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Abstract
Aims/hypothesis The GCKR rs780094 and GCK rs1799884
polymorphisms have been reported to be associated with
dyslipidaemia and type 2 diabetes in white Europeans. The
aim of this study was to replicate these associations in Han
Chinese individuals and to identify the potential mechanisms
underlying these associations.
Methods The single nucleotide polymorphisms rs780094 and
rs1799884 were genotyped in a population-based sample of
Han Chinese individuals (n=3,210) and tested for association
with risk of type 2 diabetes and related phenotypes.
Results The GCKR rs780094 A allele was marginally
associated with reduced risk of type 2 diabetes (OR 0.85,

95% CI 0.73–1.00, p value under an additive model [p(add)]=
0.05) and significantly associated with reduced risk of
impaired fasting glucose (IFG) or type 2 diabetes (OR
0.86, 95% CI 0.77–0.96, p[add]=0.0032). It was also
significantly associated with decreased fasting glucose and
increased HOMA of beta cell function (HOMA-B) and
fasting triacylglycerol levels (p[add]=0.0169–5.3×10

−6), but
not with HOMA of insulin sensitivity (HOMA-S). The
associations with type 2 diabetes and IFG remained
significant after adjustment for BMI, while adjustment for
HOMA-B abolished the associations. The GCKR rs780094
was also associated with obesity and BMI, independently of
its association with type 2 diabetes. The GCK rs1799884 A
allele was significantly associated with decreased HOMA-B
(p[add]=0.0005), but not with type 2 diabetes or IFG.
Individuals with increasing numbers of risk alleles for both
variants had significantly lower HOMA-B (p[add]=5.8×10

−5)
in the combined analysis.
Conclusions/interpretation Consistent with observations in
white Europeans, the GCKR rs780094 polymorphism
contributes to the risk of type 2 diabetes and dyslipidaemia
in Han Chinese individuals. In addition, we showed that the
effect on type 2 diabetes is probably mediated through
impaired beta cell function rather than through obesity.
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HOMA-S HOMA of insulin sensitivity
IFG Impaired fasting glucose
LD Linkage disequilibrium
NFG Normal fasting glucose
p(add) p value under an additive model
p(dom) p value under an dominant model
SNP Single nucleotide polymorphism

Introduction

Glucokinase (GCK) is the key glucose phosphorylation
enzyme responsible for the first rate-limiting step in the
glycolysis pathway and regulates glucose-stimulated insulin
secretion from pancreatic beta cells and glucose metabolism in
the liver [1]. Inactivating GCK mutations lead to maturity-
onset diabetes of the young and neonatal diabetes [2–4],
whereas activating GCK mutations cause persistent hyper-
insulinaemic hypoglycaemia [5–8]. Moreover, a common
variant (-30G>A, rs1799884) in the pancreatic beta cell-
specific promoter of GCK has been shown to be associated
with increased risk of type 2 diabetes [9], hyperglycaemia
[9–11] and impaired beta cell function [9–13].

GCK activity, at least in the liver, is closely regulated by the
glucokinase regulatory protein (GCKR) [14]. Animal studies
have indicated that Gckr knockout mice show a parallel loss
of GCK protein levels and activity in the liver, leading to
altered glucose metabolism and impaired glycaemic control
[15]. In contrast, mice with excess levels of GCKR show
significant improvement of insulin sensitivity and glucose
tolerance [16]. Moreover, the genomic region that harbours
the GCKR gene has been linked to metabolic traits such as
fat mass and circulating leptin concentrations [17]. These
observations prompt the hypothesis that genetic variations in
GCKR might be diabetogenic or obesogenic if they have
functional implications for the synthesis of GCKR that might
result in increased inhibitory effect on GCK. This hypothesis
is supported by several studies. In the Diabetes Genetics
Initiative genome-wide association study for type 2 diabetes
and quantitative traits including triacylglycerol levels, GCKR
rs780094 A allele was found to be strongly associated with
hypertriacylglycerolaemia and also showed a trend toward
association with decreased plasma glucose levels, higher
insulin sensitivity and a lower risk of type 2 diabetes in
populations of European origin [18]. A subsequent replica-
tion study in 16,853 Danes confirmed that the rs780094
A allele was associated with increased fasting triacylglycerol,
impaired fasting and OGTT-related insulin release, reduced
HOMA of insulin resistance (HOMA-IR), increased risk of
dyslipidaemia and a modestly decreased risk of type 2
diabetes. An additive effect of GCK rs1799884 and GCKR
rs780094 risk alleles on plasma glucose and insulin release
was also observed [19]. Recently, the DESIR prospective

