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■ Abstract 
Both type 1 and type 2 diabetes mellitus can lead to the 
common microvascular complications of diabetic retinopa-
thy, kidney disease, and neuropathy. Diabetic patients do 
not universally develop these complications. Long duration 
of diabetes and poor glycemic control explain a lot of the 
variability in the development of microvascular complica-
tions, but not all. Genetic factors account for some of the 
remaining variability because of the heritability and familial 
clustering of these complications. There have been a large 
number of investigations, including linkage studies, candi-
date gene studies, and genome-wide association studies, all 
of which have sought to identify the specific variants that 
increase susceptibility. For retinopathy, several genome-
wide association studies have been performed in small or 

midsize samples, but no reproducible loci across the studies 
have been identified. For diabetic kidney disease, genome-
wide association studies in larger samples have been per-
formed, and loci for this complication are beginning to 
emerge. However, validation of the existing discoveries, and 
further novel discoveries in larger samples is ongoing. The 
amount of genetic research into diabetic neuropathy has 
been very limited, and much is dedicated to the understand-
ing of genetic risk factors only. Collaborations that pool 
samples and aim to detect phenotype classifications more 
precisely are promising avenues for a better explanation of 
the genetics of diabetic microvascular complications. 
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1. Introduction 
 

 he typical microvascular complications of 
 type 2 diabetes (T2D) are diabetic retinopa- 
 thy, nephropathy, and neuropathy. They are 

responsible for a large portion of the morbidity as-
sociated with T2D, including blindness, end-stage 
renal disease, and extremity neuralgias [1]. The 
incidence and prevalence of microvascular compli-
cations strongly increase with duration of diabetes 
and glycated hemoglobin (HbA1c) [2-5]. The cells 
damaged by hyperglycemia include capillary endo-
thelial cells in the retina, mesangial cells in the 
glomerulus, and Schwann cells and neurons in pe-
ripheral nerves [6, 7]. However, vascular complica-

tions can also occur in patients with HbA1c levels 
of less than 7% and even in undiagnosed patients 
because of transient elevations in serum glucose 
[3]. In the Diabetes Control and Complications 
Trial (DCCT), duration of diabetes and HbA1c ex-
plained only about 11% of the variation in the risk 
of retinopathy  [8, 9]. 

Genetic variation is postulated to explain some 
of the remaining heterogeneity in diabetic mi-
crovascular complications. Twin and familial stud-
ies have documented clear familial clustering [10, 
11]. In an attempt to find the genetic risk factors 
for microvascular complications, linkage studies, 
candidate gene association studies, and genome-
wide association studies (GWAS) have been per-
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formed, and are currently being performed. They 
aim to shed some light on the genetic susceptibility 
for these complications. This review summarizes 
the findings of these studies into genetic risk fac-
tors for diabetic retinopathy, kidney disease, and 
neuropathy. 

These complications also occur in patients with 
type 1 diabetes (T1D). It is still unknown whether 
the genes for microvascular complications overlap 
between the two types of diabetes, but it is likely 
that there is some if not considerable overlap. 
Many of the genetic studies for microvascular 
complications have been performed in mixed T1D 
and T2D populations. Although this review is 
dedicated to T2D, we also describe results for stud-
ies examining microvascular complications in both 
types of diabetes. 

2. Diabetic retinopathy 

2.1 Heritability and linkage studies 

The initial evidence for diabetic retinopathy 
(DR) heritability came from twin studies. The con-
cordance rates for the presence and severity of DR 
was higher in monozygotic than in the dizygotic 
twins [12]. Interestingly, there is a higher concor-
dance of DR in T2D monozygotic twins (95%) than 
in T1D monozygotic twins (68%), suggesting that 
in T1D the initiation and development of its com-
plications are less dependent on genetic factors 
than in T2D [11]. Additional family studies have 
shown that, depending on the DR phenotype and 
the ethnic population examined, siblings and rela-
tives of diabetic patients with DR have approxi-
mately a 2- to 4-fold risk of developing the compli-
cation compared with relatives of diabetic patients 
without DR complication [5, 13-18]. The degree of 
familial aggregation is greater for more severe 
forms of retinopathy. Heritability has been esti-
mated to be as high as 27% for DR and 52% for 
proliferative diabetic retinopathy (PDR), a more 
advanced form of the disease [13, 14]. 

Linkage studies have provided limited and in-
consistent information about the potential genetic 
loci for DR. A sibling-pair linkage analysis for DR 
in Pima Indians with T2D found only modest evi-
dence of linkage at chromosomes 3 and 9 with 
(logarithm of odds) LOD scores of 1.36 and 1.46, 
respectively [19]. A subsequent genome-wide link-
age analysis in this population found stronger evi-
dence for linkage on chromosome 1p with LOD 
scores of 2.58 and 3.1 for single-point and multi-
point analyses, respectively [14]. Another genome- 

 
wide linkage scan for genes contributing to DR, us-
ing 794 diabetes participants from 393 Mexican-
American families in Starr County, Texas, having 
at least two diabetic siblings, revealed only sug-
gestive evidence of linkage with retinopathy on 
chromosomes 3 and 12 [20]. 

Abbreviations: 
 

AER – albumin excretion rate 
ALR – aldose reductase 
CARe – Candidate Gene Association Resource 
CI – confidence interval 
CARS – cysteinyl-tRNA synthetase 9 
DCCT – Diabetes Control and Complications Trial 
DKD – diabetic kidney disease 
DR – diabetic retinopathy 
DME – diabetic macular edema 
DNCRI – Diabetic Nephropathy Collaborative Research 
Initiative 
DNAme – DNA methylation 
EDS – Ealing Diabetes Study 
eNOS – endothelial nitric oxide synthase 
ESRD – end-stage renal disease 
ELMO1 - engulfment and cell motility 1 gene 
EDIC – Epidemiology of Diabetes Interventions and Com-
plications Trial 
EPO – erythropoietin 
eGFR – estimated glomerular filtration rate 
EURAGEDIC – European Rational Approach for the Genet-
ics of Diabetic Complications 
FIND – Family Investigation of Nephropathy and Diabetes 
FinnDiane – Finnish Diabetic Nephropathy 
GoDARTS – Genetics of Diabetes Audit and Research Tay-
side 
GoKinD – Genetics of Kidneys in Diabetes 
GENIE – Genetics of Nephropathy–an International Effort 
GFRA2 – glial cell line derived neurotropic factor family 
receptor alpha 2 
GPx-1 – glutathione peroxidase-1 
HbA1c – glycated hemoglobin 
GWAS – genome-wide association studies 
IDUA – Iduronidase 
miRNA – microRNA 
NOS3 – nitric oxide synthase 
NPDR – non-proliferative diabetic retinopathy 
OR – odds ratio 
PTM – post-translational modifications 
PDR – proliferative diabetic retinopathy 
PKC – protein kinase C 
SELP – P selectin 
RAGE – receptor for advanced glycation end-products 
SNP – single nucleotide polymorphism 
SUMMIT – Surrogate markers for Micro- and Macrovascu-
lar hard endpoints for Innovative diabetes Tools 
TCF7L2 – transcription factor 7-like 2 
TGF-β1 – transforming growth factor-beta 1 
T1D – type 1 diabetes 
T2D – type 2 diabetes 
UK-ROI – United Kingdom-Republic of Ireland 
UDACS – University College London Diabetes and Cardio-
vascular disease Study 
VEGF - vascular endothelial growth factor 
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2.2 Candidate gene association studies 

Candidate genes that have a putative role in 
DR pathophysiology have been studied by many 
groups. However, the results from candidate gene 
studies have been inconsistently replicated, as 
summarized in other articles [21-23]. Here, we will 
highlight some of the best powered candidate gene 
studies, and the more extensively examined candi-
date genes, including vascular endothelial growth 
factor (VEGF), erythropoietin (EPO), transcription 
factor 7-like 2 (TCF7L2), aldose reductase (ALR), 
receptor for advanced glycation end-products 
(RAGE) genes, and genes in the renin-angiotensin 
system [22]. 

The critical role of VEGF in the pathophysiol-
ogy of PDR and diabetic macular edema (DME) is 
well-known. Anti-VEGF medications are the stan-
dard care for these advanced forms of DR [24]. 
Many different single nucleotide polymorphisms 
(SNPs) in VEGF genes have been examined, but 
there has been no consistently reproducible asso-
ciation. The VEGF C-634-G polymorphism 
(rs2010963) was one of the initially examined 
SNPs, and it was reported to be associated with 
DME and DR [25]. In 2007, the DCCT examined a 
panel of 18 VEGFA SNPs, all of which represent 
linkage disequilibrium bins (pairwise r2 = 0.64); it 
was found that they were collectively associated 
with severe retinopathy (p = 6.8 x 10-5) [26]. How-
ever, the rs2010963 polymorphism was not associ-
ated to a statistically significant degree in this 
trial. The most significant single SNP association 
was with rs3025021, p = 0.0017. Another analysis 
of VEGF SNPs on the risk of retinopathy was per-
formed in 1,336 cases and 1,231 controls from non-
Hispanic white T2D populations [27]. Despite this 
significant statistical power, the investigators did 
not find any significant effects of the two examined 
SNPs, rs6921438 or rs10738760, on retinopathy. 
Neither of these latter SNPs were in strong link-
age disequilibrium with the SNPs investigated in 
the aforementioned studies. In a recent meta-
analysis of eleven studies, no significant associa-
tion was found for rs2010963; rs3025021, 
rs6921438, and rs10738760 were not examined. 
Links between DR and VEGF +936C/T (rs3025039, 
p = 0.01) and VEGF-460T/C (rs833061, p = 0.02) 
were detected by using recessive models [28]. 

Most studies have focused on VEGFA, but re-
cently a genetic association study of SNPs in 
VEGFC and DR was performed [29]. Thirteen 
VEGFC tag SNPs were genotyped in 2,899 white 
patients with T1D and T2D. Participants with 
diabetes but not DR (n = 980) were compared with 

patients with diabetes and “any DR” (n = 1,919). 
Three VEGFC SNPs were associated with DR: 
rs17697419 (p = 0.001; OR: 0.67; CI: 0.52-0.85), 
rs17697515 (p = 0.001; OR: 0.62; CI: 0.47-0.81), 
and rs2333526 (p = 0.005; OR: 0.69; CI: 0.54-0.90). 
It appeared that rs17697515 was associated with 
DME in those with T2D (p = 0.004; OR: 0.53; CI: 
0.35-0.82). 

Another angiogenic factor, erythropoietin, has 
also been the focus of candidate gene studies. An 
association between the T allele of rs1617640 in 
the EPO promoter and PDR was first reported in 
2008 [30]. The advantages of this study include: 

 
- Large sample size (n = 2572 across three co-

horts) 
- Examination of the DR phenotype with great-

est heritability (PDR) 
- Stringent definition of controls as partici-

pants with diabetes for at least 15 years, but 
without retinopathy 

- Consistency in the effect found across separate 
cohorts 

 
A second, albeit smaller, study found the oppo-

site allele of this same SNP in EPO to be associ-
ated with DR risk [31]. This EPO association also 
could not be replicated in the DCCT/EDIC (Epi-
demiology of Diabetes Interventions and Compli-
cations Trial) for DR or time to severe DR [32]. 

The TCF7L2 polymorphism rs7903146 is the 
common variant with strongest effect for T2D. An 
association with PDR in Caucasians with T2D and 
replication in an independent cohort was reported 
[33]. This study had a reasonable sample size (n = 
1,139 in the discovery and replication cohorts com-
bined), used the PDR phenotype, and defined con-
trols stringently with a minimum diabetes dura-
tion of 15 years. TCF7L2 had already been studied 
in DR with both positive [33, 34] and negative re-
sults [32, 35]. Further investigation in other T2D 
populations is warranted. 

Abhary et al. performed a meta-analysis of 34 
variants in twenty genes which were previously 
reported to be genetic risk factors for DR [22]. 
Data on the insertion/deletion polymorphism in in-
tron 16 of the ACE gene were analyzed from six 
studies of patients with T1D and seven studies of 
patients with T2D. The 287 base pair deletion was 
treated as the risk variant, and there was no sta-
tistically significant association with this polymor-
phism and the development of any form of DR. 

AKR1B1 is part of the aldose reductase path-
way. The three most commonly investigated vari-
ants in the AKR1B1 (CA)n microsatellite (z, z+2, 
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and z-2) were analyzed using results from six stud-
ies in T1D patients and nine studies in T2D pa-
tients. There was a significant association with the 
z-2 allele and the development of any DR (OR: 
2.33; 95% CI: 1.49-3.64; p = 2 × 10-4). Subanalysis 
revealed a significant association between the z-2 
allele and DR in patients with T2D (OR: 2.64, 95% 
CI: 1.39-5.01; p = 2.9 × 10-3), with a weaker but 
still statistically significant association for pa-

tients with T1D (OR: 1.95; 95% CI: 1.04-3.66; p = 
0.04) [22]. 

RAGE is mainly an intracellular signal-
transducer or pro-inflammatory peptide that may 
be of importance in inflammation and autoimmune 
diseases [1, 36]. The -374A T/A polymorphism in-
fluences a transcription factor-binding site which, 
in turn, leads to the upregulation of RAGE tran-
scription. Some studies have found an association 

Table 1. Top signals from genome-wide associations studies examining diabetic retinopathy 
 

Study Cases 
(definition) 

Controls 
(definition) 

Diabetes 
type 

Covariates 
adjusted for 

Ethnicity Top SNPs Risk 
allele 

Odds 
ratio 

p-value 

Fu et al. 2010 
[43] 

103 (moderate 
to severe NPDR 

and PDR) 

183 (no reti-
nopathy to 
early NPDR) 

2 Age, sex, dia-
betes dura-

tion, and A1c

Mexican 
American 

rs6909083 NA NA 2 x 10-5 

      rs17083119 NA NA 3 x 10-5 
      rs2300782 A 2.64 6 x10-5 
Huang et al. 
2011 [46] 

174 (NPDR and 
PDR) 

575 diabetic 
patients with-
out DR and 
100 non-
diabetic pa-
tients 

2 Diabetes du-
ration, and 

HbA1c 

Chinese rs17376456* A 3.63 3 x 10-15 

      rs2038823* C 2.33 5 x 10-11 
      rs4838605* C 1.58 2 x 10-9 
      rs12219125* T 1.62 9 x 10-9 
      rs4462262* C 1.54 <9 x 10-8 
Grassi et al. 
2011 [44] 

973 (PDR and 
DME) 

1856 (all oth-
ers, including 
NPDR) 

1 None Caucasian rs476141 A 1.37 1 x 10-7 

      rs4787008 G 1.47 6 x 10-7 
      rs13064954 G 1.02 7 x 10-7 
Lin et al. 2011 
[47] 

174 (NPDR and 
PDR) 

574 (no DR) 2 Diabetes du-
ration and 

HbA1c 

Chinese/ 
Taiwan 

rs10499299* C 1.74 8.45 x 10-21 

      rs10499298* A 1.75 8.38 x 10-21 
      rs17827966* C 1.73 8.72 x 10-21 
Sheu et al. 
2013 [48] 

437 (PDR) 570 (no DR 
with diabetes 
for at least 8 
years) 

2 None Chinese rs9565164 C 1.7 1 x 10-7 

      rs1399634 A 1.5 2 x 10-6 
      rs2380261 T 1.5 2 x 10-6 
Awata et al. 
2014 [49] 

837 (any DR) 1149 (no DR) 2 Sex, duration 
of diabetes, 
and HbA1c 

Japanese rs9362054 T 1.64 1.4 x 10-7 

Burdon et al. 
2015 [50] 

336 (sight-
threatening DR) 

561(no DR) 2 Sex, age, du-
ration of dia-
betes, hyper-
tension, neph-
ropathy, and 

HbA1c 

Caucasian rs3805931† A 0.5 2.66 x 10-7 

      rs9896052‡ A 1.67 6.51 x 10-5 
 

Legend: * These SNPs with p-values less than 5 x 10-8 have not been independently replicated by any study to date. † No association was found 
after replication. ‡ The p-value for this SNP is the result of a meta-analysis with independent replication cohorts. Abbreviations: DME – diabetic 
macular edema, DR – diabetic retinopathy, NA – not available, NPDR – non-proliferative diabetic retinopathy, PDR – proliferative diabetic re-
tinopathy. SNP – single nucleotide polymorphism. 
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between the -374 T/A polymorphism and sight-
threatening DR [37, 38]. Two meta-analysis per-
formed in Caucasian and Asian populations, how-
ever, did not find a significant association between 
RAGE polymorphisms (-374A, Gly82Ser, and           
-429T/C) and DR [39, 40]. 

The Candidate Gene Association Resource 
(CARe) performed a candidate gene study for DR 
with a sample size larger than those previously 
used (n = 8,040, including discovery and replica-
tion cohorts) and comprehensive coverage of varia-
tions in 2,000 genes associated with cardiovascu-
lar, metabolic, and inflammatory pathways [41]. 
By not choosing specific genes, but rather examin-
ing pathways, and appropriately correcting for 
multiple-hypotheses testing, the investigation was 
less reliant on the accuracy of a priori hypotheses 
regarding the causal genes. In the discovery co-
hort, variants in P selectin (SELP) and iduroni-
dase (IDUA) were significantly associated with DR 
after correction for multiple hypotheses, but these 
associations could not be replicated in independent 
cohorts. Of note, the study detected an association 
between EPO and DR consistent with the previ-
ously reported association [30], but the p-value 
was just below the threshold for significance after 
correction for multiple hypotheses. In 2015, Pen-
man et al. performed a study on 629 patients with 
T2D [42]. In multivariate models, higher P-selectin 
levels were associated with any DR and PDR, and 
minor allele homozygotes for the SELP variant 
rs6128 were less likely to develop DR. The associa-
tion between rs6128 and retinopathy was consis-
tent, in terms of direction of effect, with that re-
ported in CARe. 

2.3 Genome-wide association studies 

The results of GWAS performed for DR are 
summarized in Table 1. Like candidate gene stud-
ies, GWAS have not yet detected associated loci 
consistently. The first GWAS for DR was per-
formed in a Mexican-American T2D population on 
an early genome-wide genotyping platform which 
covered common human variations less accurately 
than the more recent versions of the technology 
[43]. None of the SNPs examined met the thresh-
old for genome-wide significance when 183 controls 
with no DR or early non-proliferative diabetic reti-
nopathy (NPDR) were compared with 103 cases 
with moderate to severe NPDR or PDR. The phe-
notyping was based on the Early Treatment of 
Diabetic Retinopathy Study (ETDRS) grading of 
fundus photographs, in which the cases without 
DR and early NPDR were graded 10-37 and those 

with moderate NPDR to PDR graded 43-85. The 
second GWAS was executed in Genetics of Kidneys 
in Diabetes (GoKinD) and EDIC, a Caucasian T1D 
population with 973 severe retinopathy cases, de-
fined by a questionnaire history of DR laser treat-
ment, and 1,856 controls who had never received 
laser treatment [44]. Severe retinopathy cases 
were identified according to patient-reported his-
tory of prior laser photocoagulation for DR. Con-
trols were all the remaining subjects in the cohort. 
This study did not identify any loci that were ge-
nome-wide significant [45]. The study found can-
didate loci which were subsequently examined in 
an independent sample. However, none of these 
loci achieved genome-wide significance in the sub-
sequent analysis. 

A third GWAS for DR in a Chinese T2D cohort 
was performed with 174 NPDR and PDR cases and 
675 controls with no DR as graded by an ophthal-
mologist according to the American Academy of 
Ophthalmology’s proposed international scale for 
severity of clinical DR [46]. This investigation re-
ported several variants associated with genome-
wide significant p-values. However, it examined 
multiple genetic models, and did not correct for 
these additional hypotheses. Also, no independent 
replication was attempted. With appropriate cor-
rection for the number of models examined, the 
genome-wide significance would not remain. A 
fourth GWAS for DR in a Chinese T2D cohort with 
102 NPDR and 42 PDR cases and 575 controls 
without DR reported novel DR risk loci on chromo-
some 6, which reached the generally accepted p-
value for genome-wide statistical significance of 
less than 5 x 10-8 [47]. Fundus photographs were 
graded by ophthalmologists according to the inter-
national scale for severity of clinical DR set forth 
by the American Academy of Ophthalmology. 
Again, six models were examined, but these addi-
tional models were not considered in multiple hy-
pothesis correction, and no independent replication 
of these findings has occurred to date. 

The fifth GWAS for DR was in Chinese sub-
jects, and compared 570 controls defined as pa-
tients with T2D for more than 8 years without DR 
vs. 437 patients with T2D and PDR [48]. Severity 
of DR was classified as none, NPDR, and PDR 
based on the International Clinical Diabetic Reti-
nopathy Disease Severity Scale. The cases and 
controls were similar with regards to duration of 
diabetes and HbA1c, the two strongest environ-
mental influences on DR, but the study did not re-
veal any genome-wide significant loci. The sixth 
GWAS was in a Japanese population and used a 
three-step GWAS design to analyze a total of 837 
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T2D patients with DR and 1,149 without DR [49]. 
The severity of DR was based on fundus examina-
tion and graded as none, NPDR, or PDR based on 
an international clinical diabetic retinopa-
thy/macular edema disease severity scale. The 
SNP with the smallest p-value from this study was 
rs9362054, which is located in an intron of RP1-
90L14.1, but it was short of achieving genome-
wide significance (p = 1.4 × 10-7). 

The most recent GWAS was conducted in sam-
ples collected from non-Hispanic whites with T2D 
[50]. The discovery analysis was performed in 336 
cases with sight-threatening DR and 508 controls 
with diabetes but no DR. Retinopathy status was 
determined from direct ophthalmic examination by 
the treating ophthalmologist, and was graded ac-
cording to modified ETDRS criteria. The top-
ranked SNP from the discovery cohort was 
rs3805931, with p = 2.66 x 10-7, but it was not as-
sociated with DR in the replication cohort. Only 
rs9896052 (p = 6.51 x 10-5 in the discovery cohort) 
showed a similar association in both T2D (p = 
0.035) and T1D (p = 0.041), and was also associ-
ated in a third replication cohort from India (p = 
0.016). The study-wide meta-analysis for this SNP 
reached genome-wide significance (p = 4.15 x 10-8). 
The GRB2 gene is located downstream of this 
variant, and a mouse model of retinopathy showed 
increased GRB2 expression in the retina. 

Three studies have examined top signals from 
GWAS on DR in independent cohorts. In 2014, 
McAuley et al. genotyped 24 SNPs previously im-
plicated in DR in 163 cases with T2D and severe 
NPDR or PDR and 300 controls with T2D for at 
least 5 years but no or mild DR [51]. Trained grad-
ers masked to clinical measures assessed images 
for the presence of retinopathy using the modified 
Airlie House classification as used in the ETDRS. 
In patients with severe NPDR/PDR and T1D or 
T2D, the authors reported rs1073203 in a domi-
nant model (p = 0.005) and rs4838605 in an addi-
tive model (p = 0.047) to be associated with DR. 
The rs1073203 locus was initially identified in a 
T1D cohort [51].The association for rs4838605 
with DR was identified previously in a Taiwanese 
DR study [46]. The allelic frequencies of this locus 
differ greatly by ethnicity [46], confirming that 
this association was replicable in a predominantly 
non-Hispanic white population, which suggested 
that this locus could be a trans-ethnic genetic 
marker for DR [51]. 

Hosseini et al. investigated the signals from 
large candidate gene studies and GWAS for both 
DR and diabetic kidney disease (DKD) in their 

own retinopathy samples [32]. Among 34 previous 
signals for DR and 55 previous loci for DKD, no 
association with severe DR was found after con-
trolling for multiple testing. Of particular interest, 
rs1617640 in EPO was not significantly associated 
with DR status, combined severe DR-DKD pheno-
type, or time to severe DR. In 2015, Peng et al. 
genotyped 40 top signals from three GWAS on DR 
in Chinese patients with T2D, including 819 pa-
tients with DR and 1,153 patients without DR 
[52]. No SNPs were significantly associated with 
DR after adjustment for other DR risk factors and 
for multiple-hypothesis correction. In a subanaly-
sis that compared patients with mild NPDR vs. 
those with severe NPDR or PDR, rs899036 was as-
sociated with severe DR (p = 0.009), but the results 
were short of attaining genome-wide significance 
after a meta-analysis with previous GWAS data 
(OR: 0.33; p = 5.84 × 10-7). 

3. Diabetic kidney disease 

3.1 Heritability and linkage studies 

Familial aggregation of DKD has been shown in 
several ethnicities [10, 53-62]. In T1D, risk of DKD 
increased from 17-22% for patient whose siblings 
did not have DKD to 72-83% if a sibling had a 
DKD [10]. Familial aggregation appears to be par-
ticularly marked in African Americans [54] and 
Pima Indians [59, 60] compared to other ethnici-
ties. In 1998, Imperatore and colleagues conducted 
a sibling-pair linkage analysis for DKD in Pima 
Indians with T2D, and found evidence of linkage 
at chromosome 7 with a LOD score of 2.7 [19]. In 
2002, Vardali and colleagues found strong linkage 
at chromosome 18 with a LOD score 6.6 for DKD 
in a Turkish population [63]. In a genome scan of 
DKD in African Americans conducted in 2004, 
Bowden and colleagues revealed suggestive evi-
dence for susceptibility loci on chromosomes 3q, 
7p, and 18q with LOD scores 4.55, 3.59, and 3.72, 
respectively [64]. The Family Investigation of 
Nephropathy and Diabetes (FIND) in 2005 rein-
forced the evidence for DKD genes on chromo-
somes 3q, 7q, and 18q, and uncovered some evi-
dence for a locus on chromosome 10p [65]. In 2007, 
FIND further reported that the strongest evidence 
of linkage to the DKD trait was specifically on 
chromosomes 7q21.3, 10p15.3, 14q23.1, and 
18q22.3. 

For albuminuria, the strongest linkage signals 
were on chromosomes 2q14.1, 7q21.1, and 15q26.3. 
In 2011, an analysis with the largest number of 
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FIND samples available (3,972) reported linkage 
for DKD by ethnicity [66]. A chromosome 6 locus 
had a LOD score 3.09 in European Americans, and 
there was suggestive evidence for linkage to chro-
mosome 7p in African American families. Regions 
on chromosomes 3p in African Americans, 7q in 
European Americans, 16q in African Americans, 
and 22q in Mexican Americans showed suggestive 
evidence of linkage for albuminuria. The linkage 
peak on chromosome 22q overlapped the 
MYH9/APOL1 gene region, which was previously 
implicated in African American diabetic and non-
diabetic nephropathies [67, 68]. Overall, regions of 
linkage to DKD on chromosomes 7q, 10p, and 18q 
have been most consistent, making it important 
that genes underlying these peaks be particularly 
evaluated for their contribution to DKD suscepti-
bility [69]. 

3.2 Candidate gene association studies 

Genes that have a putative role in DKD have 
been investigated by several groups. These genes 
include EPO, protein kinase C (PKC), genes in the 
renin-angiotensin system, RAGE genes, and endo-
thelial nitric oxide synthase (NOS3) [70]. We will 
highlight candidate gene investigations that were 
statistically most highly powered to detect associa-
tions. 

EPO has been associated with both DR and 
DKD in three European-American cohorts [30]. 
The study showed that the T allele of rs1617640 in 
the EPO promoter was significantly associated 
with PDR. The allele was also found to be signifi-
cantly associated with end-stage renal disease 
(ESRD) in the three cohorts (Utah: p = 1.91 ×10-3, 
GoKinD: p = 2.66 ×10-8, and Boston: p = 2.1×10-2) 
[30]. In 2012, the Genetics of Nephropathy, an In-
ternational Effort (GENIE) consortium examined 
previously reported genetic associations with DKD 
in T1D [71]. GENIE consisted of 6,366 participants 
of European ancestry with T1D, either with or 
without DKD. The association of the EPO pro-
moter polymorphism, rs1617640, with DKD was 
evaluated by de novo genotyping of the SNP. No 
significant associations were observed in the 
United Kingdom-Republic of Ireland (UK-ROI) or 
Finnish Diabetic Nephropathy (FinnDiane) collec-
tions of participants from GENIE, although the di-
rections of effect were consistent with the original 
report. Fixed-effects meta-analysis of the associa-
tion of rs1617640 with ESRD, including the previ-
ously reported cohorts (a total of 3,162 case and 
3,845 control subjects across five separate cohorts 
of European and European-American ancestry), 

retained genome-wide statistical significance (p = 
2 × 10-9). 

PKC is an important regulating molecule in 
vascular function; its activation was suggested to 
induce the growth factors VEGF and TGF-β. [1] 
Human munc13 is a member of the PKC super-
family; it lacks the kinase domain and has a po-
tential role in mediating some of the acute and 
chronic changes in mesangial cells caused by expo-
sure to hyperglycemia [72]. In 2008, the European 
Rational Approach for the Genetics of Diabetic 
Complications (EURAGEDIC) study investigated 
127 candidate genes for nephropathy. Only one 
SNP, rs2281999, which is located in the UNC13B 
gene, was significantly associated with nephropa-
thy after correction for multiple testing (p = 1.79 × 
10-5) [73]. In a cohort study from 2010, Ma et al. 
genotyped 18 common tag SNPs that span the 
PRKCB1 gene in 2,221 Chinese patients without 
renal disease at baseline [74]. Genetic variants in 
the PRKCB1 gene were independently associated 
with the development of ESRD in Chinese patients 
with T2D. The closely linked T allele of rs3760106 
and G allele of rs2575390 (r2 = 0.98) showed the 
strongest association with ESRD, with hazard risk 
ratios of 2.25 (p = 0.03) and 2.26 (p = 0.003), re-
spectively. 

Wang et al. performed a meta-analysis of 
14,108 DKD cases and 12,472 controls from 63 
published studies [75]. When the authors included 
all ethnicities and both diabetes types, there was a 
significant association between an ACE inser-
tion/deletion polymorphism and the risk of DKD. 
However, when the data were stratified by ethnic-
ity and diabetes type, only Asians with T2D 
showed a significant association between the 
polymorphism and DKD. 

The -374 T/A polymorphism in the gene encod-
ing RAGE (AGER) was initially investigated in 
3,334 T1D and T2D patients and 205 non-diabetic 
control subjects of Scandinavian origin [38]. The 
polymorphism was associated with DKD in both 
T1D and T2D, and in an HbA1c-dependent man-
ner in the latter group. A meta-analysis to assess 
associations of other RAGE polymorphisms with 
DKD did not find any significant association be-
tween three RAGE gene polymorphisms 
(Gly82Ser, 1704G/T, 429T/C) and DKD risk. More 
recently, a meta-analysis of two polymorphisms in 
RAGE, -374T/A and -429T/C, and DKD risk was 
conducted [76]. Eight studies with 1,725 cases and 
1,857 controls were included in the -374T/A poly-
morphism analysis. The main analysis indicated 
no association. Subgroup analyses in Caucasians 
and T2D patients also showed no association be-
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tween the -374T/A polymorphism and DKD. When 
the -429C allele was examined using a recessive 
model, there was only a marginal association over-
all. 

Nitric oxide (NO), a vasodilator molecule, is 
produced through the oxidation of L-arginine by 
endothelial nitric oxide synthase (eNOS) [77]. In 
2003, Nagase et al. showed that some intronic 

polymorphisms in eNOS may change its transcrip-
tional activity. They also found that some exonic 
polymorphisms may alter the three-dimensional 
structure of the enzyme and affect the progression 
of renal disease via decreased NO synthesis [78]. 
In a meta-analysis of 18 eNOS studies, the eNOS-
4b/a polymorphism was significantly associated 
with an overall increased risk of DKD across all 

Table 2. Top signals from genome-wide associations studies examining diabetic kidney disease 
 

Study Cases 
(definition) 

Controls 
(definition) 

Diabetes
type 

Covariates 
adjusted for 

Ethnicity Top 
SNPs 

Risk 
allele 

OR p-value 

Maeda et al. 2007 
[61] 

94 (DKD) 94 (no DKD) 2 NA Japanese rs741301 G 2.67 9.6 x 10-3 

Pezzolesi et al. 
2009 [82] 

820 (284 pro-
teinuria/536 

ESRD) 

885 (no DKD) 1 NA Multiethnic rs10868025 A 1.45 5 x10-7 

      rs39059 G 1.39 5 x 10-6 
McDonough et al. 
2011 [83] 

965 (ESRD) 1029 (no dia-
betes or kid-
ney disease) 

2 NA African 
American 

rs5750250 A 0.77 3 x 10-7 

Sandholm et al. 
2012 [84] 

1786(ESRD) 8718(no 
ESRD) 

1 Sex, age, 
duration of 

diabetes 

European rs12437854* C 1.2 2 x 10-9 

      rs7583877* G 1.8 1.2 x 10-8 
Sandholm et al. 
2012 [84] 

4409 (macroal-
buminuria or 

ESRD over 18 yr 
and duration of 
diabetes 10 yr 

6506 (duration 
of diabetes 
>15y no DKD) 

1 Sex, age, 
duration of 

diabetes 

European rs7588550 A 0.66 2.1 x 10-7 

Yamada et al. 2013 
[87] 

1352(CKD) 2499 (no 
CKD) 

2 Age, sex, 
BMI, smok-
ing status, 
hyperten-
sion, DM, 

hypercholes-
terolemia 

Japanese rs2074381 G 0.62 9.6 x 10-3 

      rs2074380 A 0.64 0.02 
Palmer et al. 2014 
[120] 

965 (ESRD and 
T2D) 

1029 (no T2D 
and no ESRD) 

2 NA African 
American 

rs5750250 A 0.72 1.6 x 10-5 

Sambo et al. 2014 
[86] 

811(ESRD) 2038(normal 
AER) 

1 NA White Euro-
pean 

rs7709344 G 1 0.001 

Sandholm et al. 
2014 [88] 

1925 (with data 
on 24 h AER)† 

 1 Sex, age at 
onset of dia-

betes 

White Euro-
pean 

rs10011025 G NA 1.5 x 10-9 

      rs1564939 C NA 8.4 x 10-9 
      rs12509729 A NA 3.5 x 10-8 
Germain et al. 2015 
[89] 

3645(Proteinuria 
with or without 

RF) 

4156 (no DKD 
and duration 
of diabetes 15 
yr) 

1 Age, gender White Euro-
pean 

rs11188343 G 0.7 9.06 x 10-5 

      rs1326934 C 0.7 9.85 x 10-5 
      rs4917695 G 0.7 1.27 x 10-4 

 

Legend: * After combined meta-analysis (meta-analysis results for GENIE discovery cohorts + meta-analysis results for independent replica-
tion cohorts), these signals reached genome-wide significance in the analysis. † This study selected patients who passed the genetic quality 
control thresholds, and had 24-h albumin exertion rate (AER). Abbreviations: DKD – diabetic kidney disease, OR – odd ratio, NA – not avail-
able, ESRD – end-stage renal disease, CKD – chronic kidney disease, T2D – type 2 diabetes, AER – albumin exertion rate. 
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models examined [79]. Subgroup analysis revealed 
a significant association between the eNOS-4b/a 
polymorphism and DKD in Asian populations, es-
pecially in the Chinese population, but not in non-
Asians. 

In 2011, Mooyaart et al. performed a meta-
analysis of 671 genetic association studies investi-
gating DKD to assess the pooled effect of each ge-
netic variant reproducibly associated with DKD 
[80]. They identified 34 replicated genetic variants. 
Of these, 21 remained significantly associated with 
DKD in a random-effects meta-analysis. These 
variants were in or near the following genes: ACE, 
AKR1B1 (two variants), APOC1, APOE, EPO, 
NOS3 (two variants), HSPG2, VEGFA, FRMD3 
(two variants), CARS (two variants), UNC13B, 
CPVL and CHN2, and GREM1, plus four variants 
that were not near genes. Three additional vari-
ants were not significantly associated with DKD in 
the whole population after meta-analyses, but 
were associated in one subgroup: ELMO1 (Asians), 
CCR5 (Asians), and CNDP1 (T2D). 

3.3 Genome wide association studies 

Genome-wide association approaches have been 
attempted for DKD, and are starting to reveal 
some loci that can be independently replicated (for 
a summary of study results see Table 2). Some of 
the initial studies were relatively small, and did 
not sample the genome very densely. In 2007, 
Maeda et al. performed a low-coverage GWAS 
(80,000 SNPs genotyped), comparing 94 nephropa-
thy cases and 94 controls [61]. They identified 
SLC12A3 and engulfment and cell motility 1 gene 
(ELMO1) as candidate genes for DKD. A larger, 
but lower condensed (6,000 microsatellites) GWAS 
in a cohort of Irish patients with T1D (200 cases 
and 200 controls) revealed nominally significant 
associations with two markers on chromosome 10 
(D10S558, p = 0.005; D10S1435, p = 0.016). A 
100,000 SNP GWAS in Pima Indians conducted on 
pooled genomic DNA from 105 cases and 102 con-
trols identified a potential association with PVT1 
[81]. 

In 2009, Pezzolesi et al. genotyped approxi-
mately 360,000 SNPs in 820 case subjects (284 
with proteinuria and 536 with ESRD) and 885 con-
trol subjects (T1D for at least 15 years with nor-
moalbuminuria) [82]. A total of 13 SNPs located in 
four genomic loci were associated with diabetic 
nephropathy (p < 1 x 10-5). The strongest associa-
tion was in FRMD3 (p = 5.0 x 10-7). Another top as-
sociation was at the cysteinyl-tRNA synthetase 9 
(CARS) locus (p = 3.1 x 10-6). The authors demon-

strated expression of both FRMD3 and CARS in 
the human kidney. 

A GWAS aimed at identifying genes associated 
with DKD in African Americans was performed by 
adjustment for admixture [83]. In a sub-analysis, 
cases with ≥100 mg/dl of proteinuria were com-
pared to T2D subjects without nephropathy. It ap-
peared that no SNP was genome-wide significant. 
The authors identified SNPs in RPS12 (rs9493454) 
and AUH (rs7735506) as being strongly associated 
in this DKD-specific subanalysis (p = 8.79×10-4 and 
p = 2.57×10-4, OR (95% CI) = 1.20 (1.08-1.34) and 
OR (95% CI) = 0.78 (0.69-0.89), respectively). 

In 2012, the GENIE consortium performed a 
GWAS of T1D and DKD comprising approximately 
2.4 million SNPs included in 6,691 individuals 
[84]. The primary phenotype of interest was dia-
betic nephropathy, defined by the presence of per-
sistent macroalbuminuria or ESRD in individuals 
aged over 18 with T1D for at least 10 years. Con-
trols were defined as individuals with T1D for at 
least 15 years, but without any clinical evidence of 
kidney disease. After additional genotyping of 41 
top-ranked SNPs, representing 24 independent 
signals in 5,873 individuals, combined meta-
analysis revealed association of two SNPs with 
ESRD: rs7583877 in AFF3 (p = 1.2 × 10-8 ) and an 
intergenic SNP on chromosome 15q26 between the 
genes RGMA and MCTP2, rs12437854 (p = 2.0 × 
10-9). Functional data suggested that AFF3 influ-
ences renal tubule fibrosis via the transforming 
growth factor-beta 1 (TGF-β1) pathway. The 
strongest association with DKD as a primary phe-
notype was seen for an intronic SNP in the ERBB4 
gene (rs7588550, p = 2.1 × 10-7), which is located in 
the same intron as a variant with cis-eQTL ex-
pression of ERBB4, and associated with differen-
tial expression of T2D and DKD [84]. FinnDiane 
and GENIE performed a subsequent GWAS to de-
termine whether sex-specific genetic risk factors 
for ESRD exist [85]. The authors performed com-
parisons between T1D patients who had ESRD 
and T1D controls who had no evidence of DKD de-
spite long duration of diabetes. ESRD was defined 
as the need for dialysis treatment or having re-
ceived a kidney transplant, and the minimum du-
ration of T1D was 10 years. In FinnDiane, a com-
mon variant, rs4972593 on chromosome 2q31.1, 
was associated with ESRD in women (p = 3.02 × 
10-8), but not in men (p = 0.78). This association 
was replicated in three independent T1D cohorts 
with a combined p-value of 0.02, and remained 
significant for women when meta-analysis was 
performed between FinnDiane and the replications 
cohorts (p = 3.85 × 10-8). 
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Subsequently, the results were also reported for 
a GWAS in which 3,464 patients with T1D from 
the FinnDiane Study were the discovery cohort. 
Replication was performed with 4,263 T1D pa-
tients from Steno Diabetes Centre, UK-ROI, and 
GoKinD United States [86]. The samples in this 
analysis overlapped significantly with the previous 
FinnDiane/GENIE GWAS analyses, but employed 
a naïve Bayesian marker selection strategy that is 
complementary to that of conventional GWAS 
models. Diabetic nephropathy was defined as per-
sistent macroalbuminuria (urinary albumin excre-
tion rate (AER) ≥200 µg/min or ≥300 mg/24 h, or a 
urinary albumin/creatinine ratio ≥25 mg/mmol for 
men and ≥35 mg/mmol for women, or dipstick ≥1) 
in two out of three consecutive measurements and 
an absence of other known kidney or urinary tract 
diseases. Microalbuminuria was defined as 20 ≤ 
AER < 200 µg/min or 30 ≤ AER < 300 mg/24 h or 
2.5 ≤ albumin-creatinine ratio (ACR) < 25 
mg/mmol for men and 3.5 ≤ ACR < 35 mg/mmol for 
women in two out of three consecutive urine collec-
tions. Absence of nephropathy was defined as a 
persistently normal AER (AER <20 µg/min or <30 
mg/24 h, or ACR <2.5 mg/mmol for men or ACR 
<3.5 mg/mmol for women), after at least 15 years 
of diabetes. ESRD was defined as ongoing dialysis 
treatment or a past kidney transplant. In the 
Steno, UK-ROI, and GoKinDUS studies, the en-
rolled patients with a normal AER were not 
treated with ACE inhibitors (or angiotensin-II re-
ceptor blockers in the Steno and UK-ROI studies). 
In the Steno study, the patients with nephropathy 
had concurrent retinopathy, with the exception of 
four cases, whose diagnosis of diabetic glomerulo-
pathy was verified by kidney biopsy. No patients 
with microalbuminuria were included in the UK-
ROI and GoKinD US studies. This strategy identi-
fied the following five genetic loci: 

 
1. rs12137135 (p = 1.29 × 10-5) 
2. rs17709344 (p = 2.44 × 10-5) 
3. rs1670754 (p = 7.71 × 10-6) 
4. rs12917114 (p = 2.1 × 10-7) 
5. rs2838302 (p = 0.0002) 
 
These loci were potentially associated with 

ESRD in the FinnDiane study. rs17709344 is lo-
cated between the RGMA and MCTP2 genes, and 
tags the previously identified rs12437854. An as-
sociation between ESRD and rs17709344 was con-
sistent regarding direction of effect for all replica-
tion cohorts (p = 0.012). rs12917114 near SEMA6D 
was also associated with ESRD in the replication 

cohorts under the genotypic model (p = 0.049). 
rs12137135 upstream of WNT4 was associated 
with ESRD only in the Steno samples. 

In 2013, Yamada et al. reported on a GWAS in-
cluding 3,851 Japanese individuals from three in-
dependent subject panels [87]. Subject panels A, B, 
and C comprised 252, 910, and 190 individuals 
with chronic kidney disease (CKD) and 249, 838, 
and 1,412 controls, respectively. Approximately 
half of the patients had diabetes, either T1D or 
T2D. The GWAS for CKD was performed in sub-
ject panel A. The selection criteria for subject 
panel A were as follows: 

 
1. Estimated glomerular filtration rate (eGFR) 

for subjects with CKD: <40 ml/min per 1.73 
m2 

2. eGFR for controls: ≥90 ml/min per 1.73 m2 
3. Age of control subjects: ≥64 years 
4. No renal disease for control subjects 
5. No or only minor health problems for control 

subjects 
 
SNPs within chromosome 3q28, ALPK1, 

FAM78B, and UMODL1 were significantly (false 
discovery rate <0.05) associated with CKD. The re-
lation of SNPs at these five loci with CKD was ex-
amined in subject panel B; rs9846911 at 3q28 (p = 
4.5 × 10-6) was significantly associated with CKD 
in all individuals, and rs2074381 (p = 0.004) and 
rs2074380 (p = 0.005) in ALPK1 were associated 
with CKD in individuals with diabetes mellitus. 
These three SNPs were further examined in sub-
ject panel C, revealing that rs2074381 (p = 0.02) 
and rs2074380 (p = 0.01) were significantly associ-
ated with CKD. For subject panels B and C in 
combination, rs9846911 (p = 0.0007) was signifi-
cantly associated with CKD in all individuals and 
rs2074381 (p = 0.01) and rs2074380 (p = 0.02) were 
associated with CKD in diabetic individuals. 

In 2014, Sandholm performed a GWAS includ-
ing 1,925 patients with T1D to analyze the 24-hour 
AER as a continuous trait [88]. The analysis was 
stratified by the use of antihypertensive medica-
tion. The narrow-sense heritability, captured with 
their genotyping platform, was estimated to ex-
plain 27.3% of the total AER variability and 37.6% 
after adjustment for covariates. In the discovery 
stage, SNPs in the GLRA3 gene were strongly as-
sociated with albuminuria, with the strongest as-
sociation found for rs10011025 (p = 1.5 x 10-9), but 
this locus could not be replicated in independent 
cohorts. In 2015, Germain et al. performed a 
GWAS comparing T1D cases with proteinuria 
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(with or without renal failure) with control pa-
tients who have had diabetes for more than 15 
years and no evidence of renal disease [89]. No 
SNPs tested in a discovery cohort consisting of 683 
cases and 779 controls reached genome-wide sta-
tistical significance. 

3.4 Exome sequencing 

In 2014, exome sequencing of coding variants in 
genes with prior evidence for association with 
ESRD or nephropathy was performed; the study 
included 5,045 African Americans (3,324 cases 
with T2D-associated ESRD and non-T2D-
associated ESRD, and 1,721 diabetic and non-
diabetic controls) and 1,465 European Americans 
(568 T2D-ESRD cases and 897 controls) [90]. In 
African Americans, several SNPs were nominally 
associated with T2D-ESRD and all-cause ESRD 
with p-values ranging from 1.8 × 10-4 to 0.04. Hap-
lotype analysis of common and coding variants in-
creased evidence of association at the OR2L13 and 
APOL1 loci (p = 6.2 × 10-5 and 4.6 × 10-5, respec-
tively). SNPs replicated in European Americans 
were found in OR2AK2, LIMK2, and APOL2 with 
p-values ranging from 0.001 to 0.04. 

While several promising loci have emerged from 
GWAS in DKD, further validation of these results 
is required to definitively establish these loci as 
risk factors for nephropathy. There are other ongo-
ing initiatives in larger samples sizes, including in 
the Juvenile Diabetes Research Foundation-
sponsored Diabetic Nephropathy Collaborative Re-
search Initiative (DNCRI), FIND, and SUrrogate 
markers for Micro- and Macrovascular hard end-
points for Innovative diabetes Tools (SUMMIT). 
The results of these studies should help to further 
clarify the genetic underpinnings of DKD. 

4. Diabetic neuropathy 

The prevalence of diabetic neuropathy varies 
from 14% to 63%, depending upon the type of 
population and the criteria used to define the dis-
ease [91]. There have been fewer genetic studies 
for diabetic neuropathy as compared to DR and 
DKD. Diabetic neuropathy encompasses a broad 
spectrum of clinical entities. Consequently, the se-
lection of a well-defined phenotype for multicenter 
studies has been a challenge. To date, two major 
forms of the disease have been examined: periph-
eral neuropathy and cardiovascular autonomic 
neuropathy. 

4.1 Linkage studies 

A linkage study on neuropathy was focused on 
chromosome 12q24 based on previous reports of a 
gene at this locus being associated with DR, DKD, 
and T2D [92-94]. 52 Italian families were exam-
ined using both nonparametric and parametric 
linkage analyses for diabetic neuropathy [95]. Evi-
dence of linkage of chromosome 12q24 locus with 
diabetic neuropathy was found. This locus that in-
cludes proteasome modulator 9 (PSMD9), a tran-
scriptional regulator of the insulin gene, had a 
LOD score of 3.34 (p = 0.0009). 

4.2 Candidate gene association studies 

Some of the candidate genes that have been 
studied in the context of DR and DKD have also 
been examined in diabetic neuropathy. Zhang et 
al. evaluated the relationship between a 936C/T 
mutation at the 3’-untranslated region of the hu-
man VEGF gene and diabetic peripheral neuropa-
thy [96]. They evaluated 204 cases with diabetic 
peripheral neuropathy, 184 cases with T2D with-
out neuropathy and 240 healthy controls. The T 
allele frequency in the diabetic peripheral neu-
ropathy group was lower than in T2D control (p = 
0.001). In 154 Italian patients with T2D and 171 
healthy controls, an association between the 
TCF7L2 rs7903146 variant and the presence of 
cardiovascular autonomic neuropathy has been re-
ported (p = 0.02) [34]. Samples from subjects with 
diabetic neuropathy have also been evaluated for 
mutations in the AKR1B1 gene (exon 1) [97]. Of 50 
diabetic neuropathy patient samples analyzed, 10 
revealed mutations. Wu et al. performed a meta-
analysis comprising a total of seven case-control 
studies, including 1,316 cases and 1,617 controls, 
to evaluate the effects of ACE I/D polymorphisms 
in the development of diabetic peripheral neuropa-
thy [98]. They found that the ACE I/D polymor-
phism was associated with increased risk of dia-
betic peripheral neuropathy (p = 0.006) [99]. Tang 
et al. examined the association between the T al-
lele of rs1050450 in glutathione peroxidase-1 (GPx-
1) and peripheral neuropathy in two cross-
sectional samples of subjects with diabetes: 1) 773 
Caucasian subjects were genotyped by the Univer-
sity College London Diabetes and Cardiovascular 
disease Study (UDACS) and 2) 382 Caucasian sub-
jects from the Ealing Diabetes Study (EDS) [100]. 
The ORs for peripheral neuropathy in T allele car-
riers compared to the CC genotype were 1.61 (95% 
CI: 1.10-2.28, p = 0.01) in UDACS and 1.95 (95% 
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CI: 1.11-3.42, p = 0.02) in EDS. This T allele is as-
sociated with reduced enzyme activity. 

Variations in microRNAs (miRNAs) have also 
been examined in neuropathy. In 2014, Ciccacci et 
al. evaluated a possible involvement of genetic 
polymorphisms in miRNA regions in the suscepti-
bility to diabetic peripheral neuropathy and car-
diovascular autonomic neuropathy [101]. Nine 
polymorphisms in miRNA (MIR375, MIR27a, 
MIR130b, MIR124a (2 SNPs), MIR128a, MIR194a, 
and MIR146a) genes were studied in a sample of 
132 T2D patients analyzed for diabetic peripheral 
neuropathy and 128 T2D patients analyzed for 
cardiovascular autonomic neuropathy. Associa-
tions of MIR128a (p = 0.007) and MIR146a SNPs 
(p = 0.032) with peripheral neuropathy susceptibil-
ity and of MIR146a (p = 0.041) and MIR27a (p = 
0.023) with cardiovascular autonomic susceptibil-
ity were found, but correction for multiple hy-
pothesis testing was not performed. 

4.3 Genome-wide association studies 

There has only been one GWAS focusing on 
diabetic neuropathy to date. The Genetics of Dia-
betes Audit and Research Tayside (GoDARTS) 
group performed a GWAS for neuropathic pain 
[102]. 6,927 diabetic patients were included, and 
cases of neuropathic pain were defined as patients 
with a prescription history of at least one of five 
drugs specifically indicated for the treatment of 
neuropathic pain, and in whom the monofilament 
test result was positive for sensory neuropathy in 
at least one foot. Controls were diabetic individu-
als who did not have a record of receiving any 
opioid analgesics. They identified a cluster of asso-
ciations on chromosome 8p21.3, next to glial cell 
line-derived neurotropic factor family receptor al-
pha 2 (GFRA2), with a lowest p-value of 1.77 × 10-7 
at rs17428041. 

5. Epigenetic factors 
Epigenetic factors have been examined primar-

ily in DKD [103-105]. Epigenetic mechanisms such 
as post-translational modifications (PTM) in chro-
matin and histones as well as DNA methylation 
(DNAme) may have a role in diabetic microvascu-
lar complications. Hyperglycemia, growth factors, 
oxidant stress, and inflammatory factors in diabe-
tes can cause changes in these epigenetic mecha-
nisms, and alter the expression of pathological 
genes in target cells [106]. 

FinnDiane found an association between an ex-
onic SNP, rs17353856, in the SUV39H1 histone 

methyltransferase gene with DR, and a trend to-
ward an association with DKD [107]. One study 
assessed DNAme in whole blood genomic DNA ob-
tained from patients with DKD in relation to those 
without DKD. There was differential methylation 
in a number of genes, including UNC13B which 
has been previously linked with DKD. Pirola et al. 
reported that hyperglycemia led to changes in 
DNAme at key genes involved in endothelial cell 
dysfunction [108]. Kim et al. found that control of 
hyperglycemia induced alterations in DNAme at 
key genes involved in dysfunction of Schwann cells 
[109]. An investigation of methylome-wide loci for 
association with DKD in individuals with T1D 
found differences in methylation between 150 
cases with DKD and 100 diabetic controls without 
renal disease [110]. Following validation and repli-
cation, CCNL1 and ZNF187 had differentially 
regulated loci (p < 10-8), with evidence also estab-
lished for AFF3. Finally, Swan et al. in 2015 stud-
ied methylation profiles in genes related to mito-
chondrial function to assess whether differences in 
these epigenetic features were associated with 
DKD in people with T1D [111]. A case-control as-
sociation study was performed in 196 individuals 
with DKD and 246 individuals without renal dis-
ease. They reported that fifty-four cytosine-
phosphate-guanine probes across 51 unique genes 
were significantly associated with DKD (p ≤ 10-8) 
across both the 450K and the 27K methylation ar-
rays. A subanalysis, employing the 450K array, 
identified 755 cytosine-phosphate-guanine probes 
in 374 genes that were significantly associated 
with ESRD (p ≤ 10-8). Forty-six of the top-ranked 
variants for DKD were also identified as being dif-
ferentially methylated in individuals with ESRD. 
The largest change in methylation (∆β = 0.2) was 
observed for cg03169527 in the TAMM41 gene on 
chromosome 3p25.2. Three genes, PMPCB, TSFM, 
and AUH, had differential methylation at multiple 
cytosine-phosphate-guanine sites each (p < 10-12). 

There was early evidence that miRNAs may 
impact diabetic microvascular complications 
through epigenetic mechanisms [112]. Changes in 
miRNA expression have been showed in diabetic 
eyes; miRNAs in the eye, including miR200b (one 
of the VEGF-regulating miRNAs) is downregu-
lated [113]. Upregulation of miR-29b in the early 
stages of diabetes is considered to be protective 
against apoptosis of the retinal ganglion cells 
[114]. miRNAs also play a role in TGF-β signaling 
related to the pathogenesis of DKD; key miRNAs 
such as miR-192, miR-216a, miR-217, and miR-
377 appeared to be upregulated, resulting in in-
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creased fibronectin and collagen expression [115, 
116]. 

6. Conclusions 
Genetic discovery in microvascular complica-

tions of diabetes is more advanced for DKD and 
DR than for diabetic neuropathy. Relatively little 
has been done to study the genetics of neuropathy. 
Thus far there has been a lack of reproducible as-
sociations for DKD and DR. This can be explained 
in large part by the relatively limited samples that 
have been evaluated to date. However, there are 
also other potential explanations for this situation. 

Firstly, only common variation has been com-
prehensively examined for microvascular compli-
cations thus far. The role of rare variants remains 
to be explored, and it may be that these complex 
phenotypes are due to the collective effect of mul-
tiple rare variants with moderate to high pene-
trance [117]. In particular, association tests that 
group rare and common variants by gene or func-
tional unit may help to uncover some of the varia-
tion that cannot be found by just examining com-
mon variants. 

Variability in the microvascular phenotype 
definitions is another weakness in this field. Some 
of the case definitions used in DR and DKD GWAS 
include milder degrees of retinopathy and neph-
ropathy that bias the results towards the null. 
Cases that are defined as having more advanced 
levels of complications are likely to avoid this bias. 
There are also important sources of heterogeneity 
that might contribute to inconsistencies in findings 
between the studies. For example DR ascertain-
ment was performed differently, with one GWAS 
relying on questionnaire documentation of eye la-
ser treatment [15, 44, 45], which has been vali-

dated as a measure of severe retinopathy, while 
other GWAS used fundus examination and/or pho-
tography [43, 48, 49, 118]. Also, the various GWAS 
for DR and DKD have examined different case 
definitions including PDR, NPDR, DME, proteinu-
ria, AER, and ESRD. In some studies, participants 
with NPDR and microproteinuria were classified 
as controls [43-45, 87], whereas in other studies 
they were considered cases [46, 61, 82, 89]. 

Finally, the studies have not consistently de-
fined controls strictly with regards to duration of 
diabetes [49, 61, 87]. Duration of diabetes has a 
strong impact on development of complications, as 
does glycemic control, and these factors need to be 
taken into account. Inclusion of participants with 
short durations of diabetes can cause misclassifi-
cation of controls, and thus bias results to the null. 
Ideally, controls would be participants with very 
long durations of diabetes and no DR or DKD. 
Based on the recognition that these individuals are 
a small subset of the diabetic population, controls 
have often been defined more loosely than this to 
achieve a critical control sample size in today’s 
studies [119]. 

The key to future success in studies of diabetic 
microvascular complications will be in collabora-
tive efforts to bring together large sample sizes 
with well-defined case and control definitions that 
account for duration of diabetes and glycemic con-
trol, and examine both common and rare variation 
comprehensively. Such collaborative efforts are al-
ready underway, and hold the promise for improv-
ing our understanding of the genetic factors that 
influence the susceptibility of diabetic patients to 
developing microvascular complications. 
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