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Nutrient consumption-dependent
association of a glucagon-like
peptide-1receptor gene
polymorphism with insulin
secretion
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Yuki Matsuhashi!, MiyukiYanagimachi?, Itoyo Tokuda?, Kaori Sawada® & Kazushige lhara3

Since type 2 diabetes (DM) is a life-style related disease, life-style should be considered when
association between genetic factors and DM are examined. However, most studies did not examine
genetic associations in consideration with lifestyle. Glucagon-like peptide-1 (GLP-1) receptor (GLP1R)
mediates the insulinotropic action of GLP-1 in B-cells. We here examined the association while taking
into consideration of interactions between the gene polymorphism and various nutrient factors.
Participants from the population-based Iwaki study of Japanese subjects held in 2014-2017 with
information on nutritional intake evaluated by self-administered dietary history questionnaire,

and GLP1R genotype (rs3765467: A/G), were included (n=1,560). Although not significant, insulin
secretion indices assessed by homeostasis model assessment of B-cell function (HOMA-B) in subjects
with the GG genotype tended to be lower than in those with the AA+AG genotypes in most groups
stratified into tertiles based on daily nutrient consumptions (high, middle, and low). Stratification also
showed that the GG genotype was a significant risk for decreased insulin secretion (HOMA-f <30) even
after adjustment for multiple factors (age, body mass index, alcohol consumption), but only in the
highest tertiles of energy, protein and carbohydrate consumption in men [odds ratios (95% confidence
interval) 3.95 (1.03-15.1), 15.83 (1.58-158.9), and 4.23 (1.10-11.2), respectively]. A polymorphism of
the GLP1R gene was associated with decreased insulin secretion in a nutrient consumption-dependent
manner in Japanese men, indicating an interaction between GLP1R and nutritional factors in the
pathophysiology of DM.

Type 2 diabetes (DM), a heterogeneous disorder of glucose metabolism characterized by both insulin resistance
and pancreatic B-cell dysfunction, is considered multifactorial, as many genetic and environmental factors are
involved together in its pathophysiology"?. Therefore, thorough understanding such factors is important as it may
promote development of individualized or precision medicine. However, although many genes have been identi-
fied as DM susceptibility genes across several studies (including genome wide association studies (GWASs)*~/,
the most powerful and stringent methods for identifying the genetic basis of common diseases), most of the
relevant information has not been used to inform decision-making in the general clinical setting®. One reason
why such data are insufficient for use is the lack of corresponding information on factors that interact with the
reported genetic factors, since the pattern of inheritance of DM suggests not only polygenic inheritance, but also
a complex genetic interaction with environmental factors">*°.

Glucagon-like peptide-1 (GLP-1), secreted from enteroendocrine L-cells of the intestine, enhances insulin
secretion in a glucose-dependent manner via its cognate receptor, GLP1R. Therefore, various GLP-1 based

!Department of Endocrinology and Metabolism, Hirosaki University Graduate School of Medicine, Hirosaki,
Aomori, Japan. 2Department of Oral Healthcare Science, Hirosaki University Graduate School of Medicine,
Hirosaki, Aomori, Japan. 3Department of Social Medicine, Hirosaki University Graduate School of Medicine,
Hirosaki, Aomori, Japan. *email: mdaimon@bhirosaki-u.ac.jp

SCIENTIFIC REPORTS|  (2020)10:16382 | https://doi.org/10.1038/s41598-020-71853-7


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-71853-7&domain=pdf

www.nature.com/scientificreports/

therapies (e.g. dipeptidyl peptidase-4 inhibitors and GLP1R agonists) have been applied to treat DM with ade-
quate effects'2. Association between GLP1R gene polymorphisms and DM has also been reported in various
case—control studies, including GWASs"*~18. Therefore, the effects of GLP-1 based therapies may vary depend-
ing on genotypes of the GLP1R gene. Evaluating the relationship between the effects of such therapies and
GLPIR genotypes may be useful for identifying subjects suitable for GLP-1 based therapy. Indeed, the func-
tional relevance of several GLP1R gene polymorphisms regarding the effects of GLP-1 administration have been
reported'®?’. Among them, the polymorphism, rs3765467 (A/G: p.Argl31Gln), was shown to be functional
with the A allele associated with a >100% increase in GLP-1 induced insulin secretion'®. Taken together, these
observations indicate that GLPIR is a DM susceptibility gene.

Therefore, interactions between the GLP1R gene and environmental factors are also highly important. GLP-1
secretes in response to administration of glucose and various nutrients including fat and amino acids*?%. There-
fore, the amounts of such various nutrients consumed may affect the association between GLP1R genotype and
DM. To date, no studies examined such interaction.

To analyze this matter in details, we here examined the interaction between nutrients consumed and the
association of the GLP1R gene with impaired glucose metabolism or decreased insulin secretion, in a population-
based sample of Japanese subjects. Our findings may be useful to find subjects who are susceptible to decreased
insulin secretion in nutrient consumption-dependent manner.

Methods
Study population. Subjects were recruited from the Iwaki study, a health promotion study of Japanese
people over 20 years old aimed at preventing lifestyle-related diseases and prolonging lifespans. The study is
conducted annually in the Iwaki area of the city of Hirosaki in Aomori Prefecture in northern Japan®»*. Among
1,817 participants in the Iwaki study held in 2014-2017, 1,676 individuals were considered eligible for the pre-
sent study, as they have complete data on genotype of the GLP1R polymorphism (db SNP ID: rs3765467: A/G)
(p.Alg131Gln) and nutrient consumption. The following individuals were excluded: 64 on medication for DM
(diabetic individuals on diet treatment are included), and 52 with fasting blood glucose (FBG) levels below
63 mg/dl or over 140 mg/dl (to precisely evaluate homeostasis model assessment (HOMA) indices). After these
exclusions, 1,560 individuals (587 men and 973 women) aged 53.3+16.1 years were included in the study.

This study was approved by the Ethics Committee of the Hirosaki University School of Medicine (No. 2014-
014 and 2014-015), and was conducted according to guidelines of the Declaration of Helsinki. Written informed
consent was obtained from all participants.