cohort study demonstrated that the GCKR variant rs1260326
(also referred to as P446L), in strong linkage disequilibrium
(LD) with rs780094 (r2=0.93 in the HapMap Centre d’Etude
du Polymorphisme Humain [Utah Residents with Northern
and Western European Ancestry] [CEU] population), dis-
played similar associations with type 2 diabetes, dyslipidae-
mia and related phenotypes in a general French population,
with more pronounced effects on the same glucose homeo-
stasis variables, including fasting glucose, fasting insulin,
HOMA-IR and risk of hyperglycaemia [20], than those
observed for GCKR rs780094 in the Finnish, Swedish and
Danish populations [18, 19]. Consistent with this, GCKR
variant rs1260326 was previously reported to be associated
with increased insulin secretion in 520 Danish twins [21].
The most recent study, combining data from 12 independent
cohorts comprising more than 45,000 individuals with
various ethnic backgrounds, provided convincing evidence
that GCKR rs780094 is strongly associated with different
effects on fasting plasma triacylglycerol and glucose con-
centrations in multiple populations and demonstrated that the
non-synonymous rs1260326 variant represents the strongest
association signal in the region [22].

The objectives of the present study were twofold: (1) to
examine whether the associations previously observed for
GCK rs1799884 and both GCKR rs1260326 and rs780094
variants in white Europeans could be replicated in a general
Chinese population including 3,210 unrelated individuals
from Beijing and Shanghai; and (2) to explore the potential
mechanisms underlying the associations observed in Han
Chinese individuals.

Methods

Study population The study sample consisted of 3,210
individuals (1,423 men, 1,787 women) from the Study on
Nutrition and Health of Ageing Population in China, a
population-based study among non-institutionalised and
unrelated Han Chinese individuals aged 50 to 70 years from
Beijing and Shanghai. The study population, design and
protocols have been described in detail elsewhere [23]. All
participants underwent a complete physical examination
including standard anthropometric measurements, overnight
fasting blood sample collection and completion of question-
naires on medical history, nutrition and physical activity.
Height, weight and waist circumference (cm), as well as
fasting glucose, insulin, HbA1c, triacylglycerol, HDL-
cholesterol and C-reactive protein (CRP) were measured
following standard protocols as described in previous studies
[23, 24]. BMI was calculated as weight (kg)/height2 (m2).
HOMA of insulin sensitivity (HOMA-S) and of beta cell
function (HOMA-B) were estimated by the HOMA model
using Levy’s computer model [25]. The study was approved
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by the Institutional Review Board of the Institute for
Nutritional Sciences, with written informed consent from
all participants. The phenotypic characteristics of the
population are shown in Table 1.

Obesity, diabetes and dyslipidaemia Normal weight, over-
weight and obesity were defined as BMI <24, 24–28 and
≥28 kg/m2, respectively, according to the Chinese criteria
[26]. Type 2 diabetes was defined by 1999 WHO criteria or
previously diagnosed type 2 diabetes. Normal fasting
glucose (NFG) and impaired fasting glucose (IFG) were
defined as fasting glucose <5.6 mmol/l (100 mg/dl) and 5.6
to 7.0 mmol/l (126 mg/dl), respectively. Dyslipidaemia was
defined by WHO criteria as triacylglycerol ≥1.7 mmol/l,
HDL-cholesterol <0.9 or <1.0 mmol/l for men or women
respectively, or self-reported current treatment with lipid-
lowering medication. Of 3,210 participants, 424 had type 2
diabetes (267 previously diagnosed, 157 screen-detected
and treatment-naive), 878 had IFG (all screen-detected and
treatment-naive) and 1,908 had NFG.

