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Abstract The association between diabetic nephropathy
(DN) and the XbaI polymorphism in the GLUT1 gene
has been investigated in several case-control studies.
These studies rendered contradictory results: the allele
XbaI(�) was shown either to be a risk factor or neutral,
or even protective for the development of the disease. To
shed some light on these inconclusive findings, a meta-
analysis of all available studies relating the XbaI poly-
morphism to the risk of developing DN was conducted.
Five out of six identified studies included Caucasian
populations, and only one involved samples from an
Asian population. Overall, the meta-analysis suggested
large heterogeneity between studies (P<0.01, I2=68%)
and lack of association between allele XbaI(�) and the
risk of developing DN relative to allele XbaI(+): ran-
dom effects odds ratio (OR)=1.26 [95% CI (0.93, 1.69)].
Excluding one study with the controls not in Hardy–
Weinberg equilibrium, the sensitivity analysis revealed
that heterogeneity (P=0.28, I2=21%) could be ex-
plained, and then, there is an overall association: fixed
effects OR=1.34 [95% CI (1.13, 1.60)]. Then, significant
ORs were also found on analysis of subgroups: for the
Caucasian population, fixed effects OR=1.29 [95% CI
(1.08, 1.56)] and for the type 2 diabetic patients fixed
effects OR=1.69 [95% CI (1.09, 2.63)]. In type 1 dia-
betes, there is a moderate heterogeneity (P=0.19,
I2=41%) with fixed effects OR=1.29 [95% CI (1.06,
1.56)] and random effects OR=1.32 [95% CI (1.01,
1.71)]. There is a source of bias in the selected studies:
large studies failed to show association while small

studies claimed an association. Although there is evi-
dence of association between GLUT1 and DN, the
above findings reinforce the need for further and more
rigorous association studies.
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Introduction

Diabetic nephropathy is a serious, chronic microangio-
pathic complication of both types 1 and 2 diabetes and has
become themost frequent cause of end-stage renal disease
in recent years (Valderrábano et al. 1996). In the early
1990s, it was convincingly proved that the single most
important factor in the development of this nephropathy
is hyperglycemia (The Diabetes Control and Complica-
tions Trial Research Group 1993). However, there is
strong evidence for the involvement of genetic factors in
its pathophysiology. Not all diabetic patients develop
diabetic nephropathy, indicating specific genetically de-
fined predisposing factors. Furthermore, significant
familiar clustering of diabetic nephropathy has been
shown in both types of diabetes (1 and 2) and in different
populations (Quinn et al. 1996; Strojek et al. 1997).

In previous studies, it has been postulated that the
XbaI polymorphism in the glucose GLUT1 gene is
involved in the development of diabetic nephropathy in
patients with types 1 and 2 diabetes mellitus (Gutierrez
et al. 1998; Liu et al. 1999; Tarnow et al. 2001; Hodg-
kinson et al. 2001; Grzeszczak et al. 2001; Ng et al.
2002). The XbaI restriction fragment length polymor-
phism (RFLP) is located in the second intron of the
GLUT1 gene approximately 4.5 kbp upstream of exon
3. The XbaI RFLP consists of a guanine (G) being
transversed to a thymine (T), which abolishes the XbaI
recognition site. That gives rise to XbaI(�) and XbaI(+)
alleles, which correspond to an 1.1 kb band and to a set
of 0.9 and 0.2 kb bands, respectively.
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A number of case-control studies have investigated
the association between the diabetes-related complica-
tions, such as nephropathy, and the XbaI polymorphism
in the GLUT1 gene, but their results were inconclusive.
Some studies urge that XbaI(�) allele of the GLUT1
gene [designated (1.1)] relative to the XbaI(+) allele
[designated as (0.9)] is a risk factor for developing dia-
betic nephropathy (Liu et al. 1999; Hodgkinson et al.
2001; Ng et al. 2002), other investigations report no
genetic association (Gutierrez et al. 1998; Tarnow et al.
2001), and other studies urge that allele (1.1) protects
against diabetic nephropathy (Grzeszczak et al. 2001).
However, in single studies, the significant associations
between (1.1) allele and diabetic nephropathy are rather
marginal and controversial.

