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Abstract
A large body of evidence indicates that the risk of developing chronic diabetic complications is under
the control of genetic factors. Previous studies using a candidate gene approach have uncovered a
number of genetic loci that may shape this risk, such as the VEGF gene for retinopathy, the
ELMO1 gene for nephropathy, and the ADIPOQ gene for coronary artery disease. Recently, a new
window has opened on identifying these genes through genome-wide association studies. Such
systematic approach has already led to the identification of a major locus for coronary artery disease
on 9p21 as well three potential genes for nephropathy on 7p, 11p, and 13q. Further insights are
expected from a broader application of this strategy. It is anticipated that the identification of these
genes will provide novel insights on the etiology of diabetic complications, with crucial implications
for the development of new drugs to prevent the adverse effects of diabetes.

Keywords
Diabetic nephropathy; Diabetic retinopathy; Coronary artery disease; Atherosclerosis;
Polymorphisms; Candidate genes; Genome-wide association studies

Introduction
Long-term complications affecting the eyes, the kidneys, and the cardiovascular system are
the principal cause of morbidity and mortality among diabetic subjects (1). Because of the high
prevalence of diabetes, these complications are significant public health problems, being
responsible for a large proportion of blindness, renal replacement therapy, and cardiovascular
interventions in the US. Large clinical trials have demonstrated that normalization of glycemia
can greatly reduce the incidence of diabetic complications (2;3). However, in clinical practice,
normalizing blood glucose is not a trivial task and almost 50% of diabetic subjects fail to reach
the recommended target of an HbA1c lower than 7% (4). There is a clear need for additional
interventions decreasing the impact of high glucose among those subjects who do not manage
to reach normoglycemia.

A critical requirement for the design of such new therapies is a thorough knowledge of the
mechanisms linking the diabetic milieu to tissue damage. One of the approaches that are being
used to expand our knowledge in this field is to search the genome for variants that are
associated with an increased risk of complications among diabetic subjects, with the
expectation that the location and function of these variants will point to genes and hence
molecular pathways that are involved in the etiology of these conditions. Such genetic approach
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may also generate algorithms for early identification of diabetic individuals at high risk of
complications who may benefit from especially aggressive prevention programs. Below is a
review of the findings obtained through this approach, with a special emphasis on the most
recent developments.

Heritability of diabetic complications
The role of genetic factors in shaping susceptibility to diabetic complications has been known
for many years. Family studies have clearly indicated that susceptibility to diabetic
nephropathy has a familial basis, with diabetic siblings of diabetic probands with kidney disease
having a three-fold increase in the risk of diabetic nephropathy as compared to siblings of
normoalbuminuric subjects (5). About 30% of the variance of urinary albumin excretion rate,
considered as a quantitative trait, has been found to be explained by familial factors (6). As far
as cardiovascular complications are concerned, 40–50% of the variance in coronary calcium
and carotid intima-media thickness – two indices of the extent of atherosclerosis – can be
attributed to familial factors among individuals with diabetes (7;8). Interestingly, this figure is
only modestly affected by adjustment for known cardiovascular risk factors, indicating that
this effect involves as yet unidentified atherogenic pathways. Heritability estimates ranging
from 25 and 50% have been reported for diabetic retinopathy (9;10).

Candidate genes studies
Until recently, our limited knowledge of the human genome and the low-throughput of the
genotyping technology constrained the search for genetic determinants of diabetic
complications to a small number of candidate genes selected on the basis of their postulated
role in cellular pathways linking glucose to tissue damage. As schematically shown in Figure
1, the candidate genes that have been studied can be subdivided in two categories: i. genes
placed in pathways that mediate the production of cellular toxins in response to excess glucose
(e.g., reactive oxygen species, sorbitol, advanced glycation-end products), and ii. genes placed
in pathways involved in the tissue-specific organ damage induced by these toxins.

While candidate gene studies have been valuable, it is difficult to draw firm conclusions from
these efforts. Studies have often been small and have yielded p values that are only nominally
significant and cannot withstand an adjustment for multiple comparisons. In some cases,
limited or no attempts were made to replicate findings. In other cases, multiple reports were
published with conflicting findings resulting either from false positives due to the marginal p
values, or from false negatives due to the lack of statistical power or the fact that different
phenotypes were investigated in different studies (e.g., clinically significant CAD vs. coronary
artery calcium). Nonetheless, despite these problems, interesting association signals have
emerged, some of which are reviewed below.