Genotyping Genomic DNA was extracted from peripheral
blood leucocytes by a salting out procedure (http://www.
protocol-online.org/prot/Detailed/3171.html, accessed
1 January 2009). Single nucleotide polymorphism (SNP)
genotyping was performed with a genotyping system
(GenomeLab SNPstream; Beckman Coulter, Fullerton,
CA, USA) or sequence detection system (ABI PRISM
7900 HT; Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s protocols. We first geno-
typed GCKR rs780094 and GCK rs1799884, and further
genotyped GCKR rs1260326 (in strong LD with rs780094,
r2=0.89 and 0.82 in our population and the HapMap Han

Chinese in Beijing, China [CHB] sample [http://www.
hapmap.org/cgi-perl/gbrowse/hapmap24_B36/, accessed
1 January 2009], respectively), as it has been reported to
be the potential causal variant [20]. The genotyping success
rates of GCKR rs1260326, rs780094 and GCK rs1799884
were 98.6, 98.8 and 98.3%, respectively. The concordance
rates were 100% for rs1260326 and 99.2% for rs780094
and rs1799884, based on 12% duplicate samples (n=384).
The allele frequencies of all SNPs were comparable with
the HapMap CHB database and all in Hardy–Weinberg
equilibrium (p>0.14).

Statistical methods Hardy–Weinberg equilibrium was test-
ed using a likelihood ratio test. The ORs and 95% CIs were
estimated by logistic regression under the additive and
dominant models, adjusting for sex, age, BMI (where
appropriate) and geographical region (Shanghai/Beijing) to
determine the association between each SNP and type 2
diabetes, IFG, obesity and overweight. Generalised linear
regression was applied to quantitative trait analyses in
which participants with known diabetes or receiving
glucose-lowering treatment (n=267) were excluded and
adjusting for age, sex, geographical region and BMI (where
appropriate) under the additive and dominant models.
Insulin, HOMA-S, triacylglycerol and CRP were natural
log-transformed before analyses and the data presented as
geometric means. Gene × gene interactions were assessed
by including the respective interaction terms of SNPs under
additive model in logistic regressions using the likelihood
ratio test. The combined effects of the SNPs on risk of type
2 diabetes and/or IFG, and on related quantitative traits
were evaluated by logistic regression and generalised linear
regression, respectively, after categorising the participants

Characteristic All Men Women

n (%) 3,210 1,423 (44.3) 1,787 (55.7)

Age (years) 58.6±6.0 58.8±5.9 58.4±6.1

BMI (kg/m2) 24.4±3.6 24.1±3.3 24.7±3.8

Waist circumference (cm) 83.6±10.6 85.5±10.5 82.2±10.2

Fasting glucose (mmol/l) 5.84±1.74 5.95±1.89 5.74±1.59

HbA1c (%) 5.99±1.10 5.98±1.14 6.00±1.07

Fasting insulin (pmol/l) 82.2 (59.4–112.2) 74.4 (52.8–102.0) 88.2 (64.8–119.4)

HOMA-B 110.3±47.0 101.6±45.6 117.2±46.9

HOMA-S 63.7 (47.1–86.9) 69.5 (51.1–96.6) 59.3 (44.6–81.1)

Triacylglycerol (mmol/l) 1.09 (0.75–1.67) 1.03 (0.70–1.63) 1.13 (0.80–1.68)

HDL-cholesterol (mmol/l) 1.28±0.33 1.22±0.33 1.32±0.33

CRP (mg/l) 0.68 (0.33–1.50) 0.67 (0.33–1.48) 0.69 (0.33–1.53)

Overweight, n (%) 1,224 (38.1) 531 (37.3) 693 (38.8)

Obesity, n (%) 474 (14.8) 177 (12.4) 297 (16.6)

IFG, n (%) 878 (27.4) 425 (29.9) 453 (25.4)

Type 2 diabetes, n (%) 424 (13.2) 207 (14.6) 217 (12.1)

Table 1 Characteristics of the
study population

Unless otherwise indicated, data
are means±SD or medians
(interquartile range)
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according to the number of the risk alleles they carried. The
data from both geographical regions were pooled for
analysis. Similar p values and ORs estimated by meta-
analysis suggest pooling does not introduce potential bias
in this study (Electronic supplementary material [ESM]
Tables 1 and 2). All reported p values are nominal and two-
sided. Association analyses were performed with SAS
version 9.1 (SAS Institute, Cary, NC, USA). Power
calculations were performed using Quanto software
(http://hydra.usc.edu/gxe/, accessed 1 January 2009).

Results

Consistent with previous studies, theGCKR rs780094 A allele
was highly associated with higher levels of plasma triacyl-
glycerol (p value under an additive model [p(add)]=5.3×10

−6,
p value under an dominant model [p(dom)]=1.7×10

−6)
(Table 3) and increased risk of dyslipidaemia under either
an additive (OR 1.15, 95% CI 1.03–1.29, p[add]=0.011) or
dominant model (OR 1.28, 95% CI 1.06–1.56, p[dom]=0.011).
However, we observed no significant associations between
plasma CRP levels and GCKR rs780094 (p=0.56) and GCK
rs1799884 (p=0.42), as had been suggested in the previous
studies, although the mean values of three genotype groups at
rs780094 tended in the same direction as the original studies
[22] (Table 3).