To provide an answer to these contradictory results, a
meta-analysis (Lau et al. 1997; Ioannidis 1998; Ntais
et al. 2003a, 2003b) of all available studies relating the
XbaI polymorphism to the risk of developing diabetic
nephropathy was conducted. In the meta-analysis, the
estimates of the genetic association of each individual
study and a pooled estimate of this association was
obtained. In addition, the heterogeneity between studies
was investigated.

Materials and methods

Selection of studies

All studies that investigate the association of the XbaI
polymorphism in the GLUT1 gene with the develop-
ment of diabetic nephropathy published before May
2004 were considered in the meta-analysis. The studies
were identified by extended computer-based searches of
the PubMed database. As a search criterion, we used the
following: ‘‘GLUT1’’ and [‘‘diabetic nephropathy’’ or
(‘‘diabetes’’ and ‘‘nephropathy’’)]. The retrieved studies
were then read in their entirety in order to assess their
appropriateness for inclusion. All references cited in the
studies were also reviewed to identify additional pub-
lished work not indexed by the PubMed database. Ab-
stracts, case reports, editorials, and review articles were
excluded. The search was restricted to articles in English.
Case-control studies that determined the distribution of
the XbaI genotypes in cases with diabetic nephropathy
and in a control group were eligible for inclusion. A case
was considered as diabetic nephropathy only when
proteinuria and/or chronic renal failure (CRF) were/was
detected. On the contrary, patients with microalbumin-
uria (i.e., urinary albumin excretion 30–300 mg/24 h)
were excluded. Although the presence of microalbu-
minuria may be an early finding in diabetic nephropa-
thy, it is not invariably equivalent to it. The control
group consisted of subjects with diabetes and free of
diabetic nephropathy, i.e., without albuminuria (albu-
min excretion <20 mg/24 h, Table 1).

The distribution of the genotypes in the control group
was tested to determine if it was in Hardy–Weinberg T
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equilibrium (P‡0.05) (Weir 1996, S.A.G.E. 2003).
Studies with controls not in Hardy–Weinberg equilib-
rium were subjected to a sensitivity analysis. Studies
based on pedigree data were excluded since they inves-
tigate linkage (Zintzaras and Ioannidis 2004) and not
association.

Data extraction

From each study, the following information was ex-
tracted: first author, journal, year of publication, racial
descent of study population, demographics, matching,
validity of the genotyping method, and the number of
cases and controls for each XbaI genotype. The fre-
quencies of the alleles were calculated for cases and
controls from the corresponding genotype distributions.
In addition, it was recorded whether the genotyping in
each study was blinded to clinical status.

Meta-analysis

Prior to the main analysis, the significance of the asso-
ciation between the two alleles of XbaI and risk of
having diabetic nephropathy was evaluated for each
study, separately. The main analysis examined the
overall association of (1.1) allele with the risk of diabetic
nephropathy relative to the (0.9) allele. The contrast of
homozygotes (1.1)/(1.1) versus (0.9)/(0.9), the contrasts
(0.9)/(1.1)+(1.1)/(1.1) versus (0.9)/(0.9), and (1.1)/(1.1)
versus (0.9)/(1.1)+(0.9)/(0.9) were also examined. All
associations were indicated as odds ratios (ORs) with the
corresponding 95% confidence interval (CI). Based on
the individual ORs, a pooled OR was estimated.