Characteristics measured and genotyping. Characteristics were measured as previously reported® 2",
Namely, peripheral vein blood samples were collected in the morning from participants under fasting conditions
in the supine position for 5 min after 10 min rest in a sitting position. The following clinical characteristics were
measured: height, body weight, body mass index (BMI), percent body fat (fat), fasting blood glucose, fasting
serum insulin levels, glycated hemoglobin (HbA1c), systolic and diastolic blood pressures, serum levels of total
cholesterol, triglyceride (TG), high-density lipoprotein-cholesterol, uric acid, urea nitrogen, and creatinine. Fat
was measured by the bioelectricity impedance method with a Tanita MC-190 body composition analyzer (Tan-
ita Corp., Tokyo, Japan). HbAlc (%) is expressed as the National Glycohemoglobin Standardization Program
value. All laboratory testings were performed in a commercial laboratory (LSI Medience Co., Tokyo, Japan)
according to vendor protocols. Insulin secretion was evaluated with homeostasis model assessment of B-cell
function (HOMA-P), based on fasting blood glucose and insulin levels®. Insulin resistance was also assessed
based by homeostasis model assessment (HOMA-R)?. Daily nutritional intake was estimated using the brief
self-administered diet history questionnaire (BDHQ), which is a well-annotated structured self-administered
questionnaire invented for Japanese adults to estimate the daily intakes of energy, and selected nutrients by
assessing dietary habits during the preceding month?’-*’. In this study, we used values of macronutrients only.
Fat consumption was composed of animal and vegetable fat consumptions. Alcohol was not considered as a
component of carbohydrate, but fibers were. For energy evaluation, amount of alcohol multiplied by 7.1. DM was
defined according to 2010 criteria of the Japan Diabetes Society, i.e. FBG > 126 mg/dl (n = 16)*!. In subjects where
FBG levels were not measured, diabetes was defined as HbA1lc>6.5%. No subjects in our study were known to
have type 1 diabetes. Hypertension was defined as blood pressure >140/90 mmHg or undergoing treatment
for hypertension (n=574). Hyperlipidemia was defined as total cholesterol >220 mg/dl, TG>150 mg/dl, or
undergoing treatment for hyperlipidemia. (n=690). Alcohol consumption (current or nondrinker) and smoking
habits (never, past or current) were determined from questionnaires.

Genomic DNA was extracted from peripheral whole blood using QIAamp 96 DNA Blood Kit (QIAGEN,
Hilden, Germany) and genotypes of the single nucleotide polymorphism (SNP) of the GLP1R gene, rs3765467,
were determined by Toshiba corporation using Japonica Array*2. The SNP was chosen as representative of the
GLPI1R gene for its association with DM as was reported in previous GWASs, and was shown by structural
analysis of crystallized GLP1R to reside in an active site necessary to maintain GLP1R protein structure or to
be a functional SNP**%.

Statistical analysis. Data are presented as means+SD. The statistical significance of the differences in
values between two groups (parametric) and case—control associations between groups (nonparametric) were
assessed using analysis of variance and the x?* test, respectively. The independent association of the polymor-
phism from age, body mass index (BMI), and alcohol consumption was examined by analysis of covariance
(ANCOVA) and multiple logistic regression analysis for parametric and non-parametric data, respectively,
in each sex. Risk for decreased insulin secretion was evaluated by multiple logistic regression analysis with

SCIENTIFIC REPORTS |

(2020) 10:16382 | https://doi.org/10.1038/s41598-020-71853-7



www.nature.com/scientificreports/

Characteristics AA+AG GG P
Number (gender: M/F) 440 (164/276) | 1,120 (423/697) | 0.86
Age (years) 53.6+16.1 53.2+16.2 0.66
Height (cm) 160.3£9.2 160.7£9.5 0.48
Body weight (kg) 59.4+12.0 8.5 0.75
Body mass index (kg/m?) 23.0+3.4 22.8+3.6 0.34
Fat (%) 26.8+£8.2 259+8.3 0.07
Fasting plasma glucose (mg/dl) 89.3+12.3 89.2+11.7 0.78
HbAlc (%) 5.64+0.39 5.65+0.37 0.75
Fasting serum insulin: IRT (uU/ml) | 5.3+3.1 5.0%3.1 0.09
HOMA-R 1.20£0.81 1.13+£0.78 0.12
HOMA-$ 96.3+123.8 85.7+£93.5 0.11
Decreased insulin secretion®: n (%) 20 (4.5) 75 (6.7) 0.11
Systolic blood pressure (mmHg) 123.5+19.6 124.0+£18.5 0.64
Diastolic blood pressure (mmHg) 73.4+12.2 73.1+12.1 0.67
Total cholesterol (mg/dl) 204.6£34.1 204.7+33.4 0.96
Triglyceride (mg/dl) 95.4+65.6 96.8£69.2 0.71
HDL cholesterol (mg/dl) 64.6+£15.9 65.6+17.4 0.29
Serum albumin (g/dl) 45+0.3 45+0.3 0.38
Serum uric acid (mg/dl) 50+1.3 50+1.3 0.48
Serum urea nitrogen (mg/dl) 14.6+4.6 14.3£3.9 0.3
Serum creatinin (mg/dl) 0.71+£0.19 0.70+£0.15 0.19
AST 22.6+8.4 22.9+8.5 0.49
ALT 21.0+£13.3 21.2+14.2 0.74
YGTP 31.0+£39.7 33.1+42.7 0.37
Hypertension: n (%) 162 (41.4) 412 (36.8) 0.99
Hyperlipidemia: n (%) 192 (43.6) 498 (44.5) 0.78
Diabetes: n (%) 18 (4.1) 44 (3.9) 0.94
Alcohol consumption: n (%) 180 (40.9) 521 (46.5) 0.046*
Smoking (never/past/current): n 274/87179 701/220/199 0.99

Table 1. Characteristics of study subjects based on GLP1R1 genotype. P <0.05 is indicated by *. Data
presented as mean + SD or number of subjects (%). *“HOMA-p < 30.

adjustment for factors described above. For statistical analyses, HOMA indices were log-transformed (log10) to
approximate a normal distribution. p <0.05 was considered statistically significant. All analyses were performed
using JMP version 14.0 (SAS Institute Japan Ltd., Tokyo, Japan).