Candidate genes involved in glucose-induced pathways
The most robust finding in this category concerns the gene coding for aldose reductase
(AKR1B1) – an enzyme that catalyzes the reduction of carbonyl-containing compounds to their
respective alcohols. Aldose-reductase is a key regulator of the polyol-pathways through which
excess glucose is converted to sorbitol and fructose in insulin-independent tissues.
Accumulation of these metabolites, especially sorbitol, has been shown to induce complex
biochemical changes contributing to the development of diabetic complications (11). An
(AC)n microsatellite polymorphism, located in the 5' flanking region of AKR1B1, was found
to be associated with diabetic retinopathy in a study from Hong Kong (12) and with diabetic
nephropathy in a study from the UK (13). While subsequent attempts to replicate these initial
findings yielded conflicting results, a recent meta-analysis indicates that this polymorphism
may indeed influence the risk of diabetic retinopathy, with a summary odd ratio of about 2.0
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and a p value of 2×10−4 (14). Also, a novel prospective study of 1,074 type 2 diabetic patients
from Hong-Kong has confirmed the association between this locus and incident kidney disease
(CKD3) as well as cardiovascular events (15). Altogether, these findings reaffirm the
prominent role played by the polyol pathway in mediating the deleterious effect of
hyperglycemia and call for a revamping of research on using aldose reductase inhibitors to
prevent diabetic complications.

Candidate genes modulating tissue-specific alterations
The VEGF gene stands out from all the other candidates that have been investigated for
contributions to diabetic retinopathy. VEGF is a growth factor that specifically acts on
endothelial cells, increasing vascular permeability and inducing angiogenesis (16). High VEGF
levels can be found in the vitreous of individual with proliferative diabetic retinopathy and
intraocular injection of anti-VEGF drugs slows retinal vessels proliferation (17). Several
polymorphisms in the promoter of the gene coding for VEGF (VEGFA) were initially
investigated in small cross-sectional studies for association with retinopathy with conflicting
results. However, convincing findings have recently come from a study of the DCCT/EDIC
cohort, which differed from previous efforts for its prospective nature, the relatively large
sample size, and the use of a large number of tag SNPs capturing most of the common variation
at the VEGF locus (18). While individual SNPs showed fairly modest associations, a global
multi-SNP test yielded a p value of 6 × of 10−5 for association with time to severe, non-
proliferative retinopathy. The association was confirmed by family studies demonstrating
increased risk allele transmission to severe retinopathy cases. Thus, in addition to be the
principal mediator of new vessel proliferation, VEGF may also be involved in the vascular
alterations that precede the proliferative stage of diabetic retinopathy.

The genetics of diabetic nephropathy has also been a very active area of research. Several
review papers have been published providing a detailed description of the many candidate
genes that have been implicated (see for instance ref. (19). One gene that is worth mentioning
here is ELMO1 (engulfment and cell motility 1). This molecule, which is induced by high
glucose, promotes increased expression of transcription growth factor β, collagen type 1,
fibronectin, and integrin-linked kinase expression (20). Genetic variants at the ELMO1 locus
have been found to be associated with diabetic nephropathy in Japanese, African-American,
and, very recently, in Caucasians from the GoKinD study (21–23). Interestingly, the variants
associated with kidney disease are different in the three races, suggesting the presence of allelic
heterogeneity probably resulting from the diverse ancestral genetic backgrounds of the
different racial groups. If these findings are confirmed and supported by further functional
studies, ELMO1 could be an attractive target for the development of new reno-protective drugs
for diabetic patients.

Tong et al. identified a SNP in the promoter of the gene coding for the potent erythropoietic
and angiogenic factor EPO that was associated with a combined proliferative retinopathy
(PDR)/end-stage renal disease (ESRD) phenotype in multiple datasets (24). The risk allele was
also associated with increased EPO protein levels in the vitreous and was shown to enhance
gene expression in in vitro studies (24). Such functional data lend support to the genetic
findings. However, the design of the study, based on the examination of a combined eye/kidney
phenotype, make these results difficult to interpret. Most of the subjects who develop
nephropathy have retinopathy but only a fraction of the subjects who develop retinopathy have
significant nephropathy. In the absence of data about the association between EPO and
retinopathy not accompanied by nephropathy, one cannot determine whether the association
is with retinopathy, nephropathy, or both complications.

The most interesting results concerning candidate genes for cardiovascular complications have
come from studies of the adiponectin axis. Adiponectin is a cytokine exclusively produced by
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adipocytes that has insulin-sensitizing effects (25). Adiponectin also has direct anti-atherogenic
actions by inhibiting monocyte adhesion to the endothelium, smooth muscle cell proliferation,
and foam cell formation in the arterial wall (26). In a meta-analysis of four different studies,
an intronic SNP in the adiponectin gene (rs1501299) was significantly associated with a two-
fold increase in the risk of coronary artery disease (CAD) among diabetic subjects (27). Such
association appears to be mediated by an effect of this SNP, or other variants in linkage
disequilibrium with it, on adiponectin levels. Variability in the receptors mediating adiponectin
action also seems to play a role. In studies from Boston and Italy, three SNPs tagging the 3'
half of ADIPOR1 - one of the adiponectin receptors - were found to be associated with CAD
among individuals with type 2 diabetes, with allelic odds ratios in the 1.3–1.4 range. This effect
appears to be related to lower ADIPOR1 mRNA levels in carriers of the risk genotypes, possibly
blunting the antiatherogenic effects of adiponectin on the vascular wall (28). An association
with CAD in type 2 diabetes has been also described for SNPs in another adiponectin receptor
(CDH13), but these findings have not been confirmed in other populations (29). These results
suggest that interventions aimed at enhancing adiponectin actions may be worth pursuing.

Genome-wide studies
Candidate genes studies are useful, but by focusing on genes already implicated in diabetic
complications, they are inherently geared towards confirming disease pathways rather than
discovering new ones. Initial attempts to extend the study to the entire genome and overcome
these constraints were based on linkage studies in families. This approach, however, did not
have sufficient power to identify genetic effects of the magnitude expected for multifactorial
disorders such as diabetic complications. Also, linkage studies can only identify the rough
location of a disease gene and require extensive positional cloning efforts to pinpoint the causal
variants responsible for linkage.

Two recent developments have allowed the genetic field to move beyond linkage and conduct
sensitive genome-wide searches for variants contributing to complex traits. One of these
developments is the genome-wide characterization of linkage disequilibrium – the
phenomenon by which adjacent polymorphisms are correlated with each other because of their
cosegregation from one generation to the other. Using these data, publicly available from the
HapMap database, a set of single nucleotide polymorphisms (SNPs) can be selected that most
efficiently capture (or “tag”) the 10 million or so common polymorphisms in the human
genome (30;31). The other advancement is the development of technologies based on
microarrays through which several hundred thousand tag SNPs can be typed in a single assay
(32). Combined together, these two elements have made genome wide association (GWA)
studies of multifactorial disorders possible.

The GWA approach is not without problems. First, in its current implementation, it is limited
to the analysis of common genetic variants. Second, it requires very large sample sizes because
of the stringent significant thresholds that must be used to account for the extremely large
number of tests that are conducted. This requirement can be addressed by conducting meta-
analyses of GWAS results from different studies, but this increases the risk of genetic and
phenotypic heterogeneity, potentially “diluting” association signals. Despite these limitations,
however, the GWAS approach offers unprecedented opportunities for and unbiased screen of
the entire genome for genes affecting susceptibility to diabetic complications. This approach
has been thus far pursued for diabetic nephropathy. Also, several GWAS for coronary artery
disease have been conducted in the general population, the findings of which are relevant to
the cardiovascular complications of diabetes.
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GWAS of diabetic nephropathy
The GWAS for kidney complications stemmed from the Genetics of Kidneys in Diabetes
(GoKinD) initiative, under which a large collection of type 1 diabetic individuals with and
without diabetic nephropathy was assembled. The scan, including ~360,000 single nucleotide
polymorphisms (SNPs) from the Affymetrix 500K array, was conducted in 820 nephropathy
cases, one third with proteinuria and two thirds with end-stage renal disease (ESRD), and 885
controls without kidney complications despite a duration of diabetes of 15 years or longer
(33). Replication of the strongest association signals was sought in the DCCT/EDIC cohort.

None of the SNPs in the array achieved significance according to an alpha error level that took
into account the number of SNPs that were analyzed (α=0.05/360,000=1.4 × 10−7). However,
11 SNPs placed in four distinct chromosomal regions had p values < 1 × 10−5. The strongest
association (OR=1.45, p=5 × 10−7) was found with a SNP placed on chromosome 9q near the
5' end of FRMD3 coding for the exrin, radixin, moesin (FERM) domain-containing protein 3
(Table 1). The other three loci displaying association were found near CHN2 (β-chimerin) and
CPVL (serin carboxypeptidase vitellogenic-like) on chromosome 7p (OR=1.39, p=5 × 10−6),
in an intron of CARS (cysteynil-tRNA synthetase) on 11p (OR=1.36, p=3 × 10−6), and in an
intergenic region at 13q (OR=1.41, p=2 × 10−6) (Table 1). These associations were not affected
by duration of diabetes or end-stage renal disease, excluding the occurrence of survival bias.
The association at 9q and 11p were replicated in the EDIC/DCCT cohort with nominal
significance (HR=1.33, p=0.02) and 11p (HR=1.32, p=0.01), whereas the SNP at 13q was
found to be associated with nephropathy among type 2 diabetic subjects in a recent meta-
analysis of four studies from Japan (34) (Table 1).