Heterogeneity between studies was tested using the Q
statistic, which is a weighted sum of squares of the
deviations of individual study OR estimates from the
overall estimate (Cochran 1954). When the ORs are
homogeneous, Q follows a chi-squared distribution with
r�1 (r is the number of studies) degrees of freedom
(d.f.). If P<0.10, then heterogeneity was considered
statistically significant. Heterogeneity was quantified
with the I2 metric (I2=(Q�d.f.)/Q), which is indepen-
dent of the number of studies in the meta-analysis
(Higgins et al. 2003). I2 takes values between 0 and
100% with higher values denoting greater degree of
heterogeneity (I2=0–25%: no heterogeneity; I2=25–
50%: moderate heterogeneity; I2=50–75%: large het-
erogeneity; I2=75–100%: extreme heterogeneity).

The pooled OR was estimated using fixed effects
(Mantel-Hasnszel) and random effects (DerSimonian
and Laird) models. Random effects modelling assumes a
genuine diversity in the results of various studies, and it
incorporates to the calculations a between study vari-
ance. Therefore, when there is heterogeneity between
studies, then the pooled OR is estimated using the ran-
dom effects model (Whitehead 2002). Adjusted estimates
of OR were considered whenever possible in a separate

analysis. A cumulative meta-analysis (Lau et al. 1992;
Whitehead 1997) and recursive meta-analysis were car-
ried out in order to evaluate the trend of pooled OR for
the allele contrast [(1.1) versus (0.9)] in time. The pub-
lication bias was tested for the allele contrast based on
the linear regression model yi=a+b xi where the
dependent variable yi is the standardized estimate of
hiðyi ¼ hi

ffiffiffiffiffi

wi
p Þ and the independent variable xi is the

precision ðxi ¼
ffiffiffiffiffi

wi
p Þ: A test of publication bias would be

a test of the null hypothesis that a is equal to zero
(a-statistic), i.e., a provides a measure of funnel plot
asymmetry (Egger et al. 1997; Whitehead 2002; Ioanni-
dis et al. 2003).

The main analysis included all available data. Sub-
group analyses for the studies of the Caucasian popu-
lation and for each type of diabetes were also performed.
In sensitivity analyses, the effect of excluding specific
studies was examined. Analyses were performed using
Meta-Analyst (Joseph Lau, Boston, MA, USA, 1998)
and SAS routines provided by the Medical and Phar-
maceutics Statistics Research Unit, University of
Reading, UK (Whitehead 2002).

Results

Eligible studies

The literature review identified 17 titles that met the
search criteria. After review, 14 titles were judged to be
potentially relevant. The abstracts of these articles were
further reviewed, and full articles of selected studies were
read to assess their appropriateness for meta-analysis.
Six studies investigating the association between the
GLUT1 gene XbaI polymorphism and diabetic
nephropathy met the inclusion criteria (Table 1). These
studies were published between 1998 and 2002. Three
studies dealt with type 1 diabetes and three with type 2
diabetes. In five studies (Gutierrez et al. 1998; Tarnow
et al. 2001; Hodgkinson et al. 2001; Grzeszczak et al.
2001; Ng et al. 2002), the subjects were Caucasians and
in one, the subjects were Asians (Liu et al. 1999). In all
studies, the cases (patients with diabetes and nephrop-
athy) were well defined following similar inclusion cri-
teria although the data sources were different: in one
study (Ng et al. 2002), the data originated from a
database; the other studies were cohorts. The controls
were diabetic patients free of nephropathy (Table 1). In
one study (Grzeszczak et al. 2001), the association re-
ported was based on a comparison of cases (diabetic
nephropathy) both to diabetic patients without
nephropathy and to healthy controls. However, in
agreement to the study selection criteria, only diabetic
patients without nephropathy (normoalbuminuria) from
this study were considered as controls for the meta-
analysis.

In one study (Tarnow et al. 2001), it was denoted that
there was matching for gender, age, and diabetes dura-
tion. In three studies (Hodgkinson et al. 2001;
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Grzeszczak et al. 2001; Ng et al. 2002), controls were
defined as all patients without signs of diabetic
nephropathy and a duration of diabetes longer than
10 years. In the control group, the diabetes duration
varied from 12 to 31 years. Age was specified only into
two studies (Tarnow et al. 2001; Grzeszczak et al. 2001).
In all studies, gender was evenly distributed, and all used
validated genotyping method: PCR and restriction of
the PCR product with the XbaI enzyme.