We then examined whether the association between GCKR
rs780094 A allele and decreased risk of type 2 diabetes also
existed in Han Chinese individuals. The GCKR rs780094
A allele was marginally associated with a decreased risk of
type 2 diabetes (OR 0.86, 95% CI 0.73–1.01, p[add]=0.07)
under an additive model and significantly associated (OR
0.69, 95% CI 0.53–0.89, p[dom]=0.0052) under a dominant
model. Similarly, we also observed a significant association
between the GCKR rs780094 A allele and reduced risk of the
combined phenotypes of type 2 diabetes and IFG under both
additive (OR 0.84, 95% CI 0.75–0.94, p[add]=0.0014) and
dominant genetic models (OR 0.67, 95% CI 0.55–0.89,
p[dom]=1.5×10

−5).
We next tested for association with obesity and over-

weight to see whether they are possible mediators of the
association between GCKR rs780094 and diabetes. As
shown in Table 2, the GCKR rs780094 A allele showed a
marginal association with decreased risk of obesity (OR
0.88, 95% CI 0.75–1.02, p[add]=0.09) and a significant
association with decreased risk of combined overweight/
obesity (OR 0.87, 95% CI 0.78–0.96, p[add]=0.0061) under
an additive model, these associations being both significant
under a dominant model (OR=0.74, p[dom]=0.022 for
obesity; OR=0.79, p[dom]=0.012 for combined overweight/
obesity). Consistently, the GCKR rs780094 A allele was

also associated with decreased BMI (p[add]=0.0204,
p[dom]=0.0025) and waist circumference (p[add]=0.0125,
p[dom]=0.0011) in the quantitative trait analyses (Table 3).
To find out whether the associations between GCKR
rs780094 and risk of type 2 diabetes and IFG are
mediated through its effect on obesity, we re-checked
the associations by further adjusting for BMI. The results
showed that adjustment for BMI did not materially
change the associations of GCKR rs780094 with type 2
diabetes and IFG (Table 2).

We further tested for the associations of GCKR rs780094
with diabetes-related quantitative traits, including fasting
glucose, fasting insulin, HOMA-B and HOMA-S to examine
whether these are potential mediators of the GCKR rs780094-
diabetes association. The GCKR rs780094 A allele was
significantly associated with lower fasting glucose levels
(p[add]=0.0093, p[dom]=0.0007) and increased HOMA-B
(p[add]=0.0066, p[dom]=0.00018), but was not associated with
HOMA-S (p=0.89) and fasting insulin levels (p=0.67).
Importantly, the association with type 2 diabetes (OR 0.96,
95% CI 0.77–1.19, p[add]=0.69) was abolished and that with
combined IFG/type 2 diabetes (OR 0.89, 95% CI 0.79–1.01,
p[add]=0.06) was also markedly attenuated after further
adjustment for the HOMA-B values. To clarify whether
impaired beta cell function (estimated as decreased HOMA-B
values) could indeed cause type 2 diabetes, we did a
Mendelian randomisation analysis (triangulation approaches)
by taking GCKR rs780094 as an instrumental variable (ESM
Table 3). We found that the expected effect size, estimated by
the magnitude of the association between GCKR rs780094
genotypes and HOMA-B values, and of that between the
HOMA-B values and type 2 diabetes risk, was similar to the
observed effect size of GCKR rs780094 genotypes on
type 2 diabetes risk (p=0.93). Furthermore, adjustment for
HOMA-B values abolished the association between
GCKR rs780094 and risk of type 2 diabetes (βz 0.04,
95% CI −0.18 to ~0.26, p=0.70). These results suggest
that the association between HOMA-B values and type 2
diabetes risk is causal and unconfounded, and that the
association of GCKR rs780094 with type 2 diabetes is
mediated through beta cell function.

