1-phosphate
and intensified by fructose 6-phosphate. GKRP is encoded
by glucose metabolism-related genes, which are mapped to
chromosome 2p23.3. GKRP has been identified as a dia-
betes susceptibility gene [52], and numerous investigations
have been implemented to investigate the correlation be-
tween renal complications in T2D and GKRP. Large-scale
GWAS have shown that the GKRP gene is associated with
CKD and a decrease of renal function. GCK and GKRP col-
laborate closely to regulate blood glucose levels effectively.
Mutations in the GCK and GKRP genes can disturb the
equilibrium of the GCK/GKRP complex, resulting in irregu-
lar glucose levels and hyperglycemia [53].

Gene variations of GKRP were reported to be asso-
ciated with many clinical symptoms, such as familial com-
bined hyperlipidemia, coronary artery disease, ischemic
stroke, T2DM, and DN. The Genetics of Diabetes Audit and
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Research Tayside (Go-DARTS) study assessed the relation-
ship between 16 candidate gene and eGFR in 3,028 individu-
als with T2DM. The P446 L variant of rs1260326 in GKRP
was found to be correlated with an elevated baseline eGFR,
particularly in individuals with albuminuria, suggesting a re-
lationship between GKRP polymorphisms and DN. The
SNP rs1260326 (C > T) is a missense mutation located in ex-
on 15 of GKRP, causing a substitution of proline with
leucine at position 446 [54]. rs780094 represents a SNP lo-
cated in the noncoding area of the GKRP gene. It exhibits
strong linkage disequilibrium (LD) with rs1260326. Yan et
al. determined that the A allele of rs780094 in GKRP was re-
lated to DN; however, the genotype was not significant [55].
Yi-Ying Liu et al. investigated that CT + TT genotype in
GKRP rs780094 is a risk factor for T2DM complicated with
albuminuria at the genetic level [56]. Ke Wang et al. per-
formed a prospective cohort study and demonstrated that T
allele carriers of GKRP rs1260326 were at high risk for DN
in Chinese patients with T2DM [57]. The pleiotropy of the
GKRP rs780094 polymorphism is substantially correlated
with metabolic diseases, such as T2DM, dyslipidemia,
NAFLD, and DN. The rs780094 variant is suspected to af-
fect the expression of the GKRP gene; however, its precise
mechanism of action is still unknown. It is believed that the
transition from C to T may lead to the replacement of an
amino acid, potentially influencing the function of GCKR;
however, the role of GCKR in relation to urinary protein re-
quires additional investigation. Clinical evidence indicates
that this variant disrupts hepatic triglyceride and glucose
metabolism and compromises pancreatic -cell function in
a variety of populations [58]. It has been shown that Ad-
vanced glycation end products impaired glucokinase activi-
ty resulted in islet dysfunction within murine pancreatic
islets. In fact, glucokinase is downregulated by advanced gly-

cation end products [59].
Receptor of Advanced Glycation End Products

Advanced glycation end products (AGEs) emerge
when glucose and other glycation inducers bind to proteins,
nucleic acids, and lipids. In fact, they are heterogeneous
molecules originating from the nonenzymatic results of in-
teractions between glucose or other saccharide derivatives
and proteins or lipids. AGEs are organic compounds synthe-

sized in living organisms, exhibiting a diverse range of struc-
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tural and functional properties [60]. AGEs could accumu-
late in the mesangial cells, glomerular basement membrane,
endothelial cells, and podocytes in individuals with diabetes
and/or ESRD. AGE:s are believed to contribute to the patho-
physiology of DN by multifactorial mechanisms, including
the formation of oxidative stress and the excessive synthesis
of different growth factors and cytokines. Moreover, new
studies suggest that the interaction between AGEs and the
renin-angiotensin system (RAS) may contribute to DN. The
activation of the RAS induces reactive oxygen species (ROS)
formation, which subsequently increases the synthesis of
growth factors and cytokines by renal cells. About 50%-80%
of exogenous AGEs are eliminated through the kidneys;
however, AGEs continue to accumulate in the kidneys. Hy-
perglycemia causes more AGEs to form, which can build up

in the kidneys and harm various kidney cells [61].