Summary statistics

In total, the studies included 710 cases with diabetic
nephropathy and 750 control diabetic patients without
nephropathy. In the diabetic nephropathy group, allele
(0.9) was the most frequent: 62% [95% CI (59, 65%)]
whereas the frequency of the allele (1.1) was 38% [95%
CI (36, 41%)]. In the control group, the prevalence of
allele (0.9) was 66% [95% CI (64, 68%)], and the
prevalence of allele (1.1) was 34% [95% CI (32, 36%)].
The prevalence of homozygotes (0.9)/(0.9) among pa-
tients with diabetic nephropathy and controls were 38%
[95% CI (34, 42%)] and 43% [95% CI (39, 46%)],
respectively. The prevalence of (1.1)/(1.1) among pa-
tients with diabetic nephropathy and the controls were
14% [95% CI (12, 17%)] and 11% [95% CI (9, 13%)],
respectively. The prevalence of heterozygotes (0.9)/(0.1)
among patients with diabetic nephropathy and controls
were 49% [95% CI (45, 53%)] and 46% [95% CI (42,
50%)], respectively (Table 2).

In one study (Grzeszczak et al. 2001), distribution of
the genotypes in control groups was not in Hardy–
Weinberg equilibrium (P<0.05), indicating genotyping
errors and population stratification (Silverman et al.
2000; Xu et al. 2002; de Jong et al. 2003). Therefore, a
sensitivity analysis was carried out for this study, and
the results should be interpreted with caution.

Main results, subgroup, and sensitivity analyses

The main analysis for investigating the association of the
allele (1.1) and the risk of developing diabetic

nephropathy relative to the allele (0.9) showed that there
was heterogeneity (P<0.01, I2=68%) between the six
study comparisons (Gutierrez et al. 1998; Liu et al. 1999;
Tarnow et al. 2001; Hodgkinson et al. 2001; Grzeszczak
et al. 2001; Ng et al. 2002), and the random effects
pooled OR was not significant OR=1.26 [95% CI (0.93,
1.69)] (Table 3, Fig. 1).

In subgroup analyses, there was moderate heteroge-
neity between the studies performed in the Caucasian
population and between the studies concerning type 1
and type 2 diabetes. The random effects pooled ORs for
the Caucasians and type 2 diabetes were not significant
(Table 3). In the studies concerning type 1 diabetes, the
pooled OR by fixed and random effects were significant:
OR=1.29 [95% CI (1.06, 1.56)] and OR=1.32 [95% CI
(1.01, 1.71)], respectively.

In sensitivity analysis (exclusion of the study with the
controls not in Hardy–Weinberg equilibrium), there was
no between-study heterogeneity either for the main
analysis or for the subgroup analyses (Table 3). Then,
the fixed effects ORs were significant and showed an
association in the main analysis (OR=1.34 [95% CI
(1.13, 1.60)]), in Caucasians (OR=1.29 [95% CI (1.08,
1.56)]) and in type 2 diabetes (OR=1.69 [95% CI (1.09,
2.63)]).

The genotype contrast of the homozygotes derived
significant association only for the studies in Hardy–
Weinberg equilibrium (fixed effects OR=1.70 [95% CI
(1.15, 2.53)] and random effects OR=1.91 [95% CI
(1.00, 3.46]). The dominant model for the effect of (1.1)
allele produced the same pattern of results with the allele
contrast, and the recessive model produced no signifi-
cant associations. These results indicated that allele (1.1)
could be dominant for diabetic nephropathy (Table 3).

Potential bias

None of the studies reported that genotyping was blin-
ded to clinical status. Cumulative meta-analysis and
recursive meta-analysis for the allelic contrast showed
that random effects pooled OR fluctuated from 1.40 in
1998 (first study) to 1.69 in 1999 (two studies) and then
declined to 1.26 in 2002 (six studies). Between-study

Table 2 Distribution of the GLUT1 XbaI genotypes and the frequency of the XbaI alleles for patients with diabetic nephropathy (DN)
and for diabetic patients without nephropathy (controls)

First author Year Racial decent Distribution of GLUT1 XbaI genotypes Frequency of XbaI alleles

(0.9)/(0.9) (0.9)/(1.1) (1.1)/(1.1) (0.9) (1.1)

DN Control DN Control DN Control DN Control DN Control

Gutierrez 1998 Caucasian 6 43 11 45 3 12 23 131 17 69
Liu 1999 Asian 12 22 48 20 4 3 72 64 56 26
Tarnow 2001 Caucasian 72 94 87 74 16 24 231 262 119 122
Hodgkinson 2001 Caucasian 10 14 34 24 26 6 63 52 86 36
Crzeszczak 2001 Caucasian 62 53 58 92 12 17 182 198 82 126
Ng 2002 Caucasian 106 99 106 90 37 18 318 288 180 126
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heterogeneity first appeared in 2001 (P<0.01, I2=73%)
and remained in 2002 (P<0.01, I2=68%) with the last
study(Ng et al. 2002) showing no association. There was

also a suggestion that small studies (Liu et al. 1999,
Hodgkinson et al. 2001) produced significant association
and, in contrast, large studies (Tarnow et al. 2001, Ng
et al. 2002) produced no significant associations. The a -
statistic was significant: a=2.59 [95% CI (0.04, 5.13)],
indicating that there was difference between the smaller
and larger published studies. However, this result might
not be so reliable since the number of studies was rela-
tively small (Ioannidis et al. 2003).

Discussion

The glucose transporter GLUT1 is the most important
representative of the family of facilitative glucose
transporters in glomerular mesangial cells. Its expression
on the cell surface is probably pivotal in raising intra-
cellular glucose levels in diabetes mellitus (Heilig et al.
1995, 1997). In mesangial cells, elevated intracellular
glucose as a result of diabetes mellitus is thought to af-
fect a number of cellular pathways known to be involved
in cellular growth and in the accumulation of the
extracellular matrix (Larkins et al. 1992; Mahadevan
et al. 1995). Exactly these pathological changes are
central factors in the pathogenesis of diabetic nephrop-
athy. From this perspective, it becomes clear that the
activity of glucose transporter GLUT1 on the cell sur-

Fig. 1 GLUT1 polymorphism and the risk of diabetic nephropa-
thy: contrast of allele (1.1) against (0.9). Each study is shown by an
odds ratio (OR) estimate with the corresponding 95% confidence
interval. For the sensitivity analysis, the fixed effects pooled odds
ratio is shown; otherwise, the random effects pooled odds ratio is
shown. The horizontal axis is plotted on a log scale

Table 3 Summary estimates for the odds ratio (OR) of GLUT1 in various allele/genotype contrasts, the significance level (P value) of
heterogeneity test (Q test), and the I2 metric (when negative is set to zero): overall analysis, subgroup analyses, and sensitivity analyses.
HWE Hardy–Weinberg equilibrium

Genetic contrasts Population and
subgroups
under analysis

Studies
(n)

Alleles/
Genotype
(n)

Fixed effects
[OR (95% CI)]

Random effects
[OR (95% CI)]

I2 (%) P value
Q test

(1.1) versus (0.9) All 6 2920 1.17 (1.00, 1.37) 1.26 (0.93, 1.69) 68 <0.01
All in HWE 5 2332 1.34 (1.13, 1.60) 1.37 (1.11, 1.69) 21 0.28
Caucasian 5 2702 1.13 (0.96, 1.33) 1.18 (0.86, 1.60) 68 0.01
Caucasian in HWE 4 2114 1.29 (1.08, 1.56) 1.30 (1.06, 1.60) 13 0.33
Type 1 diabetes 3 1874 1.29 (1.06, 1.56) 1.32 (1.01, 1.71) 41 0.19
Type 2 diabetes 3 1046 0.98 (0.75,1.29) 1.19 (0.61, 2.33) 79 <0.01
Type 2 diabetes in HWE 2 458 1.69 (1.09, 2.63) 1.69 (1.08, 2.62) 0 0.50

(1.1)/(1.1) versus
(0.9)/(0.9)

All 6 771 1.40 (0.98, 1.99) 1.54 (0.81, 2.93) 61 0.02
All in HWE 5 627 1.70 (1.15, 2.53) 1.91 (1.00, 3.64) 51 0.09
Caucasian 5 730 1.36 (0.95, 1.95) 1.48 (0.73, 3.00) 68 0.01
Caucasian in HWE 4 586 1.67 (1.11, 2.51) 1.88 (0.89, 3.98) 62 0.05
Type 1 diabetes 3 522 1.66 (1.09, 2.53) 1.94 (0.77, 4.90) 75 0.02
Type 2 diabetes 3 249 0.92 (0.48, 1.77) 1.09 (0.44, 2.72) 35 0.21
Type 2 diabetes in HWE 2 105 2.08 (0.68, 6.34) 2.07 (0.67, 6.35) 0 0.79

(0.9)/(1.1)+ (1.1)/(1.1)
versus (0.9)/(0.9)

All 6 1460 1.23 (1.00, 1.53) 1.49 (0.89, 2.48) 78 <0.01
All in HWE 5 1166 1.53 (1.20, 1.96) 1.77 (1.18, 2.66) 53 0.08
Caucasian 5 1351 1.13 (0.91, 1.41) 1.23 (0.77, 1.98) 72 <0.01
Caucasian in HWE 4 1057 1.40 (1.09, 1.81) 1.40 (1.08, 1.81) 0 0.42
Type 1 diabetes 3 937 1.38 (1.06, 1.80) 1.41 (1.03, 1.94) 23 0.27
Type 2 diabetes 3 523 0.99 (0.68, 1.43) 1.53 (0.40, 5.78) 89 <0.01
Type 2 diabetes in HWE 2 229 2.88 (1.49, 5.59) 2.84 (1.24, 6.54) 36 0.21

(1.1)/(1.1) versus.
(0.9)/(0.9)+ (0.9)/(1.1)

All 6 1460 1.31 (0.94, 1.81) 1.30 (0.77, 2.18) 51 0.07
All in HWE 5 1166 1.44 (1.00, 2.06) 1.44 (0.77, 2.68) 55 0.06
Caucasian 5 1351 1.33 (0.95, 1.86) 1.34 (0.75, 2.41) 60 0.04
Caucasian in HWE 4 1057 1.47 (1.01, 2.14) 1.53 (0.75, 3.13) 65 0.03
Type 1 diabetes 3 937 1.49 (1.01, 2.19) 1.60 (0.67, 3.86) 77 0.01
Type 2 diabetes 3 523 0.94 (0.50, 1.75) 0.94 (0.51, 1.75) 0 0.87
Type 2 diabetes in HWE 2 229 1.12 (0.40, 3.15) 1.12 (0.40, 3.13) 0 0.75
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face of the mesangial cells may be rate limiting for the
development of the pathological changes in diabetic
nephropathy. Cell culture studies have shown that
overexpression of GLUT1 in mesangial cells can lead in
a matrix accumulation even in the absence of enhanced
glucose levels in the medium (Mahadevan et al. 1995;
Mogyorosi et al. 1999), indicating that GLUT1 may
play a role in the pathogenesis of diabetic nephropathy
in both types of diabetes.

This meta-analysis included data from six case-
control GLUT1 association studies from 710 subjects
who developed diabetic nephropathy, along with their
respective controls (750 diabetic subjects without
nephropathy). These numbers are relative small, and
therefore, any inferences have to be cautious (Ioannidis
et al. 2003). However, the strength of this analysis is
based on the aggregation of published case-control
studies, thus better power is achieved to identify an effect
of the allele under investigation (Zintzaras and Hadji-
georgiou 2004).

The overall results did not support an association of
the GLUT1 polymorphism with diabetic nephropathy
and showed a large heterogeneity between study results.
This lack of association and the existence of heteroge-
neity were due to the study with controls not in Hardy–
Weinberg equilibrium. The heterogeneity included racial
descent of the study population, types 2 and 1 diabetes,
wide range of diagnostic criteria of diabetic nephropathy
ranging from proteinuria and/or CRF, different dura-
tion of diabetes, demographics including different age
and gender distribution, and probably different thera-
peutic measures used, suggesting the limits of meta-
analysis. However, the subgroup analyses revealed an
association only for type 1 diabetes. Sensitivity analysis
showed that heterogeneity could be explained when data
were limited according to Hardy–Weinberg equilibrium.
In this case, there was an overall association and asso-
ciation for the Caucasian population and type 2 diabe-
tes.

The two largest studies (Caucasians with type 1 dia-
betes) failed to show association while only two small
studies (Caucasians with type 1 diabetes and Asians with
type 2 diabetes) have claimed a susceptibility effect to
diabetic nephropathy. These results might be a source of
potential publication bias.

Case-control studies of genetic associations have
drawbacks, e.g., population structure may cause an al-
lele to be in disequilibrium but not linked to the disease.
In addition, case-control studies may have fallen out of
favor in studies of association of a gene polymorphism
with the risk of a disease because of the possible effect of
population stratification, which may not be known. If
population substructure affects the gene–disease associ-
ation, then it should also affect allele frequencies of
other genes as well. However, genes that are markers of
population substructure and that segregate indepen-
dently from the investigated gene and are not themselves
associated with disease or in linkage disequilibrium with
genes associated with disease can be used to make

inferences about the existence of substructure in a
sample and to consider it in the analysis (Pritchard et al.
1999; Weiss et al. 2001; Satten et al. 2001; Cardon et al.
2003). It is possible that different susceptibility genes are
involved in the two types of diabetes (types 1 and 2),
which may interact with GLUT1 (Moczulski et al. 1998;
Imperatore et al. 1998). The pathogenesis of diabetic
nephropathy is complex and includes many inducing
factors, and (1.1) allele might be only one of multiple
other genetic risk factors for the development of diabetic
nephropathy.

Furthermore, the polymorphic XbaI site is located
on the second intron of the GLUT1 gene. As an in-
tronic mutation, the (1.1) allele cannot possibly cause
changes in the protein sequence and therefore its
functional significance seems questionable. Addition-
ally, it has never been associated to alterations of the
GLUT1 expression, even if it is localized in close
proximity to the GLUT1 gene enhancer region. A
major concern is that XbaI polymorphism is not the
causative polymorphism but is assumed to be in dis-
equilibrium with another locus that has an etiologic
role in diabetic nephropathy. The meta-analysis may be
subject to error because the difference in the haplotype
structure, based on the linkage disequilibrium around
XbaI, may be different in study populations. In linkage
studies, the GLUT1 region (1p35-p31.3) has not been
reported to be an important susceptibility locus in
diabetic nephropathy (Imperatore et al. 1998, Moczul-
ski et al. 1998, Vardarli et al. 2002, Lindner et al. 2003,
Iyengar et al. 2003).

This meta-analysis was based on unadjusted esti-
mates; a more precise analysis could be performed if
adjusted (by gender, age, disease duration) estimates
were provided in the studies. The results of a meta-
analysis depend on the study design, the inclusion cri-
teria of the cases, and the controls in each study. In this
meta-analysis, the cases and controls were well defined
with similar inclusion criteria, albeit they unavoidably
covered a wide spectrum of disease in terms of duration
and other manifestations.