In considering these findings, several factors should be taken into account. First, the GoKinD
collection is heavily weighted with cases of ESRD. Thus, there was little power to detect genetic
effects that specifically act on the transition from normoalbuminuria to proteinuria rather than
on that from proteinuria to ESRD. Second, the individuals with ESRD in the collection were
prevalent cases who had survived for many years on hemodialysis or with a kidney transplant.
Under these circumstances, a disease allele that not only increase susceptibility to nephropathy
but also increases mortality could have gone undetected. Third, because of the stringent
significance threshold, one cannot exclude the presence of other genetic effects that did not
emerge as significant due to the limited power. Fourth, although replication of some of these
association signals in the EDIC/DCCT cohort is encouraging, the significance of those findings
does not completely exclude the possibility of false-positives.

If we accept these results as genuine, they offer some potentially interesting leads for the
identification of novel pathways involved in the etiology of diabetic nephropathy. The
FRMD3 gene on 7p encodes a structural protein of the 4.1O family, which is involved in the
maintenance of cell shape and form in a variety of cell types, including the mouse nephron
(35). CARS on 11p has been implicated in the pathogenesis of cystinosis – a recessive disorder
caused by accumulation of free cystine in renal tubules resulting to a deficit in lysosomal cystine
transport (36). CPVL on 7p is a carboxypeptidase that is highly expressed in the kidney and
specifically in the proximal tubule. Other carboxypeptidases, such as ACE and bradikinin, have
been implicated in the etiology of diabetic nephropathy because of their regulatory role in
kidney hemodynamics (37). Thus, these initial GWAS findings could open new research
avenues to expand our knowledge of the pathogenesis of kidney damage in diabetes.

GWAS of coronary artery disease
There have been no published reports of GWAS for coronary artery disease that were
specifically conducted in the diabetic population. However, several GWAS for coronary artery
disease performed in the general population have generated results that may also be relevant
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to diabetic subjects. All of these studies used a two-stage strategy consisting of a GWA screen
in an initial cohort of unrelated cases and controls followed by replication of the most
significant findings in additional case-control sets (38–44) A total of 12 loci have been
identified by these studies as being associated with CAD or MI in the general population with
genome-wide significance (Table 2). Most of these variants are associated with a relative small
increase in cardiovascular risk, with allelic odds ratios that do not exceed 1.30 and are mostly
below 1.20. Also, as observed with other complex disorders, most of the CAD-associated SNPs
variants are placed in non-coding regions, suggesting an effect on regulatory elements and gene
expression rather than on the amino acid sequence. Another interesting feature is that most of
the genes that appear to be involved were not previously implicated in the etiology of
atherosclerosis. Notable exceptions are LDLR, which codes for the low density lipoprotein
(LDL) receptor, PCSK9, which codes for a serine protease that is mutated in Mendelian forms
of hypercholesterolemia (45), and the SLC22A3-LPAL2-LPA cluster, which includes the gene
for the atherogenic lipoprotein Lp(a).

The strongest and most extensively replicated of these associations is placed on chromosome
9p21 (39;41). While this locus was discovered in the general population, its predisposing effect
on coronary artery disease can also be observed in the presence of diabetes. In fact, data from
the Joslin Heart Study (JHS) suggest that this locus may have a larger effect on CAD risk
among individuals with type 2 diabetes than in the general population (46). This study
compared cases with type 2 diabetes and angiographic evidence of CAD with controls having
a negative cardiovascular history of CAD and a normal exercise treadmill test despite 5 years
or more of type 2 diabetes. The odds ratios were 1.45 (0.94–2.22) for heterozygotes and 2.37
(1.52–3.70) for homozygotes, consistent with an additive mode of inheritance. These effect
estimates ere larger than those reported in the general population, suggesting the possibility of
an interaction with some aspect of diabetes such as hyperglycemia. Consistent with this
hypothesis, the odds of CAD were almost four times higher in risk allele homozygotes who
were also in poor glycemic control as compared to subjects who were not homozygous for the
risk allele and were in good glycemic control (OR=3.77, 2.13–6.7). By contrast, subjects with
only one risk factor (either the homozygote genotype or poor glycemic control) had only a little
increase in cardiovascular risk. Such interaction between homozygous genotype and glycemic
control was significant and was replicated with respect to cardiovascular mortality in a separate
prospective study of 475 type 2 diabetic subjects from the Joslin Clinic. The 10-year
cardiovascular mortality was 36% among risk allele homozygotes with a history of poor
glycemic control as compared to only 15–20% of all other subjects (46).