In addition to being markers of inflammation, hy-
perglycemia and oxidative stress, AGEs also contribute to
progressing of DN by interacting with AGE receptors
(RAGE) [62]. Among the numerous types of AGE recep-
tors, RAGE serves as a signal transducing receptor for
AGEs, potentially mediating the inflammatory responses in-
duced by AGEs. This protein, encoded by a gene on chromo-
some 6, is a 394-amino-acid transmembrane protein belong-
ing to the immunoglobulin superfamily. The protein
RAGE, which ranges from 44 to 55 kDa in size, is made up

of an outer section comprising a V-domain and two C-do-

mains that interact with numerous ligands, a transmem-
brane helix, and a cytoplasmic tail essential for intracellular
signaling triggered by RAGE. The RAGE gene is widely ex-
pressed in various cells and tissues, including smooth mus-
cle cells, monocytes/macrophages, endothelial cells, vascula-
ture, brain tissue, heart and lung. In the kidneys, almost ev-
ery kind of cell expresses RAGE, with a higher concentra-
tion observed in podocytes compared to the endothelial and

mesangial cells found in the glomeruli [63,64].

Activation of RAGE results in elevated expression
of NADPH oxidase, NOS, and COX; these processes worsen
and amplify the inflammatory response. The AGE-RAGE
axis and RAS are involved in the development of DN. The
increase in RAGE expression is associated with damage in
endothelial cells due to its interaction with AGEs. Different
ligands can attach to RAGE, which results in abnormal in-
flammation, stimulation of the renin-angiotensin-aldos-
terone system, triggering of TGF-P signaling, promotion of
irregular angiogenesis, and activation of adhesion signaling.
The ligands' binding to RAGE activates numerous intracellu-
lar signaling pathways that regulate diverse cellular process-
es, including cell movement and cytoskeleton arrangement.
Therefore, RAGE plays an essential role in the progression
of different renal conditions [65]. Growing proof suggests
that the activation of RAGE hinders the function of micro-
vascular barriers, which results in increased permeability of

endothelial cells (Figure 3) [66].
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Figure 3: RAGE Pathway involved in the development of DN
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Sustained hyperglycemia increases the production of AGEs that stimulate RAGEs, leading to tubule-interstitial fibrosis, inflam-
mation, and glomerulosclerosis. The interaction between RAGE and AGEs triggers oxidative stress, chronic inflammation, and
activation of signaling pathways in renal tissues, contributing to the development of glomerulosclerosis (DN). NF-«kB promotes
the transcription of genes for pro-inflammatory cytokines and adhesion molecules, while AGEs activate Akt in renal cells, re-
sulting in enhanced permeability of podocytes and impaired endothelial homeostasis. Jak/Stat proteins encourage heightened
inflammation and cell multiplication, resulting in kidney injury. An intensified triad of oxidative stress, inflammation, and fi-
brosis leads to DN, with increased activities of NADPH and ROS levels, reduced antioxidant enzyme activities, and elevated
proinflammatory cytokines like TNF-a and IL-6. The increased production of profibrotic cytokines, TGF-p, and extracellular fi-
brotic fibers, fibronectin, and collagen, contributes to the development of DN. Abbreviations: AGEs, Advanced Glycation End
products; Ang II, Angiotensin II; Cox-2, Cyclooxygenase 2; CTGF, Connective Tissue Growth Factor; eNOS, Endothelial Nitric
Oxide Synthase; ICAM-1, Intercellular Adhesion Molecule 1; IL-6, Interleukin 6; IL-8, Interleukin 8; iNOS, Inducible Nitric
Oxide Synthase; JAK/STAT, Janus Kinase/Signal Transducers and Activators of Transcription; LOX, Lysyl Oxidase; MAPK, Mi-
togen-Activated Protein Kinase; MMP, Matrix Metalloproteinases; NF-KB, Nuclear Factor Kappa B. NO, Nitric Oxide; NOX,
NADPH Oxidase; PI3K-AKT, Phosphatidyl Inositol 3-Kinase-protein kinase B; RAGE, Receptor of Advanced Glycation End
product; ROS, Reactive Oxygen Species; TGF-B, Transforming Growth Factor Beta; TNF-a, Tumor Necrosis Factor Alpha;
VCAM-1, Vascular Cell Adhesion Molecule 1; VEGF, Vascular Endothelial Growth Factor.

Numerous studies have suggested an association
between RAGE polymorphisms and DN. Wei Cai et al. con-
ducted a study on the 2184A/G polymorphism. Their re-
search showed that the 2184A/G polymorphism in the
RAGE gene was strongly associated with DN [67]. Zhangin
Shi et al.'s meta-analysis study showed that the -429CC
genotype of the RAGE gene polymorphism could be a con-
tributing factor to DN in individuals with T2DM [68].
Another study demonstrated that 1704G/T and 2184A/G
RAGE polymorphisms are associated with the antioxidant
levels in individuals with NIDDM. It is obvious that the
severity of vascular complications in diabetes, such as DN,
is connected to the plasma concentrations of antioxidants.
It indicates that these polymorphisms could be associated
with oxidative stress, and they could increase the risk of de-
veloping DN [69]. In type 1 diabetic patients with poor
metabolic control, the -374T/A polymorphism is associated
with DN [70,71]. Ying Zhang et al. conducted a case-control
study and showed that the T allele of rs184003 and the C al-
lele of rs1800625 in the RAGE gene are associated with in-
creased risk of DN [72]. While RAGE shows potential in
risk prediction and outcomes prognosis in various diseases
[73], additional research is required to evaluate the role of
RAGE polymorphisms in the development of DN. It has
been proposed Transcription factor 7 like 2 gene polymor-
phism and advanced glycation end products as risk factors
for DN.
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Transcription factor 7-like 2

The transcription factor 7-like 2 (TCF7L2), former-
ly known as TCF4 or transcription factor 4, belongs to the
T-cell factor/lymphoid enhancer binding factor family
(TCF/LEF), which consists of transcription factors that bind
to DNA via a high-mobility group (HMG) domain. It plays
a role in gene activation associated with the downstream
processes of the Wnt signaling pathway. The activation of
Whnt target genes specifically inhibits proglucagon produc-
tion in enteroendocrine cells [74,75]. The TCF7L2 gene in
humans is found on chromosome 10g25.3 [76]. Proteins
that participate in the Wnt network, including TCF7L2,
have been associated with a range of prevalent diseases. Tar-
geted disruption of TCF7L2 in pancreatic  cells negatively
affects their secretory capabilities and reduces P cell mass
[77]. Clinical research has indicated that the TCF7L2 gene
negatively affects glucose tolerance by influencing both
glucagon and insulin release. The TCF7L2 gene has
garnered significant interest because of its strong genetic as-
sociation to T2DM. Multiple studies have also determined
that SNP in the TCF7L2 gene is associated with DM. It also
triggers the expression of many genes that are part of the
Wnt pathway, which has a considerable impact on the pro-
gression of DN [74,75,78-80]. AGEs activated TCF7L2 ex-
pression via TGF-f, which in turn could facilitate the trans-
location of TCF7L2 from the cytoplasm into the nucleus.
Subsequently, TCF7L2 bound to the promoter of the activin
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receptor-linked kinase 1 (ALK1), leading to an increase in
ALK1 expression. The elevated levels of ALK1 intensified
the effects of TGF-P and further stimulated the phosphoryla-
tion of Smadl. These interactions prompted phenotypic al-
terations in mesangial cells, ultimately contributing to the
onset of glomerulosclerosis. Indeed, the AGEs/T-
GF-B/TCF7L2/ALK1/Smad1 signaling pathway is crucial in
the progression of DN [81].