To test whether the obesity status modulates the
association with type 2 diabetes, we also analysed the
association of GCKR rs780094 with type 2 diabetes in
different BMI groups. We found no significant association
(OR 0.70, 95% CI 0.36–1.37, p=0.30) between the GCKR
rs780094 variant and type 2 diabetes in the group with BMI
≥28 kg/m2 and marginal association in the groups with
BMI <24 kg/m2 (OR 0.68, 95% CI 0.46–1.04, p=0.07) or
BMI 24 to 28 kg/m2 (OR 0.68, 95% CI 0.45–1.03, p=0.07)
under dominant model (p for interaction=0.98). To find out
whether BMI mediates the association between GCKR
rs780094 and both HOMA-B and fasting glucose, we tested
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for associations by further adjusting for BMI. The results
showed that the associations of GCKR rs780094 with
HOMA-B and fasting glucose remained significant after
adjusting for BMI (Table 3). Moreover, the association of
GCKR rs780094 with risk of combined overweight/obesity
remained significant after further adjusting for type 2 diabetes
(OR 0.88, 95% CI 0.79–0.98, p[add]=0.015) or HOMA-B
(OR 0.85, 95% CI 0.76–0.94, p[add]=0.002). Therefore, the
effects of GCKR rs780094 A allele on type 2 diabetes and
obesity seem to be independent in this Chinese population.

As for the GCK rs1799884 polymorphism, its minor
A allele exhibited a marginal association with decreased risk
of combined overweight and obesity (OR=0.89, p[add]=0.06
and OR=0.84, p[dom]=0.016, respectively) and a significant
association with decreased HOMA-B value (p[add]=0.0005,
p[dom]=0.0002). No association was seen with type 2
diabetes or IFG. Analyses stratified by sex or region did
not change the observations above (data not shown).

We also tested for gene × gene interaction between GCKR
rs780094 and GCK rs1799884 variants in the type 2 diabetes

and related traits. Significant interactions were only observed
for fasting glucose, with the GCKR rs780094 G allele being
significantly associated with higher fasting plasma glucose in
individuals carrying the GA (p=0.002) and AA genotypes
(p=0.0099), but not in those carrying the GG genotype of
GCK (p=0.73) (p for interaction=0.026; Fig. 1 a). In the
analyses of the joint effects, the risk alleles from these two
SNPs exhibited a significant combined effect on HOMA-B
values, assuming that rs780094 G allele and rs1799884
A allele were the risk alleles. Participants with increasing
numbers of risk alleles had significantly lower HOMA-B
values (p=5.8×10−5; Fig. 1 c).

We further genotyped GCKR rs1260326, as it has
previously been reported to be the potential causal variant
[20]. As shown (Tables 1, 2 and 3, Fig. 1), the two GCKR
variants rs1260326 and rs780094 displayed similar associa-
tions with type 2 diabetes, obesity and related phenotypes, as
well as similar interaction and combined effects with GCK
rs1799884. Therefore, no evidence suggests that GCKR
rs1260326 is more informative than GCKR rs780094.

Table 3 Associations of GCKR rs780094 and rs1260326, and GCK rs1799884 with quantitative traits related to type 2 diabetes and obesity in
2,943 treatment-naive participants

Variables n Glucose
(mmol/l)a

Insulin
(pmol/l)a,b

HOMA-B
(%)a

HOMA-S
(%)a,b

TG
(mmol/l)a,b

BMI
(kg/m2)c

WC
(cm)c

CRP
(mg/l)a,b

GCKR rs780094

AA 847 5.55±0.04 79.0 (1.3) 114.2±1.5 66.4 (1.1) 1.16 (0.02) 24.3±0.1 83.3±0.4 0.72 (0.03)

AG 1,478 5.55±0.03 79.8 (1.0) 114.3±1.1 66.2 (0.8) 1.13 (0.02) 24.2±0.1 83.3±0.3 0.69 (0.02)

GG 569 5.73±0.05 76.7 (1.5) 108.1±1.8 67.8 (1.4) 1.01 (0.02) 24.7±0.1 84.9±0.4 0.68 (0.03)

p(add) value 0.0168 0.31 0.0169 0.47 5.3×10−6 0.0204 0.0125 0.33

p(dom) value
d 0.0017 0.11 0.0021 0.28 1.7×10−6 0.0025 0.0011 0.56

GCKR rs1260326

TT 867 5.55±0.04 79.6 (1.3) 115.0±1.5 65.9 (1.0) 1.17 (0.02) 24.3±0.1 83.4±0.3 0.72 (0.03)

TC 1,460 5.55±0.03 79.5 (1.0) 114.3±1.1 66.1 (1.0) 1.13 (0.02) 24.3±0.1 83.4±0.3 0.69 (0.02)