The synergism between 9p21 locus and poor glycemic control may be instrumental in clinical
practice to improve estimation of cardiovascular risk among diabetic subjects. Studies of other
complex disorders have shown that common genetic variants with small effects do not
significantly improve predictive algorithms (47). However, the magnitude of the joint effect
of poor glycemic control and 9p21 locus is such to suggest some clinical benefit, even if the
cost-effectiveness of using this combined predictors remains be determined. The implications
for our understanding of the biology of atherogenesis in diabetes are not as straightforward
since the CAD-associated SNPs reside in a 60 Kb linkage disequilibrium block. (41). This
block is devoid of protein-coding genes but includes the most 3' exons of a non-coding gene
known as ANRIL (a.k.a. CDKN2BAS) (48;49). The ANRIL gene is transcribed as two
alternatively spliced transcripts: a long one, including the 3' exons placed in the CAD-
associated block, and a short one missing those exons. Jarinova et al. recently reported that the
risk allele is associated with a decrease in the long-to-short variant ratio (49). While the
meaning of this finding is still unclear, the altered balance of ANRIL splice variants might affect
the expression of other genes through mechanisms such as RNA interference or chromatin
remodeling. Prime candidates as ANRIL targets are the adjacent cell-cycle genes CDKN2A and
CDKN2B involved in the control cell proliferation, cell aging, and apoptosis (50). Indeed,
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deletion of the 9p21 CAD-associated region determines a marked decrease in the expression
of CDKN2A and CDKN2B along with a doubling of the proliferative capacity of cultured
smooth muscle cells (51). Interestingly, hyperglycemia and other components of the diabetic
milieu are also known to induce vascular smooth muscle cell proliferation (52). Thus, the two
atherogenic factors – 9p21 variant and excess glucose – may enhance each other by “double
hitting” the same target. Altogether, these findings point to the pathways regulating cell cycle
as potential targets for the development of new drugs to prevent atherosclerosis. They also
suggest that these drugs could be especially effective in individuals with poorly controlled
diabetes.

Preliminary data from the Joslin, the Nurses Health Study, and the Health Professional Follow-
up Study suggest that several other of the 12 CAD genes identified in the general population
may also influence the risk of CAD in the diabetic population (53). The strongest of these
non-9p21 effects is observed on chromosome 6p24, in an intron of the PHACTR1 (phosphatase
and actin regulator 1) gene (54).

Conclusions
The past two decades have seen a rapid expansion of the research on the genetic determinants
of diabetic complications. These efforts, although often underpowered and haphazard, have
led to the identification of a few credible associations pointing to cellular pathways playing a
prominent role in linking the diabetic milieu to tissue damage. Are these findings all we can
expect from the genetics of diabetic complications? The answer is no. First, the GWAS
approach has not yet been exploited to its full extent. The only GWAS study that has been thus
far published on a diabetic complication (i.e., diabetic nephropathy) was not sufficiently
powered to detect genetic effects of the small magnitude observed with other complex
disorders. For cardiovascular complications, we have thus far relied on the GWAS findings in
the general population. However, the interaction between 9p21 locus and poor glycemic control
suggest that other genetic effects might be found by conducting a GWAS focused on diabetic
subjects. No GWAS data are available to date for diabetic retinopathy. Second, all the studies
conducted thus far, including the GWAS, have been based on the assumption that susceptibility
to diabetic complications results from common polymorphisms (i.e., with minor allele
frequencies >5%). While there are theoretical grounds for such an assumption (55), the
experience with other complex disorders suggest that less frequent sequence differences might
play a role as well (56). Thus, as a complete catalog of these variants is compiled by initiatives
such as the 1000 Genomes Project (www.1000genomes.org), it is likely that additional genetic
effects will be identified. The same is true for structural variants, such as copy-number variants,
insertions, deletions, and duplications, which at this point remain almost completely
unexplored (57). With this additional information on hand, we will be in the position of
reconstructing the genetic architecture of diabetic complications. This will allow us to tell
which genetic factors are shared and which ones are specific to each complication and to build
prediction model to identify high-risk individuals. Perhaps more importantly, this knowledge
will provide us with unprecedented insights on the pathogenesis of diabetic complications,
with crucial implications for the development of new drugs specifically aimed at contrasting
the deleterious effects of diabetes.
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Figure 1.
Schematic representation of the sites at which genetic variants may act in modulating the risk
of diabetic complications.
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