There was some variation in case definition for dia-
betic nephropathy in the studies. Particularly, the pres-
ence of microalbuminuria (urinary albumin secretion
30–300 mg/24 h) was a diagnostic criterion for diabetic
nephropathy in some studies while in others, more ad-
vanced stages of nephropathy (including proteinuria and
impaired renal function) are considered. These different
case definitions are obviously not equivalent.

Variability of the case inclusion criteria is a central
possible confounding factor in all studies on the role of
genetic markers, such as the GLUT1 gene polymor-
phism, in diabetic nephropathy. Taking into account the
above findings, we defined as cases with diabetic
nephropathy only those with proteinuria and/or with
CRF. Patients with microalbuminuria were not consid-
ered as cases of diabetic nephropathy. These strict
selection criteria ensured a clear case definition for our
meta-analysis.
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In diabetes type 1, the absence of microalbuminuria
along with a normal renal function practically excludes
the actual presence of a diabetic nephropathy. In all
studies on diabetes type 1, controls were clearly defined
by the absence of microalbuminuria. In two studies on
diabetes type 1, the definition of the controls was ab-
sence of microalbuminuria after 15 and 20 years,
respectively. In the third study, the duration of diabetes
was found to be longer than 13 years. Renal involve-
ment generally begins 10–15 years after the onset of type
1 diabetes. However, even after 10–15 years of diabetes,
the absence of microalbuminuria does not exclude the
possibility of developing nephropathy later in life. In an
important clinical study, Quinn et al. (1996) demon-
strated that the incidence of nephropathy does not pla-
teau until 30 years of type 1 diabetes (Quinn et al. 1996).
Patients without albuminuria after 20 years have a
yearly risk of developing overt renal disease of about 1%
(Krolewski et al. 1987). This means that the controls in
the analyzed studies represented merely part of the pa-
tients who are at risk for nephropathy.

In diabetes type 2, it is more difficult to establish the
presence or absence of a diabetic nephropathy, at least
using the same criteria as in diabetes type 1. In patients
with diabetes type 2, the specificity of microalbuminuria
is lower than in insulin-dependent diabetes patients (type
1). Proteinuria without evidence of diabetic nephropathy
may be due to other factors such as hypertension and
vascular kidney disease. The above confounding factors
can lead to difficulties in the definition of the cases with
diabetic nephropathy in diabetes type 2. This means that
any possible conclusion should be interpreted cautiously
in studies of genetic markers in this group of patients.
Furthermore, the duration of disease cannot be defined
with the same accuracy as in type 1 diabetes. Type 2
diabetes begins in most cases subclinically, and the dis-
ease duration is much longer than the clinically assessed.
In all three diabetes type 2 studies, controls (normoal-
buminuric patients) had a disease duration longer than
10 years. This fact makes it unlikely that the nephrop-
athy in type 2 diabetic patients considered in this anal-
ysis was due to nondiabetic renal disease.

In conclusion, the meta-analysis and the subsequent
sensitivity analyses supported an association between
the GLUT1 gene XbaI polymorphism and diabetic
nephropathy. This study is interesting and a good
example to show how data not in Hardy–Weinberg
equilibrium, especially in controls, affect the overall
analytical results. The impact of excluding such data was
here so big that it led us to obtain the significant find-
ings, indicating the importance of the data quality even
in the meta-analysis.

Finally, the conclusion is based on a relatively small
number of studies and participants, and any inferences
have to be cautious. The investigation of genetic asso-
ciations requires large population studies, but for many
of them, truly large studies with thousands of partici-
pants might never be conducted (Ioannidis et al. 2003).
Therefore, every relevant information should be first

examined thoroughly and then be incorporated into a
meta-analysis.
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