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Abstract

Background: The glucokinase regulator gene (GCKR) 

rs780094 has been shown to be strongly associated with 

some metabolic traits and atherosclerotic parameters, 

while the association between GCKR rs780094 and carotid 

intima-media thickness (CIMT) has not been fully investi-

gated in the general population. The associations between 

the GCKR rs780094 genotype and metabolic traits includ-

ing CIMT were examined in a Japanese community-dwell-

ing population.

Methods: A total of 2491 Japanese adults (907 men and 

1584 women) who participated in a medical screening 

program for the general population from 29 to 94  years 

of age during 2008 to 2010 were enrolled. GCKR rs780094 

was genotyped by the TaqMan polymerase chain reaction 

method, and associations with metabolic markers includ-

ing CIMT were evaluated.

Results: GCKR rs780094 AA genotype was significantly 

associated with higher TG (p < 0.001 vs. GG), lower HDL-C 

(p = 0.021 vs. GG), and lower HbA
1c 

(p = 0.023 vs. GG). The 

AA genotype showed significantly thinner CIMT (p = 0.001 

vs. GX). These associations were seen only in men.

Conclusions: GCKR rs780094 was associated with TG, 

HDL-C, and HbA
1c

 levels, as well as with CIMT in Japanese 

community-dwelling men, but not women.
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Introduction
Glucokinase regulator protein (GKRP) is known to bind 

glucokinase (GCK) and suppress GCK’s enzyme activity 

when fasting [1–3]. GCK plays a major role in blood glucose 

homeostasis not only by enhancing insulin secretion from 

the pancreatic β cells, but also by regulating glycoly-

sis and glycogen synthesis in the liver [4, 5]. It has been 

shown that the GKRP-GCK complex in the nucleus dissoci-

ates postprandially, and then this dissociation allows GCK 

to translocate from the nucleus to the cytoplasm, where 

GCK becomes an active form [2, 3, 5, 6]. Therefore, GKRP 

plays a major role in regulating glucose homeostasis as a 

GCK modulator.

GKRP is encoded by glucokinase regulator protein 

gene (GCKR). It has been recently shown that novel 

single nucleotide polymorphisms (SNPs) of rs780094 in 

the GCKR are candidate susceptibility variants in asso-

ciation with type 2 diabetes mellitus (T2DM) [7]. This 

SNP, rs780094, is located at intron 16 and has been 

shown to have strong linkage disequilibrium (r2 = 0.932) 

with another SNP, rs1260326 (a non-synonymous SNP, 
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Pro446Leu). In several genome-wide association studies, 

the derived “A” allele of rs780094 was found to be associ-

ated with several metabolic phenotypes in various ethnic 

groups. These phenotypes included higher triglycer-

ides, reduced risk of T2DM, lower fasting glucose, lower 

fasting insulin, lower HOMA-IR, lower HOMA-β, higher 

2-h glucose on the oral glucose tolerance test, higher 

C-reactive protein, and increased risk of non-alcoholic 

fatty liver disease [4, 8–15].

Despite the association of GCKR rs780094 with several 

metabolic traits, the contribution of the SNP to the devel-

opment of atherosclerosis has been studied only in sub-

jects with T2DM and metabolic syndrome [16]. Whether 

GCKR rs780094 contributes to the development of ath-

erosclerosis in the general population remains unknown. 

Since CIMT is a surrogate marker of subclinical athero-

sclerosis [17] and a predictor of stroke and cardiovascu-

lar disease [17–19], the associations of GCKR rs780094 

with metabolic traits and carotid intima-media thickness 

(CIMT) were evaluated in a Japanese community-dwelling 

population.