Results

Clinical characteristics of study subjects. The clinical characteristics of subjects based on the genotype
are shown in Table 1. The proportion of subjects who were currently alcohol drinkers was higher in subjects with
the GG genotype than with the genotypes AA+AG (46.5% vs. 40.9%, p=0.046). However, no other character-
istics measured, including HOMA indices, were different between the AA+AG and GG genotypes. Differences
in nutrients consumed between the genotypes were then evaluated separately in men and women, since the
amounts of nutrients consumed were substantially different between sexes (i.e. protein and fat consumed (g/
kgBW/day) were 1.14+0.46 and 1.27+0.55 (p<0.0001), and 0.83+0.37 and 0.97+0.41 (p <0.01), respectively,
for men and women, respectively). As shown, no differences were observed in nutrients consumed between the
genotypes, either in men or women (Table 2). These observations indicate that subjects with the GG genotype
may prefer to consume alcohol, but not other macronutrients or total energy.

Nutrient consumption-dependent association of the GLP1R gene with insulin secretion. We
then examined the effect of amounts of nutrients consumed on the association of the GLP1R polymorphism
with the index of insulin secretion (HOMA-) using groups stratified into tertiles based on daily nutrient con-
sumptions (high, middle, and low). As shown in Table 3, HOMA-f of the subjects with the GG genotype tended
to be lower compared with subjects with the AA+AG genotypes in most stratified groups, although the differ-
ences were not significant.

We then evaluated the risk of the genotype for a decreased insulin secretion, which we designated as HOMA-p,
<30 (Table 4). In men, the GG genotype was a significant risk for decreased insulin secretion in most high nutri-
ent consumption groups even after adjustment for multiple factors (age, BMI, alcohol consumption) (e.g. in the
high protein consumptions group, OR 15.83, 95% confidence interval 1.58-158.9). Further, significant interaction
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Men ‘Women
Nutrient AA-AG GG P AA-AG GG P
Energy (kcal/kgBW/day) 32.6+0.82 | 32.7+0.51 0.92 |31.6+0.67 |324+042 |0.33
Carbohydrate (g/kgBW/day) | 4.45+0.12 |4.35+0.08 | 0.46 |4.26+0.09 |4.36+0.06 |0.37
Fiber (g/kgBW/day) 0.18+0.01 | 0.17+0.004 |0.37 |0.20£0.01 0.21+0.004 | 0.56
Protein (g/kgBW/day) 1.15+£0.04 | 1.14+0.02 0.79 |1.24+0.03 1.28+0.02 0.33
Fat (g/kgBW/day) 0.84+0.03 | 0.83+0.02 |0.83 |0.96+£0.02 |0.97+£0.02 |0.65
Animal (g/kgBW/day) 0.40+0.01 | 0.40%0.01 0.81 |0.43+£0.013 |0.45+0.01 0.18
Vegetable (g/kgBW/day) 0.44+0.01 |0.43+0.01 0.54 |0.52£0.013 | 0.51£0.01 0.55

Table 2. GLP-1R genotype-dependent differnces in nutritional intake. Data represent mean + SD.

Men ‘Women
Nutrient | AA+AG | GG \ p \ Adjustedp | AA+AG GG \ p \ Adjusted p
Energy (kcal/kgBW/day)
Low 117.7+132 | 89.0+8.30 |0.21 |0.08 113.3£13,5 | 99.8+8.71 0.43 0.45
Middle 82.8+12.7 79.6+7.48 090 |0.86 103.3+12.8 | 95.4+8.14 0.51 0.58
High 66.3+7.54 652+493 |0.32 | 0.36 84.8+7.52 78.1+4.58 0.10 0.34
Fat (g/kgBW/day)
Low 106.0+13.8 | 82.2+8.1 0.51 | 0.66 117.4+14.0 |100.4+8.75 |0.32 0.35
Middle 97.7+11.6 77.1+£8.09 |0.19 |0.07 90.8+11.2 90.9+6.76 0.46 0.70
High 59.4+8.08 71.9+4.73 |0.78 |0.92 94.5+£9.62 81.4+6.32 0.14 0.40
Animal fat (g/kgBW/day)
Low 104.6+12.3 | 79.4%£8.10 |0.55 |0.77 113.5+12.4 | 96.6+7.56 0.35 0.32
Middle 76.1+9.19 78.2+5.52 |0.84 | 0.50 949+12.4 93.8+8.15 0.36 0.89
High 82.9+125 73.7+7.62 |027 |0.10 95.1+10.1 82.6+£6.29 0.18 0.47
Vegetable fat (g/kgBW/day)
Low 121.8+14.7 | 87.3£8.64 |0.07 |0.06 122.8+16.5 |108.0+10.5 |0.30 0.37
Middle 86.8+11.4 75.7+£7.56 097 |0.14 96.7+8.95 82.8+5.38 0.13 0.29
High 59.7+6.83 67.9+4.21 |0.98 |0.60 83.5+7.23 82.2+4.72 0.54 0.82
Protein (g/kgBW/day)
Low 113.1+13.1 |83.6+7.81 |0.13 |0.23 128.5+12.4 |99.6+7.62 0.13 0.17
Middle 87.8+12.1 84.4+8.05 |0.57 |0.36 81.2+11.69 |94.7+7.53 0.93 0.66
High 65.8+8.31 63.6+5.01 |0.28 |0.53 95.3+9.92 78.2+6.23 0.06 0.18
Carbohydrate (g/kgBW/day)
Low 107.0£13.8 |91.9+8.12 |0.72 |0.40 1259+14.6 |98.1£9.81 0.04* |0.08
Middle 89.5+11.5 719+7.17 |0.55 |0.70 86.9+7.15 88.5+4.30 0.80 0.67
High 72.0+8.78 66.6+5.76 |0.17 |0.09 859+11.5 86.8+7.05 0.34 0.54
Fiber (g/kgBW/day)
Low 106.0£7.60 |90.8+7.70 |0.73 [0.71 116.7+13.8 |108.0+£8.90 |0.72 0.86
Middle 91.8+11.6 71.7+7.43 035 |0.17 106.8+13.1 |89.6+7.91 0.13 0.45
High 70.0+9.46 68.2+6.06 |0.34 |0.45 79.3+6.78 75.4+4.33 0.20 0.23

Table 3. Nutrient consumption-dependent association of GLP1R genotype with insulin secretion (HOMA-f).
Data represent mean + SD or number of subjects (%). Adjusted for age, BMI, and alcohol consumption.

between the GG genotype and protein consumption was observed as a risk for decreased insulin secretion
(p=0.03). However, such relationships were not observed in any groups stratified in women.

Discussion

In this cross-sectional study of a general Japanese population, we found that the GG genotype of the GLP1R
gene polymorphism, rs3765467: A/G or p.Alg131Gln, is a significant risk for decreased insulin secretion in men
with high nutrients consumption. Given that the polymorphism was shown to be functional with the allele A
associated with an > 100% increase in GLP-1 induced insulin secretion'®'?, those with the A allele, or the AA+AG
genotypes appear to have better insulinotropic action after nutrient consumption, which induces GLP-1 secretion.
Therefore, our results are consistent with previous findings, and further indicate that the functional difference
between the genotypes may only become evident when nutrient consumption is increased. This observation
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Univariate Multiple factors adjusted
Nutrient OR | 95% CI P OR 95% CI P
(a) Men
Energy (kcal/kgBW/day) 0.14% 0.22°
Low 0.77 |0.25-2.36 | 0.65 1.01 0.49-6.26 0.39
Middle 1.84 | 0.60-5.67 | 0.29 1.79 0.55-5.80 0.33
High 393 | 1.13-13.6 |0.03* 3.95 1.03-15.1 0.04*
Fat (g/kgBW/day) 0.24% 0.26
Low 093 |0.36-2.36 | 0.87 0.95 0.34-2.69 0.93
Middle 3.10 | 0.67-14.3 | 0.15 3.34 0.68-16.3 0.14
High 2.93 |0.84-10.2 | 0.09 3.16 0.82-12.3 0.10
Animal fat (g/kgBW/day) 0.34* 0.24*
Low 1.13 | 0.45-2.88 |0.79 1.07 0.39-2.98 0.89
Middle 2.19 |0.61-7.79 |0.23 2.53 0.65-9.84 0.18
High 391 |0.88-17.4 |0.07 5.82 1.05-32.2 0.04*
Vegetable fat (g/kgBW/day) 0.49* 0.88*
Low 143 | 0.45-4.49 |0.54 1.50 0.42-5.33 0.53
Middle 1.36 | 0.47-3.94 | 0.57 1.98 0.59-6.63 0.27
High 329 ]0.94-114 |0.06 2.70 0.69-10.5 0.15
Protein (g/kgBW/day) 0.04** 0.03**
Low 1.86 | 0.52-6.71 |0.34 2.79 0.73-10.7 0.13
Middle 0.73 ]0.27-1.96 | 0.54 0.78 0.28-2.16 0.63
High 594 |1.36-25.9 |0.02* 15.83 | 1.58-158.9 | 0.02*
Carbohydrate (g/kgBW/day) 0.39% 0.34"
Low 123 |0.38-3.92 |0.73 1.63 0.43-6.24 0.48
Middle 146 | 0.52-4.16 | 0.47 1.23 0.41-3.67 0.72
High 3.57 | 1.03-12.4 | 0.046* |4.23 1.10-11.2 0.04*
Fiber (g/kgBW/day) 0.07*% 0.14
Low 0.76 |0.22-2.59 | 0.66 0.99 0.25-3.94 0.99
Middle 1.26 | 0.43-3.64 | 0.67 1.29 0.42-3.98 0.65
High 495 | 1.45-17.0 |0.01* 4.68 1.27-17.3 0.02*
(b) Women
Energy (kcal/kgBW/day) 0.77* 0.76*
Low 0.62 | 0.10-3.75 | 0.60 0.34 0.04-2.54 0.29
Middle 0.94 |0.24-3.71 |0.93 1.00 0.25-4.09 1.00
High 1.38 | 0.38-5.06 | 0.63 0.99 0.26-3.82 0.99
Fat (g/kgBW/day) 0.53* 0.50%
Low 0.51 |0.11-2.34 |0.39 0.35 0.07-1.77 0.20
Middle 1.68 |0.36-7.92 | 0.51 1.29 0.26-6.43 0.75
High 1.16 | 0.3-4.46 0.83 0.82 0.20-3.37 0.78
Animal fat (g/kgBW/day) 0.93* 0.87%
Low 0.74 |0.18-3.01 | 0.67 0.53 0.12-2.38 0.40
Middle 1.31 | 0.26-6.60 | 0.74 0.90 0.17-4.95 0.92
High 1.16 |0.31-4.39 |0.83 0.78 0.19-3.17 0.73
Vegetable fat (g/kgBW/day) 0.03** 0.05"
Low 0.39 |0.10-1.59 | 0.19 0.27 0.06-1.24 0.09
Middle NA | NA NA NA NA NA
High 0.96 |0.29-3.19 |0.95 0.82 0.24-2.81 0.75
Protein (g/kgBW/day) 0.33 0.31%
Low 0.37 10.07-1.87 | 0.23 0.21 0.03-1.29 0.09
Middle 1.90 | 0.40-8.97 |0.42 1.53 0.31-7.59 0.61
High 1.19 |0.32-0.22 | 0.80 0.84 0.21-3.38 0.81
Carbohydrate (g/kgBW/day) 0.98* 0.98*
Low 1.14 | 0.22-5.95 | 0.88 0.51 0.08-3.22 0.47
Middle 0.90 |0.17-4.73 | 0.90 0.71 0.13-3.92 0.70
High 1.04 |0.32-3.35 | 0.95 0.83 0.25-2.80 0.77
Continued
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Univariate Multiple factors adjusted
Nutrient OR | 95% CI P OR 95% CI P
Fiber (g/kgBW/day) 0.16% 0.30*
Low 0.41 |0.06-2.94 |0.37 0.24 0.03-2.04 0.19
Middle 0.98 |0.25-3.77 |0.97 0.67 0.16-2.80 0.59
High 1.52 | 0.42-5.59 | 0.53 1.27 0.33-4.86 0.72

Table 4. Risk of GLP-1R genotype (GG) for decreased insulin secretion stratified based on nutrient
consumption in (a) men and (b) women. NA No individual in the AA+AG group in the middle tertile stratified
based on vegetable fat consumption was insulin deficient, and, thus, OR could not be calculated. p <0.05 is
indicated by *. Adjusted for age, BMIL, and alcohol consumption. *p-values for interaction between the GLP1R
genotype and nutrients in regard with decreased insulin secretion.

appears to explain why, clinically, there is a certain subset of the population whose susceptibility to decreased
insulin secretion may increase if they consume more nutrients or energy.

We here found that the GG genotype was a significant risk for decreased insulin secretion in the high energy,
animal fat, protein, carbohydrate, and fiber consumption groups, but not in the high fat and vegetable fat con-
sumption groups in men. Although all of these nutrients stimulate GLP-1 secretion, the mechanisms involved
are different. Carbohydrate or glucose stimulates GLP-1 secretion from L-cells through mechanisms similar to
the stimulation of insulin secretion in the islets, or through glucose-mediated membrane depolarization, while
protein and lipid bind specific cell surface receptor of L cells to stimulate GLP-1 secretion?>*!. Further, although
ingestion of carbohydrates or proteins elicits a rapid increase in circulating GLP-1 with a peak 30-60 min follow-
ing nutrient intake, ingestion of fat elicits a more prolonged (> 120 min) increase®**. Therefore, differences in
time profile after nutrient intake and circulating levels of GLP-1 secreted depending on each nutrient consumed
may be responsible for the observed differences in nutrient consumption-dependent association. However, the
difference might merely come from low statistical power of the analysis, as the subjects were stratified based on
nutrient intake, thus, the number of subjects in each group became small, and the risk of the GG genotype for
decreased insulin secretion in the high fat and vegetable fat consumption groups were, though not significant,
positive [OR 3.16 (0.82-12.3) and 2.70 (0.69-10.5), respectively] with marginal significance. This issue needs
to be evaluated in the future.

The nutrient consumption-depending association between the genotype and decreased insulin secretion
were observed only in men. Sex hormones are shown to induce GLP-1 secretion and also to modulate effects of
GLP-1 on glucose homeostasis and food intake through their interaction to GLP1R*. Further, less sensitivity to
liraglutide, a GLP-1 derivative, in men has been suggested from clinical trials®. Together, these facts may explain
the observed gender-specific difference in the nutrient consumption-depending association between the genotype
and decreased insulin secretion, though the underlying explanation in details is awaited. Alternatively, the fact
that the number of subjects with a decreased insulin secretion was much lower in women than in men [n (%):
29 (3.0) vs. 66 (11.2)], may be the cause of the observation, as this may have resulted in low statistical power.
Indeed, HOMA-B of subjects with the GG genotype tended to be lower compared with subjects with the AA+AG
genotypes in both women and men. Therefore, a similar nutrient-dependent association may also exist in women.

As described previously, DM is considered multifactorial, and, thus, a lifestyle-related disease, as many genetic
and environmental factors are involved together in its pathophysiology"?. Namely, effects of genetic factor may
become evident only when their corresponding environmental factors are accompanied. Conversely, without
considering such environmental factors, true effects of genetic factors may not be evaluated either precisely or
effectively. Mice without a gene (knock out mouse) involved in glucose metabolism such as adiponectin showed
impaired glucose tolerance only when they were fed with high fat and high sucrose chow, but not with normal
chow?”. Further, in a human study, gene polymorphisms in TCF7L2, which is a well-annotated gene associated
with DM found in various studies including GWAS***°, was shown to be associated with an increased risk
of diabetes among persons with impaired glucose tolerance in groups without lifestyle intervention but not
with lifestyle intervention*. Therefore, finding such environmental factors corresponding to each genetic factor
appears to be important, as such information can be implicated to develop possible intervention means in the
general clinical setting. The results found here seem to suggest that there is a certain subset of the population
whose susceptibility to decreased insulin secretion may increase if they consume more nutrients such as, at
least, protein. Glucose-dependent insulinotropic polypeptide (GIP) is another major incretin hormone beside
GLP-1 and augments insulin secretion after a food intake, and its release is influenced by various nutrients
consumed*!~**, Therefore, nutrient consumption-dependent association of GIP or its receptor (GIPR) with DM
or decreased insulin secretion is also interesting to be evaluated. In this regard, to date, two studies examined
nutrient consumption-dependent association of a GIPR gene polymorphism (rs10423928) with DM*~*¢. A report
showed that subjects with the AA genotypes of the polymorphism (the A allele is associated with lower insulin
secretion after an oral glucose tolerance test*’) consuming high-fat low-carbohydrate diets had reduced risk of
DM*, while another showed no such association*'. The results of the former study appear to be different from
our results, where high nutrients consumption including fat is also a risk for decreased insulin secretion in the
genotype depending manner. Different from GLP-1, GIP has a role in fat accumulation in adipocytes***%, and,
thus, amount of fat consumed may influence directly or indirectly (may through obesity) to glucose tolerance
differently, leading to the different nutrient consumption-depending association observed here.
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We here examined nutrient consumption-dependent association without considering eating habits, which
may affect glucose tolerance more than amount of each nutrient per se*. Further, not only so-called bad eating
habits such as skipping breakfast, eating late, and consuming greater amount of food, but also sequence to con-
sume meal has influence on glucose tolerance*. Namely, preloading of a protein-rich diet before carbohydrate
intake increases secretion of GLP-1 and GIP, and enhance early-phase insulin secretion®”>!. Therefore, studies in
consideration of such eating habits are awaited to precisely evaluate nutrient consumption-dependent association
of the GLP1R gene with decreased insulin secretion.

We did not observe an association between the genotype and DM per se (Table 1). To precisely evaluate
HOMA indices, we excluded subjects on medication for DM and with FBG levels below 63 mg/dl or over 140 mg/
dl. Therfore, the number of subjects with DM in the study population was small [n=62 (4.0%)]. This may explain
the nonsiginificant association between the genotype and dibetes, as the small number of subjects and the exclu-
sion may have led to low statistical power and selection bias. However, even when include those excluded from
the study [the number of subjects with DM increased to 160 (9.5%)], no siginificant association between the
genoype and DM was observed [number of diabetic subject with the AA+AG genoypes vs. GG genoype: 46 (9.7%)
vs. 114 (9.5%), p=0.90]. Analyses with subjects stratified based on nutrient intake did not reveal a significant
association between the genotypes either. Therefore, although such an association has been reproted in several
case-control studies with relatively large sample-sizes'*~*%, the effect of the genotype on development of DM may
not be substantial as it can be evaluated in studies of the general population with a relatively small sample size.

The proportion of subjects who were currently alcohol drinkers was higher in those with the GG genotype
than in those with the AA+AG genotypes. GLP-1 is also synthesized in neurons of the hindbrain, acts as a
neuropeptide, and, regulates food intake and appetite®>->°. Accordingly, its abilities to control alcohol consump-
tion have also been reported in both animals and humans®**¢-%°. GLP1R agonists decreased the motivation to
consume alcohol in rodents and monkeys®****-%’, and an association between polymorphisms of the GLP1R gene
and alcohol dependency was reproted in a case-control study of patients with alcohol use disoder (AUD)®.
Therefore, the association between the GG genotype and habitual alcohol consumption appears to be consist-
ent with these prior studies, although the human study evaluated patients of Afro Americans and Caucasion
descent with AUD, while we evaluated a general Japanes population. As reproted, the GG genotype appear to
has lower ability to transduct signals of GLP-1 compared to the AA+AG genotypes'®', the effects of GLP-1 to
decrease the motivation to consume alcoohl might be decreases in subjects with the GG genotype. Together, our
result seems to indicate that the genotype GG is a risk for habitual alcohol consumption in both the Japanese
and general populations.

The present study had both strengths and limitations. Strengths were as follows. The statistical adjustments
were made for multiple factors that could have confounded the results, and the general population-based sample
was analyzed. In addition, subjects on medication for DM were excluded, as these drugs affect glycemic param-
eters including HOMA indices. Subjects with FBG levels below 63 mg/dl or over 140 mg/dl were excluded to
precisely evaluate HOMA indices. Thus, the results obtained appear to precisely reflect the relationship between
the genotypes and HOMA indices. Limitations were as follows. The participants were selected from a health
promotion study and not from a population undergoing ordinary health check-ups, and thus the participants
may have been more invested in their health than the general population. Therefore, subjects may not accurately
represent the general population. Further, we used HOMA-p to evaluate insulin secretion ability. However,
HOMA-p represents p-cell function in the fasting state, not in response to nutritional stimulation. Further,
major factors related to nutrient consumption, gender and age were adjusted differently: i.e. gender was used for
stratification, and age was used for statistical adjustment as a continuous variable. Namely, stratification based
on age might bring different results. However, as univariate regression analyses showed that amount of nutrient
consumed appeared to increase along with age without any obvious reflection point (energy: p=0.187, p <0.0001
and $=0.178, p<0.0001, for men and women, respectively), the possibility does not seem to be substantial. Fur-
thermore, we here examined a nutrient consumption-dependent association of a GLP1R gene polymorphism
with insulin secretion in regard with macronutrients but not with micronutrient. BDHQ give values for huge
number of micronutrient consumed. Therefore, we could examine the association also in regard with micronu-
trient. However, as an initial step of this association study, we concentrated to examine the association in regard
with macronutrients only to simplify the analyses or to avoid an issue of multiple testing. In addition, several
information, which appear to be useful to explore the association more in depth, such as menopausal status
and plasma GLP-1 levels were not evaluated. Since measuring plasma GLP-1 levels requires quick handling of
blood samples using tubes with DPP-4 inhibitors and protease inhibitors, and, thus, could not be appreciable
for ordinary healthcare examinations, we did not measure plasma GLP-1 levels, and, thus, could not evaluate
differences in nutrient consumption-dependent association with decreased insulin secretion between the GLP1R
genotype and plasma GLP-1 levels, which may lead to more detailed explanation of the pathophysiology of such
association. Finally, as our study was cross-sectional and not a cohort study, we could not assess whether the GG
genotype is a risk for future decrease in insulin secretion or eventually incidence of DM.

In conclusion, a GLP1R gene polymorphism was associated with decreased insulin secretion, but only in men
with high energy, animal fat, protein, carbohydrate and fiber consumption in Japanese, suggesting a nutrient
consumption-dependent association between the gene and decreased insulin secretion.

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 8 May 2020; Accepted: 17 August 2020
Published online: 02 October 2020

SCIENTIFIC REPORTS |

(2020) 10:16382 | https://doi.org/10.1038/s41598-020-71853-7



www.nature.com/scientificreports/

References

1. Stumvoll, M., Goldstein, B. J. & van Haeften, T. W. Type 2 diabetes: Principles of pathogenesis and therapy. Lancet 365, 1333-1346
(2005).

2. DeFronzo, R. A. Pathogenesis of type 2 diabetes mellitus. Med. Clin. N. Am. 88, 787-835 (2004).

3. Wellcome Trust Case Control Consortium. Genome-wide association study of 14,000 cases of seven common diseases and 3,000
shared controls. Nature 447, 661-678 (2007).

4. Diabetes Genetics Initiative of Broad Institute of Harvard and MIT, Lund University, and Novartis Institutes of BioMedical Research
et al. Genome-wide association analysis identifies loci for type 2 diabetes and triglyceride levels. Science 316, 1331-1336 (2007).

5. Scott, L. J. et al. A genome-wide association study of type 2 diabetes in Finns detects multiple susceptibility variants. Science 316,
1341-1345 (2007).

6. Zeggini, E. et al. Replication of genome-wide association signals in UK samples reveals risk loci for type 2 diabetes. Science 316,
1336-1341 (2007).

7. McCarthy, M. I. Genetics of T2DM in 2016: Biological and translational insights from T2DM genetics. Nat. Rev. Endocrinol. 13,
71-72 (2017).

8. American Diabetes Association. Classification and diagnosis of diabetes: Standards of medical care in diabetes-2018. Diabetes
Care 41(Supple. 1), S13-S27 (2018).

9. Barnett, A. H,, Eff, C,, Leslie, R. D. & Pyke, D. A. Diabetes in identical twins. A study of 200 pairs. Diabetologia 20, 87-93 (1981).

10. Knowler, W. C. et al. Gm3;5,13,14 and type 2 diabetes mellitus: An association in American Indians with genetic admixture. Am.
J. Hum. Genet. 43, 520-526 (1988).

11. Egan, J. M,, Clocquet, A. R. & Elahi, D. The insulinotropic effect of acute exendin-4 administered to humans: Comparison of
nondiabetic state to type 2 diabetes. J. Clin. Endocrinol. Metab. 87, 1282-1290 (2002).

12. Drucker, D. J. & Nauck, M. A. The incretin system: glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors
in type 2 diabetes. Lancet 368, 1696-1705 (2006).

13. Morris, A. P. et al. Large-scale association analysis provides insights into the genetic architecture and pathophysiology of type 2
diabetes. Nat. Genet. 44, 981-990 (2012).

14. Wessel, J. et al. Low-frequency and rare exome chip variants associate with fasting glucose and type 2 diabetes susceptibility. Nat.
Commun. 6, 5897 (2015).

15. Mahajan, A. et al. Identification and functional characterization of G6PC2 coding variants influencing glycemic traits define an
effector transcript at the G6PC2-ABCB11 locus. PLoS Genet. 11, €1004876 (2015).

16. Scott, R. A. et al. A genomic approach to therapeutic target validation identifies a glucose-lowering GLPIR variant protective for
coronary heart disease. Sci. Transl. Med. 8, 341ra76 (2016).

17. Kwak, S. H. et al. Nonsynonymous variants in PAX4 and GLPIR are associated with type 2 diabetes in an East Asian Population.
Diabetes 67, 1892-1902 (2018).

18. Suzuki, K. et al. Identification of 28 new susceptibility loci for type 2 diabetes in the Japanese population. Nat. Genet. 51, 379-386
(2019).

19. Sathananthan, A. et al. Common genetic variation in GLPIR and insulin secretion in response to exogenous GLP-1 in nondiabetic
subjects: A pilot study. Diabetes Care 33, 2074-2076 (2010).

20. Jazayeri, A. et al. Crystal structure of the GLP-1 receptor bound to a peptide agonist. Nature 546, 254-258 (2017).

21. Miiller, T. D. et al. Glucagon-like peptide 1 (GLP-1). Molecular Metab. 30, 72-130 (2019).

22. Martin, A. M., Sun, E. W. & Keating, D. J. Mechanisms controlling hormone secretion in human gut and its relevance to metabolism.
J. Endocrinol. 244, R1-R15 (2019).

23. Daimon, M. et al. Association between pituitary-adrenal axis dominance over the renin-angiotensin-aldosterone system and
hypertension. J. Clin. Endocrinol. Metab. 101, 889-897 (2016).

24. Kamba, A. et al. Association between higher serum cortisol levels and decreased insulin secretion in a general population. PLoS
ONE 11, e0166077 (2016).

25. Mizushiri, S. et al. Lower serum calcium levels are a risk factor for a decrease in eGFR in a general non-chronic kidney disease
population. Sci. Rep. 8, 14213 (2018).

26. Matthews, D. R. et al. Homeostasis model assessment: Insulin resistance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 28, 412-419 (1985).

27. Sasaki, S. Development and evaluation of dietary assessment methods using biomarkers and diet history questionnaires for indi-
viduals. In Research for Evaluation Methods of Nutrition and Dietary Lifestyle Programs Held on Healthy Japan 21. Summary Report
(ed. Tanaka, H.) 10-44 (Ministry of Health, Welfare, and Labour, Tokyo, 2004).

28. Sasaki, S., Yanagibori, R. & Amano, K. Validity of a self-administered diet history questionnaire for assessment of sodium and
potassium—Comparison with single 24-hour urinary excretion. Jpn. Cir. J. 62, 431-435 (1998).

29. Kobayashi, S. et al. Comparison of relative validity for food group intake estimated by comprehensive and brief-type self-admin-
istered diet history questionnaires against 16 d dietary records in Japanese adults. Public Health Nutr. 14, 1200-1211 (2011).

30. Kobayashi, S. et al. Both comprehensive and brief self-administered diet history questionnaires satisfactorily rank nutrient intakes
in Japanese adults. J. Epidemiol. 22, 151-159 (2012).

31. Committee of the Japan Diabetes Society on the Diagnostic Criteria of Diabetes Mellitus et al. Report of the committee on the
classification and diagnostic criteria of diabetes mellitus. J. Diabetes Investig. 1, 212-228 (2010).

32. Kawai, Y. et al. Japonica array: improved genotype imputation by designing a population-specific SNP array with 1070 Japanese
individuals. J. Hum. Genet. 60, 581-587 (2015).

33. Elliott, R. M. et al. Glucagon-like peptide-1 (7-36)amide and glucose-dependent insulinotropic polypeptide secretion in response
to nutrient ingestion in man: Acute post-prandial and 24-h secretion patterns. J. Endocrinol. 138, 159-166 (1993).

34. Herrmann, C. et al. Glucagon-like peptide-1 and glucose-dependent insulin-releasing polypeptide plasma levels in response to
nutrients. Digestion. 56, 117-126 (1995).

35. Cataldi, M. et al. Gender-related issues in the pharmacology of new anti-obesity drugs. Obes. Rev. 20, 375-384 (2019).

36. Wilding, J. P. et al. Exposure-response analyses of liraglutide 3.0 mg for weight management. Diabetes Obes. Metab. 18, 491-499
(2016).

37. Maeda, N. et al. Diet-induced insulin resistance in mice lacking adiponectin/ACRP30. Nat. Med. 8, 731-737 (2002).

38. Grant, S. E. A. et al. Variant of transcription factor 7-like 2 (TCF7L2) gene confers risk of type 2 diabetes. Nat. Genet. 38, 320-323
(2006).

39. Sladek, R. et al. A genome-wide association study identifies novel risk loci for type 2 diabetes. Nature 445, 881-885 (2007).

40. Florez, J. C. et al. Diabetes Prevention Program Research Group. TCF7L2 polymorphisms and progression to diabetes in the
diabetes prevention program. N. Engl. J. Med. 355, 241-250 (2006).

41. Karhunen, L. ]. et al. Effect of protein, fat, carbohydrate and fibre on gastrointestinal peptide release in humans. Regul. Pept. 149,
70-78 (2008).

42. Nilsson, M. et al. Glycemia and insulinemia in healthy subjects after lactose-equivalent meals of milk and other food proteins: The

role of plasma amino acids and incretins. Am. J. Clin. Nutr. 80, 12461253 (2004).

SCIENTIFIC REPORTS |

(2020) 10:16382 | https://doi.org/10.1038/s41598-020-71853-7



www.nature.com/scientificreports/

43. Carr, R. D. et al. Incretin and islet hormonal responses to fat and protein ingestion in healthy men. Am. J. Physiol. Endocrinol.
Metab. 295, E779-E784 (2008).

44. Sonestedt, E. et al. Genetic variation in the glucose-dependent insulinotropic polypeptide receptor modifies the association between
carbohydrate and fat intake and risk of type 2 diabetes in the Malmo Diet and Cancer cohort. J. Clin. Endocrinol. Metab. 97, E810—
E818 (2012).

45. Li, S. X. et al. Interaction between genes and macronutrient intake on the risk of developing type 2 diabetes: systematic review and
findings from European Prospective Investigation into Cancer (EPIC)-InterAct. Am. J. Clin. Nutr. 106, 263-275 (2017).

46. Ortega, A. et al. Gene-diet interactions in type 2 diabetes: The chicken and egg debate. Int. J. Mol. Sci. 18, 1188 (2017).

47. Saxena, R. et al. Genetic variation in GIPR influences the glucose and insulin responses to an oral glucose challenge. Nat. Genet.
42,142-148 (2010).

48. Miyawaki, K. et al. Inhibition of gastric inhibitory polypeptide signaling prevents obesity. Nat. Med. 8, 738-742 (2002).

49. Seino, Y. et al. Dietary recommendations for type 2 diabetes patients: Lessons from recent clinical and basic research in Asia. J.
Diabetes Investig. 10, 1405-1407 (2019).

50. Kuwata, H. et al. Meal sequence and glucose excursion, gastric emptying and incretin secretion in type 2 diabetes: A randomised,
controlled crossover, exploratory trial. Diabetologia 59, 453-461 (2016).

51. Bae, J. H. et al. Postprandial glucose-lowering effect of premeal consumption of protein-enriched, dietary fiber-fortified bar in
individuals with type 2 diabetes mellitus or normal glucose tolerance. J. Diabetes Investig. 9, 1110-1118 (2018).

52. Jerlhag, E. Alcohol-mediated behaviours and the gut-brain axis; with focus on glucagon-like peptide-1. Brain Res. 1727, 146562
(2020).

53. Turton, M. D. et al. A role for glucagon-like peptide-1 in the central regulation of feeding. Nature 379, 69-72 (1996).

54. Hayes, M. R, Bradley, L. & Grill, H. J. Endogenous hindbrain glucagon-like peptide-1 receptor activation contributes to the control
of food intake by mediating gastric satiation signaling. Endocrinology 150, 2654-2659 (2009).

55. Lopez-Ferreras, L. et al. Lateral hypothalamic GLP-1 receptors are critical for the control of food reinforcement, ingestive behavior
and body weight. Mol. Psychiatry. 23, 1157-1168 (2018).

56. Egecioglu, E. et al. The glucagon-like peptide 1 analogue Exendin-4 attenuates alcohol mediated behaviors in rodents. Psychoneu-
roendocrinology. 38, 1259-1270 (2013).

57. Thomsen, M. et al. The glucagon-like peptide 1 receptor agonist Exendin-4 decreases relapse-like drinking in socially housed mice.
Pharmacol. Biochem. Behav. 160, 14-20 (2017).

58. Vallof, D. et al. The glucagon-like peptide 1 receptor agonist liraglutide attenuates the reinforcing properties of alcohol in rodents.
Addict. Biol. 21, 422-437 (2016).

59. Thomsen, M. et al. Effects of glucagon-like peptide 1 analogs on alcohol intake in alcohol-preferring vervet monkeys. Psychophar-
macology 236, 603-611 (2019).

60. Suchankova, P. et al. The glucagon-like peptide-1 receptor as a potential treatment target in alcohol use disorder: Evidence from
human genetic association studies and a mouse model of alcohol dependence. Transl. Psychiatry. 5, €583 (2015).

Acknowledgements

This work was supported by the Center of Innovation Program from the Japan Science and Technology Agency
(JPMJCE1302). We thanks Richard Robins, PhD, from Edanz Group (https://en-author-services.edanzgroup
.com/) for editing a draft of this manuscript.

Author contributions

Y.N,, M.D,, S.M,, L.T,, K.S., K.I. designed the study. Y.N., M.D. S.M. analyzed, interpreted the data. M.D. wrote
the manuscript. S.M., HM., M.Y, L.T,, K.S., K.I. contributed to data acquisition. J.T., Y.M., M.Y. contributed to
data interpretation. I.T., K.S., K.I. takes responsibility for the integrity and the accuracy of the data. All authors
reviewed and edited manuscript, and have approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:16382 | https://doi.org/10.1038/s41598-020-71853-7


https://en-author-services.edanzgroup.com/
https://en-author-services.edanzgroup.com/
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nutrient consumption-dependent association of a glucagon-like peptide-1 receptor gene polymorphism with insulin secretion
	Methods
	Study population. 
	Characteristics measured and genotyping. 
	Statistical analysis. 

	Results
	Clinical characteristics of study subjects. 
	Nutrient consumption-dependent association of the GLP1R gene with insulin secretion. 

	Discussion
	References
	Acknowledgements


