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Abstract: The role of ADIPOQ gene variants on metabolic improvements after weight change sec-
ondary to different hypocaloric diets remained unclear. We evaluate the effect of rs3774261 of
ADIPOQ gene polymorphism on biochemical improvements and weight change after high polyun-
saturated fat hypocaloric diet with a Mediterranean dietary pattern for 12 weeks. A population of
361 obese subjects was enrolled in an intervention trial with a calorie restriction of 500 calories over
the usual intake and 45.7% of carbohydrates, 34.4% of fats, and 19.9% of proteins. The percentages
of different fats was; 21.8% of monounsaturated fats, 55.5% of saturated fats, and 22.7% of polyun-
saturated fats. Before and after intervention, an anthropometric study, an evaluation of nutritional
intake and a biochemical evaluation were realized. All patients lost weight regardless of genotype
and diet used. After 12 weeks with a similar improvement in weight loss (AA vs. AG vs. GG); total
cholesterol (delta: −28.1 ± 2.1 mg/dL vs. −14.2 ± 4.1 mg/dL vs. −11.0 ± 3.9 mg/dL; p = 0.02),
LDL cholesterol (delta: −17.1 ± 2.1 mg/dL vs. −6.1 ± 1.9 mg/dL vs. −6.0 ± 2.3 mg/dL; p = 0.01),
triglyceride levels (delta: −35.0 ± 3.6 mg/dL vs. 10.1 ± 3.2 mg/dL vs. −9.7 ± 3.1 mg/dL; p = 0.02),
C reactive protein (CRP) (delta: −2.3 ± 0.1 mg/dL vs. −0.2 ± 0.1 mg/dL vs. −0.2 ± 0.1 mg/dL;
p = 0.02), serum adiponectin (delta: 11.6 ± 2.9 ng/dL vs. 2.1 ± 1.3 ng/dL vs. 3.3 ± 1.1 ng/dL;
p = 0.02) and adiponectin/leptin ratio (delta: 1.5 ± 0.1 ng/dL vs. 0.3 ± 0.2 ng/dL vs. 0.4 ± 0.3 ng/dL;
p = 0.03), improved only in AA group. AA genotype of ADIPOQ variant (rs3774261) is related with a
significant increase in serum levels of adiponectin and ratio adiponectin/leptin and decrease on lipid
profile and C-reactive protein (CRP).

Keywords: adiponectin; dietary intervention; insulin resistance; obesity; rs3774261

1. Introduction

The pandemic of obesity has been termed “globesity” to remark the global nature of
the problem. Lifestyle modifications with a low-calorie diet produce weight loss and the
secondary improvement of many of the components of associated comorbidities, including
hyperlipidemia, diabetes mellitus type 2, hypertension, and inflammatory markers [1].
Now, adipose tissue has been considered an important cornerstone endocrine organ secret-
ing several adipokines implied in the regulation of metabolism and energy status. Some
adipokines have a proinflammatory role as leptin and resistin and other groups such as
adiponectin has an anti inflammatory function [2]. Adiponectin is the most important
adipokine secreted by this tissue [3]. Adiponectin has an anti-inflammatory role and its
levels are reduced in obese subjects and are enhanced after weight reduction [4]. Low
adiponectin levels have been related with a high risk of obesity, diabetes mellitus, and
hyperlipidemia [5], with a potential therapeutic effect with agonists of adiponectin [6].

The adiponectin levels are highly heritable, and the ADIPOQ gene is the principal
locus promoting variations in serum levels [7]. Single nucleotide polymorphisms (SNPs)

Nutrients 2021, 13, 1811. https://doi.org/10.3390/nu13061811 https://www.mdpi.com/journal/nutrients1
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are genetic variants that can sometimes have functional implications in the ADIPOQ gene,
which is situated on chromosome 3q27. One of these SNPs, 712 G/A rs3774261 in the
ADIPOQ has been related to diabetes mellitus in obese subjects [7] and with coronary
heart disease [8,9]. Interestingly, this genetic variant has been associated with eating be-
havior [10], and there are nutritional intervention studies [11,12], too. These interventional
designs [11,12] reported significant results on serum lipid profile and inflammatory mark-
ers. Our previous study with a Mediterranean diet [11] had a lower percentage of fat in
the diet than the current intervention and low sample size; with this new study, we will
evaluate more precisely the effect of the quantity and quality of fat in a larger sample
of patients. Perhaps the metabolic effects found in these studies and their relationship
with this genetic variation are due to both factors; weight loss and the Mediterranean diet
pattern used. The beneficial effects of a diet with a Mediterranean style can be due to the
presence of different foods and nutrients such as type of dietary unsaturated fatty acids [13].
Unsaturated fatty acids are ligands for the transcription factor PPAR gamma [14], which
increases ADIPOQ gene expression and improves adiponectin concentration [15]. Perhaps
increasing the amount of unsaturated fat in a hypocaloric diet would have greater benefits
than a conventional hypocaloric diet and rs3774261 would modulate these changes. In
previous studies [11,12], the beneficial effects found with the Mediterranean diet were
related to the high consumption of olive oil, and therefore, of monounsaturated fatty
acids. Notwithstanding that the polyunsaturated fatty acids may also play a relevant role
and interact with this genetic variant of the ADIPOQ gene, this hypothesis has not yet
been evaluated.

Given this lack of information, we conducted a study to evaluate the effects of a
high polyunsaturated fat hypocaloric diet with a Mediterranean style during 12 weeks on
metabolic changes considering the rs3774261 of ADIPOQ.

2. Subjects and Methods

2.1. Subjects and Clinical Investigation

Obese subjects were enrolled by the primary care physicians of our health area to treat
obesity. These subjects were evaluated in a single-arm clinical trial with a high fat polyun-
saturated hypocaloric diet with a dietary Mediterranean pattern. The local ethics committee
(Hospital Clinico Universitario Valladolid committee 7/2017, code: GRS588/A/11) ap-
proved the protocol; it was in accordance with the guidelines laid down in the Declaration
of Helsinki and all subjects gave written informed consent. Clinical and biochemical
variables were recorded at the beginning and after 12 weeks of dietary interventions.
All the enrolled obese subjects met the following inclusion criteria; age between 30 and
60 years old and an obesity category as a body mass index (BMI) ≥ 30 kg/m2. The ex-
clusion criteria were any of the following data: previous cardiovascular event, chronic
renal failure, chronic liver failure, alcoholism, malignant tumor, and within the 24 weeks
before the study were taking any medications or nutrient-supplements or have been on a
low-calorie diet.

The main objective of our study was serum adiponectin change after 12 weeks ver-
sus baseline. The secondary objectives were improvements in lipid profile and glucose
metabolism after dietary intervention. Lipid profile (LDL-cholesterol, HDL-cholesterol,
triglycerides, and total cholesterol), C-reactive protein (CRP), insulin, and adipokines
(resistin leptin and total adiponectin) levels were analyzed. Homeostasis model assessment
(HOMA-IR) and adiponectin/leptin ratio were calculated, too. The anthropometric evalua-
tion was realized with body weight, height, waist circumference, fat mass by bioimpedance,
and calculated body mass index (BMI). Systolic and diastolic blood pressure was recorded.
All clinical and biochemical parameters were determined at the basal time and after
3 months of dietary intervention. The genetic variant rs3774261 of the ADIPOQ gene
was assessed.
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2.2. Dietary Intervention

A total of 361 obese patients met the above-mentioned criteria, and they were included
to observe a hypocaloric diet for 12 weeks. The diet (high-polyunsaturated fatty acid
hypocaloric diet Mediterranean diet) was based on a calorie restriction of 500 calories
over the usual intake, 45.7% of carbohydrates, 34.4% of fats, and 19.9% of proteins. The
percentages of different fats were: 21.8% of monounsaturated fats, 55.5% of saturated fats,
and 22.7% of polyunsaturated fats (13 g per day of w-6 fatty acids, 3 g per day of w-3 fatty
acids, and a ratio w6/w3 of 4.3).

Food tables were used with a Mediterranean dietary style, including (legumes, vegeta-
bles, and fresh fruit 5 servings per day, poultry, whole grains, fish 3 times per week, using
20 g olive oil per day, 40 g of walnuts daily, and limit unhealthy fats such as margarine, fatty
meats, snacks, industrial pastries) [16]. To improve compliance with dietary intervention,
the completion of diet recommendations was evaluated every 10 days with a phone call.
Records of daily dietary intake for 4 days were parameterized with software (Dietosource®,
Geneva, Switzerland), and this software is based on national composition food tables [15].
The recommendations for physical activity were aerobic physical activities at least 3 times
each week (60 min each). The physical activity allowed by protocol were (cycling, running,
walking, and swimming). Each patient with a self-reported questionnaire recorded the
physical activity.

2.3. Biochemical Parameters

Blood samples were drawn after a minimum of 10 h overnight and these samples were
stored at −80 ◦C until analyzed. Lipid profile (low-density lipoprotein (LDL)-cholesterol,
high-density lipoprotein (HDL)-cholesterol, triglycerides, and total cholesterol), C reactive
protein (CRP), fasting glucose, and insulin levels were determined on the same day using
the clinical chemistry automated analyzer COBAS INTEGRA 400 analyzer (Roche Diagnos-
tic, Montreal, Canada). LDL cholesterol was calculated using the Friedewald formula (LDL
cholesterol = total cholesterol-HDL cholesterol-triglycerides/5) [17]. Insulin resistance
was calculated using the homeostasis model assessment (HOMA-IR) with the following
equation (glucosexinsulin/22.5) [18].

Serum adipokines were measured by enzyme-linked immunosorbent assays (ELISA).
Resistin kit had with a normal range of 4–12 ng/mL [19] (Biovendor Laboratory, Inc., Brno,
Czech Republic). The leptin kit had a normal range of 10–100 ng/mL (Diagnostic Systems
Laboratories, Inc., Webster, TX, USA) [20]. Finally, the adiponectin kit had a normal range
of 8.65–21.43 ng/mL (R&D Systems, Inc., Minneapolis, MN, USA) [21]. Adiponectin/leptin
ratio was calculated in all samples.

2.4. Genotyping ADIPOQ Gene

The genotype of SNP rs3774261 of ADIPOQ was determined with a polymerase
chain reaction in real-time from peripheral blood leucocytes. Genomic DNA was ob-
tained from a 150 uL buffy coat using a blood genomic kit (Bio-Rad®, Hercules, CA,
USA) in accordance with the manufacturer´s instructions. Probes and oligonucleotide
primers and were designed with the Beacon Designer 5.0 (Premier Biosoft International®,
LA, CA, USA). The polymorphic region of adiponectin was amplified using the poly-
merase chain reaction (PCR) with 50 ng of this genomic DNA, with allele-specific sense
primers (primer forward: 5’-ACGTTGGATGCTCCTCCTTGAAGCCTTCAT-3’ and reverse
5’-ACGTTGGATGCAAGTATTCAAAGTATGGAGC-3’ in a 2 μL final volume (Termocicler
Life Technologies, LA, CA, USA). Cycling parameters were as follows: after DNA denat-
uration at 95 ◦C for 1 min and annealing at 65 ◦C for 30 s. The PCR was run in a 25 μL
final volume containing 10.5 μL of IQTM Supermix (Bio-Rad®, Hercules, CA, USA) with
hot start Taq DNA polymerase. Duplicates in the arrays were the methodology to internal
controls and the accuracy. Hardy Weinberg equilibrium was determined with a statistical
test (Chi-square) to compare our expected and observed counts. The variant was in Hardy
Weinberg equilibrium (p = 0.31).

3



Nutrients 2021, 13, 1811

2.5. Anthropometric Parameters and Blood Pressure

Bodyweight, height, and waist circumference (WC) were determined in the morning
before breakfast at baseline and after 3 months. Body mass index was determined by
the equation (weight in kg divided by the height in meters squared). Bodyweight was
determined with a scale (Omron, LA, CA, USA), and the obese subjects were minimally
unclothed to the nearest 0.1 kg and not wearing shoes (Omron, LA, CA, USA). Fat mass
was estimated by bioimpedance (Akern, EFG, Pisa, Italy) with an accuracy of 50 g [22].
WC was measured with a measuring tape in the narrowest diameter between the xiphoid
process and iliac crest. Systolic and diastolic blood pressures were measured three times
and averaged after a 5 min rest with a random zero mercury sphygmomanometer, (Omron,
LA, CA, USA).

2.6. Statistical Analysis

We used the software SPSS for Windows, version 23.0 software package (SPSS Inc.
Chicago, IL, USA) to analyze the data. The sample size was determined to assess changes
over 5 ng/mL of adiponectin levels with 90% power and 5% significance (n = 300). Results
were expressed as average ± standard deviation. Each variable was evaluated for normality
with the Kolmogorov–Smirnov test. The parametric test was investigated with the ANOVA
test and Bonferroni post hoc test. Non-parametric parameters were evaluated with the
Mann-Whitney U-test. Categorical variables were revised with the chi-square test, with
Yates correction as necessary, and Fisher’s test. The gene–diet interaction was assessed with
a univariate ANCOVA adjusted by gender, and baseline weight. Correction for multiple
hypotheses testing for single SNP analyses was performed. A Chi-square test was used to
determine the Hardy–Weinberg equilibrium. A p-value < 0.05 was considered significant.

2.7. Ethical Approval

All methodology of our study were in accordance with the ethical standards of the
institutional and/or national research committee (Hospital Clinico Universitario Valladolid
committee 7/2017, code: GRS588/A/11) and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards. Informed consent was signed from all
individual participants included in the study.

3. Results

3.1. Characteristics of Participants and Dietary Intakes

We evaluated the role of SNP rs3774261 on the modification of adiposity mark-
ers and biochemical variables in 361 obese outpatients. The average age of the sam-
ple was 47.1 ± 3.1 years (range: 29–63) and the average body mass index (BMI) was
37.3 ± 4.9 kg/m2 (range: 33.5–49.9). Sex distribution was 259 females (71.7%) and 102 males
(28.3%). The genotype distribution of this sample was as follows: 117 patients (32.4%) AA,
164 patients AG (45.4%), and 80 patients GG (22.2%). Allelic frequency was 0.62 A and
0.38 G. Sex distribution and the average age was similar in all genotype groups (Table 1).

Following the sessions of the dietitian, the dietary recommendations were reached
at 12 weeks in all genotype groups with a significant decrease of total caloric amount,
carbohydrates, fats and proteins (Table 1). A significant increase was observed in the
percentage of monounsaturated and polyunsaturated fats (Table 1).

At basal time, the physical activity was similar in the three groups (Table 1). In
addition, after the intervention, the physical activity improved, but this improvement did
not show differences in total quantity deltas (AA vs. AG vs. GG) (28.2 ± 1.2 min/week vs.
29.8 ± 2.1 min/week vs. 29.1 ± 1.1 min/week; p = 0.52).
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Table 1. Changes in anthropometric parameters, dietary intakes, and physical activity rs3774261 (mean ± S.D).

AA (n = 117) AG (n = 164) AG (n = 80)

0 time At 12 weeks 0 time At 12 weeks 0 time At 12 weeks

p
Time AA
Time AG
Time GG

Basal Genotype
12 weeks
Genotype

Age 46.3 ± 4.1 - 47.3 ± 4.0 - 46.9 ± 2.3 - p = 0.46
Basal genotype

Gender/male/
female%) 76.1/23.9% - 73.2/26.8% - 71.7/28.3% - p = 0.43

Basal genotype

BMI 37.9 ± 4.1 35.9 ± 3.8 * 37.8 ± 4.0 36.1 ± 3.4 * 38.0 ± 2.0 36.3 ± 2.9 *

p = 0.01
p = 0.02
p = 0.01
p = 0.46
p = 0.43

Weight (kg) 96.4 ± 2.1 92.4 ± 3.0 * 97.5 ± 2.1 93.1 ± 1.4 * 97.3 ± 2.1 * 93.4 ± 2.2 *

p = 0.01
p = 0.01
p = 0.02
p = 0.45
p = 0.11

Fat mass (kg) 39.8 ± 2.1 36.4 ± 2.0 * 39.7 ± 2.0 36.0 ± 2.1 * 39.8 ± 2.0 * 36.2 ± 1.1 *

p = 0.02
p = 0.03
p = 0.03
p = 0.39
p = 0.31

WC (cm) 113.1 ± 7.0 109.2 ± 5.2 * 113.4 ± 6.1 109.1 ± 4.1 * 116.2 ± 4.0 * 111.7 ± 3.9 *

p = 0.03
p = 0.04
p = 0.02
p = 0.35
p = 0.59

SB (mmHg) 127.1 ± 5.1 123.2 ± 6.0 * 127.8 ± 5.0 122.3 ± 4.1 * 126.2 ± 4.0 * 123.1 ± 3.1 *

p = 0.02
p = 0.03
p = 0.02
p = 0.33
p = 0.41

DB (mmHg) 81.5 ± 4.1 79.3 ± 3.1 81.7 ± 5.1 79.1 ± 6.0 78.7 ± 4.1 78.7 ± 3.1

p = 0.41
p = 0.42
p = 0.51
p = 0.49
p = 0.61

Energy intake
(cal day) 1739.2 ± 129.2 1439.1 ± 119.2 1801.7 ± 113.1 1503.1 ± 112.2 1718.9 ± 112.1 1489.1 ± 123.1

p = 0.01
p = 0.02
p = 0.01
p = 0.48
p = 0.46

Carbohydrates
(g/day) 181.9 ± 14.1 159.1 ± 19.1 192.7 ± 13.2 148.1 ± 13.2 179.7 ± 11.1 149.1 ± 10.1

p = 0.02
p = 0.03
p = 0.02
p = 0.41
p = 0.39

Fat (g/day) 61.5 ± 4.1 53.3 ± 3.2 79.7 ± 4.1 50.1 ± 7.2 76.9 ± 3.9 49.9 ± 4.1

p = 0.01
p = 0.01
p = 0.02
p = 0.33
p = 0.37

Protein
(g/day) 84.5 ± 5.1 75.1 ± 9.2 86.7 ± 2.1 76.2 ± 7.2 88.0 ± 2.1 77.1 ± 8.1

p = 0.02
p = 0.02
p = 0.03
p = 0.60
p = 0.49

Monounsaturated
fat (%) 34.5% 55.5% 34.9% 55.0% 35.1% 55.1%

p = 0.02
p = 0.03
p = 0.01
p = 0.37
p = 0.48
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Table 1. Count.

AA (n = 117) AG (n = 164) AG (n = 80)

Polyunsaturated
fat (%) 13.4% 22.7% 13.8% 22.0% 14.0% 23.0%

p = 0.02
p = 0.03
p = 0.04
p = 0.41
p = 0.42

Saturated fat
(%) 52.1% 21.8% 53.5% 23.0% 50.9% 21.9%

p = 0.01
p = 0.02
p = 0.03
p = 0.38
p = 0.43

Physical
activity

(min/week)
121.1 ± 12.3 149.3 ± 21.1 123.1 ± 9.9 152.0 ± 23.2 122.1 ± 7.2 151.9 ± 18.1

p = 0.11
p = 0.22
p = 0.34
p = 0.30
p = 0.33

BMI: body mass index. SB: Systolic blood pressure. DB: Diastolic blood pressure WC: Waist circumference. (*) p < 0.05, in each genotype
group. No differences between genotype groups.