Materials and methods

Study population
Prior to this study, ethical approval was obtained from the Special 

Committee of Nagasaki University (project registration number 

0501120073). This study was conducted during a medical screening 

program for the general population residing in Goto City, Nagasaki 

Prefecture, Japan. All data were collected by the staff of Nagasaki 

University, in cooperation with the staff of Goto City. After obtain-

ing informed consent, 2581 Japanese adults ranging in age from 

29 to 94 years who participated in the medical screening program 

performed by Goto City during the period from 2008 to 2010 were 

enrolled. Fourteen participants with marked hypertriglyceridemia 

(  ≥  4.0 g/L) were excluded from the study, since low-density lipopro-

tein-cholesterol (LDL-C) could not be calculated using the Friede-

wald equation [20]. Seventy-six participants were excluded due to 

incomplete data. Finally, 2491 participants (907 men, 1584 women) 

were included in the analysis. The study participants were mainly 

middle-aged to elderly, because employees, which include relatively 

young generation, underwent other medical checkups at their work-

places in Japan. Overall, 93% of the participants were more than 

50 years old, and 76% of the participants were more than 60 years 

old.

Using software for sample size calculation (CaTS®, http://

www.sph.umich.edu/csg/abecasis/CaTS/index.html), it was con-

firmed that the sample size (both men and women) was sufficient 

to identify the association between GCKR rs780094 polymorphism 

and metabolic traits including CIMT in the study population. The 

clinical characteristics of the study participants are summarized in 

Table 1.

Data collection and laboratory 
measurements
The height and weight of each participant were measured, and the 

body mass index (BMI, kg/m2) was calculated as an index of obesity. 

Waist circumference was measured horizontally at the umbilicus 

with a tape measure after normal expiration. Systolic blood pressure 

(SBP) and diastolic blood pressure (DBP) were recorded at rest.

Blood samples were collected from each participant after an 

overnight fast. Serum and plasma obtained were separated and 

stored at −20°C and −80°C, respectively. Serum concentrations 

of total cholesterol (TC), triglycerides (TG), and high-density 

lipoprotein-cholesterol (HDL-C) were measured using standard 

laboratory procedures. LDL-C was calculated using the Friede-

wald equation. In addition, serum creatinine (Cre), uric acid (UA), 

and glycated hemoglobin (HbA
1c

) were measured using standard 

laboratory procedures. The conversion equation from HbA
1c

 (Ja-

pan Diabetes Society) to HbA
1c

 (National Glycohemoglobin Stand-

ardization Program) units officially certified by the Japan Diabetes 

Society was used [21]. Estimated glomerular filtration rate (eGFR) 

was calculated by serum Cre, sex, and age using the formula: 

194 × Cre–1.094 × Age–0.287 for men and then multiplied by 0.739 for 

women.

Three physicians (N.H., M.N., and N.T.) measured CIMT by ultra-

sonography of the right and left carotid arteries using a LOGIC Book 

XP with a 10-MHz linear array transducer (GE Medical Systems, Mil-

waukee, WI, USA). Intra-observer variation of CIMT (N.T., n = 32) was 

0.91 (p < 0.01), and inter-observer variation (N.T. vs. M.N., n = 41) was 

0.78 (p < 0.01). The far wall of the carotid artery was displayed on a 

longitudinal two-dimensional ultrasonographic image as two bright 

white lines separated by a hypoechoic space. The distance from the 

leading edge of the first (lumen-intima interface) to the leading edge 

of the second (media-adventitia interface) bright line was defined as 

the CIMT. Images were analyzed using Intima Scope© software (ME-

DIA CROSS, Tokyo, Japan). The average of the right and left CIMTs 

was calculated and used in the analysis.

Genotyping
Genomic DNA was automatically extracted from blood cells separat-

ed from plasma using a MagExtractor MFX® (TOYOBO, Osaka, Japan). 

For the determination of GCKR rs780094 genotypes, the TaqMan 

polymerase chain reaction method (Applied Biosystems Japan, To-

kyo, Japan) was used. In this study, two probes were prepared: the 

“G” allele-specific probe, 5′ – VIC – GTT TTT TAG ACC ATG ACT GAC 

ACA TGT TTG CTG ATC AAT ACA TTT GTT GAG-Tamra − 3′ and the “A” 

allele-specific probe, 5′ – FAM – GTT TTT TAG ACC ATG ACT GAC ACA 

TAT TTG CTG ATC AAT ACA TTT GTT GAG -Tamra − 3′. The primer 

design for polymerase chain reaction of the flanking region of GCKR 

rs780094 was as follows: forward, 5′ − GCT TCT TGA AAG GGC AGA 

GA – 3′; reverse, 5′ − GGA TCA CCT GAG GTC AGG AG – 3′. The poly-

merase chain reaction was carried out with a thermal cycler (BioRad 

Laboratories, Berkeley, CA, USA) according to the following condi-

tions: initial denaturation at 95°C for 10 min, followed by 35 cycles 

at 95°C for 30 s for denaturation, 55°C for 1 min for annealing, and 

72°C for 30 s for primer extension. Final extension was performed at 

72°C for 10 min. The fluorescence level of polymerase chain reaction 

products was measured with an ABI PRISM 7900 Sequence Detector 
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(Applied Biosystems Japan) to identify three GCKR rs780094 geno-

types (GG, GA, and AA).

Statistical analysis
The results are expressed as means ± standard deviation or medians 

(25th–75th quartile). Differences of laboratory values between men 

and women were evaluated using the t-test and the Mann-Whitney 

U-test. Because TG was distributed in a skewed manner, logarithmic 

transformation was performed for the analysis. Differences in smok-

ing status (current smoker vs. non-smoker including past smoker), 

the rate of current treatment for hypertension (HT), diabetes mellitus 

(DM), and dyslipidemia (DL), and the rate of past history of ischemic 

heart disease (IHD) and cerebrovascular disease (CVD) were evalu-

ated using the χ2-test. The differences in each value among the GCKR 

rs780094 genotypes were evaluated using analysis of variance. Fur-

thermore, the effects of GCKR rs780094 on CIMT were evaluated by 

analysis of covariance after adjustment for age and other confound-

ing factors such as BMI, SBP, log TG, HbA
1c

, smoking status, and his-

tory of current medications for HT, DL, and DM. Probability values 

below 0.05 were considered significant. All data were statistically 

analyzed using SPSS ver 18.0 software (SPSS Japan, Tokyo, Japan).

Results

The distribution of the GCKR rs780094 was consistent 

with Hardy-Weinberg equilibrium, and no significant dif-

ferences were observed in the allele frequencies of AA and 

GX (GA and GG) between men and women (71.6% vs. 28.3% 

in men and 74.1% vs. 25.9% in women, respectively).

The associations of genotype GCKR rs780094 with 

metabolic traits and CIMT were evaluated. All subjects 

have been divided between GX (GG and GA) and AA; it 

shows that the GX genotype was not significantly related 

to CIMT, and some parameters were significantly dif-

ferent between AA and other genotypes (Table 2). Since 

age and sex are classical risk factors and are important 

for development of metabolic traits and/or atherosclero-

sis, data were then analyzed by adjusting for age sepa-

rately, by sex. The AA genotype showed significantly 

higher log TG (p < 0.001 vs. GG, p = 0.004 vs. GA), lower 

HDL-C (p = 0.021 vs. GG), and lower HbA
1c

 (p = 0.023 vs. 

GG) in men; these associations were, however, not seen 

Table 1 Characteristics of study participants.

Men (n = 907) Women (n = 1584) Total (n = 2491)

Age, years 67.3 ± 10.6 66.4 ± 10.6 66.7 ± 10.6
Height, cm 162.9 ± 6.6 150.7 ± 6.3 155.1 ± 8.7
Weight, kg 62.5 ± 9.6 52.0 ± 8.5 55.8 ± 10.2
Waist circumference, cm 84.6 ± 8.6 82.6 ± 10.1 83.3 ± 9.7
BMI, kg/m2 23.5 ± 3.1 22.9 ± 3.4 23.1 ± 3.3
SBP, mm Hg 144.0 ± 20.4 141.7 ± 22.2 142.5 ± 21.6
DBP, mm Hg 84.3 ± 11.0 82.0 ± 11.0 82.9 ± 11.0
Cre, mg/L 8.6. ± 2.0 6.4 ± 1.4 7.2 ± 2.0
eGFR, mL/min/1.73m2 72.6 ± 16.3 73.6 ± 15.1 73.2 ± 15.6
UA, g/L 0.06 ± 0.01 0.05 ± 0.01 0.05 ± 0.01
TC, g/L 1.91 ± 0.33 2.07 ± 0.34 2.01 ± 0.34
TG, g/L 0.85 (0.61–1.26) 0.86 (0.64–1.19) 0.86 (0.63–1.21)
HDL-C, g/L 0.56 ± 0.14 0.62 ± 0.15 0.60 ± 0.15
LDL-C, g/L 1.15 ± 0.29 1.26 ± 0.30 1.22 ± 0.30
LDL-C/HDL-C ratio 2.2 ± 0.8 2.2 ± 0.8 2.2 ± 0.8
Non-HDL-C, g/L 1.35 ± 0.33 1.45 ± 0.34 1.42 ± 0.34
Glu, g/L 1.02 ± 0.27 0.97 ± 0.19 0.99 ± 0.22
HbA1c, % 5.69 ± 0.68 5.67 ± 0.50 5.68 ± 0.57
Max IMT, mm 0.97 ± 0.21 0.91 ± 0.19 0.93 ± 0.20
Mean IMT, mm 0.75 ± 0.14 0.71 ± 0.13 0.72 ± 0.14
Current smoker, n (%) 189 (20.8) 38 (2.4) 227 (9.1)
Medication for HT, n (%) 310 (34.2) 539 (34.0) 849 (34.1)
Medication for DM, n (%) 74 (8.2) 63 (4.0) 137 (5.5)
Medication for DL, n (%) 73 (8.0) 230 (14.5) 303 (12.2)
IHD, n (%) 51 (5.6) 36 (4.0) 114 (4.6)
CVD, n (%) 31 (3.4) 34 (2.1) 65 (2.6)

Values are means ± SD, medians (25th–75th), or the percentage of the participants with the particular habit or clinical disorders. BMI, body 
mass index; CIMT, carotid intima-media thickness; CRE, creatinine; CVD, cerebrovascular disease; DL, dyslipidemia; DM, diabetes mellitus; 
HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; HT, hypertension; IHD, ischemic heart disease; LDL-C, low-density lipo-
protein cholesterol; MBP, mean blood pressure; TC, total cholesterol; TG, triglyceride; UA, uric acid.
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in women. In terms of atherosclerosis, the AA genotype 

was associated with thinner maximum CIMT (p = 0.001 

vs. GA) and thinner mean CIMT (p = 0.001 vs. GA) than the 

GX genotypes in men; these associations were, however, 

not seen in women, as for the metabolic traits (Table 2). 

Since these parameters, such as log TG, HDL-C, and HbA
1c

, 

might be confounding factors to CIMT, these parameters 

Table 2 Clinical phenotypes according to GCKR genotypes adjusted 
for age.

Phenotype GG GA AA

BMI
 All 23.1 ± 0.1 23.1 ± 0.1 23.2 ± 0.1
 Men 23.5 ± 0.2 23.4 ± 0.2 23.5 ± 0.2
 Women 22.8 ± 0.2 22.8 ± 0.1 23.0 ± 0.2
SBP
 All 142.6 ± 0.8 142.8 ± 0.6 141.8 ± 0.8
 Men 145.2 ± 1.3 144.1 ± 1.0 142.7 ± 1.2
 Women 141.1 ± 1.1 142.0 ± 0.7 141.4 ± 1.0
DBP
 All 82.8 ± 0.5 82.9 ± 0.3 82.9 ± 0.4
 Men 84.4 ± 0.7 84.7 ± 0.5 83.8 ± 0.7
 Women 82.0 ± 0.6 81.9 ± 0.4 82.4 ± 0.5
Log TG
 All 1.93 ± 0.01 1.94 ± 0.01 1.97 ± 0.01b,d

 Men 1.92 ± 0.01 1.94 ± 0.01 1.99 ± 0.01c,d

 Women 1.94 ± 0.01 1.94 ± 0.01 1.96 ± 0.01
HDL-C
 All 0.60 ± 0.01 0.59 ± 0.00 0.59 ± 0.01
 Men 0.57 ± 0.01 0.56 ± 0.01 0.54 ± 0.01a

 Women 0.62 ± 0.01 0.62 ± 0.00 0.62 ± 0.01
LDL-C
 All 1.23 ± 0.01 1.21 ± 0.01 1.22 ± 0.01
 Men 1.17 ± 0.02 1.14 ± 0.01 1.15 ± 0.02
 Women 1.26 ± 0.02 1.25 ± 0.01 1.26 ± 0.02
Glu
 All 1.00 ± 0.01 0.99 ± 0.01 0.98 ± 0.01
 Men 1.01 ± 0.02 1.04 ± 0.01 0.99 ± 0.02
 Women 1.00 ± 0.01 0.96 ± 0.01a 0.97 ± 0.01a

HbA1c

 All 5.71 ± 0.02 5.68 ± 0.02 5.66 ± 0.02
 Men 5.76 ± 0.04 5.69 ± 0.03 5.62 ± 0.04a

 Women 5.67 ± 0.03 5.67 ± 0.02 5.68 ± 0.03
Max CIMT
 All 0.93 ± 0.01 0.93 ± 0.01 0.92 ± 0.01
 Men 0.96 ± 0.01 0.98 ± 0.01 0.94 ± 0.01d

 Women 0.92 ± 0.01 0.91 ± 0.01 0.91 ± 0.01
Mean CIMT
 All 0.72 ± 0.01 0.72 ± 0.00 0.72 ± 0.01
 Men 0.75 ± 0.01 0.76 ± 0.01 0.72 ± 0.01d

 Women 0.71 ± 0.01 0.70 ± 0.00 0.71 ± 0.01

ap < 0.05, bp < 0.01, cp < 0.001 vs. GG, dp < 0.001 vs. GA. Data 
are shown as means ± SE and were evaluated using analysis of 
covariance (ANCOVA).

were adjusted to determine the contribution of GCKR 

rs780094 to CIMT. The associations of GCKR rs780094 

with maximum and mean CIMTs remained significant 

even when adjusted for age and BMI (Table 3, model 1), 

when adjusted for age, BMI, and metabolic traits (Table 

3, model 2), and when adjusted for age, BMI, metabolic 

traits, and smoking status (Table 3, model 3). Moreover, 

the AA genotype of GCKR rs780094 still remained asso-

ciated with thinner maximum and mean CIMTs, even 

when adjusted for age, BMI, metabolic traits, smoking, 

and treatment with antihypertensive, lipid lowering, and 

hypoglycemic drugs (Table 3, model 4). However, these 

associations were seen only in men, not in women.

Discussion
In this study, the AA genotype of GCKR rs780094 was sig-

nificantly associated with higher serum TG, lower serum 

HDL-C, lower plasma Glu, and lower HbA
1c

 than the GX 

genotype in men. Importantly, this is the first time that 

the AA genotype, unlike the GX genotype, was found to 

be independently associated with thinner maximum and 

mean CIMTs in men. In contrast, no association was found 

in women.

The finding of the association of the AA genotype 

with higher serum TG was not surprising. Sparsø et  al. 

and Stančáková et al. recently reported that the same SNP 

was associated with increased TG levels [4] and increased 

VLDL particle concentrations [22]. The present observa-

tion of the association of the AA genotype with decreased 

plasma glucose and HbA
1c

 levels was consistent with the 

previous report by Sparsø et  al. showing lower fasting 

plasma glucose in the AA genotype [4].

To the best of our knowledge, the association between 

the GCKR rs780094 and CIMT in the general population 

was found for the first time. CIMTs were significantly 

thinner in men with the AA genotype of GCKR rs780094 

than in those with the GX genotype. In contrast, Mohás 

et al. showed that the AA genotype of GCKR rs780094 was 

associated with thicker CIMT in Hungarian patients with 

metabolic syndrome (n = 455), but not significantly associ-

ated in patients with T2DM (n = 321). Unfortunately, they 

did not evaluate CIMT in healthy controls (n = 172) [16]. 

The discrepancy between Mohás’s study and the present 

study may be due to the different type of subjects (meta-

bolic syndrome vs. general population, and different 

racial background) or the number of participants. Further 

studies are needed to establish the association between 

GCKR polymorphisms and CIMT.
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Interestingly, sex-dependent findings were demon-

strated in this study, since the association between the 

GCKR rs780094 and metabolic traits including CIMT was 

found only in men. In general, sex is known to affect risks 

of nearly all of the common diseases, including athero-

sclerosis, DM, and their preceding risk factors. It has been 

reported that several SNPs of genes that have protective 

effects against atherosclerotic disease, such as APOE and 

APOA1, have gene-environmental interactions by sex 

[23]. Since these genes, as well as GCKR, are associated 

with lipid metabolism, the different effects by sex may be 

due to the difference between men and women in lipid 

metabolism.

Age-related progression of CIMT has indeed been 

shown to be different between men and women. The pro-

tective effects of estrogen against atherosclerosis are well 

Table 3 Association of GCKR rs780094 genotypes with CIMT with adjustments for several metabolic traits.

Phenotype log TG HDL-C, g/L Glu, g/L HbA1c , % Max CIMT, mm Mean CIMT, mm

Model 1
 All
  GX 1.94 ± 0.01b 0.60 ± 0.00 0.99 ± 0.01 5.69 ± 0.01 0.93 ± 0.00 0.72 ± 0.00
  AA 1.97 ± 0.01 0.59 ± 0.01 0.97 ± 0.01 5.65 ± 0.02 0.92 ± 0.01 0.72 ± 0.01
 Men
  GX 1.93 ± 0.01c 0.56 ± 0.01a 1.03 ± 0.01 5.72 ± 0.03a 0.98 ± 0.01b 0.75 ± 0.01b

  AA 1.99 ± 0.01 0.54 ± 0.01 0.99 ± 0.02 5.62 ± 0.04 0.94 ± 0.01 0.72 ± 0.01
 Women
  GX 1.94 ± 0.01 0.62 ± 0.00 0.97 ± 0.01 5.67 ± 0.01 0.91 ± 0.01 0.71 ± 0.00
  AA 1.96 ± 0.01 0.63 ± 0.01 0.97 ± 0.01 5.68 ± 0.02 0.91 ± 0.01 0.71 ± 0.01
Model 2
 All
  GX 1.94 ± 0.01c 0.60 ± 0.00 0.99 ± 0.01a 5.69 ± 0.01 0.93 ± 0.00 0.72 ± 0.00
  AA 1.97 ± 0.01 0.59 ± 0.01 0.97 ± 0.01 5.65 ± 0.02 0.92 ± 0.01 0.72 ± 0.01
 Men
  GX 1.93 ± 0.01c 0.56 ± 0.01a 1.03 ± 0.01a 5.72 ± 0.03a 0.98 ± 0.01b 0.75 ± 0.01b

  AA 1.99 ± 0.01 0.54 ± 0.01 0.98 ± 0.02 5.60 ± 0.04 0.94 ± 0.01 0.72 ± 0.01
 Women
  GX 1.94 ± 0.01 0.62 ± 0.00 0.97 ± 0.01 5.67 ± 0.01 0.91 ± 0.01 0.71 ± 0.00
  AA 1.96 ± 0.01 0.63 ± 0.01 0.96 ± 0.01 5.67 ± 0.02 0.91 ± 0.01 0.71 ± 0.01
Model 3
 All
  GX – – – – 0.93 ± 0.00 0.72 ± 0.00
  AA – – – – 0.92 ± 0.01 0.72 ± 0.01
 Men
  GX – – – – 0.97 ± 0.01b 0.75 ± 0.01b

  AA – – – – 0.94 ± 0.01 0.72 ± 0.01
 Women
  GX – – – – 0.91 ± 0.01 0.71 ± 0.00
  AA – – – – 0.91 ± 0.01 0.72 ± 0.01
Model 4
 All
  GX – – – – 0.93 ± 0.00 0.72 ± 0.00
  AA – – – – 0.92 ± 0.01 0.72 ± 0.01
 Men
  GX – – – – 0.98 ± 0.01b 0.75 ± 0.01b

  AA – – – – 0.94 ± 0.01 0.73 ± 0.01
 Women
  GX – – – – 0.91 ± 0.01 0.71 ± 0.00
  AA – – – – 0.91 ± 0.01 0.71 ± 0.01

ap < 0.05, bp < 0.01, cp < 0.001 vs. AA, p-values were derived from ANCOVA test. Model 1: adjusted for age and BMI, Model 2: log TG and HDL-C 
were adjusted for age, BMI, SBP, and HbA1c; Glu and HbA1c were adjusted for age, BMI, SBP and log TG; max CIMT and mean CIMT were 
adjusted for age, BMI, SBP, log TG, and HbA1c, Model 3: adjusted for age, BMI, SBP, log TG, HbA1c, and smoking status, Model 4: adjusted for 
age, BMI, SBP, log TG, HbA1c, smoking status and history of current medications for HT, DM, and DL.
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known [24], but Kozàkovà et al. reported that the differ-

ences in CIMT between men and women were significant 

in the 4th and 5th decades, but not in the 6th decade, when 

stratified by age decade [25]. Since 76% of the participants 

in the present study were older than 60 years, the differ-

ent effect of GCKR rs780094 on progression of CIMT could 

not be fully explained by the protective effect of estrogen 

alone. The present results are consistent with the general 

concept of sex-dependency. Since the effect of SNP alone 

in a multifactorial disease is small, we should consider 

the effects of other genetic factors, as well as innumerable 

environmental and behavioral factors, on the relationship 

between GCKR rs780094 and CIMT. Further studies are 

needed.

There were significant differences in CIMT only 

between AA and GA. However, relative but not significant 

differences in maximum and mean CIMTs were observed 

between AA and GG, which suggests that the relatively 

small allele numbers of GG might cause the different 

effects.

The precise molecular mechanism by which the GCKR 

rs780094 relates to the clinical phenotype, including 

glucose and lipid metabolism and progression of CIMT, 

has seldom been investigated. However, the molecular 

mechanism has been partially clarified by which GCKR 

rs1260326 (P446L) variant, an SNP with a strong linkage 

disequilibrium to GCKR rs780094, is related to glucose 

and lipid metabolism [26]. Wild type GCKR is supposed to 

bind GCK and inhibit GCK enzyme activity in the nucleus 

of the liver at a physiological concentration of fructose-

6-phosphate (F6P), while the GKRP P446L is likely to dis-

sociate with GCK even at the same concentration of F6P 

[27, 28]. This means that the GKRP P446L may provide for 

increased activity of GCK compared to wild-type GKRP. 

GCK enhances glycolysis and promotes de novo lipogen-

esis in the liver [26]. With the variant of GKRP P446L, 

blood glucose and insulin levels would be reduced as a 

result of the enhancement of hepatic glucose disposal 

by increased GCK. The increase in liver GCK activity 

leads to increased glycolysis and activation of carbohy-

drate response element binding protein, which causes 

increased liver lipogenesis and secretion of TG [29]. This 

seems to be the mechanism by which GCKR rs1260326 

is associated with increased synthesis of TG. Since the 

clinical phenotypes associated with GCKR rs1260326 

and those with GCKR rs780094 are very similar, GCKR 

rs780094 might have a similar effect on GKRP function in 

the GKRP-GCK interaction.

Several limitations of this study warrant mention. 

In this study, Japanese adults ranging in age from 29 

to 94  years who participated in the medical screen-

ing program were enrolled. The study participants were 

mainly middle-aged to elderly, community-dwelling sub-

jects. Overall, 93% of the participants were more than 

50 years old, and 76% of the participants were more than 

60 years old. Therefore, this cohort cannot be representa-

tive of the entire community-dwelling population, since 

employees underwent their medical checkups at their 

workplaces in Japan. A relatively large sample size might 

detect the small associations between GCKR rs780094 

and CIMT and laboratory findings. Furthermore, informa-

tion regarding lifestyles, such as alcohol consumption, 

dietary habits, and physical activities, could not be col-

lected. Thus, possible gene-environmental interactions 

could not be investigated. In addition, GCKR rs1260326 

was not genotyped. Since GCKR rs1260326 is known to 

have strong linkage disequilibrium with GCKR rs780094, 

the present findings might not be solely associated with 

GCKR rs780094. The present findings may have been at 

least partially affected by GCKR rs1260326, synergistically 

or additively.

In conclusion, GCKR rs780094 was associated with 

TG, HDL-C, and HbA
1c

 levels, as well as with CIMT in Japa-

nese community-dwelling men, but not women, which 

suggest that the phenotype effect of GCKR rs780094 might 

be sex-dependent. Further studies are needed to clarify 

the influence of sex on the effects of the GCKR rs780094 

genotype.
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