CC 573 5.72±0.05 76.2 (1.5) 106.9±1.7 68.5 (1.4) 1.01 (0.02) 24.7±0.1 84.6±0.4 0.67 (0.03)

p(add) value 0.0137 0.12 0.0011 0.17 1.3×10−6 0.054 0.069 0.23

p(dom) value
d 0.0025 0.058 0.0001 0.10 6.6×10−7 0.017 0.015 0.33

GCK rs1799884

GG 1,711 5.56±0.03 79.8 (0.7) 115.7±1.0 65.8 (0.7) 1.13 (0.02) 24.4±0.8 84.0±0.2 0.69 (0.02)

GA 1,031 5.65±0.04 78.5 (1.2) 109.7±1.3 66.8 (1.0) 1.09 (0.08) 24.2±0.1 83.1±0.3 0.72 (0.02)

AA 151 5.48±0.10 76.5 (3.0) 109.7±3.4 70.1 (2.7) 1.13 (0.05) 24.5±0.3 83.8±0.8 0.65 (0.06)

p(add) value 0.42 0.23 0.0005 0.12 0.19 0.38 0.10 0.74

p(dom) value
d 0.12 0.36 0.0002 0.29 0.07 0.22 0.05 0.42

Data are means±SE or geometric means (SE) unless otherwise indicated

Participants previously diagnosed with type 2 diabetes or receiving glucose-lowering treatment (n=267) were excluded from the analyses
a Adjusted for age, sex, region and BMI
b Log-transformed before analysis
c Adjusted for age, sex and region
d Dominant model was used for analyses by comparing A allele carriers with GG homozygotes, T allele carriers with CC homozygotes and
A allele carriers with GG homozygotes for GCKR rs780094, GCKR rs1360326 and GCK rs1799884, respectively

TG, triacylglycerol; WC, waist circumference
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Discussion

We observed that the GCKR rs780094 A allele was
independently associated with reduced risk of type 2
diabetes and/or IFG and of obesity and/or overweight in
Han Chinese individuals. The minor A allele also showed
significant association with higher fasting triacylglycerol,
lower fasting glucose, increased beta cell function and
lower BMI and waist circumference, the most significant
associations being with fasting triacylglycerol. However,
the GCK rs1799884 A allele exhibited significant associa-
tion with impaired beta cell function only, as estimated by
HOMA-B. Further analyses of the interaction between the
two SNPs and their combined effects indicated that the risk
alleles from these two variants exhibited significant
additive effects on HOMA-B and participants with increas-
ing numbers of risk alleles had a significantly lower
HOMA-B value.

This study confirmed the protective effect against type 2
diabetes conferred by the GCKR rs780094 variant at the
expense of higher triacylglycerol levels and dyslipidaemia
risk, as suggested by previous studies in other ethnic
populations [18–20, 22]. The GCKR rs780094 A allele
exhibited significant association with lower fasting glucose
and reduced risk of type 2 diabetes or combined IFG and
type 2 diabetes by about 15% for each additional A allele.
Conversely, the same A allele was strongly associated with
higher fasting triacylglycerol. The mechanism by which the
GCKR rs780094 A allele causes dyslipidaemia and protects
against type 2 diabetes remains to be determined. Because
the frequency of the GCKR rs780094 A allele is substan-
tially higher in Han Chinese individuals (55%) than in
white Europeans (38%), and the effect size in this study
(OR ∼0.85) is somewhat more pronounced than that
observed in Europeans (OR ∼0.92), the GCKR rs780094
polymorphism might play an even more important role in
diabetes susceptibility in Chinese. The population-
attributable risk for type 2 diabetes generated by the risk
G allele of GCKR rs780094 variant was estimated to be
14.2 and 10.4% for this Chinese population and white
Europeans in the previous study [19], respectively.

We next aimed to identify the mediating factors, by
which the GCKR rs780094 variant is associated with
protection against type 2 diabetes. We found that the
GCKR rs780094 A allele was significantly associated with
increased beta cell function estimated by HOMA-B and that
participants with increasing numbers of risk alleles from
GCKR rs780094 and GCK rs1799884 had significantly
lower HOMA-B values. Importantly, the association of
GCKR rs780094 polymorphism with type 2 diabetes was
abolished after further adjustment for HOMA-B. The
results of Mendelian randomisation suggest that the
association between HOMA-B values and type 2 diabetes
risk is causal and unconfounded. Therefore, the protective
effect of GCKR rs780094 A allele against type 2 diabetes in
this Chinese population seems to be mediated through
improved beta cell function. This is a somewhat unexpected
finding because previous studies in white Europeans have
suggested that the effect of GCKR rs780094 variant on
diabetes is possibly mediated through improved insulin
sensitivity and hepatic glucose metabolism [18–20, 22].
Although it is still questionable whether GCKR is func-
tional in pancreatic beta cells, there is evidence that GCKR
is present in pancreatic islets [27]. A variant in GCKR
might potentially influence insulin release by altering the
regulatory role of GCKR on GCK activity in pancreatic
beta cells, if they play a similar role in regulation of GCK
activity as in the liver. Therefore, variation in GCKR
function and levels of the protein in pancreatic islets
between Han Chinese and white individuals may be a
possible reason for the difference in the HOMA-B

Fig. 1 Gene × gene interactions for fasting glucose between GCKR
rs780094 and GCK rs1799884 (a), and GCKR rs1260326 and GCK
rs1799884 (b). White bars, GCKR rs780094 AA and rs1260326 TT
genotypes; hatched bars, GCKR rs780094 AG and rs1260326 TC
genotypes; black bars, GCKR rs780094 GG and rs1260326 CC
genotypes. Additive effects of risk alleles from GCKR rs780094 and
GCK rs1799884 SNPs (c), and from GCKR rs1260326 and GCK
rs1799884 SNPs (d) on beta cell function estimated by HOMA-B.
Risk alleles are the G allele of GCKR rs780094, the C allele of GCKR
rs1260326 and the A allele of GCK rs1799884. Data are geometric
means (SE) after adjustment for age, sex, region and BMI. p=0.026
and 0.034 for interactions between GCKR rs780094 and GCK
rs1799884 SNPs (a), and between GCKR rs1260326 and GCK
rs1799884 (b) on fasting glucose, respectively. The GCKR rs780094
G allele and rs1260326 C allele were significantly associated with
higher fasting plasma glucose in carriers of GA genotype (p=0.002
and 0.0004, respectively) and AA genotype (p=0.0099 and 0.0044,
respectively), but not in carriers of the GG genotype of GCK
rs1799884 (p=0.73 and 0.57, respectively). p=5.8×10−5 and 2.1×10−6

for additive effects of the GCKR rs780094 G allele and GCK rs1799884
A allele (c), and of the rs1260326 C allele and GCK rs1799884 A allele
on HOMA-B values (d), respectively
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association, which remains to be determined. However, it is
also possible that because our population is relatively older,
the impaired beta cell function might be a more common
cause of type 2 diabetes than in the younger populations
examined in the previous studies. It has recently been
reported that the genetic susceptibility to type 2 diabetes
may be modulated by obesity status [28]. To test this
hypothesis in Han Chinese individuals, we further stratified
analyses for the association between GCKR rs780094 and
type 2 diabetes by BMI. Although the associations with
type 2 diabetes were marginally significant in non-obese
groups and not significant in the obese group under the
dominant model, the similar effect size in obese and non-
obese groups suggests this difference seems to be due to the
smaller sample size in the obese group. Therefore, no
evidence was found to suggest that obesity status modulates
the association with type 2 diabetes in Han Chinese
individuals, but further study with a larger population is
warranted to draw a definite conclusion.

Another novel finding is that the GCKR rs780094
A allele was associated with a reduced risk of obesity or
overweight and that participants with this protective allele
had significantly lower BMI and waist circumference.
Moreover, the effects of GCKR rs780094 variant on type 2
diabetes and obesity seem to be independent, because
adjustment for BMI did not materially change the results.
Consistent with our results, a nominal association between
the GCKR rs780094 A allele and lower BMI was observed
in an Asian population from the Singapore NHS-98 study
(p=0.04) [22]. The mechanisms responsible for the associ-
ation of GCKR rs780094 with obesity remain to be
elucidated. The previous findings that GCK and GCKR
are both present in the brain, particularly in the hypothal-
amus, imply that they might play a similar role in the
hypothalamus as in the liver and might be involved in
central regulation of energy metabolism [29, 30]. Therefore,
the association between GCKR rs780094 and obesity is
potentially mediated through its effect on GCK in the
hypothalamus. Consistent with this notion, heterozygous Gck
knockout mice exhibited increased levels of hypothalamic
neuropeptide Y, reduced levels of hypothalamic pro-
opiomelanocortin and elevated food intake [31]. Moreover,
the GCK rs1799884 (-30G>A) polymorphism has been
found to be inversely associated with risk of obesity in
Japanese and white Europeans, with carriers of the A allele
having a lower incidence of obesity and higher probability of
reducing weight [32, 33]. Our results also showed that GCK
rs1799884 A allele was marginally associated with reduced
risk of combined obesity and overweight. Another possibility
is that GCKR rs780094 is in LD with a nearby variant that is
actually associated with obesity in Han Chinese individuals,
while in white individuals the LD pattern is different and
rs780094 may not in LD with the variant that increases BMI

in Asians. This may also explain the discrepancies between
our results and those of the previous studies in populations of
European origin [18–20]. However, this hypothesis remains
to be clarified by fine mapping of the genomic region
flanking this variant in the future.

This study also confirms that the GCK rs1799884 risk
A allele is strongly associated with impaired beta cell
function estimated by HOMA-B in our population, a
finding consistent with previous studies [9–13] and with
the biological role of GCK in insulin secretion by beta cells
[1]. However, we found no association of GCK rs1799884
with type 2 diabetes or related phenotypes, despite the fact
that we had minor allele frequencies comparable to those in
white individuals and sufficient power (91%) to detect an
OR of 1.34 for type 2 diabetes as the original study
suggested [9]. The effect of GCK rs1799884 on beta cell
function may not be sufficient to change the risk of type 2
diabetes, an observation consistent with studies in Swedish
[34] and Japanese [13, 35] populations. We also failed to
find evidence for the previously reported association
between GCKR rs780094 and plasma CRP levels [22,
36]. However, our mean values tended in the same direction
as the original studies [22]. Further studies with larger
sample sizes are required to provide definite evidence for
this association in Han Chinese individuals.

We found significant interactions between GCKR
rs780094 and GCK rs1799884 variants on fasting glucose
and the GCKR rs780094 G allele was significantly
associated with higher fasting plasma glucose only in the
presence of GCK rs1799884 A allele. Consistently, the risk
alleles from these two SNPs exhibited a significant
combined effect on HOMA-B values and participants with
increasing numbers of risk alleles had significantly lower
HOMA-B values. The mechanism underlying the interac-
tion between GCKR rs780094 and GCK rs1799884 variants
remains unknown. GCK is a glucose sensor of pancreatic
beta cells, which play a crucial role in insulin secretion, and
an important regulator of glucose storage and disposal in
the liver. Mice lacking hepatic GCK are mildly hyper-
glycaemic when fasted [37]. We therefore suspect that the
G allele of GCKR rs780094 variant, or a causal variant
tagged by it may increase GCKR production, resulting in
increased inhibitory activity on GCK in the liver. Conse-
quently, hyperglycaemia may occur in individuals carrying
the GCK rs1799884 A allele associated with impaired beta
cell function [12]; otherwise normal glucose tolerance
would be maintained through insulin secretory compensa-
tion in individuals carrying the G alleles of GCK rs1799884
variant. However, this hypothesis remains to be confirmed.

Although GCKR variant rs1260326 was previously
identified as the strongest signal in the region [20], we
found no evidence here to suggest that rs1260326 is more
informative than GCKR rs780094. This is one of the first
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studies examining GCK and GCKR SNPs in relation to
type 2 diabetes and related traits in Han Chinese individuals.
We therefore chose to report all results without adjustment
for multiple testing to highlight all potentially useful
associations for subsequent studies and meta-analyses.

In summary, we replicated the association between GCKR
rs780094 and type 2 diabetes and dyslipidaemia, as well as
the association between GCK rs1799884 and HOMA-B in
the Han Chinese population. We also observed additive
effects of the GCKR rs780094 and GCK rs1799884 risk
alleles on impaired beta cell function estimated as decreased
HOMA-B values. Importantly, this is one of the first studies
to find the association of GCKR rs780094 polymorphism
with obesity and related traits, and the association of GCKR
rs780094 A allele with protection against diabetes, which is
mediated through improved beta cell function and is
independent of that allele’s effect on obesity. Therefore, we
conclude that GCKR rs780094, either alone or in combina-
tion with GCK rs1799884, contributes to the risk of type 2
diabetes, obesity and dyslipidaemia in the Han Chinese
population. The effect of GCKR rs780094 polymorphism or
a functional variant in LD with it, such as rs1260326, on
type 2 diabetes is probably mediated through impaired beta
cell function, but not through adiposity.
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