3.2. Anthropometric Results

For rs3774261, there were no statistical differences in anthropometric parameters and
systolic/diastolic blood pressure in basal and post-intervention values (AA vs. AG vs. GG)
(Table 1). After a high polyunsaturated fat hypocaloric diet with a Mediterranean style, we
observed a significant improvement of body mass index, weight, waist circumference, fat
mass, and systolic blood pressure. These statistically significant changes were similar in all
genotype groups. Diastolic blood pressure remained unchanged.

3.2.1. Biochemical Parameters

In the second analysis of our design, we evaluated the actions of this dietary inter-
vention on glucose metabolism, C Reactive protein and lipid profile (Table 2). After a
significant body weight loss (AA vs. AG vs. GG); insulin levels (delta: −3.7 ± 0.2 UI/L
vs. −3.8 ± 0.3 UI/L vs. −3.6 ± 0.2 UI/L; p = 0.33) and HOMA-IR (delta: −1.3 ± 0.2 units
vs. −1.2 ± 0.3 units vs. −1.1 ± 0.4 units; p = 0.36) improved in all genotypes without
intergroup differences. Finally, after 12 weeks (AA vs. AG vs. GG); total cholesterol (delta:
−28.1 ± 2.1 mg/dL vs. −14.2 ± 4.1 mg/dL vs. −11.0 ± 3.9 mg/dL; p = 0.01), LDL choles-
terol (delta: −17.1 ± 2.1 mg/dL vs. −6.1 ± 1.9 mg/dL vs. −6.0 ± 2.3 mg/dL; p = 0.01),
triglyceride levels (delta: −35.0 ± 3.6 mg/dL vs. 10.1 ± 3.2 mg/dL vs. −9.7 ± 3.1 mg/dL;
p = 0.03) and C reactive protein (CRP) (delta: −2.3 ± 0.1 mg/dL vs. −0.2 ± 0.1 mg/dL vs.
−0.2 ± 0.1 mg/dL; p = 0.01) improved only in the AA group.

3.2.2. Adipokine Levels

Table 3 reports changes on serum adipokines and ratio adiponectin/leptin. After
dietary intervention, in the AA genotype group (AA vs. AG vs. GG), serum adiponectin
(delta: 11.6 ± 2.9 ng/dL vs. 2.1 ± 1.3 ng/dL vs. 3.3 ± 1.1 ng/dL; p = 0.01) improved.
Adiponectin/leptin ratio improved in the AA genotype group (delta: 1.5 ± 0.1 ng/dL vs.
0.3 ± 0.2 ng/dL vs. 0.4 ± 0.3 ng/dL; p = 0.02). In all genotype groups, leptin decreased in
a significant way. Serum resistin levels did not change after the dietary intervention.

6



Nutrients 2021, 13, 1811

Table 2. Biochemical parameters rs3774261 (mean ± S.D).

AA (n = 117) AG (n = 164) AG (n = 80)

0 time At 12 weeks 0 time At 1 2 weeks 0 time At 12 weeks

p
Time AA
Time AG
Time GG

Basal Genotype
12 weeks Genotype

Glucose
(mg/dL) 102.1 ± 7.0 99.3 ± 7.1 101.5 ± 7.1 99.9 ± 5.1 101.1 ± 5.1 98.9 ± 4.1

p = 0.16
p = 0.19
p = 0.30
p = 0.45
p = 0.34

Total ch.
(mg/dL) 204.1 ± 7.2 186.3 ± 4.2 * 208.7 ± 3.5 196.7 ± 6.0 205.1 ± 3.1 194.3 ± 7.2

p = 0.01
p = 0.22
p = 0.30
p = 0.41
p = 0.31

LDLch.
(mg/dL) 127.3 ± 6.1 110.3 ± 7.2 * 129.1 ± 4.3 123.1 ± 8.2 127.1 ± 4.1 121.1 ± 9.1

p = 0.01
p = 0.32
p = 0.31
p = 0.35
p = 0.51

HDL-ch.
(mg/dL) 52.8 ± 3.1 50.6 ± 4.0 51.9 ± 3.0 50.1 ± 2.1 52.3 ± 3.0 51.1 ± 3.1

p = 0.21
p = 0.32
p = 0.39
p = 0.25
p = 0.41

TG (mg/dL) 128.9 ± 11.1 93.1 ± 10.4 * 131.1 ± 6.2 121.1 ± 10.8 129.8 ± 4.2 123.9 ± 9.3

p = 0.03
p = 0.32
p = 0.30
p = 0.29
p = 0.31

Insulin
(mUI/L) 13.1 ± 2.0 9.4 ± 1.9 * 13.3 ± 2.1 9.5 ± 1.1 * 12.7 ± 3.0 9.1 ± 3.0 *

p = 0.01
p = 0.02
p = 0.01
p = 0.45
p = 0.39

HOMA-IR 3.3 ± 0.6 2.0 ± 0.3 * 3.4 ± 0.5 2.1 ± 0.4 * 3.1 ± 0.2 1.8 ± 0.9 *

p = 0.01
p = 0.02
p = 0.02
p = 0.35
p = 0.41

CRP
(mg/dL) 5.1 ± 1.0 3.8 ± 0.8 * 5.0 ± 2.9 4.9 ± 2.1 5.1 ± 3.1 5.0 ± 3.2

p = 0.01
p = 0.42
p = 0.41
p = 0.55
p = 0.19

Total Ch: Cholesterol. TG: Triglycerides LDL-ch: Low density lipoprotein cholesterol, HDL-ch: High density lipoprotein cholesterol. CRP:
c reactive protein. HOMA-IR: Homeostasis model assessment. LDL: low density lipoprotein, HDL: High density lipoprotein. (*) p < 0.05, in
each group. No statistical differences among genotypes in basal time or after 12 weeks. See significant deltas in the text.
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Table 3. Serum levels of adipocytokines (mean ± S.D).

AA (n = 117) AG (n = 164) AG (n = 80)

0 time At 12 weeks 0 time At 12 weeks 0 time At 12 weeks

p
Time AA
Time AG
Time GG

Basal Genotype
12 weeks
genotype

Adiponectin
(ng/mL) 10.0 ± 3.1 21.6 ± 3.2 * 12.3 ± 3.3 14.4 ± 4.7 12.0 ± 2.8 15.5 ± 4.2

p = 0.01
p = 0.12
p = 0.31
p = 0.45
p = 0.11

Resistin
(ng/mL) 5.1 ± 2.0 5.0 ± 1.6 5.2 ± 2.1 5.1 ± 1.1 5.3 ± 3.9 5.1 ± 3.2

p = 0.31
p = 0.32
p = 0.41
p = 0.45
p = 0.33

Leptin(ng/mL) 49.1 ± 9.1 12.9 ± 7.3 * 42.0 ± 7.1 22.1 ± 6.1 * 46.8 ± 4.2 19.4 ± 4.1 *

p = 0.01
p = 0.02
p = 0.03
p = 0.41
p = 0.31

Ratio
Adiponectin/

leptin
0.2 ± 0.1 1.7 ± 0.3 * 0.3 ± 0.2 0.6 ± 0.3 0.3 ± 0.2 0.7 ± 0.3

p = 0.02
p = 0.33
p = 0.34
p = 0.41
p = 0.51

(*) p < 0.05, in each group with basal values. No statistical differences among genotypes in basal time or after 12 weeks. See significant
deltas in the text.

4. Discussion

We revealed, in this study on a high-polyunsaturated fat hypocaloric diet with a
Mediterranean dietary pattern, a decline in LDL-cholesterol, triglycerides, and C reactive
protein (CRP) and a rise in serum adiponectin levels and adiponectin/leptin ratio that were
statistically significant in obese subjects with the AA genotype of rs3774261. In addition,
all subjects in all genotype groups showed a significant decline of adiposity parameters
and systolic blood pressure after dietary intervention.

In the literature, some investigations have shown the relationship between this genetic
variant (rs3774261) on ADIPOQ gene and obesity, metabolic syndrome, diabetes mellitus,
and serum adiponectin levels [23,24], with an increased risk to present type 2 diabetes,
obesity, and hypoadiponectinemia in a non-Caucasian population [24,25]. In addition
to this association with high cardiovascular risk pathology, the G allele of rs3774261
ADIPOQ has also been related to coronary heart disease [8]. The exact pathways by which
genetic variants in the ADIPOQ gene produce coronary heart disease is not well known.
Moreover, adiponectin, the adipokine encoded by this gene, has been reported to have anti-
inflammatory properties that have important effects in fighting against atherosclerosis [26].

There is little information in the literature about the effect of nutritional treatment
and this genetic variant. A recent study with a normal hypocaloric Mediterranean diet
reported [11] better changes in lipid profile, CRP, and adiponectin levels in subjects with
AA genotype compared in a dominant model with (AG + GG). This previous study [11]
had a small sample size (n = 135) and a separate analysis of the three genotypes could
not be performed. In another design with 284 Caucasian obese subjects [12] reported that
after a high-fat hypocaloric diet, the response of lipid levels, CRP, and adiponectin was
better on AA genotype than GA or GG genotypes, as our present results. The amount
of lipid profile improvement was similar in both studies [11,12] and our present study;
however, the rise in adiponectin levels and the decline in CRP was two times greater in
the study with a high-fat diet [12] than in the other one [11]. In addition, these changes
in lipids and CRP are of a similar magnitude to those found in the current study with a
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high-polyunsaturated fat hypocaloric diet. The caloric restriction was similar in these three
studies, about 500 calories to the previous intake. Although both strategies were carried
out with a Mediterranean diet pattern, it is important to remark that in the last study [12]
and the present study, the percentage of fat in the diet was higher than the old one; 38% [12]
and 34% (current) vs. 25% [11]. In our investigation, patients reached a daily intake of
almost 30 g of monounsaturated fat and 16 of polyunsaturated fat, compared to 14 g and
3.6 g [11], and 25 g and 13 g [12], respectively.

This relationship of the quality of dietary fats with the biochemical changes due to
weight loss and its interaction with this genetic variate of the ADIPOQ gene could be
explained with some findings in the literature with other SNPs in this gene. For example,
Alsahel et al. [27] showed that the genetic variant (-1006G/A) increased serum adiponectin
after a high-monounsaturated diet, whereas in A-allele carriers it is decreased. This
differential response was not detected with a low-fat hypocaloric diet. Moreover, the
molecular mechanism could be related to the potential action of dietary unsaturated fat
as ligands of PPAR gamma. The role of polyunsaturated fatty acids is being evaluated
in the literature, and more intervention studies are recommended with known doses of
fatty acids to evaluate their effect on adipokines [28]. In addition, this metabolic way could
explain our findings on inflammatory status with CRP levels. The NF-kB pathway in the
endothelium, which would produce CRP; was inhibited by adiponectin [29], for example,
adiponectin contributes more powerfully to CRP elevation than for example smoking habit,
age, and other metabolic parameters [29].

It seems clear in the literature that this genetic variance is related to a pro-inflammatory
status, not only related to ischemic heart disease [8] but also with ischemic stroke pa-
tients [30]. In our interventional design, the response of insulin resistance was similar in
all genotypes. Moreover, some studies have reported that patients carrying the A allele
have better insulin sensitivity demonstrated by the euglycemic clamp [31]. The response
of triglycerides found in our trial may also be important since the association between
rs3774261 and coronary heart disease [8] was influenced by interactions with serum triglyc-
erides [8]. We must not forget the differentiated response of adiponectin levels as a function
of genotype found in our study to explain our metabolic findings. A novelty finding in our
study was the association of this genetic variant with the adiponectin/leptin ratio and its
secondary modifications to the diet. The adiponectin/leptin ratio is a biomarker of adipose
tissue dysfunction and inflammation [32], which related leptin as an adipokine related to
the degree of adiposity [33]. Moreover, an adiponectin/leptin quotient higher than the unit
is considered as normal whereas a ratio below or near to 0.5 units may show an increase in
the metabolic risk [34], as reported by the three genotypes in our study before weight loss
and near to 0.5 in GA and GG genotypes after dietary intervention.

In addition to the relationship between inflammatory pathways and adiponectin re-
sponse to explain our findings, unknown genetic mechanisms may also be implicated. The
rs3774261 variant is in an intron located, a non-coding region. Moreover, the genetic vari-
ant in non-coding regions may alter gene splicing, transcription product binding, mRNA
deterioration, and gene expression. Thus, any of these above-mentioned mechanisms
can be possible pathways to explain our findings. For example, with different levels of
adiponectin circulating in a case-control study, a relationship of the G allele of this genetic
variant with the prevalence of metabolic syndrome was found [35]. All these relationships
are complicated by the existence of a relevant role of adiponectin at the level of the central
nervous system in the pathways of hunger and satiety. Recently it has been observed that
the rs3774261 variant is related to disinhibition in eating behaviors [10] influencing daily
total food uptake.

There are some limitations of this study. First, we only evaluated one SNP of ADIPOQ,
so other variants could be related to metabolic parameters. Moreover, some synthetic
associations of specific unusual variants may be in partial linkage disequilibrium with
usual variants as rs3774261. Second, the lack of a control group without diet might
be a bias. It might provide more valuable information on the relationship of ADIPOQ
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variants (rs3774261) with metabolic parameters if the comparative study was conducted
on an unrelated control population. Third, the self-reported dietary intake of energy and
macronutrients is not reliable and it might include bias of under-or over-reporting. Finally,
we studied a Caucasian population, and extrapolation to other populations is not possible.

5. Conclusions

In conclusion, the AA genotype of the ADIPOQ variant (rs3774261) is related to a sig-
nificant increase in serum levels of adiponectin and ratio adiponectin/leptin and decrease
in the lipid profile and C-reactive protein (CRP) after a hypocaloric high polyunsaturated
fat Mediterranean diet.
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Abstract: Eating disorders are psychiatric disorders characterized by disturbed eating behaviors.
They have a complex etiology in which genetic and environmental factors interact. Analyzing gene-
environment interactions could help us to identify the mechanisms involved in the etiology of such
conditions. For example, comethylation module analysis could detect the small effects of epigenetic
interactions, reflecting the influence of environmental factors. We used MethylationEPIC and Psy-
charray microarrays to determine DNA methylation levels and genotype from 63 teenagers with
eating disorders. We identified 11 comethylation modules in WGCNA (Weighted Gene Correlation
Network Analysis) and correlated them with single nucleotide polymorphisms (SNP) and clinical
features in our subjects. Two comethylation modules correlated with clinical features (BMI and
height) in our sample and with SNPs associated with these phenotypes. One of these comethylation
modules (yellow) correlated with BMI and rs10494217 polymorphism (associated with waist-hip
ratio). Another module (black) was correlated with height, rs9349206, rs11761528, and rs17726787
SNPs; these polymorphisms were associated with height in previous GWAS. Our data suggest that
genetic variations could alter epigenetics, and that these perturbations could be reflected as variations
in clinical features.

Keywords: comethylation modules; genetic polymorphisms; eating disorders; WGCNA

1. Introduction

Eating disorders (EDs) are severe psychiatric disorders characterized by disturbances
of eating behavior, affecting the health and quality of life of individuals. These disorders
have an early teenage onset and a hereditary component [1]. EDs have a complex etiology
in which genetic and environmental factors interact [2]. Genome-wide association studies
(GWAS) and other genetic studies have revealed loci and single nucleotide polymorphisms
(SNP) associated with ED [1,3,4]. The clinical characteristics of EDs have been associated
in genetic studies. In this sense, significant genetic correlations have been reported in
anorexia nervosa with psychiatric disorders, physical activity and metabolic, lipid and
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anthropometric traits [5]. In addition, genetic associations between ED and substance use
have been described [6]. Additionally, the genetic-environment relationship in ED has been
studied through DNA methylation, reporting perturbations in the methylation levels of
some genes (DRD2, SLC6A3, POMC, OXTR, among others) [2,7,8]. However, genes do
not function alone: on average, each gene is estimated to interact with another four or
eight genes, and to be involved with 10 biological functions. Furthermore, recent studies
suggest that gene networks provide the potential to identify hundreds of disease-related
genes [9]. Analyzing gene-environment interactions in EDs could help us to identify the
mechanisms involved in their etiology. Nowadays, new technologies evaluating thousands
of genes apply statistic approaches that integrate different information sources from gene
interactions (e.g., comethylation module construction) [10]. Comethylation modules are
clusters of highly interconnected CpG sites. These modules are detected through the
construction of a correlation network. Correlation networks are used to analyze large,
high-dimensional data sets. These correlation networks are constructed on the basis of
correlations among quantitative measurements (e.g., gene expression profiles, methylation
levels) [11]. Comethylation modules are formed by using methylation data as quantitative
measurements of gene-environment interactions [10]. Additionally, comethylation modules
alleviate various testing problems which are inherent to microarray data analyses, and
have been found to be useful for describing pairwise relationships among methylated
genes [9–11]. In brief, comethylation modules (1) consider all genes as interconnected,
(2) identify groups of CpG sites with similar methylation levels, (3) increase statistical
power, and (4) detect small effects of epigenetic interactions [9–11]. Thus, evaluating
correlations among genetic factors, comethylation modules, and clinical features in EDs
could be a means by which to identify biological markers in such disorders. The objective
of the present study was to detect comethylation modules from DNA methylation samples
from children and teenagers with an ED, and to correlate these modules with clinical
features and genetic variability.

2. Materials and Methods

2.1. Study Population

We included 63 subjects diagnosed with anorexia nervosa (AN), bulimia nervosa, (BN)
or binge eating disorder (BED) using DSM 5 criteria [12]. Individuals were recruited in the
outpatient center of the Children’s Psychiatric Hospital “Dr. Juan N. Navarro” from May
2014 to August 2016. Inclusion criteria were subjects with at least three generations of Mex-
ican lineage, 12–18 years of age, and individuals not using psychotropic or psychoactive
drugs. The clinical features of the sample are descripted in Table 1.

Table 1. Clinical features of study population.

Features Sample (n = 50)

Age (years) 13.98 ± 1.74
Gender

Male 13 (26)
Female 37 (74)

Body Mass Index (BMI) zscore 1.03 ± 0.97
BMI classification

Underweight 1 (2)
Normal weight 20 (40)

Overweight 11 (22)
Obesity 18 (36)

Diagnosis
Binge eating disorder 17 (34)

Bulimia nervosa 22 (44)
Anorexia nervosa 11 (22)

Comorbidities
Any 46 (92)
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Table 1. Cont.

Features Sample (n = 50)

Major depressive disorder 21 (42)
Suicide behavior 16 (32)

Dysthymia disorder 18 (36)
Attention-Deficit/Hyperactivity Disorder 15 (30)

Generalized Anxiety Disorder 10 (20)
Oppositional Defiant Disorder 6 (12)

Conduct Disorder 5 (10)
Psychotic Disorder 5 (10)

Eating Attitudes
Fear of gain weight 35 (70)

Binge 34 (68)
Restriction 24 (48)

Vomit 21 (42)
Other behaviors 10 (20)

Features of subjects who satisfied inclusion criteria. Continuous variables are expressed as mean ± standard
deviation. Categorical variables are expressed as n (%).

This study followed the principles of the Declaration of Helsinki. Sample recollection
and processing were approved by the Ethics Committee of the Children’s Psychiatric
Hospital “Dr. Juan N. Navarro” with approval No. II3/01/0913 (11 October 2017), and
by the Ethics Committee of the National Institute of Genomic Medicine (INMEGEN) with
approval No. 06/2018/I.

2.2. Evaluation Instruments

BED was screened with the QEWP-R (Questionnaire on Eating and Weight Pattern-
Revised) [13]. AN was screened with EAT-26 (Eating Attitudes Test) [14]. We evaluated the
presence of psychiatric comorbidity with the Spanish version of MINI Kid (Mini Interna-
tional Neuropsychiatric Interview for Children and Adolescent) [15]. A pedopsychiatrist
performed all ED diagnoses.

2.3. DNA Extraction and Microarray Analysis

After diagnostic evaluation of each individual, a blood sample was collected using an
EDTA tube; DNA was subsequently extracted from this sample. We used the salting-out
method from the Gentra Puregene Blood (Qiagen, Germantown, MD, USA) commercial
kit. DNA extraction quality and integrity were evaluated by analysis with a NanoDrop
spectrophotometer (Thermofisher, Waltham, MA, USA) and 2% agarose gel. DNA samples
met the following quality criteria: visible genomic DNA band, 230/260 and 260/230 ratios
>1.8, concentration >50 ng/μL, and no signs of DNA degradation. For genotypification,
we hybridized DNA with commercial microarray Infinium Psycharray Beadchip (Illumina,
San Diego, CA, USA). For methylation analysis, DNA was bisulfite converted using an EZ
DNA Methylation Kit (Zymo Research, Irvine, CA, USA). Converted DNA was hybridized
with the Infinium MethylationEPIC BeadChip (Illumina, San Diego, CA, USA). Each
microarray was processed in the Microarray and Expression Unit of the National Institute
of Genomic Medicine.

2.4. Quality Control of Genotypification Data

We transformed fluorescence intensities from the Psycharray into genotypes using
the GenomeStudio (v. 2.0) software, and quality control was done with the PLINK (v. 1.9)
toolset [16]. We eliminated: (1) SNPs with less than 95% genotype calls, (2) individuals
with less than 95% genotype calls, (3) individuals with sex discrepancy, (4) SNPs located in
chromosomes X and Y, (5) SNPs with less than 0.05 minor allele frequency (MAF), (6) SNPs
deviating from Hardy-Weinberger equilibrium (p < 1 × 10−6), and (7) SNPs with A/T and
C/G alleles. Subsequently, filtrated data were exported to the R (v. 4.0) software [17], and
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we removed SNPs with missing data and SNPs without homozygous individuals to minor
alleles. Only 193,314 SNPs passed the quality control.

2.5. Quality Control of DNA Methylation Data

The fluorescence intensities of the MethylationEPIC microarray were transformed into
idat files, which were filtered with ChAMP pipeline (v.2.18) [18] for R (v. 4.0) software. Qual-
ity control removed: (1) probes with detection p-value > 0.01, (2) probes with <3 beads in at
least 5% of samples per probe, (3) non-CpG probes, (4) multihit probes, (5) probes located
in chromosome X and Y, and (6) individuals with sex discrepancy in their genotypification
data. We converted filtered methylation data into β-values, which were normalized using
the BMIQ (Beta-Mixture Quantile Normalization) method [19]. Afterwards, we evaluated
the presence of the batch effect with a singular value decomposition (SVD) method. We
preserved CpG sites with standard deviation (SD) > 0.05, keeping 105,393 sites. Likewise,
we made many cut points in SD (0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.15, 0.20) to find an
optimal point for the construction of comethylation modules.

2.6. Comethylation Modules Construction

In order to identify comethylation modules, we processed methylation values with the
WGCNA (Weighted correlation network analysis) package [11,20] (R software). Later, we
applied the means method to achieve hierarchical clustering, and eliminated individuals
with atypical samples. For the final analysis, we only considered 50 subjects. Furthermore,
an analysis of network topology was used to determine a soft-thresholding power less
than 20 with suitable independence (>0.8) and mean connectivity (<1000). The CpG sites
with SD > 0.06 in their methylation values had the best network topology. We applied
blockwiseModules function (WGCNA package [11,20]) to detect comethylation modules,
using a minimum module size of 175 and a threshold of 20. In a subsequent analysis, we
discarded the CpG sites clustered in the grey module, and identified a new set of modules.
The 11 constructed comethylation modules included 11,418 CpG sites. Each module was
automatically assigned a color by WGCNA, indicating its size. The grey module was
discarded from further analysis as it groups unassigned CpG sites to other modules; thus,
these sites are unrelated.

2.7. Enrichment Analysis of Modules

The CpG sites inside modules were annotated using IlluminaHumanMethylationEPI-
Canno.ilm10b4.hg19 package [21]. Genes of CpG sites were extracted and enriched
using the WebGestalt online tool [22]. We accomplished the enrichments with Over-
Representation Analysis of KEGG Database (Kyoto Encyclopedia of Genes and Genomes) [23];
this was considered to be significant with an adjusted p-value by FDR ≤ 0.05.

2.8. Correlation of Comethylation Modules with Clinical Features and SNPs

The eigengene of each comethylation module was correlated with clinical data and
SNPs using Pearson’s correlations. We calculated the R2 and p values with cor and corPval-
ueStudent functions and set the significant value p < 5 × 10−3 for clinical data and p < 5
× 10−8 for SNPs. In order to find associations between SNPs and phenotypes, we used
the PheWAS tool on the GWAS Atlas website [24]. Associations were considered to be
significant for any phenotype with a p < 1 × 10−10.

3. Results

3.1. Description of Comethylation Modules

There were 11 modules in our study. Modules were turquoise (5073 sties), blue
(2928 sites), brown (193 sites), yellow (166 sites), green (151 sites), red (150 sites), black
(148 sites), pink (145 sites), magenta (135 sites), purple (111 sites), and grey (2218 sites).
The CpG sites of these modules were located in 4005 genes. According to relative position
to gene, the gene body was the most common annotated location, ranging from 40 sites
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(56.34%) in the purple module to 2430 sites (69.27%) in the turquoise module. Table 2 shows
the details of functional annotation of CpG sites from comethylation modules regarding
gene location.

Table 2. Comethylation module CpG sites classification.

Module TSS1500 TSS200 5′UTR Body 1stExon ExonBnd 3′UTR

Turquoise 359 (10.23) 97 (2.77) 436 (12.43) 2430 (69.27) 33 (0.94) 37 (1.05) 116 (3.31)
Blue 158 (7.85) 75 (3.72) 309 (15.34) 1366 (67.83) 23 (1.14) 16 (0.79) 67 (3.33)

Brown 14 (10.77) 4 (3.08) 23 (17.69) 78 (60.00) 2 (1.54) 3 (2.31) 6 (4.62)
Yellow 13 (12.15) 6 (5.61) 13 (12.15) 69 (64.49) 2 (1.87) 0 (0) 4 (3.74)
Green 11 (11.22) 3 (3.06) 13 (13.27) 68 (69.39) 1 (1.02) 1 (1.02) 1 (1.02)
Red 20 (18.52) 1 (0.93) 15 (13.89) 66 (61.11) 2 (1.85) 1 (0.93) 3 (2.78)

Black 11 (11.22) 2 (2.04) 9 (9.18) 66 (67.35) 2 (2.04) 2 (2.04) 6 (6.12)
Pink 13 (13.00) 2 (2.00) 9 (9.00) 71 (71.00) 2 (2.00) 1 (1.00) 2 (2.00)

Magenta 10 (11.36) 4 (4.55) 12 (13.64) 56 (63.64) 1 (1.14) 0 (0) 5 (5.68)
Purple 8 (11.27) 5 (7.04) 8 (11.27) 40 (56.34) 1 (1.41) 2 (2.82) 7 (9.86)

CpG sites were annotated with the IlluminaHumanMethylationEPICanno.ilm10b4.hg19 [21] package. Data expressed as n of sites, (%) by
rows. TSS: Transcription Start Site. UTR: Untranslated Region. ExonBnd: Exon Boundaries.

Concerning the distribution of CpG sites with respect to CpG islands, a majority
of comethylation modules corresponded to Open Sea (71.11–84.56%, 85–4207 sites); on
the other hand, the purple comethylation module had a high percentage of CpG sites
annotated on islands (15.32%, 17 sites) (Table 3). CpG sites in comethylation modules were
heterogeneously distributed among chromosomes (Table S1). Additionally, we observed
two groups of comethylation modules given the methylation levels from beta values. One
group had partially methylated values (0.2 < β value < 0.8) (turquoise, blue and purple),
while the other group had hypermethylated values (β value ≥ 0.8) (brown, yellow, green,
red, black, pink and magenta) (Table S2).

Table 3. CpG site position with respect to CpG islands.

Module OpenSea Island N Shore S Shore N Shelf S Shelf

Turquoise 4207 (82.93) 13 (0.26) 247 (4.87) 212 (4.18) 202 (3.98) 192 (3.78)
Blue 2476 (84.56) 15 (0.51) 128 (4.37) 83 (2.83) 104 (3.55) 122 (4.17)

Brown 153 (79.27) 6 (3.11) 9 (4.66) 17 (8.81) 4 (2.07) 4 (2.07)
Yellow 125 (75.30) 1 (0.60) 14 (8.43) 10 (6.02) 12 (7.23) 4 (2.41)
Green 114 (75.50) 5 (3.31) 10 (6.62) 8 (5.30) 9 (5.96) 5 (3.31)
Red 121 (80.67) 1 (0.67) 6 (4.00) 2 (1.33) 8 (5.33) 12 (8.00)

Black 115 (77.70) 1 (0.68) 7 (4.73) 6 (4.05) 11 (7.43) 8 (5.41)
Pink 114 (78.62) 6 (4.14) 7 (4.83) 7 (4.83) 8 (5.52) 3 (2.07)

Magenta 96 (71.11) 6 (4.44) 9 (6.67) 9 (6.67) 8 (5.93) 7 (5.19)
Purple 85 (76.58) 17 (15.32) 4 (3.60) 3 (2.70) 1 (0.90) 1 (0.90)
Total 7606 (82.67) 71 (0.77) 441 (4.79) 357 (3.88) 367 (3.99) 358 (3.89)

CpG sites were annotated with the IlluminaHumanMethylationEPICanno.ilm10b4.hg19 [21] package. Data expressed in n of sites, (%) by
rows.

3.2. Enriched Pathways on Each Module

We found significant enriched pathways of genes annotated on the CpG sites from
turquoise and blue modules (Table S3). Genes in the turquoise module were enriched for the
longevity regulating pathway (adjusted p value = 0.0047), GnRH (Gonadotropin-releasing
hormone) signaling pathway (adjusted p value = 0.0042), glioma (adjusted p value = 0.0126),
cholinergic synapse (adjusted p value = 0.0091), human cytomegalovirus infection (ad-
justed p value = 0.0126), and endocytosis (adjusted p value = 0.0126). Genes from blue
comethylation module were enriched in pathways for Th1 and Th2 cell differentiation (ad-
justed p value = 6.8672 × 10−7), allograft rejection (adjusted p value = 0.0185), endometrial
cancer (adjusted p value = 0.0111), and TNF signaling pathway (adjusted p value = 0.0007).
Another enrichment pathways within the same module included the AGE-RAGE signaling
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pathway in diabetic complications (adjusted p value = 0.0033), phosphatidylinositol sig-
naling system (adjusted p value = 0.0074), glioma (adjusted p value = 0.0365), longevity
regulating pathway (adjusted p value = 0.0325), human cytomegalovirus infection (adjusted
p value = 0.0008), and focal adhesion (adjusted p value = 0.0039).

3.3. Correlations of Modules with Clinical Features in Our Population

In our results, seven clinical features and comorbidities correlated with different
comethylation modules (Figure 1). The yellow comethylation module correlated with body
mass index (BMI) zscore (R2 = 0.47, p = 0.0006), conduct disorder (R2 = −0.41, p = 0.0030),
and psychotic disorder (R2 = −0.45, p = 0.0010). Meanwhile, the purple comethylation
module correlated with gender (R2 = −1, p < 1 × 10−50), suicidal behavior (R2 = 0.41,
p = 0.0030), and attention-deficit/hyperactivity disorder (R2 = −0.59, p = 6 ×10−6). Finally,
the black module correlated with height (R2 = 0.4, p = 0.0040). Notably, clinical features did
not correlate with more than one module at a time.

 

Figure 1. Correlations between modules and clinical features. MDD: major depressive disorder. SB: suicidal behavior.
ADHD: attention deficit hyperactivity disorder. Red borders indicate significant correlations. Significance indicates
p-values < 5 × 10−3.

3.4. Correlations of SNPs with Modules

Seven comethylation modules had correlations with any SNP (brown, green, yellow,
magenta, red, black and pink) (Table S4). SNPs were located mostly in intronic regions,
ranging from 33.96% in the red module (18 SNPs) to 55.56% in the yellow module (15 SNPs).
Another frequent location was intergenic regions, ranging from 14.81% in the yellow
module (4 SNPs) to 31.71% in the black module (13 SNPs). The most frequent location in
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the green module was intergenic regions (28.13%, 9 SNPs), followed by intronic regions
(21.88%, 7 SNPs).

The most correlated SNPs (89.95%, 206 SNPs) were in nonprotein-coding transcript
regions, while 10.05% (23 SNPs) were in protein-coding regions (synonymous and mis-
sense). Seventeen SNPs (7.42%) were annotated as missense variants; the red and black
modules had four missense SNPs each. Meanwhile, six correlated SNPs (2.62%) were
annotated as synonymous variants, with two SNPs per module (brown, yellow, and red).
We observed 10 correlated SNPs (4.37%) in regulatory regions, although no SNPs were
found in the yellow comethylation module. The magenta comethylation module had
no SNPs annotated in the upstream and downstream regions. Finally, correlated SNPs
annotated in 3′ untranslated regions (UTR) were the least frequent (2 SNPs, 0.87%), found
within the magenta and red modules (Table 4).

Table 4. Annotations of SNPs correlated with modules.

Brown Green Yellow Magenta Red Black Pink Total

3′UTR 0 (0.00) 0 (0.00) 0 (0.00) 1 (5.88) 1 (1.89) 0 (0.00) 0 (0.00) 2 (0.89)
Downstream 0 (0.00) 2 (6.25) 1 (3.70) 0 (0.00) 4 (7.55) 1 (2.44) 1 (5.00) 9 (4)
Intergenic 7 (17.95) 9 (28.13) 4 (14.81) 5 (29.41) 13 (24.53) 13 (31.71) 4 (20.00) 55 (24.4)

Intron 19 (48.72) 7 (21.88) 15 (55.56) 7 (41.18) 18 (33.96) 14 (34.15) 7 (35.00) 87 (38.67)
Missense 3 (7.69) 1 (3.13) 2 (7.41) 1 (5.88) 4 (7.55) 4 (9.76) 2 (10.00) 17 (7.56)

Non coding
transcript 3 (7.69) 8 (28.13) 2 (7.41) 1 (5.88) 6 (13.21) 5 (14.64) 3 (20.00) 28 (12.44)

Regulatory 1 (2.56) 3 (9.38) 0 (0.00) 2 (11.76) 2 (3.77) 1 (2.44) 1 (5.00) 10 (4.44)
Synonymous 2 (5.13) 0 (0.00) 2 (7.41) 0 (0.00) 2 (3.77) 0 (0.00) 0 (0.00) 6 (2.67)
Upstream 4 (10.26) 1 (3.13) 1 (3.70) 0 (0.00) 2 (3.77) 2 (4.88) 1 (5.00) 11 (4.89)

dbSNP codes were annotated with InfiniumPsychArray-24v1-3_A1_b150_rsids file. Coding regions were annotated with Ensembl Variant
Effect Predictor. Data expressed as n of SNPs, (%) by columns.

3.5. Correlated SNP PheWAS

Regarding clinical features, BMI, body fat, and height were the most frequent pheno-
types associated with SNPs (Figure 2).

Concerning psychiatric disorders, we found several SNPs to be associated with three
comethylation modules. The brown comethylation module had a SNP associated with
depressive symptoms and neuroticism (rs4598994). Meanwhile, the pink comethylation
module was associated with depressive affect (rs4800995); two SNPs were associated with
schizophrenia (rs3129012 and rs356971) in the black comethylation module. Moreover,
seven correlated SNPs with four comethylation modules were associated with autoimmune
diseases. The magenta comethylation module was associated with rheumatoid arthritis
and Crohn’s disease (rs1893217). Likewise, the red (rs3095345) and pink (rs9267546 and
rs9267547) comethylation modules were associated with rheumatoid arthritis and type 1
diabetes. The black module was associated with primary sclerosing cholangitis (rs3129012
and rs356971), autoimmune vitiligo, and systemic lupus erythematosus (rs356971). Finally,
the yellow and black comethylation modules were correlated with clinical features in our
population (BMI zscore, conduct disorder, psychotic disorder, and height); likewise, these
comethylation modules were correlated with SNPs associated with similar phenotypes.
Meanwhile, the yellow module correlated with one SNP (rs10494217) associated with the
waist–hip ratio in PheWAS, and the black comethylation module correlated with three
SNPs associated with height (rs9349206, rs11761528 and rs17726787).
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Figure 2. Phenotypes associated with correlated single nucleotide polymorphisms (SNP) in PheWAS.

4. Discussion

Several studies have evaluated the clinical features, genetic variants, and single
DNA methylation sites involved in ED, but none has considered these factors together to
date [1,5,7]. As such, little information is available about the integration of these different
levels of biological information. As far as we know, this is the first study to integrate clinical
features, genetic variants, and DNA methylation using a comethylation network analysis
in teenagers with EDs.

BMI is an important clinical characteristic of the individuals diagnosed with ED, and it
has a high impact on metabolic profiles [25]. Low BMI is a diagnosis criterion for anorexia
nervosa [12]; on the other hand, bulimia nervosa and binge-eating disorder are related to
risk of overweight/obesity [26]. In our analysis, the yellow module could be important in
the changes in BMI found in individuals with EDs. The yellow module was correlated with
BMI and rs10494217. This SNP is a missense genetic variant changing a histidine aminoacid
for an asparagine in position 50 of TBX15 gene (p.His50Asn). Previously, GWAS associated
rs10494217 with waist-hip index, a variable related to BMI [27]. The TBX15 gene is a
member of the T-box gene family, i.e., transcriptional regulators which play an important
role in the development of skeletal elements of limbs, vertebral column, and head, as well
as other organs [28,29]. Likewise, this gene was reported as a regulator of metabolism of
adipose tissue and muscle fibers, and shown to indirectly regulate body fat and BMI [30–32].
TBX15 is highly expressed in adipose tissue, and it binds to the promoter of PRDM16 gene.
PRDM16 is essential for the browning of adipose tissue; reduced expression of its protein
promotes obesity with high-fat diet and increases visceral fat [33]. As a missense variant,
rs10494217 could reduce the binding of TBX15 protein to the promoter of PRDM16, and
thus disturb adipose tissue function and alter BMI in individuals diagnosed with an ED. A
possible alteration of PRDM16 expression could induce epigenetic reprogramming, as it is
found in the yellow module in this study. CpG sites of the yellow module were enriched in
alpha-linolenic acid metabolism (PLA2G4E and PLB1) and VEGF signaling pathway (AKT3,
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NFATC2, PLA2G4E and SHC2); both pathways are involved in adipose tissue function and
BMI [34–37].

The black module could also be related to BMI in ED-diagnosed individuals. This
module was correlated with rs11761528, a SNP associated with BMI and androsterone
sulfate metabolism [27,38]. rs11761528 is an intronic polymorphism of the ZKSCAN5 gene.
There is little information about ZKSCAN5 (zinc finger with KRAB and SCAN domains
5) and its mechanism; however, animal models suggest that this gene is correlated with
adipocyte volume, systolic blood pressure, and cardiac mass [39]. Similarly, rs17726787
was previously associated with height and trunk fat-free mass in GWAS [24,40]. This SNP
is an intronic variant of the CELF1 gene. Disturbances in gene expression of CELF1 are
related with cardiopathies [41–43]. The black module was enriched in mTOR signaling
pathway (IGF1R, LPIN1 and RPS6KA2), suggesting that genetic variations like rs11761528
and rs17726787 could alter the epigenetics of this pathway. The mTOR signaling pathway
is essential for cardiac development [44,45]. Heart complications are frequent in anorexia
nervosa patients, reaching 80% in some studies. Severe anorexia nervosa can change cardiac
structure, although most structural abnormalities are reversible [46,47]. Nevertheless, there
is a lack of analyses which explore the relationships between altered genes in the module,
genetic variation, and cardiopathies in ED-diagnosed individuals.

Although schizophrenia was not correlated in our sample, we found genes and SNPs
associated with the disorder. Schizophrenia and other psychiatric disorders are associated
with anorexia nervosa [3,5]. Also, there is reportedly a high prevalence of schizophrenia
among individuals with eating disorders [48]. CpG sites conforming the black module
were enriched in morphine addiction (GABBR2, GABRP and PDE4B), and polymorphisms
of the PDE4B gene have been associated with susceptibility to schizophrenia [49]. rs356971
and rs3129012 SNPs were correlated with the black module; these SNPs are associated
with schizophrenia [50] and waist–hip index [27]. Furthermore, rs356971 and rs3129012
are associated with phenotypes related with the immunological system, hemoglobin con-
centration, white blood cells, and platelet count [51]. These SNPs are also associated with
primary sclerosing cholangitis [52], autoimmune vitiligo [53], IgA deficiency [54], and
systemic lupus erythematosus [55]. Immune-mediated mechanisms have been suggested
in the development of EDs; an increased risk for autoimmune diseases in EDs has been
reported [56,57]. Likewise, a locus in chromosome 12 was associated with anorexia nervosa,
diabetes type 1, and autoimmune diseases [3].

Some modules could have comethylation of CpG sites which was not altered by a
genetic effect in individuals diagnosed with an ED, like the turquoise and blue modules.
These modules were enriched in pathways associated with the immunological system (Th1
and Th2 cell differentiation, TNF signaling pathway, focal adhesion). The same modules
were also enriched in pathways related with development status. The construction of
these modules could be influenced by the developmental stage of individuals in the
sample, i.e., mainly teenagers [58]. One pathway is the GnRH (Gonadotropin Release
Hormone) signaling pathway, which is activated at the beginning of pubertal development,
and it depends on neuroendocrine signaling [59–61]. Another enriched pathway was
associated with adiponectin (adiponectin/CaMKK/AMPK) [62,63]. Many authors suggest
that adiponectin levels change with pubertal development [64,65]. Also, partial methylation
of these modules suggests transcriptional activation of these pathways. The detection of
these modules is more likely to be an effect of background epigenetic alterations and the
cell development stage in the tissue (white blood cells) used for the analysis.

Our study has some limitations. Firstly, we note the absence of a control group.
However, in this exploratory study, our primary aim was to detect comethylation modules
in ED patients and assess the relationship between such modules and clinical phenotypes
in ED. Second, we had a small sample with many variables evaluated. Although these
conditions could affect the statistic power of our analysis, comethylation modules aggregate
covarying CpGs and evaluate grouped CpGs, reducing the number of tests needed. Besides,
WGCNA requires at least 20 samples to construct biologically meaningful modules [66].
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Third, our data was from a sample made up of Mexican teenagers; therefore, our results
should not be applied to all populations with EDs.

5. Conclusions

This is the first study integrating clinical features, genetic variants, and DNA methy-
lation using comethylation network analysis in teenagers with ED. Our findings showed
that two comethylation modules correlated with physical features as well as with SNPs
previously associated with metabolic and psychiatric phenotypes. These data suggest that
genetic variations could alter epigenetics, and that these perturbations could be reflected
as variations in clinical features.
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Abstract: Previous studies have suggested that vitamin D (VD) was associated with psychiatric
diseases, but efforts to elucidate the functional relevance of VD with depression and anxiety from
genetic perspective have been limited. Based on the UK Biobank cohort, we first calculated polygenic
risk score (PRS) for VD from genome-wide association study (GWAS) data of VD. Linear and logistic
regression analysis were conducted to evaluate the associations of VD traits with depression and
anxiety traits, respectively. Then, using individual genotype and phenotype data from the UK
Biobank, genome-wide environment interaction studies (GWEIS) were performed to identify the
potential effects of gene × VD interactions on the risks of depression and anxiety traits. In the
UK Biobank cohort, we observed significant associations of blood VD level with depression and
anxiety traits, as well as significant associations of VD PRS and depression and anxiety traits. GWEIS
identified multiple candidate loci, such as rs114086183 (p = 4.11 × 10−8, LRRTM4) for self-reported
depression status and rs149760119 (p = 3.88 × 10−8, GNB5) for self-reported anxiety status. Our
study results suggested that VD was negatively associated with depression and anxiety. GWEIS
identified multiple candidate genes interacting with VD, providing novel clues for understanding
the biological mechanism potential associations between VD and psychiatric disorders.

Keywords: vitamin D; depression; anxiety; genome-wide association study; polygenic risk score;
genome-wide environment interaction study

1. Introduction

Psychiatric disorders are a group of complex diseases, which are mainly characterized
by varying degrees of obstacles in mental activities such as cognition, emotion, willpower,
and behavior [? ]. A meta-analysis showed that overall global prevalence of psychiatric
disorders was increased with odds ratio of 1.179 (95% CI: 1.065–1.305) [? ]. Additionally,
another study has found that the prevalence of the common mental illnesses is continuously
rising, particularly in low- and middle-income countries, with many people suffering from
depression and anxiety disorders simultaneously [? ]. Depression and anxiety disorders
are the most common mental disorders in the general population [? ]. According to
the latest report of World Health Organization, it is estimated that there are 322 million
people (4.4% of the world’s population) living with depression and more than 260 million
people (3.6% of the global population) affected by anxiety disorders [? ]. Furthermore,
Wang et al. observed that depression and anxiety were significantly associated with
higher cancer incidence, cancer-specific mortality and all-cause mortality [? ]. Traditional
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treatment of depression and anxiety can only relieve rather than cure the condition, causing
a tremendous economic burden on individual families and high suicide rate. Therefore, it
is urgent to find new ways to treat and prevent depression and anxiety disorders.

Vitamin D (VD) is a member of the steroid hormone family. As a necessary vitamin to
human body, it is not only cheap, but also widely available. Besides being ingested from
daily diet and VD supplements, it can also be synthesized from 7-dehydrocholesterol in the
skin through ultraviolet radiation-b (UVB) [? ]. Previous studies on VD have found that ge-
netic and environmental factors can affect the status and metabolism of VD. The data from
twin and family studies have suggested that circulating VD concentrations are partly deter-
mined by genetics, with heritability ranging from 23% to 80% [? ]. Furthermore, genetic
studies of VD have found that genetic variations and alterations (e.g., deletions, amplifica-
tions, inversions) in genes involved in VD metabolism, catabolism, transport, or binding to
its receptors may affect VD levels [? ]. Moreover, a study of gene-environment interactions
with VD has showed that specific genetic variants associated with VD metabolism may
be correlated with prostate cancer risk in VD-deficient patients [? ]. As for the biological
function of VD, previous studies have demonstrated that VD plays an important role in
bone health, reproduction and fertility, and immune function [? ]. Growing evidence
shows that VD also exerts a great influence on the development and adult brain, such as
maintaining calcium balance and signaling, regulating neurotrophic factors, providing
neuroprotection, modulating neurotransmission, and promoting synaptic plasticity [? ]. In
addition, a recent systematic review has shown that VD deficiency in adulthood may also
be associated with adverse brain-related outcomes [? ]. The discovery of the functions of
VD in the brain and the continuous confirmation of the effects of VD on disease provides a
new research direction for the study of psychiatric disorders in recent years.

Although a lot of research has been devoted to exploring the relationship between
VD and depression and anxiety, it is still controversial whether VD was associated with
the two mental disorders [? ]. Some studies have observed an association between VD
and depression symptoms [? ? ? ], while other studies have not found this association [? ?

]. Additionally, previous studies on the association between VD and anxiety symptoms
observed inconsistent association [? ? ]. The discrepant results may be not only related
to potential confounding factors, but also to complex etiology of psychiatric disorders.
Previous studies on the pathogenesis of psychiatric disorders have found that they are
associated with a variety of factors. For example, numerous studies have proved that
inflammation is related to the pathogenesis of psychiatric disorders, and that the increase
in inflammation will affect the occurrence and development of some psychiatric disor-
ders [? ? ]. Other studies have found that both diet and the gut microbiome have a strong
influence on emotional behavior and neural processes [? ]. Dietary patterns and changes in
the microbiome can affect symptoms of depression and anxiety disorder and increase the
risk of both disease through the microbiome gut–brain axis (MGBA) [? ]. Moreover, some
studies have shown that psychiatric disorders are caused by the interplay between genetic
susceptibility and environmental risk factors [? ? ]. It has been reported that the heritability
of major depression [? ] and current anxiety symptoms [? ] was estimated to be 38% and
31%, respectively. However, previous studies on exploring the associations between VD
and depression and anxiety only focused on the influence of environmental or genetic
factors, usually not considering the interactions between them, which may underestimate
the effects of VD on the risks of depression and anxiety.

Polygenic risk score (PRS) is proposed by running a GWAS on a study sample, se-
lecting SNPs according to the relevant phenotypes, and creating the sum of phenotype
related alleles (usually weighted by the SNP-specific coefficients from the GWAS) that can
be evaluated in other replication sample [? ]. PRS analysis can not only explore the genetic
associations between various complex diseases and traits, but also assess the influence
of susceptible loci on disease risks [? ]. For example, PRS-related studies conducted by
Psychiatric Genomics Consortium have found significant associations between PRS of
symptom scale score and the risk of schizophrenia [? ] as well as the efficacy of antipsy-
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chotic medication [? ]. Recently, Revez et al. [? ] conducted a GWAS of 417,580 UK Biobank
study participants and identified 143 genetic loci associated with VD. Using the PRS of VD
traits as instrumental variables, we can further explore the associations between the PRS of
VD traits and psychiatric disorders.

GWAS study has strong ability in identifying susceptibility genetic loci associated
with psychiatric disorders [? ]. However, previous studies have shown that most of
the phenotypic variation in complex diseases and traits cannot be explained solely by
genetic factors, because phenotypic variation can also occur through genetic environment
(G × E) interactions, in which the genotypes of different individuals vary in response to
environmental stimuli [? ]. Therefore, we further adopted the genome-wide environment
interaction study (GWEIS), which can not only assess the effects of G × E interactions, but
also evaluate the effects of genetic interactions on a genome-wide scale, helping to identify
new genetic risk variants and understand the potential biological mechanisms [? ]. For
example, Rivera et al. found 53 and 34 single nucleotide polymorphisms (SNPS) in additive
interactions with smoking in Lofgren’s syndrome (LS) and non-LS, respectively, but the
association did not persist when assessing the effect of smoking on sarcoidosis without
genetic information [? ].

Utilizing the individual blood VD levels and calculated VD PRS data in UK Biobank
cohort, we conducted regression analysis to evaluate the associations between VD (in-
cluding blood VD levels and calculated VD PRS data) and depression status and anxiety
status in the UK Biobank. Then, based on the results of regression analysis, genome-wide
environment interaction studies (GWEIS) were performed to clarify the potential effects of
gene × Vitamin D interactions on depression and anxiety.

2. Materials and Methods

2.1. UK Biobank Cohort

The UK Biobank (UKB) is a large population-based prospective cohort study, with
health-linked information, both regarding phenotype and genotype, on approximately
500,000 participants aged between 40 and 69 years from all over the United Kingdom in
2006 and 2010 [? ]. All participants were asked to report a series of health status and
demographic information through questionnaires and interviews, and approved to use
their anonymous data for any health-related research. Informed consent was provided
by UKB from all participants. This study was approved by UKB (Application 46478) and
obtained participants’ health-related records.

2.2. UK Biobank Phenotypes of Vitamin D

A total of 376,803 UKB participants’ blood samples were collected for quantita-
tive measurement of 25(OH)D levels via chemiluminescent immunoassay (CLIA), and
343,334 (91.12%) individuals had their vitamin D 25(OH)D levels (UK Biobank data field:
30,890) measured. The analysis was limited to the population of white British individuals
(UK Biobank data field: 21,000).

2.3. UK Biobank Phenotypes of Depression and Anxiety

The phenotypes of depression and anxiety were defined according to the previ-
ous study [? ]. The selection criteria of case group were defined based on self-reports
(UK Biobank data fields: 20,002; 20,126; and 20,544). In order to classify participants as
much as possible, patient health questionnaire-9 (PHQ-9) [? ], general anxiety disorder-7
(GAD-7) [? ], and composite international diagnostic interview short-form (CIDI-SF) [? ]
were used as strict inclusion and exclusion criterion. PHQ-9 and GAD-7 are score scales
for depression and anxiety, used to screen and measure the severity of depression and
anxiety, respectively. PHQ-9 is a classification scale focusing on nine depression symptoms
and signs, with a total score (0–27) [? ], and GAD-7 is a classification scale focusing on
seven anxious symptoms and signs, with a total score (0–21) [? ]. Detailed classification
of depression and anxiety are presented in the Supplementary Information. The selection
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criteria of the control group were as follows: without symptoms of depression and anxiety
defined by CIDI and self -reported, depression PHQ scores and anxiety GAD scores ≤ 5,
and without core symptoms.

2.4. UK Biobank Genotyping, Imputation and Quality Control

A total of 488,377 participants of UKB cohort were genotyped by either the Affymetrix
UK BiLEVE Axiom Array or the Affymetrix UKB Axiom arrays [? ]. The imputation and
the quality control of these genotype results were carried out based on UK10K project
reference panel [? ] and Haplotype Reference Consortium (HRC) [? ] reference panel.
Then, we removed the participants who reported inconsistencies between self-reported
gender and genetic gender, without ethic consents and imputation data. Additionally, we
excluded variants with the Hardy–Weinberg equilibrium test p > 1.0 × 10−5, a minor allele
frequency (MAF) of < 0.01, and a genotype missing rate of > 0.05. Ultimately, we used
KING software to exclude the genetically related individuals.

2.5. GWAS Data of Vitamin D

The latest large-scale GWAS summary statistics of VD were used here. Briefly, this
GWAS dataset detected 18,864 independent SNPs that were statistically associated with
VD [? ]. The genotype data were quality-controlled and imputed against the HRC and
UK10K by the UKB group. Then, a linear mixed model GWAS was implemented in
fastGWA to identify the genetic loci associated with 25OHD concentrations. Additionally, a
rank-based reverse normal transformation (RINT) was applied to the phenotype, age, and
gender. The genotyping batch and the first 40 ancestry PCs were used as covariates in the
mixed model. In order to determine the independent associations, a conditional and joint
(COJO) analysis [? ] was employed on the GWAS results to explain the correlation structure
between SNPs in the 10-Mb window (COJO default parameters). Detailed information of
the GWAS can be obtained in the published study [? ].

2.6. PRS Analysis of Vitamin D

Using the VD associated SNPs from the GWAS (p < 5 × 10−8) [? ], the PRS of VD of
each individual was calculated as the sum of the risk allele they carried, weighted by the
effect size of the risk allele [? ]. The PRS of VD was computed by PLINK2.0 [? ], according
to the formula:

PRS = ∑n
i=1 βiSNPim

PRS denotes the PRS value of VD for UKB subject; n and i, respectively, denote the
total number of sample size and genetic markers; βi is the effect parameter of risk allele of
the significant SNP associated with VD, which was obtained from the GWAS of VD [? ];
and SNPim is the dosage (0, 1, 2) of the risk allele of the SNP associated with VD [? ].

2.7. Statistical Analysis

In the UK Biobank cohort, we evaluated associations between vitamin D and de-
pression and anxiety through regression analysis. Specifically, logistic regression analysis
was employed to evaluate the associations of self-reported depression and anxiety status
with blood VD, VD PRS before COJO adjustment, and VD PRS after COJO adjustment.
Linear regression analysis was conducted to test the associations of the PHQ-9 score and
the GAD-7 score with blood VD, VD PRS before COJO adjustment, and VD PRS after
COJO adjustment. In this regression analysis, blood VD, VD PRS before COJO adjustment,
and VD PRS after COJO adjustment were used as independent variables. Self-reported
depression, self-reported anxiety, PHQ-9 score, and GAD-7 score were used as outcome
variables. Sex, age, and 10 principle components (PCs) of population structure were used
as covariates in the regression analysis. A p < 0.05 indicated an association. All analyses
were conducted by R.
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2.8. Genome-Wide Environment Interaction Studies (GWEIS)

The generalized linear regression model of PLINK2.0 [? ] was used to estimate the
gene × VD interaction effects on the risk of depression and anxiety, using age, gender,
and the first 10 PCs as covariates. According to previous research [? ], we used PLINK2.0
genetic additive (ADD) models and selected high-quality SNPs through a quality control
filters: SNPs with a low call rates (<0.90), low minor allele frequencies (<0.01), or low
Hardy–Weinberg equilibrium exact test p-values (<0.01) were excluded. p < 5.0 × 10−8 and
p < 5.0 × 10−7 were defined as significant and suggestive interactions, respectively. GWEIS
results were visualized with the circular Manhattan plots generated by the “CMplot” R
script. (https://github.com/YinLiLin/R-CMplot) (accessed on 15 February 2021).

3. Results

3.1. General Population Characteristics
3.1.1. Characteristics of UK Biobank Subjects with Blood Vitamin D Data

For depression traits, with self-reported depression status as the outcome variable, a
total of 110,744 participants answered the depression-related questions, and 52,766 were
classified into depression group. With the depression PHQ score as the outcome variable, a
total of 109,543 participants completed the questionnaire. For anxiety traits, with self-reported
anxiety status as the outcome variable, a total of 98,784 participants answered the anxiety-
related questions, and 19,759 were classified into anxiety group. With the anxiety GAD score
as the outcome variable, a total of 110,023 participants completed the questionnaire.

3.1.2. Characteristics of UK Biobank Subjects with Vitamin D PRS Data

In the self-reported depression status, a total of 121,685 participants answered depression-
related questions, of which 58,349 were included in depression group; in the depression
PHQ scores, a total of 120,033 participants completed the questionnaire. In the self-reported
anxiety status, a total of 108,309 participants answered anxiety-related questions, of which
21,807 were classified into anxiety group. In addition, in the anxiety GAD scores, a total
of 120,590 participants completed the questionnaire. Detailed information is shown in
Table ??.

Table 1. General population characteristics of this study participants from UK Biobank.

Outcome Variable Independent Variable
Number/

(Case/Control)
Sex (Female) Age ± SD

Depression status
Blood VD 52,766/57,978 61,458 (55.50%) 56.40 ±7.68

VDPRS After COJO 58,349/63,336 68,365 (56.18%) 56.47 ± 7.65
VDPRS Before COJO 58,349/63,336 68,365 (56.18%) 56.47 ± 7.65

Anxiety status
Blood VD 19,759/79,025 53,541 (54.20%) 56.42 ± 7.60

VDPRS After COJO 21,807/86,502 59,453 (54.89%) 56.50 ± 7.57
VDPRS Before COJO 21,807/86,502 59,453 (54.89%) 56.50 ± 7.57

Depression
(PHQ score)

Blood VD 109,543 60,377 (55.12%) 56.16 ± 7.65
VDPRS After COJO 120,033 66,934 (55.76%) 56.24 ± 7.62

VDPRS Before COJO 120,033 66,934 (55.76%) 56.24 ± 7.62

Anxiety
(GAD score)

Blood VD 110,023 60,629 (55.11%) 56.15 ± 7.65
VDPRS After COJO

VDPRS Before COJO
120,590
120,590

67,235 (55.76%)
67,235 (55.76%)

56.23 ± 7.61
56.23 ± 7.61

Abbreviations: VD, Vitamin D; VDPRS, polygenic risk score of vitamin D; COJO, conditional and joint analysis; SD, age was described as
mean ± standard deviation (SD); PHQ score, patient health questionnaire (PHQ) is used to describe the depression; GAD score, general
anxiety disorder (GAD) is used to describe the anxiety of the participants.

3.2. Regression Analysis Result
3.2.1. Associations between Blood Vitamin D and Depression, Anxiety Traits in UK
Biobank Cohort

Significant associations of blood VD level with self-reported depression status
(odds ratio (OR) = 0.89, p = 5.92 × 10−77) and self-reported anxiety status (OR = 0.92,
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p = 1.46 × 10−22) were observed. Associations were also observed between the blood VD
level, the depression PHQ score (Beta = −0.062, standard error (SE) = 0.003, p = 5.95 × 10−96),
and the anxiety GAD score (Beta = −0.030, SE = 0.00, p = 1.21 × 10−21).

3.2.2. Associations between Vitamin D PRS and Depression, Anxiety Traits in UK
Biobank Cohort

We observed significant associations of VD PRS before COJO adjustment with self-
reported depression status (OR = 0.99, p = 3.82 × 10−2), depression PHQ score (Beta = −0.0060,
SE = 0.003, p = 3.25 × 10−2), and anxiety GAD score (Beta =−0.010, SE = 0.00, p = 4.36 × 10−2).
In addition, we also observed significant associations of VD PRS after COJO adjustment
with a self-reported depression status (OR = 0.99, p = 1.84 × 10−2), a depression PHQ score
(Beta = −0.0070, SE = 0.0030, p = 9.15 × 10−3), and an anxiety GAD score (Beta = −0.010,
SE = 0.00, p = 1.02 × 10−2). Detailed information is shown in Table ??.

Table 2. The associations between Vitamin D traits and traits of depression and anxiety.

Outcome Variable Independent Variable Beta SE T p−Value OR

Depression status
Blood VD −0.12 0.01 −18.57 5.92 × 10−77 0.89

VDPRS After COJO −0.014 0.006 −2.36 1.84 × 10−2 0.99
VDPRS Before COJO −0.012 0.006 −2.07 3.82 × 10−2 0.99

Anxiety status
Blood VD −0.080 0.01 −9.77 1.46 × 10−22 0.92

VDPRS After COJO 0.00 0.01 −0.29 7.71 × 10−1 1.00
VDPRS Before COJO 0.00 0.01 −0.32 7.47 × 10−1 1.00

Depression
(PHQ score)

Blood VD −0.062 0.003 −20.81 5.95 × 10−96 –
VDPRS After COJO −0.007 0.003 −2.61 9.15 × 10−3 –

VDPRS Before COJO −0.006 0.003 −2.14 3.25 × 10−2 –

Anxiety
(GAD score)

Blood VD −0.030 0.00 −9.56 1.21 × 10−21 –
VDPRS After COJO VDPRS −0.010 0.00 −2.57 1.02 × 10−2 –

Before COJO −0.010 0.00 −2.02 4.36 × 10−2 –

Abbreviations: SE, standard error; T, t−test; OR, odd ratios; VD, vitamin D; VDPRS, polygenic risk score of vitamin D; COJO, conditional
and joint analysis; PHQ score, patient health questionnaire (PHQ) is used to describe the depression; GAD score, general anxiety disorder
(GAD) is used to describe the anxiety of the participants. Note. Logistic regression was used to evaluate the association between blood VD,
VD PRS before COJO adjustment, VD PRS after COJO adjustment and self-reported depression and anxiety. Linear regression was used to
evaluate the association between blood VD, VD PRS before COJO adjustment, VD PRS after COJO adjustment and PHQ score, GAD score.

3.3. GWEIS Analysis Results

For self-reported depression status, GWEIS identified a significant gene × VD PRS
interaction (p < 5.0 × 10−8) at the LRRTM4 gene (rs114086183, p = 4.11 × 10−8). For
self-reported anxiety status, significant gene × VD PRS interaction was detected at the
GNB5 gene (rs149760119, p = 3.88 × 10−8). For the depression PHQ score, two significant
gene × blood VD interactions were identified at SLC11A2 and HIGD1C (rs117102029,
p = 4.02 × 10−8). For the anxiety GAD score, we detected multiple significant gene × VD
trait interactions, such as SMYD3 (rs142593645, p = 2.51 × 10−8), SEMA3E (rs76440131,
p = 2.80 × 10−10), and VTI1A (rs17266687, p = 3.09 × 10−8). Among them, three genes
(SEMA3E, DOCK8, TMCO3) were identified by VD PRS before and after COJO adjustment.
The visualization of the results is shown in ??????. Additional detailed results are shown in
Table ??.
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(a) (b) 

Figure 1. Genomic regions interacting with blood VD for the PHQ score and the GAD score. (a) Depression (PHQ score), A SNP
allele was found to significantly interact with blood VD in depression (PHQ score); (b) Anxiety (GAD score), seven independent
SNP alleles were found to significantly interact with blood VD in anxiety disorder (GAD score). From the center, the first circos
depicts the −log10 p-values of each variant due to double exposure, i.e., the effect of both SNP allele and blood VD. The second
circos shows chromosome density. Red dots represent the p < 5 × 10−8 and green dots represent p < 1 × 10−7. The figure was
generated using the “CMplot” R script (https://github.com/YinLiLin/R-CMplot) (accessed on 15 February 2021).

 
(a) (b) 

 
(c) 

Figure 2. Genomic regions interacting with VD PRS after COJO adjustment for depression status, anxiety status, and
GAD score. (a) Depression status, a SNP allele was found to significantly interact with blood VD in depression status;
(b) Anxiety status, 2 independent SNP alleles were found to significantly interact with blood VD in anxiety status;
(c) Anxiety (GAD score), 8 independent SNP alleles interacted significantly with blood VD in anxiety disorders (GAD
score). From the center, the first circos depicts the −log10 p-values of each variant due to double exposure, i.e., the
effect of both SNP allele and VD PRS after COJO adjustment. The second circos shows chromosome density. Red dots
represent the p < 5 × 10−8 and green dots represent p < 1 × 10−7. The figure was generated using the “CMplot” R script
(https://github.com/YinLiLin/R-CMplot) (accessed on 15 February 2021).
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Figure 3. Genomic regions interacting with VD PRS before COJO adjustment for GAD score. This
graph shows 7 independent SNP alleles interacting significantly with blood VD in anxiety disorders
(GAD score). From the center, the first circos depicts the −log10 p-values of each variant due to double
exposure, i.e., the effect of both SNP allele and VD PRS before COJO adjustment. The second circos
shows chromosome density. Red dots represent the p < 5 × 10−8 and green dots represent p < 1 × 10−7.
The figure was generated using the “CMplot” R script (https://github.com/YinLiLin/R-CMplot)
(accessed on 15 February 2021).

Table 3. Summary of gene−environment interaction analysis among SNP and VD traits for depression and anxiety traits.

CHR SNP Model Beta SE Gene p−Value

Depression
status 2 rs114086183 ADD ×VD PRS afterCOJO 0.16 0.029 LRRTM4 4.11 × 10−8

Anxiety
status 15 rs149760119 ADD × VD PRS afterCOJO −0.22 0.04 GNB5 3.88 × 10−8

Depression
(PHQ score) 12 rs117102029 ADD × VD blood 0.01 0.002 SLC11A2,

HIGD1C 4.02 × 10−8

Anxiety
(GAD score)

1 rs142593645 ADD × VD blood 1.52 0.27 SMYD3 2.51 × 10−8

7 rs13228257 ADD × VD blood −1.25 0.22 DPP6 1.45 × 10−8

7 rs76440131 ADD × VD PRS afterCOJO −2.64 0.42 SEMA3E 2.80 × 10−10

9 rs78029983 ADD × VD PRS afterCOJO −1.08 0.19 DOCK8 2.43 × 10−10

13 rs76004204 ADD × VD PRS afterCOJO 2.17 0.37 TMCO3 6.38 × 10−9

7 rs76440131 ADD × VD PRS beforeCOJO −2.16 0.38 SEMA3E 1.76 × 10−8

9 rs78029983 ADD × VD PRS beforeCOJO −1.10 0.20 DOCK8 2.10 × 10−8

10 rs17266687 ADD × VD PRS beforeCOJO −1.20 0.21 VTI1A 2.48 × 10−8

13 rs76004204 ADD × VD PRS beforeCOJO 1.97 0.34 TMCO3 8.89 × 10−9

Abbreviations: CHR, chromosome; SNP, single nucleotide polymorphism; SE, standard error; ADD, additive effect; VD, vitamin D; VDPRS,
polygenic risk score of vitamin D; COJO, conditional and joint analysis; PHQ score, patient health questionnaire (PHQ) is used to describe
the depression; GAD score, general anxiety disorder (GAD) is used to describe the anxiety of the participants; p−value, estimates of the
effect of interaction on depression and anxiety traits by using ADD × VD traits.

4. Discussion

Since many complex diseases are associated with thousands of genetic variations,
GWAS study merely calculates the association between a single SNP and a phenotype,
which could easily lead to a decline in the interpretation of phenotypes influenced by
multiple genetic variations. In this study, using individual blood VD level and calculated
VD PRS data, we systematically evaluated the associations of VD traits with depression
and anxiety traits. Then, we conducted GWEIS to clarify the potential effects of gene × VD
interaction on depression and anxiety traits. We observed significant associations between
VD and depression and anxiety traits in the UK Biobank cohort, and GWEIS analysis
identified the effects of multiple significant gene × VD interactions on depression and
anxiety traits.

As mentioned before, previous studies on VD and psychiatric disorders merely fo-
cused on the effects of environmental or genetic factors on the risks of depression and
anxiety, usually without considering the interaction between them. For anxiety, multiple
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studies have observed that VD level was associated with anxiety [? ], and VD supplemen-
tation can significantly improve patients’ anxiety symptoms after adjusting for covariates
known to affect VD level [? ]. However, there is also controversy about the association
between VD and depression. For instance, Zhao et al. found that VD was not associated
with an increased risk of depression after adjusting for potential confounders, such as
age, gender, race, physical activity, alcohol use, and chronic diseases [? ]. Some studies
conducted in different regions failed to observe the association between VD and depression
when controlled for potential confounding factors [? ? ]. In contrast, Milaneschi et al.
observed that low VD levels were associated with the presence and severity of depression,
suggesting that VD represented a potential biological vulnerability for depression [? ].
Additionally, a prospective association study of VD and depression using UKB cohort
data found that both vitamin D deficiency and insufficiency may be risk factors for new
onset depression in middle-aged adults [? ]. Our results support an association between
VD traits and depression and anxiety traits in the UK Biobank cohort, particularly from a
genetic perspective. It is important to note that our study found an association between
VD and depression and anxiety; however, further research is needed to determine whether
there was a causal association and in what direction.

Currently, to the best of our knowledge, there are limited researches to explore the
genetic mechanism affecting the link between VD and depression and anxiety. Therefore,
we performed GWEIS and identified multiple candidate genes interacting with VD, which
are implicated in the brain or neural regulation and pathology, such as LRRTM4 for
depression status and GNB5 for anxiety status. The LRRTM4 is a new four-membered
family of genes from human and mice. Its main function is to encode a putative leucine-rich
repeat transmembrane protein, which can not only facilitate the development of glutamate
synapses, but also regulate many cellular events during nervous system development and
disease [? ? ]. In animal experiments, it has been found that LRRTM4 is expressed in many
brain regions and nervous system neurons, suggesting that LRRTM4 plays a vital role
in the development and maintenance of the vertebrate nervous system [? ]. In addition,
the role of VD in regulating brain axon growth has been observed in previous studies [?
], and prenatal VD deficiency has been shown to alter many genes involved in synaptic
plasticity [? ]. Whether VD deficiency alters the LRRTM4 gene remains elusive and need
further studies.

For anxiety status, the identified GNB5 gene is the G protein subunit beta 5 (Gβ5)
that encodes a heterotrimeric GTP binding protein. Gβ5 is enriched in the central nervous
system. Its main function is to form a complex with regulatory factors of the G protein
signal transduction protein family, thereby regulating and affecting the neurotransmitter
signal transduction of many neurobehavioral results [? ]. A previous study found that
VD can affect adult brain development and function through signal transduction [? ].
Furthermore, a study of the expression of genes associated with Alzheimer’s disease in the
presence of VD deficiency found that GNB5 expression was significantly reduced [? ]. We
may infer that VD can regulate G-protein-mediated signaling in the brain by influencing the
GNB5 gene [? ]. In addition, previous studies have indicated that GNB5 gene mutations can
lead to severe speech disorders, motor delays, and attention deficit hyperactivity disorder
(ADHD) as the main manifestations of recessive neurodevelopmental disorders [? ? ].

For the anxiety GAD score, our GWEIS results showed that multiple genes have signif-
icant interactions with vitamin D. DPP6 is a single-channel type II transmembrane protein
expressed in the brain, which mainly regulates the dendritic excitability of hippocampal
neurons [? ]. Cacace et al. found that DPP6 is a new genetic factor in dementia. DPP6 is
involved in a variety of cellular pathways, including neurogenesis and neuronal excitabil-
ity, and its deletion has been associated with low intelligence and neurodevelopmental
disorders [? ]. Another study in an animal model also found that DPP6 deletion affects
hippocampal synaptic development and leads to behavioral impairments in recognition,
learning, and memory [? ]. Similar to the DPP6 gene, Tang’s study found that VTI1A
is mainly involved in neuronal development and neurotransmission, and mutations are
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likely to lead to neurological dysfunction and neurological diseases [? ]. In common genes
identified by VD PRS before and after COJO adjustment, SEMA3E is a member of the
signaling family that binds directly to the receptor Plexin-D1 to secrete brain signals. A
study found that SEMA3E-Plexin-D1 signaling is not only involved in axon growth and
guidance, but also determines synaptic recognition and specificity in multiple parts of the
nervous system [? ]. Although these genes have been found to play a certain role in the
development and conduction of the nervous system, the potential biological mechanism
of the interaction between these genes and VD to affect the nervous system function and
disease has not been found, which needs further research and confirmation.

In addition, we identified multiple candidate genes which interacted with vitamin D
for the depression PHQ score, such as SLC11A2 and HIGD1C. The SLC11A2 gene, also
called DMT1, is an iron-responsive gene mainly involved in iron absorption [? ]. Mutations
in this gene will affect the changes in the body’s iron content. Bastian et al. [? ] found that
iron deficiency in the early life can damage the expression of hippocampal neuron genes,
leading to long-term neurological dysfunction. Saadat et al. [? ] observed that the TT
genotype and the T allele of the 1254T > C polymorphism in the DMT1 gene may be a risk
factor for Parkinson’s disease. At present, few researches were conducted to explain the
function and role of the HIGD1C gene. However, the HIGD1A gene, which came from the
same family as the HIGD1C gene (HIG1 hypoxia-inducible domain family), has been found
to be related to the nervous system in previous studies. Research conducted by López’s et al.
found that the HIGD1A gene is not only widely expressed in the rat brain, but also may play
a protective role in certain areas of the central nervous system [? ]. Nevertheless, no studies
have shown a direct link between VD and the effects of SLC11A2 and HIGD1C genes
on the nervous system and psychiatric disorders. It is worth mentioning that previous
studies have found the important role of VD in the brain and nervous system, such as VD
differentiates brain cells [? ], which regulates axon growth [? ] and can regulate calcium
signaling [? ]. VD can not only affect adult brain development and function through signal
transduction, but also affect the nutritional support factors of developing and mature
neurons and prevent the production of reactive oxygen species. These all support the
importance of VD for development and function of human brain.

Molecular genetic studies have confirmed the presence of widespread pleiotropy
across psychiatric disorders [? ]. Previous studies have found that depression and anxiety
are highly comorbid and share a common underlying basis, including symptom overlap,
potential negative affectivity, shared familial risk, stress, negative cognitions, and similar
neural-circuitry dysfunction related to emotion regulation [? ? ? ]. According to Gray
and McNaughton’s theory, this comorbidity is caused by the recursive interconnection
of brain regions that connect fear, anxiety, and panic, as well as hereditary personality
traits such as neuroticism [? ]. Twin and familial studies have shown that comorbidity of
depression and anxiety disorders is largely explained by shared genetic risk factors [? ].
However, a recent factor analysis and genomic structural equation modelling study on
depression and anxiety found that depressive and anxiety symptoms could be affected by
different factors, although the genetic correlation between the factors was high [? ]. In this
study, we further compared and identified genetic loci between depression and anxiety; no
overlapping loci were found, suggesting that VD may have different biological mechanisms
in depression and anxiety. It is considered that environmental exposure can contribute to
the development of depression and anxiety through different molecular mechanisms [? ].
Furthermore, based on the results of genomic structural equation modeling [? ] and the
differences in etiology and pathogenesis of depression and anxiety [? ], it is reasonable to
infer that few genetic loci interacting with VD promote the occurrence and development of
depression and anxiety at the same time. Genetic research that assesses the link between
VD and psychiatric disorders are limited, and further exploration is needed to confirm our
findings.

It is worth noting that our study has some limitations. First, all research data in our
study were derived from the UK Biobank, and the research participants were limited to
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people of European descent. Due to different genetic backgrounds, the results of this
study should be interpreted with caution when applying the results to other populations.
Secondly, in our research, we mainly used self-reports and related questionnaire scores to
characterize depression and anxiety states. Since there is no systematic method to classify
all the symptoms, the self-reported analysis results may not be completely consistent with
the analysis results of questionnaire scores; in addition, self-reported results may increase
the possibility of measurement error and recall bias. Due to the lack of temporal sequence
between variables and the absence of Mendelian Randomization study, it is not possible
to draw evidence for causality directly, resulting in the lack of demonstration strength of
the study. Finally, there is a lack of relevant researches to investigate the influence of the
identified SNPs on the biological mechanisms of depression and anxiety. More large sample
prospective studies and biological studies are needed to confirm our results and elucidate
the potential role of new genetic variants in the pathogenesis of psychiatric disorders.

5. Conclusions

In summary, through regression analysis and GWEIS analysis, we observed that the
VD was negatively associated with depression and anxiety, and further GWEIS analysis
identified multiple candidate genes related to depression and anxiety. The interaction
effects observed from the results provide new direction for understanding the genetic
research of psychiatric disorders. Further research is needed to clarify the underlying
mechanism of gene × VD interaction effects for psychiatric disorders.
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Abstract: In the last decades, the global prevalence of non-alcoholic fatty liver disease (NAFLD) has
reached pandemic proportions with derived major health and socioeconomic consequences; this
tendency is expected to be further aggravated in the coming years. Obesity, insulin resistance/type
2 diabetes mellitus, sedentary lifestyle, increased caloric intake and genetic predisposition constitute
the main risk factors associated with the development and progression of the disease. Importantly,
the interaction between the inherited genetic background and some unhealthy dietary patterns has
been postulated to have an essential role in the pathogenesis of NAFLD. Weight loss through lifestyle
modifications is considered the cornerstone of the treatment for NAFLD and the inter-individual
variability in the response to some dietary approaches may be conditioned by the presence of different
single nucleotide polymorphisms. In this review, we summarize the current evidence on the influence
of the association between genetic susceptibility and dietary habits in NAFLD pathophysiology, as
well as the role of gene polymorphism in the response to lifestyle interventions and the potential
interaction between nutritional genomics and other emerging therapies for NAFLD, such as bariatric
surgery and several pharmacologic agents.

Keywords: non-alcoholic fatty liver disease; gene polymorphism; dietary intervention; gene-nutrient
interactions; bariatric surgery; pharmacotherapy

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) has become the leading cause of chronic
liver disease worldwide, with an estimated global prevalence of 25% among the adult pop-
ulation [1]. NAFLD comprises the full spectrum of the disease, from simple macrovesicular
steatosis to non-alcoholic steatohepatitis (NASH), which is defined by the coexistence of
steatosis, hepatocyte ballooning and inflammation with or without fibrosis, presenting an
increased risk of progression to cirrhosis, hepatocellular carcinoma and end-stage liver
disease [2]. In addition to the important clinical consequences derived from NAFLD,
socioeconomic costs of this pathology have been reported to be enormous and the disease
burden is expected to continue to increase in the coming years [3].

NAFLD is directly associated with the different components of the metabolic syn-
drome, including obesity, type 2 diabetes mellitus (T2DM), dyslipidemia and hypertension;
in fact, obesity and insulin resistance/T2DM constitute the most common risk factors for
NAFLD [4]. Actually, this disease is considered as the hepatic manifestation of the metabolic
syndrome and bidirectional relationships between NAFLD and the rest of metabolic com-
plications have been established [5]. Accordingly, environmental factors such as sedentary
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lifestyle and high-caloric intake play a major part in NAFLD development and progres-
sion [6]. However, it is important to note that NAFLD pathogenesis is complex and several
factors are involved in the natural history of this pathology. In line, novel environmental
modifiers, such as gut microbiota, have been proved to directly influence the course of the
disease [7]. Importantly, genome-wide association studies (GWAS) and candidate gene
studies have revealed, in the last few years, that NAFLD development, severity and risk
of progression are strongly influenced by a number of single-nucleotide polymorphisms
(SNPs), including patatin-like phospholipase domain-containing protein 3 (PNPLA3),
transmembrane 6 superfamily member 2 (TM6SF2), membrane bound O-acyltransferase
domain containing 7 (MBOAT7), glucokinase regulatory protein (GKRP) and hydroxys-
teroid 17-βdehydrogenase 13 (HSD17B13) as the main genetic determinants of NAFLD [8].
Moreover, the intricate interaction of genetic predisposition and environmental factors,
such as nutrition, is considered to play a key role in the pathophysiology of NAFLD [9].

To date, the mainstay of treatment for NAFLD is weight loss [5]. Lifestyle intervention
through dietary habits modifications and structured physical activity enables sustained
weight loss and the subsequent hepatic fat content reduction and NASH improvement [10].
Importantly, the effect of specific training modalities, such as endurance training, may
contribute to NASH improvement [11]. Furthermore, bariatric surgery (BS) has emerged as
an effective therapeutic approach to NASH and fibrosis resolution [12]. However, a signifi-
cant number of patients do not achieve the expected results even after adequate adherence
to therapy. Thereby, among other factors, nutrient-gene interaction could explain this
inter-individual variability in response to treatment and gene-based personalized therapies
may constitute a useful tool in NAFLD treatment. In this article, we review the role of
gene polymorphism in the variability in response to therapy in NAFLD, including the
interaction between SNPs and dietary interventions, as well as the potential relationships
among nutritional genomics, BS and other therapies.

2. Nutrigenetics and NAFLD Pathogenesis

In addition to the classical metabolic risk factors for NASH and fibrosis progression,
several studies have identified genetic associations with NAFLD susceptibility and sever-
ity [13]. The I148M (rs738409 C > G) variant of PNPLA3 (isoleucine to methionine exchange
at the amino acid position 148 due to cytosine to guanine transversion in rs738409) is the
most important risk mutation related to NAFLD, and it is strongly associated with the
development and progression of the disease and also with the response to treatment [14]
(Figure 1). PNPLA3 exhibits triacylglycerol lipase and acylglycerol transacylase activity
in the hepatocytes and the I148M variant causes loss of function, promoting triglyceride
accumulation in the hepatocytes [15]. The frequency of the I148M allele is particularly high
in Hispanics (0.49), with lower frequencies in European Americans and African Americans;
therefore, this fact may partially explain the differences in NAFLD prevalence among
different ethnic groups [16]. On the other hand, TM6SF2 regulates hepatic lipid metabolism
and the E165K missense variant impairs very low-density lipoprotein (VLDL) secretion
and triggers hepatic lipid accumulation [17], whereas MBOAT7 rs641738 C > T SNP in-
creases risk of NAFLD through the imbalance of phosphatidylinositol species [18]. GKRP
rs780094 C > T variant presents a reduced capacity of glucokinase inhibition and conse-
quently enhances glycolysis and glucose uptake by the liver [19]. Conversely, HSD17B13
rs6834314 A > G variant, involved in retinol metabolism, protects against NAFLD pro-
gression [20]. Finally, other reported genetic determinants associated with NAFLD in-
clude SH2B Adaptor Protein 1 (SH2B1), superoxide dismutase 2 (SOD2), signal transducer
and activator of transcription 3 (STAT3), phosphatidylethanolamine-N–methyltransferase
(PEMT), apolipoprotein B (APOB) or uncoupling protein 2 (UCP2) [21]. Of note, there are
some mitochondria-related SNPs among the NAFLD-associated genetic determinants, since
mitochondria dysfunction increases oxidative stress which is closely related to NAFLD
pathogenesis [22]. Thus, C47T variant in the mitochondrial enzyme SOD2 is linked to
advanced fibrosis in NASH [23], whereas mitochondrial UCP2-866 G > A polymorphism
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reduces risk of NASH progression [24]. Furthermore, mitochondrial deoxyribonucleic acid
(DNA) polymorphism 12361 A > G was associated with increased risk of moderate and
severe NAFLD in a Chinese population [25].

Figure 1. The role of PNPLA3 rs738409 C > G variant in NAFLD. PNPLA3 I148M is associated
with NAFLD development and progression, and the interplay between this variant and environ-
mental factors, including dietary habits, seems to be crucial in the pathophysiology of the disease.
PNPLA3 I148M presence may also be related to an increased response to lifestyle interventions,
bariatric surgery and certain types of therapeutic agents, such as the combination of sodium-glucose
cotransporter 2 inhibitors and polyunsaturated fatty acid (PUFA). PNPL3: patatin-like phospholipase
domain-containing protein 3; I148M (rs738409 C > G): isoleucine to methionine exchange at the
amino acid position 148 due to cytosine to guanine transversion in rs738409); NAFLD: non-alcoholic
fatty liver disease.

Notably, SNP-mediated liver damage only explains a small proportion of NAFLD
pathophysiology, and synergistic interaction between these risks variants and the envi-
ronment are needed to trigger significant alterations [26]. As an example, Smagris et al.,
showed that PNPLA3 I148M knock in mice developed sucrose diet-dependent hepatic
steatosis, but no hepatic alterations were found in chow-fed animals with the mutation [27].
Moreover, a preclinical study revealed that several mitochondrial gene polymorphisms
only predisposed to NASH when either a methionine and choline deficient diet or Western-
style diet was administrated [28]. Thus, the interaction between nutrients and genetic
factors could modulate NAFLD presence and evolution. Additionally, it is also important
to bear in mind that nutrition can also give rise to modifications in gene expression through
several epigenetic mechanisms, including histone modification, DNA methylation and
the regulation of transcription by micro-ribonucleic acids (miRNAs) [29]. These complex
pathways are encompassed within the field of nutrigenomics, which constitutes a key
element in NAFLD pathogenesis [29]. However, this topic is beyond the scope of this
review and we will focus on the influential effect of genetics on response to different
nutrients in NAFLD.
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2.1. Carbohydrates

Dietary carbohydrates, including free sugars, can promote the accumulation of liver
fat by increasing intrahepatic triglyceride content [30] and the presence of some SNPs
may involve an additive harmful effect. Among them, the most studied nutrient/diet-
gene interactions in clinical studies include the I148M variant of PNPLA3. Thus, in a
cross-sectional study, Davis et al., reported a positive association between high dietary
carbohydrate/sugar consumption and hepatic fat accumulation in Hispanic children with
overweight and PNPLA3 GG genotype [31]. Similarly, Nobili et al., found that carriers of
this genotype with a high consumption of sweetened beverages presented higher degrees
of hepatic steatosis [32]. Furthermore, in a small clinical trial including 14 adolescents,
GKRP rs1260326 TT variant increased de novo lipogenesis after glucose overload [33].

Particularly, the consumption of the monosaccharide fructose has been implicated
in the development and progression of NAFLD [34]. Fructose triggers hepatic de novo
lipogenesis via increasing the levels of lipogenic enzymes and stimulating sterol regulatory
element-binding protein (SREBP)-1, and it also inhibits fatty acid oxidation, leading to
an increase of reactive oxygen species (ROS) [35]. Thus, an ongoing clinical trial aims to
evaluate the impact of fructose intake on liver lipogenesis in subjects with different genetic
risk categories for NAFLD [36]. In a case control study, the combination of distinct gene
variants related to oxidative stress mechanisms (glutathione S-transferase theta 1-GSTT1,
glutathione S-transferase mu 1-GSTM1, sulfotransferase family 1A member 1-SULT1A1,
cytochrome P450 2E1-CYP2E1 and cytochrome P450 1A1-CYP1A1) with high fruit/grilled
food consumption increased the risk for NAFLD development [37]. In line with these
results, previous studies have shown that high fructose diet promotes hepatic steatosis, ox-
idative stress and inflammation, leading to hepatocyte apoptosis [38]. The pathophysiology
of fructose induced-NAFLD via oxidative stress encompasses several mechanisms, such as
nonenzymatic reactions of fructose and ROS generation, hepatic phosphate deficiency and
the production of harmful metabolites (e.g., methylglyoxal) [39]. In addition, the severity
of liver injury by fructose may be mediated by the induced degree of mitochondrial dys-
function and oxidative damage [40]. On the other hand, the hepatic deleterious effects of
fructose may be counteracted by some nutrients that prevent oxidative stress and increase
the expression of antioxidant defense enzymes [41–45]. Dietary advanced glycation end
products compounds found in grilled food have also been postulated to aggravate NAFLD
via liver injury induced by chronic oxidative stress, and pharmacological and dietary
strategies targeting the implied pathways could help to ameliorate NAFLD [46]. Therefore,
the interaction between fructose/grilled food consumption and SNPs involved in oxidative
stress may be crucial in NAFLD pathogenesis and resolution.

2.2. Lipids

In addition to carbohydrate overfeeding, dietary fat pattern may interrelate with some
genotypes. In this sense, Santoro et al., showed that the interaction between PNPLA3
I148M and a high ratio of omega-6/omega-3 polyunsaturated fatty acid (PUFA) intake
was associated with higher serum levels of alanine transaminase (ALT) and hepatic fat
accumulation [47]. Jones et al., reported that the intake of several dietary types of unsat-
urated fat, including omega-6, was associated with liver fibrosis by PNPLA3 rs738409
variants [48]. Furthermore, the interaction between SH2B1 rs7359397 T allele and high
protein/low fiber and monounsaturated fatty acid (MUFA) consumption may be associated
with NAFLD severity [49].

Growing body of evidence supports that disturbances in cholesterol homeostasis
contribute to the pathophysiology of NAFLD/NASH [50]. Beyond hepatic accumulation
of fatty acids and triglycerides, an increase in free cholesterol deposition in the liver leads
to hepatocyte injury [51]. Atherogenic dyslipidemia, a common feature of the metabolic
syndrome, may facilitate this fact [52]. Remarkably, high cholesterol atherogenic diets may
interact with SNPs involved in cholesterol metabolism. In a study including women that
received a high cholesterol Western-type diet, the microsomal triglyceride transfer protein
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(MTTP)-493 T/T variant was associated with higher fasting levels of plasma cholesterol and
higher cholesterol absorption status, whereas these levels decreased to values comparable
to G carriers after 3 months of low-fat diet [53]; this variant was related to an increased
risk of NAFLD compared with G/G carriers [54]. TM6SF2 C > T polymorphism implies
a less atherogenic lipoprotein profile and postprandial cholesterol redistribution from
smaller atherogenic lipoprotein subfractions to larger VLDL subfractions in subjects with
NAFLD [55]; however, specific interactions with high cholesterol diets remain unexplored.
Similarly, SREBP-1c polymorphism is also closely implicated in cholesterol metabolism in
NAFLD [56], yet dietary interactions have not been investigated.

2.3. Choline Deficiency in NAFLD

Choline is a key nutrient in NAFLD pathogenesis, as its deficiency is closely related
to the onset and progression of this disease [57,58]. Susceptibility to choline deficiency
and the subsequent increased risk of developing NAFLD may be influenced by specific
polymorphisms in genes that regulate choline metabolism, such as PEMT [59,60]. In addi-
tion, a study showed that carriers of the 5,10-methylenetetrahydrofolate dehydrogenase
(MTHFD)-1958A gene allele were more likely to develop NAFLD on a low-choline diet
than non-carriers [61].

In light of the above, nutrient-gene interaction may play a crucial role in NAFLD
pathogenesis, although large-scale, long-term prospective clinical studies are needed to
corroborate these associations.

3. Gene Polymorphism and Response to Lifestyle Interventions in NAFLD

3.1. Dietary Changes

Currently, the primary treatment for NAFLD is based on lifestyle modifications,
including diet and physical activity to achieve weight loss [62]. The role of nutritional
intervention has been demonstrated to be essential for the prevention and management of
NAFLD in a number of randomized controlled clinical trials [63–67]. Recent evidence also
suggests that the presence of different SNPs combined with some dietary patterns may
increase the effect of this approach. In a clinical trial performed within the Fatty Liver in
Obesity (FLiO) Study, carriers of T allele of the SH2B1 rs7359397 genetic variant exhibited
greater benefits in terms of hepatic health and liver status after two energy-restricted
dietary patterns [68]. Interestingly, in a study performed in 140 Japanese patients with
biopsy-proven NAFLD, the reduction in liver stiffness measurement after diet therapy for
one year was greater among subjects with HSD17B13 rs6834314 GG variant [69]. Previously,
in a pilot study conducted by Sevastianova et al., the homozygous subjects for the PNPLA3
rs738409 G allele experienced a more significant decrease in liver fat content in response to
a 6-day hypocaloric low carbohydrate diet [70], and a post-hoc analysis of a randomized
controlled trial including 154 patients revealed that this genotype was associated with a
greater reduction in intrahepatic triglyceride content, body weight and waist-to-hip ratio
after a dietitian-led lifestyle program based on a reduced caloric intake for 12 months [71].
Conversely, in a cohort study of 51 children, Koot et al., did not find any relationship
between PNPLA3 rs738409 SNP and liver steatosis improvement in a 6-month intensive
lifestyle treatment [72], and neither PNPLA3 nor TM6F2 variants were related to NAFLD
improvement after a 4-month reduction of caloric intake, although these risk genotypes
did not impair the response of dietetic intervention [73]. In addition to the aforementioned
SNPs, the Gly385Arg polymorphism in fibroblast growth factor receptor 4 (FGFR4) was
not linked to liver fat content or insulin sensitivity in 170 subjects with overweight/obesity
at baseline, but it was associated with less decrease in liver fat accumulation and insulin
sensitivity under healthy dietary conditions [74]. On the other hand, the presence of the
STAT3 rs2293152 G genotype was associated with more beneficial changes after 24-week
Mediterranean diet in an open-label study including 44 patients with NAFLD [75].

Thus, although further research is needed, some genetic variants associated with
NAFLD development, severity and risk of progression may also confer an enhanced re-
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sponse to dietary intervention, and personalized dietary treatment depending on the pres-
ence of specific genetic polymorphism may constitute an attractive approach for NAFLD
management. Furthermore, nutritional strategies based on the nutrient-induced insulin out-
put ratio (NIOR) could help to select sensitive SNPs associated with fat and carbohydrate
metabolism and design individualized nutrition plans for patients with NAFLD [76].

3.2. The Role of Omega-3 PUFA

Omega-3 PUFA supplementation might reduce liver fat, although well designed
randomized controlled trials are required to assess their potential role in NAFLD [77,78].
In the last few years, dietary omega-3 PUFA and/or PUFA supplementation has also been
related to NAFLD outcomes in the presence of some genetic determinants with mixed
results (Table 1). On the one hand, Nobili et al., reported that I148M variant of PNPLA3 led
to a decreased response to docosahexaenoic acid (DHA) supplementation in 60 children
with NAFLD [79]. Moreover, in the WELCOME trial, the PNPLA3 148M/M genotype
was associated with higher liver fat percentage and lower DHA tissue enrichment after
4 g DHA + eicosapentaenoic acid (EPA) supplementation for 15–18 months, although
the TM6F2 E167K variant did not show significant associations [80]. Recently, an open-
label study showed that short-term omega 3 PUFA intervention (DHA + EPA) did not
change liver fat content regardless of the PNPLA3 148M variant [81]. In the EFFECT-I
trial, PNPLA3 I148M did not influence the effects of omega-3 PUFA or fenofibrate on liver
proton density fat fraction [82]. By contrast, a low omega-6 to omega-3 PUFA ratio diet
reduced hepatic fat fraction in a significant higher percentage in the carriers of PNPLA3
148M/M genotype [83], and these results were concordant with those previously reported
by Santoro et al. [33]. These findings may be explained by PNPLA3 rs738409 I148M-derived
protein decreased ability in hydrolyzing omega-9 PUFA from glycerolipids; being omega-9
PUFA synthetized from omega-6 PUFA, omega-6 overload would increase intrahepatic
triglyceride content [84]. Hence, further investigation is needed to elucidate the role of the
interaction between omega-3 PUFA and PNPLA3 rs738409 in NAFLD and the study of
alternative SNPs may help to find new relationships.

Table 1. Clinical studies assessing the role of the interaction between omega-3 PUFA and PNPLA3 rs738409 in NAFLD.

Study
Design

(Sample Size)
Intervention (Time) Result

Santoro et al., 2012 [47] Cross-sectional
study (127) - Higher HFF% and ALT levels in 148M/M variant

presenting high dietary n-6/n-3 PUFA consumption

Nobili et al., 2013 [79] RCT (60) DHA 250–500 mg/day
(24 months) Lower response (steatosis) in I148M variant

Scorletti et al., 2015 [80] RCT (85) DHA + EPA 4 g/day
(15–18 months)

Increased end of study liver fat % in
148M/M variant

Eriksson et al., 2018 [85] RCT (84)

10 mg
dapagliflozin/4 g n-3

PUFA/both
(12 weeks)

Combined treatment induced greater response
(PDFF) in I148M variant; n-3 PUFA treatment

induced decreased response (PDFF) in I148M variant

Oscarsson et al., 2018 [82] RCT (78) 200 mg fenofibrate/4 g
n-3 PUFA (12 weeks)

No influence of I148M on the effects of n-3 PUFA
supplementation (PDFF)

Kuttner et al., 2019 [81] Open-label trial
(20) 4 g n-3 PUFA (4 weeks)

No changes in transient elastography (CAP used to
quantify liver fat) neither in the control group nor

I148M

Van Name et al., 2020 [83] Single-arm
unblinded trial (20)

Low n-6/n-3 PUFA
ratio (4:1)

normocaloric diet
(12 weeks)

Significant HFF% reduction in the 148M/M group

HFF%: hepatic fat fraction (%); ALT: alanine aminotransferase; n-6/n-3: omega-6/omega-3 ratio; PUFA: polyunsaturated fatty acids; RCT:
randomized clinical trial; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; PDFF: proton density fat fraction; CAP: controlled
attenuation parameter.
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3.3. Specific Nutrients

There is a growing interest in the potential benefits of natural supplements in the
therapeutic landscape for NAFLD [86] and nutrigenetic approaches in this field may con-
stitute an attractive option. In this sense, Mastiha, a natural product of the Mediterranean
basin extracted from the Pistacia lentiscus tree, may reduce NASH and fibrosis via its anti-
inflammatory, antioxidant and lipid-lowering properties, as well as the restoration of gut
microbiota diversity [87,88]. The recent randomized trial MAST4HEALTH assessed the
role of nutrigenetic interactions in the modulation of the anti-inflammatory and antioxidant
effects of 6-months Mastiha supplementation on NAFLD [89]. In this study, several gene-
by-Mastiha interactions were identified, and these associations were linked to levels of
cytokines and antioxidant biomarkers after Mastiha treatment, some of them closely related
to NAFLD pathogenesis [89]. Silymarin could also be effective in reducing transaminase
levels in patients with NAFLD [90], however this effect may be attenuated in PNPLA3
G-allele carriers [91]. On the contrary, although Chia (Salvia hispanica), a source of omega-3
PUFA, antioxidants and fiber, may ameliorate NAFLD, no differences in response to this
treatment have been found among PNPLA3 different SNPs [92]. In addition, in a pilot
trial in subjects with obesity, supplementation with licorice (Glycyrrhiza glabra) resulted
in significant changes in anthropometric parameters and insulin sensitivity only in those
patients with the Pro/Pro SNP of the peroxisome proliferator-activated receptor gamma-2
(PPARγ2) [93]. Thus, given the potential benefits of licorice in NAFLD [94], genetic de-
terminants may explain the variability in response to this nutrient. Folate serum levels
may correlate with NASH severity [95], and folic acid supplementation has demonstrated
to attenuate hepatic lipid accumulation and inflammation through the restoration of per-
oxisome proliferator-activated receptor alpha (PPARα), among other mechanisms [96].
Furthermore, the supplementation with folic acid in individuals with the high-risk variant
MTHFD 1958A could attenuate signs of choline deficiency [61]. On the other hand, there
are a number of nutraceuticals that could exert positive effects on NAFLD; however, their
interaction with NAFLD-related SNPs is yet to be studied. In this regard, coenzyme Q10,
as an activator of adenosin 5′ monophosphate activated protein kinase (AMPK), has been
shown to alleviate NAFLD through the inhibition of lipogenesis and activation of fatty acid
oxidation [97]. Paeoniflorin, a peony root component, improved biochemical and histologi-
cal changes in NAFLD in animal models via insulin-sensitizing and antioxidant effects [98].
Resveratrol, a non-flavonoid phenol derived from grape skins, can attenuate insulin resis-
tance and hepatic oxidative stress in NAFLD [42] and these effects may be mediated by
changes in the gut microbiota, an essential component in NAFLD pathophysiology [99].
Supplementation with curcumin, extracted from Curcuma longa root, was associated with
benefits on NAFLD through the amelioration of insulin resistance and lipid metabolism in
both preclinical and clinical studies [100,101]. Berberine, an extract from the genus Berberis
species, has a role on hepatic lipid metabolism and has been reported to be effective in
NAFLD and related metabolic disorders [102]. In view of the foregoing, additional studies
including gene-natural antioxidants/food supplements interaction might shed light on
NAFLD personalized therapy.

3.4. Physical Activity

Physical exercise is one of the cornerstones of NAFLD therapy [103], however avail-
able data regarding potential interactions with gene polymorphisms remain scarce. In a
case-control study conducted in 1027 Chinese children, physical activity was demonstrated
to modulate the effect of PNPLA3 rs738409 variant: proportions of NAFLD increased
with the presence of the G-allele only in participants with insufficient physical activ-
ity/sedentary behavior [104], and Muto et al., found similar results in a retrospective
longitudinal study [105]. With regard to patients with NAFLD, some studies evaluated
the impact of lifestyle intervention, including dietary modifications along with physi-
cal exercise recommendations [71,72,74] with different results, but the specific physical
activity-gene interactions have not been evaluated to date.
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4. Future Perspectives in NAFLD Treatment: Toward Personalized Therapies?

4.1. Bariatric Surgery and NAFLD

BS is considered the most effective treatment to achieve substantial weight loss, thus
it constitutes an important therapeutic option for obesity and related comorbidities, in-
cluding NAFLD [106]. In fact, BS is associated with NASH and fibrosis resolution in a
significant number of patients, however a percentage of individuals do not experience
enough histopathological improvement after this procedure [12]. Considerably, nutritional
genomics play an essential part in personalized bariatric approaches, and the complex
crosstalk between these two matters can generate reciprocal influences [107]. Different
SNPs involved in the metabolic homeostasis are closely related to BS outcomes and, at
the same time, BS induces both genetic and epigenetic modifications that have a major
influence on metabolic pathways [108,109].

In this context, there is limited evidence with regard to the impact of gene poly-
morphism on BS outcomes in patients with NAFLD. In a prospective study including
84 individuals with obesity that underwent BS, PNPLA3 148M variant was associated with
increased intrahepatic lipid accumulation before BS, but also with higher reduction of
hepatic fat content and weight loss 12 months after the intervention [110]. Conversely,
neither TM6F2 nor MBOAT7 showed significant associations [110]. Interestingly, several
SNPs have been associated with lower hunger feelings and increased weight loss after
BS, while other genetic determinants such as mitochondrial UCP2 have been proved to
induce greater energy and carbohydrate intake after Roux-En-Y gastric bypass [111,112].
Hence, genetic determinants for predicting weight loss/regain after BS could be a useful
tool to determine the success of this procedure, and NAFLD-related outcomes may be also
affected by these SNPs.

4.2. Other Therapies

Glucose-lowering agents may be an effective treatment for NAFLD in patients with
and without T2DM [62]. Among them, thiazolidinediones have shown several bene-
fits, even in patients with advanced stages of NAFLD [113]. Remarkably, a substudy of
55 participants from a clinical trial to assess long-term efficacy of pioglitazone in NASH,
identified SNPs associations with pioglitazone histologic response, including adenosine
A1 receptor (ADORA1) rs903361, ATP binding cassette subfamily A member 1 (ABCA1)
rs2230806, potassium voltage-gated channel subfamily Q member 1 (KCNQ1) rs2237895,
PPARγ rs4135275 and PPARγ rs17817276, among others, and a genetic response score was
designed based on the sum of response-associated alleles [114]. In the EFFECT-II study,
84 patients with T2DM and NAFLD were randomly assigned to 10 mg dapagliflozin/4 g
omega-3 PUFA/a combination of both/placebo, and an interaction between PNPLA3
I184M (C/C vs. C/G + G/G) and reduction in liver fat content assessed by MRI was
found across the active treatment groups [85] (Table 1). Moreover, the G allele carriers had
an enhanced response to treatment only in the combined arm, what suggests synergistic
effects between therapies in this genotype [85]. Additionally, in a retrospective study with
41 patients with NAFLD and T2DM the response to the dipeptidyl peptidase-4 inhibitor
alogliptin was greater in PNPLA3 G-allele carriers [115], albeit in small study conducted
in patients with T2DM, PNPLA3 GG genotype was linked to a diminished response to
the glucagon-like peptide 1(GLP-1) receptor agonist exenatide in terms of reducing liver
fat content [116].

SNPs may also regulate response to Vitamin E treatment in NAFLD. Gene poly-
morphism of cytochrome P450 4F2 might affect Vitamin E pharmacokinetics and could
determine variability in its efficacy, as demonstrated a study with data from the PIVENS
and TONIC clinical trials [117]. However, a retrospective study showed that liver stiffness
reduction in patients with NAFLD taking Vitamin E was not influenced by PNPLA3 geno-
types [118]. On the other hand, several genetic predictors of response to obeticholic acid in
patients with NASH were identified in a pilot GWAS study, with the CELA3B rs75508464
variant with the most significant effect on NASH resolution [119].
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Finally, the restoration of gut microbiota through the use of probiotics/symbiotics may
constitute an interesting therapeutic approach in NAFLD [120]. Gut microbiota dysbiosis
has a central role in NAFLD pathogenesis [121] and microbiota-derived metabolites (bile
acids, short-chain fatty acids, branched-chain amino acids, etc.) are also important modula-
tors of the disease [122]. Gut microbiome based metagenomic signature could be useful for
the diagnosis of advanced stages of NAFLD [123], and gut microbiota-miRNA interactions
have been reported to impact on NAFLD pathophysiology [124]. In animal models, the
combination of blueberry juice and probiotics has been proved to improve NASH via
increasing PPARα and reducing the levels of SREBP-1 and PNPLA3 [125]. Nevertheless, the
potential interactions between probiotics/symbiotics and specific SNPs remain unknown.

5. Concluding Remarks

NAFLD is the most common cause of chronic liver disease globally and involves im-
portant clinical and socioeconomic implications. Gene polymorphism-nutrient interaction
plays a central role in NAFLD pathogenesis and the effectiveness of lifestyle interven-
tions, including dietary modifications, seems to be also modulated by different genetic
determinants. In this review, a number of SNPs closely related to pathways involved in
NAFLD (e.g., mitochondrial dysfunction, oxidative stress, lipid metabolism) and their
interaction with both proven effective dietary patterns/food components and promising
novel nutraceuticals for the treatment of NAFLD have been described. Since the variability
in response to therapy in NAFLD may be explained by this fact, the assessment of key
NAFLD-related SNPs in interventional studies should be considered. Moreover, gene-
based personalized diet therapy may constitute a helpful option for the management of
NAFLD, although more well-conducted large-scale, long-term trials assessing the influence
of SNPs on the response to specific dietary approaches (e.g., Mediterranean diet, low-
carbohydrate diet, intermittent fasting) and single nutrients are needed. Furthermore, these
effects should be also evaluated in advanced stages of NAFLD. Finally, this review includes
an integrative view of the emerging therapies and targets for NAFLD, pointing out the
potential interplay between nutritional genomics, physical exercise, BS, pharmacotherapy
and the gut microbiota in this pathology. Although recent studies have shown promising
results in this regard, further investigation is warranted to determine its impact.
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Abstract: Several observational studies have examined vitamin D pathway polymorphisms and their
association with type 1 diabetes (T1D) susceptibility, with inconclusive results. We aimed to perform
a systematic review and meta-analysis assessing associations between selected variants affecting 25-
hydroxyvitamin D [25(OH)D] and T1D risk. We conducted a systematic search of Medline, Embase,
Web of Science and OpenGWAS updated in April 2021. The following keywords “vitamin D”
and/or “single nucleotide polymorphisms (SNPs)” and “T1D” were selected to identify relevant
articles. Seven SNPs (or their proxies) in six genes were analysed: CYP2R1 rs10741657, CYP2R1
(low frequency) rs117913124, DHCR7/NADSYN1 rs12785878, GC rs3755967, CYP24A1 rs17216707,
AMDHD1 rs10745742 and SEC23A rs8018720. Seven case-control and three cohort studies were
eligible for quantitative synthesis (n = 10). Meta-analysis results suggested no association with T1D
(range of pooled ORs for all SNPs: 0.97–1.02; p > 0.01). Heterogeneity was found in DHCR7/NADSYN1
rs12785878 (I2: 64.8%, p = 0.02). Sensitivity analysis showed exclusion of any single study did not
alter the overall pooled effect. No association with T1D was observed among a Caucasian subgroup.
In conclusion, the evidence from the meta-analysis indicates a null association between selected
variants affecting serum 25(OH)D concentrations and T1D.

Keywords: diabetes mellitus; type 1; meta-analysis; polymorphism; single nucleotide; vitamin D;
25-hydroxyvitamin D; CYP2R1

1. Introduction

Type 1 diabetes (T1D) is a chronic autoimmune disease, resulting from autoimmune
degradation of pancreatic ß-cells leading to the inability to produce and/or use insulin [1].
T1D patients carry a genetic susceptibility to autoimmune disease development, with
first-degree relatives of those affected also carrying an increased risk of developing the
disease [2,3]. Undiagnosed or untreated T1D can result in hyperglycaemia, increasing the
risk of developing microvascular and macrovascular injuries/health complications, such as
nephropathy, ischemic heart disease and stroke [4]. Estimates of those with T1D below age
20 had risen to over a million in 2017, with evidence of increasing incidence worldwide [5].
Presently, there are no established treatments identified for the prevention of T1D and the
search for genetic and environmental triggers remains ongoing.

Emerging evidence suggests low vitamin D status may play a role in T1Dpredisposition.
Vitamin D is a steroid prohormone, with nutrition status approximated via serum 25-
hydroxyvitamin D [25(OH)D] concentrations [6]. Notably, 25(OH)D deficiency is strongly
associated with skeletal pathology, however, in the advent of vitamin D receptors being dis-
covered throughout the body, there now is a greater acknowledgment of broader disorders
associated with deficiency, including autoimmune issues, such as T1D and multiple sclero-
sis [7,8]. Recent evidence indicates an important role for active vitamin D [1,25(OH)2D] in
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immune regulation [9]. Mechanistic explanations for 1,25(OH)2D include immunomod-
ulatory action leading to cytokine regulation, reducing the likelihood of destruction of
pancreatic ß-cells [10]. Another potential mechanism is through direct protection of pan-
creatic ß-cells, serving to preserve barrier exclusion of pathogens, likely significant in the
prevention of autoimmune disorders [11]. Such mechanistic insight has underpinned novel
immune-modulatory concepts for the prevention of T1D.

Association between serum 25(OH)D concentrations and T1D risk is supported by
evidence from in vitro and animal experiments [12–14], as well as human observational
studies [15–18] and ecological correlation [19]. In animal studies, oral administration of the
activated form of vitamin D was found to protect nonobese diabetic mice from T1D [12–14],
while human observational studies have shown reduced levels of serum 25(OH)D are
associated with increased risk of T1D [15,17]. In the aetiology of T1D observational studies
have also shown support of vitamin D supplementation in being inversely associated with
T1D [16,18,20]. Animal experimental data, therefore, indicate low 25(OH)D concentrations
may be involved in T1D predisposition, however, a causal role of impaired vitamin D
metabolism in the aetiology of T1D in humans is yet to be implicated, and stronger forms
of evidence—less effected by confounding or reverse causation—are required.

Using selected vitamin D related genetic variants, it is possible in a genetic epidemio-
logical setting to establish evidence of an etiological role of 25(OH)D in T1D pathophysi-
ology. Since 25(OH)D synthesis is regulated by genes, single nucleotide polymorphisms
(SNPs) may alter the bioavailability and target effects of vitamin D metabolites. Large-scale
genome-wide association studies (GWAS) have identified several SNPs from genes influ-
encing 25(OH)D levels; CYP2R1, DHCR7/NADSY1, GC, CYP24A1, AMDHD1 and SEC23A,
which have been used as genetic instrumental variants in this study [21,22].

As individual studies may not have enough statistical power to identify an association
between selected genetic variants affecting serum 25(OH)D concentrations and T1D, a meta-
analysis is a useful statistical tool to pool data from published studies, where increasing the
statistical power can give more accurate estimates of effect sizes. In this study, we perform
a systematic review and meta-analysis of all existing studies reporting an association
between selected 25(OH)D related genetic variants (exposure) and T1D risk (outcome)
in humans (population). This topic provides a further scientific understanding of T1D
pathophysiology and the potentiality of preventing T1D through increases in 25(OH)D
concentrations.

2. Materials and Methods

This systematic review and meta-analysis followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [23]. Registration: PROS-
PERO (ID CRD42021224844), https://www.crd.york.ac.uk/prospero/ (accessed on 10 Jan-
uary 2021).

2.1. Search Strategy

A search was conducted in four databases: Ovid Medline (1964-present), Ovid Embase
(1947-present), Web of Science (1975-present), IEU OpenGWAS (2020-present) from incep-
tion to April 2021. The primary search terms were as follows: humans, single nucleotide
polymorphism, genetic variation, type 1 diabetes mellitus and vitamin D. The selection of
articles in Medline and Web of Science was performed using Medical Subject Headings
(MeSH) to define these descriptors. The selection of articles in Embase was performed
using Emtree (Embase subject headings) to define these descriptors. Boolean operators
(e.g., OR, AND, NOT) were also combined with keywords and subject headings. An initial
pilot search was undertaken to improve inclusion clarity of study inclusion and exclusion,
improving accuracy and consistency. The strategy was developed by one reviewer (L.N.)
and proofread for syntax, spelling and overall structure by two reviewers (E.H. and J.S.).
As part of the development process, we used two relevant, existing studies [24,25] for vali-
dation purposes, testing if our search strategy could identify them. The set of search terms
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was slightly modified between databases due to different system procedural limitations,
however, the overall approach remained as consistent as possible across each database.
The selection of studies through OpenGWAS, as well as the UK Biobank, was prepared
using R 4.0.2 software, conducting an SNP-based search for the selected genetic variants
and their proxies (r2 > 0.8), locating any additional studies fitting the inclusion criteria. Full
search strategies are presented in Supplementary Tables S1–S4.

2.2. Inclusion and Exclusion Criteria

Studies testing exposure of selected genetic variants or their proxies with r2 > 0.8
influencing 25(OH)D pathways for association with T1D status and 25(OH)D concentra-
tions, were of interest. Eligible studies met the population, exposure, outcome (PEO)
approach [26] as follows:

1. Population: human of any gender and age, race and geographical distribution.
2. Exposure: a biological approach to the selection of genetic variants was used, includ-

ing variants having a biological link to the exposure. Seven vitamin D related SNPs
were selected: CYP2R1 (common variant) rs10741657, CYP2R1 (rare variant/low
frequency) rs117913124, DHCR7/NADSYN1 rs12785878, GC rs3755967, CYP24A1
rs17216707, AMDHD1 rs10745742, SEC23A rs8018720. Of these selected SNPs, six
are common variants identified based on the results of a recent GWAS for 25(OH)D
concentration [21] and one is a low-frequency synonymous coding variant seen with a
much larger effect on 25(OH)D concentration [22]. Strong genome-wide associations
with 25(OH)D were found in genes located upstream (DHCR7/NADSY1 and both
CYP2R1 variants), and two downstream (CYP24A1 and GC) of the 25(OH)D metabo-
lite biochemical pathway. Two genes outside the vitamin D metabolism pathway
(AMDHD1 and SEC23A) were also found to be significant variants and hence were
included. 25(OH)D related proxies not directly present in the recent GWAS were also
included if found in high linkage disequilibrium (r2 > 0.8) using the Ldproxy function
in LD link (https://ldlink.nci.nih.gov, accessed on 12 April 2021).

3. Outcome: the primary outcome measure, T1D, was defined by the World Health Or-
ganization criteria: diabetes symptoms (polyuria, polydipsia and insulin deficiency),
accompanied by exogenous insulin usage once T1D had been diagnosed [27]. T1D
could be self-reported or doctor-diagnosed when confirming cases.

4. Study design: peer-reviewed genetic association, cohort, cross-section, or case-control
observational studies and Mendelian randomization (MR) studies, as well as clinical
trials and unpublished cohort studies.

5. A sample size of at least 50 cases and 50 controls were mandatory for sufficient data
extraction. Where there were multiple publications from the same study population,
the most recent highest quality results with the largest sample size were used.

6. The publication reported genotype distribution in both cases and controls in order to
estimate an odds ratio (OR) with a 95% confidence interval (CI).

The following exclusion criteria were also used:

1. Conference papers.
2. Other types of diabetes.

No language, publication status, or publication date limitations were imposed.

2.3. Study Selection and Data Extraction

Literature was searched in duplicate independently by two authors (L.N. and J.S.),
and approved by a third author (E.H.). After excluding duplicates, article selection was
carried out in two passes. In the first pass, title and abstract screening occurred for the
selection of relevant papers meeting the eligibility criteria. In the second pass, proposed
articles from the first pass were screened in full text for compliance with inclusion criteria.
To ensure literature saturation, reference lists of obtained studies from original database
searches were manually scanned for potential unidentified additional studies by one author
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(L.N.), with eligibility confirmed by a second author (J.S.). Furthermore, OpenGWAS was
used to identify unpublished studies, locating one FinnGen cohort study sharing summary-
level data fitting the search parameters. Datasets were also identified in the UK Biobank,
a large-scale prospective cohort study.

Data were extracted independently by two authors (L.N. and J.S.) using a prede-
termined data extraction template. The following data were extracted from the articles
included in this systematic review: first author; region/demographic information; pub-
lication year; study design characteristics; participant characteristics, including gender
and ethnicity if reported; the number of cases and controls studied; mean age (or range)
at the onset of T1D in cases; outcome measure, diagnostic criteria of T1D; mean age (or
range) of the control group; how the controls were selected; genotyping methods, geno-
type distribution, and allele frequency in cases and controls; all reported patient outcome
measures; key findings; protocol availability and funding sources. Corresponding authors
were contacted by e-mail for missing or unreported data a maximum of three attempts, to
avoid any assumptions made from unclear information. All disagreements were resolved
by consensus, or with the input of a third author (E.H. or A.Z.).

2.4. Statistical Analysis

All mentioned statistical analyses were performed with STATA 16.0 software (Stata
Corporation, College Station, TX, USA) and R 4.0.2 software by two authors (L.N. and A.Z.).
For each variant, OR per vitamin D-increasing allele was extracted from individual studies
for the meta-analysis, as per the SUNLIGHT consortium [21]. If a study did not contain
the selected vitamin D variant, the result of its proxy (r2 > 0.8) was extracted and used to
estimate the related effect. In studies where the OR per vitamin-D-increasing allele was not
reported, we estimated the allelic effect from the contingency table of T1D distribution by
SNP genotypes, where OR was computed by dividing the odds of T1D in the heterozygotes
(i.e., with 1 25-hydroxyvitamin D increasing allele) by that in the homozygotes (i.e., with 0
25-hydroxyvitamin D increasing allele). Meta-analysis was performed using the random-
effects model (REM, restricted maximum likelihood method) [28]. Heterogeneity between
studies was assessed using Cochran’s Q test the I2 statistic, with heterogeneity considered
to be substantial if the p-value for the Cochran’s Q test < 0.05 or I2 > 50%. All p-values were
for two-tailed tests, and <0.05 was considered statistically significant.

We conducted sensitivity analyses by removing a single study at a time, evaluating
the integrity of the results. Subgroup analysis was performed by restricting the sample
to the Caucasian population, to examine the possible effects of population stratification.
Initial protocol pre-specified plan for further MR analyses, which were not conducted as it
was considered redundant given clear results.

2.5. Risk of Bias and Credibility of the Evidence Assessment

The methodological quality of eligible studies was evaluated using Critical Appraisal
Skills Program tools for cohort and case-control studies [29]. Two authors (L.N. and J.S.)
independently completed risk of bias assessment and recorded supporting justification
and information for each domain to optimise the tool’s value (met; partially met; not met;
unclear). The domains were: Are the results of the study valid? Were the cases recruited in
an acceptable way? Was the exposure accurately measured to minimise bias? Have authors
taken account of the potential confounding factors in the design and/or in their analysis?
How precise are the results? (size of confidence intervals). Results were compared by
categorising each study for study quality (risk of bias) judgement (low, some concerns,
high). Articles were judged as ‘low’ when five or more domains were met. Conversely,
articles were judged as ‘high’ when three or more domains were unmet. Disagreements
were resolved by a third author (E.H.). Outcome reporting bias was assessed by comparing
outcomes specified in protocols, with outcomes reported in corresponding publications.
Where protocols were not available, outcomes specified in the methods and results sections
of publications were compared.
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Two reviewers assessed the risk of bias due to missing results in a synthesis (L.N.
and A.Z.). Potential publication bias was assessed by examining for asymmetry using
Begg’s funnel plot for each SNP [30]. If publication bias was present, the plot would be
asymmetric, indicating a deficiency in publications with negative results. No further formal
assessment of publication bias, such as Egger’s test was performed, due to insufficient
studies [31].

3. Results

3.1. Study Selection

Initially, 290 potential studies were identified from the search. Figure 1 shows a
flowchart of the study selection process based on the PRISMA statement [23]. After the
initial pass, 58 were excluded as duplicates. 212 were excluded after reading the title and
abstract because of evident irrelevance. In the second pass, the full text of the 20 studies
selected in the first pass were read and 10 studies were excluded for not meeting the search
criteria. Two articles were excluded because they did not provide sufficient data for the
calculation of Ors with 95% CI [32,33]. Three papers were excluded because they were
family-based [34–36]. Two papers were excluded as they assessed associations between
polymorphisms not in linkage disequilibrium with the selected variants [37,38]. Two papers
did not investigate the association between the selected variants and T1D, investigating
a different outcome [39,40]. Only one study was excluded due to using the same sample
population [24]. Therefore, 10 studies were included in this systematic review.

Figure 1. Flowchart illustrating the literature search and study selection.
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3.2. Characteristics of Included Studies

The summary characteristics of included studies are shown in Table 1. The studies
were published between 1999 to 2021, conducted in different geographical locations. Of the
10 included studies, seven were case-control studies [25,40–44], and three had a cohort
design [45–47]. Most studies focused on T1D in childhood, as indicated by the mean age
of onset in cases. Appropriate genotyping methods and diagnostic criteria were used
in all included studies. Of the studies selected, six studies [40–43,47] fulfilled the WHO
diagnostic criteria for T1D, while the majority of the remaining studies [25,44–46,48] indi-
rectly captured criteria by description from multiple case sample populations. Polymerase
chain reaction-restriction fragment length polymorphism (PCR-RFLP) was used by half
the included studies as the genotyping method.

Similarly, none of the eligible studies endeavoured to control for vitamin D dietary
intake through infancy and/or childhood, a known risk factor of T1D. However, when
study quality was assessed, all included studies presented with a low risk of bias using the
CASP tools, with no deviation from the Hardy-Weinberg equilibrium in controls reported
in all case-control studies, and only some studies presenting with one item partially unmet
(Supplementary Table S5).

Statistical methods to control confounding varied between studies. Most studies
adjusted for different potential confounding factors, such as age, sex, genotype batch,
geographical origin and BMI (see Table 1). Two remaining papers were matched case-
control studies to control for known potential confounding variables. Hussein et al. [41],
matched by age and ethnic origin, while Mahmoud et al. [42] matched by gender. Six
studies [40,43–47] did not report OR results directly, and some, but not all, of the studies,
generated adjusted ORs.
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3.3. Findings from the Meta-Analysis

All specified polymorphisms (namely rs10741657 G/A (CYP2R1), rs117913124 A/G
(CYP2R1 low frequency), rs12785878 G/T (DHCR7/NADSYN1), rs3755967 T/C (GC),
rs17216707 C/T (CYP24A1), rs10745742 C/T (AMDHD1), rs8018720 C/G (SEC23A) were
reported in three or more studies and taken forward to the meta-analyses. Associations
between the SNPs and T1D, using individual and pooled OR estimates, are displayed in
Figure 2 and Supplementary Figure S1.

Figure 2. Meta-analysis for the association between selected genetic variants affecting serum 25-hydroxyvitamin concen-
trations and type 1 diabetes with the random effects model (variants coded by 25-hydroxyvitamin D increasing alleles).
Squares represent the individual odds ratio estimate. Diamonds show the pooled effect. Horizontal bars represent the 95%
confidence intervals.
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For rs10741657 G/A (CYP2R1), the reported ORs ranged from 0.46 to 1.11 (Figure 2).
The random-effects pooled OR was 0.97 (95% CI 0.93, 1.02; p = 0.01) with little heterogeneity
among the studies (I2 = 25.1%). For rs117913124 A/G (CYP2R1 low frequency), the ORs
ranged from 1.00 to 1.07 (Figure 2) with a pooled OR of 1.02 (95% CI 0.94, 1.11; p = 0.78;
I = 0.0%). For rs12785878 G/T (DHCR7/NADSYN1), the ORs ranged from 0.78 to 1.06
(Figure 2), with a pooled OR of 0.99 (95% CI 0.92, 1.07; p = 0.02). There was evidence
of moderate between-study heterogeneity (I2 = 64.8%). For rs3755967 T/C (GC), the OR
ranged from 0.99 to 1.53 (Figure 2), with a pooled OR of 1.02 and no sign of heterogeneity
(95% CI 0.99, 1.06; p = 0.97; I = 0.0%). In the evaluation for publication bias, asymmetry
in Begg’s funnel plot was observed for GC rs3755967 (Supplementary Figure S2). For
rs17216707 C/T (CYP24A1), the OR ranged from 0.96 to 1.03 (Figure 2). The random-
effects model pooled OR was 1.00 (95% CI 0.95, 1.04, p = 0.37), with little indication of
heterogeneity (I2 = 18.0%). For rs10745742 C/T (AMDHD1), the OR ranged from 1.00 to
1.02 (Figure 2) with a pooled OR of 1.00 (95% CI 0.97, 1.04; p = 0.90). Again, there was no
sign of heterogeneity (I2 = 0.0%). For rs8018720 C/G (SEC23A), the OR ranged from 0.97
to 1.05 (Figure 2). The REM yielded a pooled OR of 1.01 (95% CI 0.95, 1.07, p = 0.19) with
little heterogeneity among the studies (I2 = 42.8%). In view of these individual estimates,
under the studied models no statistically significant associations between any of the seven
SNPs alone (or their proxies) and T1D were found. Other than in rs3755967 (GC), no other
asymmetry in Begg’s funnel plot was observed. No outcome reporting bias was detected
in any of the studies.

Furthermore, a sensitivity analysis was also performed to assess the influence of each
study using the leave-one-out method. The pooled ORs were not changed materially and
remained not significant, indicating good stability of results (range of pooled OR: 0.97–1.02).
A subgroup analysis performed on the Caucasian population found no manifestations
of association, with no major changes in primary outcomes (Supplementary Figure S1).
Analyses showed all seven selected polymorphisms (or their proxies) were not associated
with T1D risk under the studied models (range of pooled OR: 0.98–1.02).

4. Discussion

4.1. Main Findings

Our extensive systematic review and meta-analysis did not provide support for an
association between 25(OH)D related variants and T1D. Our review identified 10 studies
for inclusion, which were all relatively high quality, presenting only minor systematic
flaws in methodology. However, evidence from published studies was inconsistent, and
for most polymorphisms, only a handful of studies were found. Many of the studies were
small, limiting the statistical power of each meta-analysis, and preventing robust sensitivity
analyses to evaluate associations by possible sources of heterogeneity, such as geographic
location, and ancestry.

To the best of our knowledge, our study is the largest and most comprehensive
systematic review and meta-analysis on the topic. The largest of the previous studies
was a recently published MR study [45], which also provided a null finding, and from
which raw data were included in this study. We conducted leave-one-out analyses, which
suggested limited impact by any single study, alleviating concerns for bias caused by the
inclusion of smaller or early studies. Furthermore, ethnicity is believed to have a major
role in vitamin D synthesis (and possibly metabolism), however, subgroup analysis on
Caucasian participants also provided no evidence for an association between the selected
25(OH)D related genetic variants and T1D.

From publications included in our review, those studies which found evidence for an
association with T1D risk, tended to be comparatively small, while the association could
not be confirmed in the large genetic databases. For example, Ramos-Lopez et al. [40] found
an association of the CYP2R1 common variant polymorphisms with T1D in 578 German
participants, providing early support for the causal role of 25(OH)D in the pathogenesis of
T1D. Hussein et al. [41] also found an association in an Egyptian sample (n cases = 120)
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between the CYP2R1 common variant with risk of T1D. Smaller study over-estimates
of effect can yield asymmetric funnel plots that can be explained by a restrictive study
population [49]. However, the two smaller studies reporting an association included in
this paper, had a matched case-control design, suggesting a possibility they were more
carefully designed than the larger database based studies. For example, case ascertainment
in the database studies typically had diagnoses confirmed by self-report or hospitalisation.
Furthermore, despite including participants from diverse ethnic groups, Hussein and
colleagues, had an ethnicity-matched control sample [41]. In contrast, recent larger studies
in the European population including between 350 and 9358 cases [25,45,46], as well as our
analyses including 3221 cases (387,397 controls) from the UK Biobank, did not find evidence
for an association between any of the selected genetic variants and T1D. While we did not
find evidence for publication bias, there was possible asymmetry in Begg’s funnel plot for
GC rs3755967 (Supplementary Figure S2). However, its interpretation should be taken as
merely an evaluation of whether smaller studies gave different results to larger studies, as
further formal testing for publication bias would have been largely underpowered due to
the limited number of studies.

High heterogeneity was found in the meta-analysis DHCR7/NADSYN1 rs12785878
polymorphism, (I2 = 64.8%), which was unanticipated given the studies included in the
analyses of this variant were all of European ancestry, with adjustments for confounding
factors. However, DHCR7 affects skin synthesis of vitamin D following exposure to
UVB radiation from the sunlight and may be particularly sensitive to subtle variations in
population structure. Variants affecting vitamin D metabolism have been shown to display
population-specific patterns in frequency [50], and are believed to have contributed to
adaptations during the evolutionary history which has allowed individuals to avoid severe
vitamin D deficiency [51]. This has been seen in earlier vitamin D related genetic meta-
analyses, which have allowed for the examination of population stratification. Notably,
a large meta-analysis found the Bsml polymorphism in the vitamin D-receptor gene was
only associated with T1D in those with Asian ancestry [52]. Differing environmental factors,
such as geographical differences in diet and sun exposure, may also play a role to aggravate
or compensate susceptibility conferred by variants in these genes [53].

4.2. Considerations of Alternative Explanation for Observed Results

Vitamin D status is mainly determined by lifestyle factors, such as exposure to sunlight,
dietary supplementation and intake, as well as personal characteristics including obesity
and age. Indeed, common genetic variants typically have modest effects, and they only
account for a small amount of the variation in 25(OH)D levels [54]. Therefore, even if
variation in 25(OH)D concentrations is important for T1D, but only at the very extreme
(such as clinical deficiency), this type of genetic instrument may not be able to pick up
an association, especially if most of the population investigated has relatively normal
concentrations. The influence of genetic variations may also be affected by interactions
with other genes and by environmental factors.

Given the limited number of studies, we were unable to assess ethnic differences in
the association between 25(OH)D variants and T1D. Given ethnicity may affect the function
and expression of vitamin D related genes [50,52,53], it is possible that we may have missed
associations that are only seen in a particular population group.

4.3. Strengths and Limitations

Our study benefits from the systematic way in which results have been summarised,
our comprehensive search strategy and the inclusion of grey literature. The design captures
lifetime differences in 25(OH)D levels, rather than a single vitamin D measurement. Our
study also has some limitations requiring consideration. Despite including information
from the largest available databases to supplement all published data, available information
remains limited. The relatively small number of included studies prevented us from
undertaking analysis to examine the associations in diverse ethnic groups or to account for
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other population characteristics. There was little to no information from populations that
were vitamin D deficient. For example, the FinnGen study in Finland commenced in 2017,
after the National Nutrition Council had launched the national food fortification of vitamin
D (2002) [55]. Therefore, we are unable to exclude weak associations or associations that are
only relevant in the context of very low 25(OH)D concentrations. We did not have access
to individual level data for most of the studies, therefore, adjustments strategies could
not be harmonised. Results could be limited by the absence of dietary information for all
study participants, as studies have shown an association between vitamin D genes can vary
due to diet, or even past sun exposure [56]. Furthermore, evidence participants of the UK
Biobank are not representative of the UK population, having a healthy volunteer selection
bias [57]. Thus, we are only able to investigate for a causal effect within the constraints of
each study, which may have contributed to the null finding.

4.4. Guidelines for Future Research

Investigating for smaller causal effects may be important for public health, due to
a high prevalence of low 25(OH)D concentrations in many populations. Findings need
to be elucidated by conducting larger scale epidemiological investigations, exploiting the
potential for vitamin D related genetic variants as a risk factor for T1D, to confirm or
refute the study findings. Furthermore, said studies will need to investigate the role of
25(OH)D related genetic variants in the context of clinical deficiency, where even subtle
increases in concentrations may help, providing a more comprehensive understanding of
the association between variants affecting serum 25(OH)D concentration and T1D.

5. Conclusions

Results from this meta-analysis showed no large effect of a genetically determined
reduction in 25(OH)D concentrations by selected polymorphisms on T1D risk, despite
the strong association seen in some observational studies. Although the hypothesis that a
different SNP distribution from vitamin D related genes is associated with T1D was not
confirmed by this study, small effects cannot be discounted. To make conclusive estimates
in complex diseases, such as T1D, further characterization of complex interactions between
genetic and environmental factors, like the included variants affecting serum 25(OH)D
concentrations, need to be considered.
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13/12/4260/s1, Supplementary Figure S1. