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Abstract
The SNP rs1260326 (P446L) and rs1799884 (230G . A) for the glucokinase regulatory protein (GCKR) and glucokinase (GCK) genes,
respectively, have been associated with opposing effects on TAG and glucose concentrations. However, their genetic modulation by
diet (dietary patterns or foods) remains to be investigated. We studied 945 high-cardiovascular risk subjects aged 67 (SD 6) years who participated in the PREvención con DIeta MEDiterránea-Valencia Study. Demographic, clinical, biochemical and genetic data were obtained.
Adherence to the Mediterranean diet (MD) and food intake were measured by validated questionnaires. Carriers of the L allele of GKCR
had significantly higher TAG concentrations (PP: 1·34 (SD 0·05) mmol/l v. PL þ LL: 1·54 (SD 0·03) mmol/l; P¼ 0·014) and LL carriers had
lower glucose concentrations (PL þ PP: 6·85 (SD 0·08) mmol/l v. LL: 6·40 (SD 0·16) mmol/l; P¼ 0·032) after multivariate adjustment. Conversely, homozygous subjects for the variant allele (A) in the GCK gene had significantly lower TAG (GG þ GA: 1·48 (SD 0·03) mmol/l v. AA:
1·17 (SD 0·18) mmol/l; P¼ 0·033) and a higher risk of diabetes (OR 3·3, 95 % CI 1·2, 9·2). Combined effects for both SNP increased TAG
concentrations by 37 % (P¼ 0·033). Adherence to the MD modulated the effects of GCKR polymorphism on TAG: subjects with genetic
risk had lower TAG (L-allele carriers; PP: 1·48 (SD 0·14) mmol/l v. PL þ LL: 1·51 (SD 0·08) mmol/l; P¼ 0·917) compared with those with a
higher adherence. Analysis of the joint effects of the GCKR and individual food items identified significant associations (olive oil
(P¼0·035), vegetables (P¼ 0·012), red meat (P¼ 0·017), butter (P¼0·039), sweetened carbonated beverages (P¼ 0·036) and nuts
(P¼0·038)). In conclusion, we found that rs1260326 (GCKR) is significantly associated with higher TAG concentrations, but is modulated
by adherence to the MD.
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The glucokinase (GCK) gene is a regulator of glucose storage
and disposal in the liver, and its activity is modulated by binding to the glucokinase regulatory protein (GCKR). Mice
deficient in GCKR show reduced expression of GCK and
defects in the clearance of glucose, but maintain a normal
activity of GCK(1). Overexpression by the adenoviral-mediated
hepatic overproduction of GCKR results in increased GCK
activity but lower levels of fasting glucose, while overexpression of GCK in the liver leads to a decrease in glucose concentrations and an increase in TAG concentrations(2,3). Taken
together, these data strongly support a role for these genes
in determining plasma TAG and glucose concentrations in
human subjects.

Initial studies(4,5) have reported an intronic polymorphism
of GCKR (rs780094) to be associated with TAG concentrations
in populations of European origin. Subsequent research has
found similar associations for TAG and opposing effects on
glucose concentrations(6 – 8). Moreover, Orho-Melander et al.(5)
suggested rs1260326 (P446L) as the functional SNP for the
observed effects of the intronic rs780094.
The common variant 230G . A (rs1799884) in the GCK
gene promoter region has been associated with an increased risk of diabetes(9), hyperglycaemia(10 – 12), impaired
b-cell function(10 – 13) and lower TAG concentrations. An initial
study on the combined effects of these polymorphisms has
shown the additive effect of GCKR (446L) and GCK (2 30G)
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alleles in conferring lower fasting glucose and insulin levels,
but higher levels of TAG(9). However, the effects of genetic
variants in both genes in determining fasting TAG and glucose
concentrations in Mediterranean populations, as well as the
possible gene – diet interactions regarding adherence to the
Mediterranean diet (MD) and its specific food items, remain
to be investigated. We have shown that the MD has a
beneficial impact on TAG concentrations and on other biochemical parameters related to a higher risk of CVD(14).
Since diet is one of the most important environmental factors
in determining plasma TAG and glucose concentrations,
we hypothesise that adherence to the MD may be directly
involved in the genetic modulation of different intermediate
phenotypes of the GCK and GCKR genes. Although two
recent studies have analysed gene –diet interactions for these
genes(15,16), neither of them has focused on examining the
effects of the MD in such interactions.
The aims of the present study are as follows: first, to analyse
the effects of GCKR P446L (rs1260326) and GCK 2 30G . A
(rs1799884) on fasting TAG and glucose concentrations in a
high-cardiovascular risk Mediterranean population; second,
to study the potential modulation of the effect of GCKR SNP
on TAG concentrations by adherence to the MD; third, to
analyse the joint association and the potential interaction of
each food item of the MD in relation to TAG concentrations.

Subjects and methods
We studied 945 unrelated consecutive subjects (340 men and
605 women), aged 55 –80 years, who participated in the PREvención con DIeta MEDiterránea Study. These subjects had
been recruited in the Valencia Region (Spain) from October
2003 to September 2008, and details of this study have been
reported elsewhere(14). Briefly, high-risk participants were
selected by physicians in primary care centres. Eligible subjects were elderly community-dwelling persons who fulfilled
at least one of two criteria: type 2 diabetes or three or more
CVD risk factors (current smoking, hypertension, dyslipidaemia, overweight or a family history of premature CVD).
Exclusion criteria were based on a personal history of CVD,
any severe chronic illness, and drug or alcohol addiction.
Here, we included data from the baseline cross-sectional
examination. The present study was conducted according to
the guidelines laid down in the Declaration of Helsinki and
all procedures involving human subjects were approved
by the Institutional Review Board of the Valencia University.
Written informed consent was obtained from all subjects.

Anthropometric, biochemical, clinical and lifestyle
determinations
Anthropometric variables, such as height, weight and waist
circumference, were measured by standard techniques(14).
BMI was calculated as weight (kg) divided by height (m2).
Fasting blood samples were obtained for each participant, and stored at 2 808C until biochemical analyses.
Fasting glucose, total cholesterol, TAG, HDL-cholesterol and
LDL-cholesterol were determined as reported previously(14).

Baseline examination included assessment of standard cardiovascular risk factors, medication use, sociodemographic
factors and lifestyle variables, as detailed previously(14). Physical
activity was estimated by the Minnesota Leisure-Time Physical
Activity Questionnaire(17).

Dietary intake
We determined food consumption by a previously validated
semi-quantitative FFQ(18). Energy and nutrient intake was
calculated from Spanish food composition tables(19). The baseline examination also included the administration of a
validated fourteen-item questionnaire that indicated the
degree of adherence to the traditional MD(20). Values of 0 or
1 were assigned to each of the fourteen dietary components.
For each of the following categories, one point was given:
(1) the use of olive oil as the principal source of fat for cooking; (2) $ 4 tablespoons (one tablespoon ¼ 13·5 g) of olive
oil/d (including that used in frying, salads, meals eaten away
from home, etc.); (3) $2 servings of vegetables/d; (4) $3
pieces of fruit/d; (5) , 1 serving of red meat or sausages/d;
(6) , 1 serving of butter, margarine or cream/d; (7) ,1 cup
(one cup ¼ 100 ml) of sugar-sweetened beverages/d; (8) $ 7
servings of red wine/week; (9) $ 3 servings of pulses/week;
(10) $ 3 servings of fish/week; (11) ,2 commercial pastries/
week; (12) $3 servings of nuts/week; (13) preferring white
meat over red meat; or for consuming (14) $ 2 servings/
week of a dish with a traditional sauce of tomatoes, garlic,
onion or leeks sautéed in olive oil. If the condition was not
met, 0 points were recorded for that category. The greater
the score obtained from the questionnaire, the greater the
adherence to the MD. Further, we created four groups of
adherence to the MD according to the points obtained in
this questionnaire: group 1 (3– 6 points, 15·6 %), group 2
(7 – 8 points, 35·2 %), group 3 (9 – 10 points, 32·6 %) and
group 4 (11– 14 points, 16·6 %), such that group 1 had the
lowest adherence to the MD and group 4 had the highest
adherence.

SNP analyses
DNA was extracted from the buffy coat fraction of centrifuged
blood using the MagNa Pure LC DNA Isolation Kit (Roche
Diagnostics). GCKR P446L (rs1260326) and GCK 2 30A . G
(rs1799884) were genotyped using Taqman SNP allelic
discrimination by means of an ABI 7900 HT (Applied Biosystems). Both genes were in Hardy –Weinberg equilibrium
in the study samples (P¼ 0·38 and P¼0·144, respectively).
A concordance rate of 100 % was seen in 200 blinded qualitycontrol samples for all SNP assayed.

Statistical analysis
Categorical variables were compared using x 2 tests. Student’s
t test and ANOVA were applied to compare crude means.
Dominant, co-dominant and recessive models of inheritance
were first tested to determine the effects of the variant allele.
TAG concentrations were log-transformed for statistical testing.
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A dominant model for the P446L SNP and a recessive model
for the 2 30G . A SNP were the most significant, and these
categories (PP v. PL þ LL and GG þ GA v. AA, respectively)
were considered for further analyses. We further adjusted for
potential confounders using ANCOVA. Joint analysis was performed considering the genotype (PP or PL þ LL) and each
category of the food item using ANCOVA.
In multivariate analysis, the models were adjusted for covariates including age (continuous), BMI (kg/m2; continuous),
sex, diabetes (yes or no), smoking (current smokers or no
smokers) and lipid medication (yes or no). Further adjustment
of the models for physical activity and total energy intake did
not change the statistical significance of the results. Logistic
regression methods were also used to estimate the OR of
hypertriacylglycerolaemia and diabetes associated with the
polymorphisms. Univariate and multivariate logistic regression
models including the potential confounders were fitted. Statistical analyses were performed using the SPSS package, version 15.0 (SPSS). Statistical significance was set at the 0·05
level, and all tests were two-tailed.

Results
Characteristics of the population
Clinical, biochemical, dietetic and genetic characteristics are
shown in Table 1. Participants were high-cardiovascular risk
subjects and then, prevalence of hypertriacylglycerolaemia
and diabetes was high. The mean of the adherence to the MD
was 8·5 points. The percentages of positive points for the
most representative food items of the MD are listed in Table 1.

Association between the glucokinase regulatory protein
gene (rs1260326) (P446L) and glucokinase gene
(rs1799884) (2 30G . A) polymorphisms with fasting TAG
and glucose concentrations
The GCKR (P446L) SNP showed a significant association with
TAG concentrations (Table 2). Subjects who were heterozygous and homozygous for the minor allele (L) showed
higher TAG concentrations (P crude model¼ 0·006). The best
model identified for this genetic variant was dominant
(P¼0·002). Multivariate adjustment for age, sex, BMI, smoking, diabetes and lipid medication did not significantly
change the results (P¼0·014). This association was homogeneous in males and females. No associations were found
for other lipids parameters and the GCKR polymorphism
(data not shown).
No significant association was found between the
2 30G . A SNP in the GCK gene and TAG concentrations in
the crude analysis. However, after multivariate adjustment,
homozygous subjects for the minor allele (AA) presented statistically lower TAG concentrations than the GG þ GA subjects
(P¼0·033). No statistical association was found between either
of the SNP analysed and glucose concentrations.
We also examined the combined effects for each genotype
and found an additive effect on TAG concentrations. After
full multivariate adjustment, we found that subjects with the
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highest genetic risk for TAG, namely PL/LL (GCKR) þ GG/
GA (GCK), had a 37 % higher TAG concentration compared
with those with a genetic-free risk (i.e. PP (GCKR) þ AA
(GCK)) (P¼0·033).
No combined effects were found for glucose concentrations. We also studied the gene £ gene interaction, but no
statistically significant interactive effects were found.
We also estimated the association with the risk of hypertriacylglycerolaemia and diabetes. We found a significantly
higher risk for hypertriacylglycerolaemia in the PL þ LL subjects (OR 1·86, 95 % CI 1·33, 2·61) than in the PP subjects.
Table 1. Anthropometric, clinical, biochemical, lifestyle and genetic
characteristics of the high-cardiovascular risk Mediterranean population
(Mean values, standard deviations, number of subjects and percentages)
Variables
Continuous variables
Sex (n)
Male
Female
Age (years)
Weight (kg)
BMI (kg/m2)
Waist (cm)
TC (mmol/l)
HDL-C (mmol/l)
LDL-C (mmol/l)
TAG (mmol/l)
Fasting glucose (mmol/l)
SBP (mmHg)
DBP (mmHg)
Score for MD adherence*
Energy intake
kJ
kcal
Categorical variables
Use of olive oil as principal source of fat
Olive oil $ 4 tbs/d
Vegetables $ 2 servings/d
Fruit consumption $ 3 servings/d
Red meat , 1 serving/d
Butter , 1 serving/d
Sugar-sweetened beverages , 1 serving/d
Wine $ 7 cups/week
Legumes $ 3 servings/week
Fish $ 3 servings/week
Commercial pastries , 2 servings/week
Nuts $ 3 servings/week
Preferring white meat over red meat
Traditional sauce ‘sofrito’ $ 2 servings/week
Current smokers
Diabetes
Hypertriacylglycerolaemia
GCKR (rs1260326) (P446L) polymorphism
PP
PL
LL
GCK (rs1799884) (2 30G . A) polymorphism
GG
GA
AA

Mean

SD

340
605
67·3
77·4
30·9
104·3
5·38
1·37
3·34
1·48
6·83
147
82
8·5

6·2
12·4
5·1
11·8
1·03
0·36
0·93
0·91
2·22
22
11
2·0

9228
2204

2454
586

n

%

754
708
527
400
418
793
758
179
220
703
602
229
642
482
109
448
266

86·3
81·2
46·7
45·9
47·9
90·7
86·8
20·6
25·2
80·4
68·9
26·3
73·5
55·4
11·9
48·5
28·6

284
488
187

29·6
50·9
19·5

598
300
27

64·6
32·4
2·9

TC, total cholesterol; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; SBP,
systolic blood pressure; DBP, diastolic blood pressure; MD, Mediterranean diet;
tbs, tablespoon; GCKR, glucokinase regulatory protein; GCK, glucokinase.
* Score for MD adherence: 14-unit MD score (ranging from 0 (minimum) to 14
points (maximum)).
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Table 2. Association between fasting TAG and glucose concentrations (mmol/l) and P446L (rs1260326) glucokinase
regulatory protein (GCKR) gene, rs1799884 (-30G . A) glucokinase (GCK) gene and combined effect (GCKR þ GCK)
(Mean values and standard deviations or standard errors)
P446L (rs1260326) GCKR gene
PP (n 288)
Mean
TAG (mmol/l)
Crude
Mean
1·33
1·34

0·05
0·05

6·77
6·71

SE

LL (n 187)
Mean

1·51
0·88
1·50
1·50

6·78
2·08

SD

Model 1†
Model 2‡

Mean

1·33
0·58

SD

Model 1†
Model 2‡
Glucose (mmol/l)
Crude
Mean

SE

PL (n 488)

0·04
0·04

6·91
6·84

P*

Pdominant

0·006

0·002

0·012
0·035

0·004
0·014

0·151

0·068

0·071
0·224

0·866
0·141

P*

Precessive

1·57
0·90
1·57
1·58

6·89
2·25
0·13
0·12

SE

0·06
0·07

6·53
1·90
0·10
0·09

6·46
6·55

0·17
0·14
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rs1799884 (2 30G . A) GCK gene
GG (n 598)
Mean
TAG (mmol/l)
Crude
Mean
1·47
1·48

0·03
0·04

6·74
6·75

SE

AA (n 27)
Mean

1·48
0·83
1·48
1·46

6·74
2·16

SD

Model 1†
Model 2‡

Mean

1·47
0·82

SD

Model 1†
Model 2‡
Glucose (mmol/l)
Crude
Mean

SE

GA (n 300)

0·05
0·05

6·80
6·78

0·258

0·1

0·199
0·095

0·027
0·033

0·517

0·323

0·608
0·262

0·347
0·105

1·24
0·62
1·18
1·17

6·83
2·08
0·09
0·08

SE

0·16
0·18

7·19
1·89
0·13
0·12

7·18
6·09

0·43
0·40

Combined effect (GCKR dominant þ GCK recessive)
PP þ AA
(n 12)
Mean
TAG (mmol/l)
Crude
Mean

SE

(PL þ LL) þ
AA (n 608)
Mean

SE

(PP þ LL) þ
(GG þ GA) (n 14)
Mean

SE

P for joint effect

0·012

1·06
1·11

1·33
0·58
0·24
0·27

1·35
1·36

1·35
0·72
0·05
0·06

1·27
1·21

1·53
0·90
0·22
0·24

1·53
1·52

0·03
0·04

0·010
0·033
0·799

7·19
1·69

SD

Model 1†
Model 2‡

Mean

1·12
0·49

SD

Model 1†
Model 2‡
Glucose (mmol/l)
Crude
Mean

SE

PP þ (GA þ
AA) (n 253)

7·32
6·49

6·75
2·05
0·64
0·58

6·73
6·73

7·20
2·13
0·14
0·12

7·05
5·74

6·78
2·16
0·59
0·56

6·78
6·77

0·09
0·08

0·784
0·311

* P value for comparisons between genotypes and TAG concentrations. P value for log TAG.
† Adjusted for age, sex and BMI.
‡ Model 1þsmoking þ diabetes þ lipid medication.

Further multivariate adjustment did not change the statistical
significance (P¼0·001). The GCK SNP was not associated
with hypertriacylglycerolaemia risk. The regression logistic
model for combined effects had a low number of participants
in both categories of reference for comparisons; therefore, we
could not find statistically significant results (see Table S1 of
the supplementary material, available online at http://www.

journals.cambridge.org/bjn). Opposing effects were observed
for type 2 diabetes mellitus risk in relation to the L446P and
2 30G . A polymorphisms. The LL subjects (GCKR) had a
lower estimated risk for type 2 diabetes mellitus, while the
AA subjects had a statistically higher risk (LL (GCKR):
ORadjusted 0·80, 95 % CI 0·66, 0·96; P¼0·017 and AA (GCK):
ORadjusted 3·3, 95 % CI 1·2, 9·2; P¼ 0·023) (see Table S2 of
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We tested whether adherence to the MD modified the associations between the P446L SNP and TAG concentrations,
according to groups of adherence. Based on the score
obtained in the questionnaire of adherence to the MD, four
categories of adherence to the MD were considered. We
found statistically significant differences in TAG concentrations
by genotype among those with a lower adherence to the
MD (group 1 – group 2 – group 3; P¼0·011). In contrast, no
differences were found between genotypes and TAG concentrations in the group of higher adherence to the MD
(P¼0·917; Fig. 1). However, the test for interaction was not
significant.

Joint associations and interactions between glucokinase
regulatory protein gene (rs1260326) (P446L)
polymorphism and food items of the Mediterranean diet
in determining TAG concentrations
We examined the joint associations between the P446L SNP
and the major foods that characterise the MD in relation to
TAG concentrations (Table 3). Statistically significant joint
associations were found for olive oil, vegetables, meat,
butter, sweetened carbonated beverages and nuts (P¼0·035,
P¼ 0·012, P¼ 0·017, P¼0·039, P¼0·036 and P¼ 0·038, respectively). Subjects with the highest risk (genetic risk (PL þ LL))
and who had a high consumption of sweetened carbonated beverages (.1 per d) had 0·19 mmol/l higher TAG
1·7
TAG concentrations (mmol/l)

British Journal of Nutrition

Interaction between glucokinase regulatory protein gene
(rs1260326) (P446L) polymorphism and adherence to the
Mediterranean diet in determining TAG concentrations

1·6

P = 0·917

P = 0·011

1·5
1·4
1·3
1·2
1·1
1·0
0·9
0·8
PP

PL+LL
G1+G2+G3

PP

PL+LL
G4

Adherence to the Mediterranean diet
Fig. 1. Gene £ diet interaction for TAG concentrations according to adherence to the Mediterranean diet (AMD). Adjusted means of TAG are shown
by the GCKR polymorphism according to the strata of AMD. Means were
adjusted by sex, age, smoking, BMI, diabetes and lipid medication. P value
for interaction terms between TAG concentrations and GCKR polymorphism
(as a dominant pattern) was obtained in the hierarchical multivariate interaction model (P for GCKR (P446L)£ AMD interaction ¼ 0·346). P value for
log TAG. G1þG2 þ G3, groups 1, 2 and 3 of AMD; G4, group 4 of AMD.

1·70
TAG concentrations (mmol/l)

the supplementary material, available online at http://www.
journals.cambridge.org/bjn).
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1·50
1·30
1·10
0·90
0·70
0·50

PP

PL+LL
1–4 points

PP

PL+LL
5–6 points

Mini-score of adherence to the Mediterranean diet
Fig. 2. TAG concentrations according to the joint effects of adherence to the
six-point score and the genetic dominant pattern (PP, PL þ LL). The analyses were adjusted for sex, age, BMI, smoking, diabetes and lipid medication (P for joint effects¼0·027).

concentrations than those with the lowest allele of risk (PP)
and lowest consumption of sweetened carbonated beverages
(# 1 per d). Similar results were observed for butter, margarine
or cream consumption per d, although with lower effects on
the reduction of TAG concentrations (2·5 %).
For the other main items that characterise the MD, subjects
with the highest genetic risk and lower consumption of olive
oil had 8·2 % (0·25 mmol/l) higher TAG concentrations than
did those with no allele risk and higher consumption of
olive oil ($ 4 tablespoons) (P¼0·033). Similarly, those who
consumed less than two servings per d of vegetables, or
more than one serving per d of red meat, or less than three
servings of nuts per week had 0·30 (23 %), 0·06 (4·2 %) or
0·11 (8·2 %) mmol/l higher TAG concentrations, respectively.
All of the means were multivariate adjusted. Further adjustment for energy intake did not change the statistical significance of the results.
We further assessed the potential interactions between the
P446L SNP and the major foods characterising the MD in
relation to TAG concentrations. No significant interactions
were found. We also analysed the specific effect of each
food item on TAG concentrations, independently of the
genotype. Significant associations were found (inverse) for
vegetables and meat consumption (P¼0·022 and P¼0·035,
respectively), and these effects were enhanced when genotype was considered (P¼ 0·012 and P¼0·017, respectively).
We tried to identify the main items of the MD that specifically could be associated with the genetic risk and TAG
concentrations. We created a mini-score with the six items
that were significant in the first analysis (olive oil, vegetables,
red meat, butter, sweetened carbonated beverages and nuts).
In a further analysis, we found a significant joint association.
The subjects with the highest genetic risk (PL þ LL) and
lower food item consumption (1– 4 points) had 22·2 %
higher TAG concentrations. In a stratified analysis, we did
not find any differences in TAG concentrations between
genotypes in those subjects who consumed five or six items
of this mini-score, while significant differences were observed
when the consumption was one to four items (Fig. 2).
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Table 3. Interaction and joint effects between components of the score of adherence to the Mediterranean diet and the glucokinase regulatory protein gene polymorphism on TAG concentrations (mmol/l)
(Mean values with their standard errors)
PL þ LL

British Journal of Nutrition

PP

Olive oil (tbs/d)
,4
$4
Vegetables (servings/d)†
,2
$2
Fruit (including natural fruit juice, servings/d)‡
,3
$3
Red meat (hamburgers or meat products,
servings/d)§
$1
,1
Butter, margarine or cream (servings/d)k
$1
,1
Sweetened carbonated beverages (servings/d){
$1
,1
Wine (servings/week)**
,7
$7
Legumes (servings/week)††
,3
$3
Fish/shellfish (servings/week)‡‡
,3
$3
Sweets or pastries (servings/week)§§
,2
$2
Nuts (servings/week)kk
,3
$3
Consumption preferentially of chicken, rabbit or
turkey instead of veal, pork, hamburger,
sausage{{
No
Yes
Vegetables, pasta, rice with sofritos (servings/week)***
,2
$2

Mean

SE

Mean

SE

P for joint effects*

P food item*

1·44
1·30

0·08
0·06

1·63
1·49

0·07
0·04

0·035

0·116

1·40
1·29

0·07
0·06

1·59
1·47

0·05
0·04

0·012

0·022

1·33
1·34

0·06
0·06

1·51
1·52

0·05
0·05

0·084

0·931

1·24
1·36

0·09
0·06

1·41
1·54

0·08
0·04

0·017

0·035

1·20
1·35

0·11
0·06

1·38
1·53

0·10
0·04

0·039

0·145

1·28
1·34

0·10
0·06

1·47
1·53

0·09
0·04

0·036

0·896

1·32
1·42

0·06
0·09

1·42
1·60

0·01
0·08

0·051

0·230

1·33
1·34

0·06
0·06

1·52
1·53

0·04
0·06

0·116

0·703

1·32
1·35

0·06
0·06

1·50
1·53

0·05
0·05

0·104

0·541

1·34
1·33

0·07
0·06

1·52
1·52

0·06
0·04

0·101

0·476

1·31
1·38

0·06
0·07

1·50
1·57

0·04
0·06

0·038

0·314

1·27
1·35

0·08
0·06

1·45
1·54

0·06
0·04

0·099

0·480

1·32
1·34

0·06
0·06

1·51
1·52

0·05
0·04

0·088

0·693

tbs, Tablespoon.
* P value for log TAG. The analyses were adjusted for sex, age, BMI, smoking, lipid medication and diabetes.
† Serving of vegetables is 200 g.
‡ Serving of fruit is 100–250 g.
§ Serving of red meat is 100–150 g.
k Serving of butter, margarine or cream is 12 g.
{ Serving of sweetened carbonated beverages is 200 ml.
** Serving of wine is one cup, 100 ml.
†† Serving of legumes is 150 g.
‡‡ Serving of fish is 100–150 g and 200 g (4 –5 units) for shellfish.
§§ Serving of sweets or pastries is 50 g unless other thing is specified in the questionnaire(18).
kk Serving of nuts is 30 g.
{{ Serving of poultry is 100–150 g.
*** Serving of sofritos is 200 g.

Discussion
The present study was carried out in a high-cardiovascular
risk Mediterranean population. We replicated previously
reported associations between the minor allele (P variant)
of rs1260326 in the GCKR gene and higher TAG concentrations(4 – 7,9,21 – 23), and reported for the first time a
modulation of this association by adherence to the MD.

The mechanism that may explain the observed results is not
yet understood. A recent molecular study(24) proposed a mutational mechanism that could explain the reported association
of this variant with raised TAG and lower glucose concentrations. This group found that regulation by physiological
concentrations of the phosphate ester fructose-6-phosphate
is reduced in the GCKR T-allele Pro446Leu, which results
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indirectly in increased GCK activity(24). Altered GCK regulation
in the liver is predicted to enhance glycolytic flux, promoting
hepatic glucose metabolism and elevating concentrations
of malonyl-CoA, a substrate for de novo lipogenesis. This
provides a mutational mechanism for the reported association
of this variant with raised TAG and lower glucose levels(24).
Taken together, these data support the central position
of GCKR in pathways that regulate hepatic TAG as well as
glucose metabolism in humans.
With respect to the polymorphism in the GCK gene, most
previous studies have analysed its effect on glucose concentrations and have reported significant associations(10,21,25,26).
In our population, we found no association with fasting glucose, although the estimated risk of diabetes was lower in
the AA subjects, as reported in other studies(10,23).
Opposing effects of GCK and GCKR polymorphisms on TAG
concentrations have been reported previously. The minor
allele of the 230G . A SNP has been associated with lower
TAG concentrations. In the present study, we also found a significant association between the A allele and lower TAG concentrations. Furthermore, when we analysed the combined
effect of the GCK gene (recessive model) and GCKR gene
(dominant model), we found a potentially increased effect
on TAG concentrations in subjects with the AA (GCK) and
PP (GCKR) alleles having lower TAG concentrations when
compared with those having the PL þ LL and GG þ GA
alleles.
Several studies have reported additive effects of rs7800094
and rs1799884 on fasting glucose concentrations(5,7,9), but
this combined effect on TAG concentrations has not been
widely studied. Tam et al.(21) used additive genetic models
in two cohorts of Chinese populations but did not observe
an interaction with fasting TAG. Differences between genetic
effect size, risk allele frequency, population sample and
environmental exposure between European and Asian populations may explain this discrepancy. Additional interaction
analyses in further studies are warranted to validate the present findings.
Regarding the gene –diet interaction, we investigated the
potential joint effects of genetic variants and the MD on TAG
concentrations. We reported a significant difference in TAG
between PP v. PL þ LL in subjects with a lower adherence
to the MD, while this effect was not found in the group with
a high adherence to the MD. Supporting the presence of
gene– diet interactions involving the GCKR gene, two recent
studies(15,16) have reported statistically significant interactions
between some SNP in the GCKR gene and dietary intake in
determining glucose-related traits. In one of them(15), carried
out in fourteen cohorts comprising about 48 000 participants
of European descent aimed at studying interactions of whole
grain intake with loci previously associated in genome-wide
association studies with fasting glucose (sixteen loci) and/or
insulin (two loci), the strongest interaction with whole grain
intake was between rs780094 in the GCKR gene in determining fasting insulin. In the other work(16) carried out in subjects
with the metabolic syndrome participating in the LIPGENE
study, the authors found significant interactions between the
GCKR rs1260326 polymorphism and plasma n-3 PUFA levels
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modulating insulin resistance and inflammatory markers.
These studies(15,16) did not investigate the potential mechanisms behind the reported gene– diet interactions. In the present study, the first to investigate the combined effects of
the MD and the genetic risk of P446L on TAG concentrations,
we did not study the biological mechanism to explain the
observed results. However, taking into account some previous
reports(27,28) regarding the effect of dietary fat on the postprandial lipid response, we may suggest some hypotheses.
Perez-Martinez et al.(27) studied the postprandial TAG
response to a high-fat diet and reported that subjects with
the risk allele had higher fasting TAG, hypertriacylglycerolaemia and a greater postprandial TAG response. Another dietary
intervention study (postprandial lipid response after a high-fat
challenge)(28) also reported results consistent with those
published by Perez-Martinez et al.(27). These findings could
support the present results with respect to modulation of the
genetic susceptibility of TAG concentrations by the profile of
the high fat content of the traditional MD (a high percentage
of fat intake (30 – 35 %) is mostly from MUFA, given the
consumption of olive oil)(14,20). A high fat content from SFA
could have a negative effect on L carriers with respect to
TAG concentrations, while fats from olive oil and nuts (characteristic foods of the MD) could modulate this risk (as shown in
our sample for these two individual items). In the present
study, we showed a significant joint association (gene – food
items of the MD) between TAG concentration and the consumption of olive oil, vegetables and nuts, as well as the
low consumption of meat products, butter and sweetened
beverages. The MD is well known to have beneficial effects
on lipid metabolism as well as on other parameters(29,30).
Currently, the importance of nutrigenomics and personalised
diets based on genetics is gaining attention(31). Therefore, a
number of studies have analysed the potential modulation of
different phenotypes by nutrient compounds(32,33). However,
the current paradigm is to study the overall dietary pattern,
instead of providing a simple assessment of isolated
nutrients, because of the synergistic or antagonistic effects of
food items and nutrients(34). After analysing the overall Mediterranean dietary pattern, we wanted to study the individual
items that make up the MD and contribute to the modulation
of the genetic effect. As we reported above, six items of the
MD were significant, which agrees with the synergistic or
antagonistic effects of food items in relation to metabolic
diseases.
The benefits of the high consumption of vegetables in cardiovascular intermediate phenotypes have been reported in
many studies(35). In Mediterranean countries, vegetable consumption is linked to a high consumption of olive oil because
it is used to dress salads. Therefore, its role in the prevention
of the genetic risk for TAG concentrations could actually be
associated with olive oil consumption.
Meat products and butter have a high content of SFA, and
SFA have also been associated with cardiovascular risk(36).
Therefore, LL carriers could find more benefits from a low
consumption of these products to decrease their TAG
concentrations.
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There are some limitations in the present study, mainly
derived from the fact that cross-sectional data have been analysed; therefore, causal inference cannot be made.
In conclusion, we found that the P446L SNP in the GCKR
gene is significantly associated with TAG concentrations in
this Mediterranean population, in agreement with previous
findings. We also showed combined gene– gene associations
with TAG concentrations. We found, for the first time, that
the Mediterranean dietary pattern could modulate the effects
of the GCKR gene variation on TAG concentrations. We also
identified the main food items of this pattern that exert their
beneficial effects on TAG concentrations (high consumption
of olive oil, nuts and vegetables and lower consumption
of red meat, butter and sweetened beverages). The present
findings suggest that the adoption of the MD may decrease
TAG concentrations, especially among the genetically highrisk population. However, more studies analysing dietary
patterns are recommended to better establish personalised
recommendations.
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