Zhengian Fan et al. investigated a meta-analysis
and showed an association between DN and TCF7L2 poly-
morphisms [82]. The Taiwanese population study indicated
that TCF7L2 interacts with ADIPOQ (adiponectin) and
growth hormone secretagogue receptor (GHS-R) in deter-
mining susceptibility to diabetic DN [83]. In Caucasian pop-
ulations, the TCF7L2 rs7903146 T allele showed a strong
correlation with ESRD [84]. Also, in the Indian population,
the rs12255372 and rs7903147 polymorphisms of TCF7L2
are the most extensively investigated variants [85]. Peng Xue
et al. discovered a notable association between rs7903146-T
alleles and the interaction of rs7903146-T with current
smoking, which contributes to a higher risk of DN [86]. An
Italian study evaluated the impact of rs7903146 in the elder-
ly population [87], and the polymorphism was associated
with lower insulin levels, smaller waist sizes, and a reduced
lipid risk [88]. Gambino et al. investigated the relationship
between the rs7903146 SNP and metabolic variables both at
baseline and after 6 years of follow-up, discovering a correla-
tion between the T allele and hyperglycemia and B-cell dys-
function [89]. Another study indicated that TCF7L2 gene
variants rs7903146 and rs290487 were associated with DN
and both hypertension and dyslipidemia in individuals with
T2DM [90]. The rs11196218 genotype and allele frequency
distribution in TCF7L2 differed significantly between DN
and non-DN patients in the Chinese population, implying a
role for TCF7L2 in diabetes development [91]. Although
TCF7L2 demonstrates promise in predicting risks and prog-
nosing outcomes across different diseases, further investiga-
tion is required to evaluate the influence of TCF7L2 SNP on
the onset of DN.

Limitations

The etiology of DN is complicated and multifacto-

rial. Our study did not evaluate the correlations between
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SNPs related to glucose metabolism and other risk factors,
including environmental variables, racial disparities, and
ethnic confounders. Also, due to the type of narrative re-
view study, some glucose metabolism-related gene polymor-
phisms, were not analyzed in our study. The current re-
search indicates that glucose metabolism-related genes can
predict the development of DN. These variations should be
utilized to create predictive models for future DN occur-
rences in different populations. GWAS, association studies,
meta-analysis, and cohort studies in polymorphisms of glu-
cose metabolism-related genes are proposed in order to

achieve more definitive results.

Conclusion

DN is increasingly posing a significant challenge
for the healthcare system, as many aspects of it remain poor-
ly understood. It is a diverse and complex disease influ-
enced by multiple genes, proteins, and environmental fac-
tors that contribute to its risk. Given the increasing impact
of the disease on individuals with diabetes, it is crucial to
recognize predictors of DN to effectively manage this condi-
tion. The development of DN has been significantly influ-
enced by genetic predisposition. The onset and progression
of DN are influenced by a multitude of genes, with various
allelic polymorphisms showing measurable impacts on the
disease's progression, thus increasing the overall risk. Genes
related to glucose metabolism are the most important fac-
tors in the progression of the disease. Integrating different
studies on gene polymorphisms associated with DN with
the latest advancements in human bioinformatics, pro-
teomics and genomics, could enhance prevention, early di-
agnosis and treatment by providing a deeper understanding
of the disease's pathogenesis. To our knowledge, this is the
first report of genes involved in glucose metabolism associat-
ed with DN, and it may serve as a significant resource for
pinpointing individuals at risk of developing DN in the fu-
ture. In this review, global research initiatives have focused
on pinpointing the susceptibility gene involved in glucose
metabolism associated with DN. Incorporating genetic re-
search into the design and analysis of drug trials may result
in the creation of genetic biomarkers that can forecast treat-

ment responses.
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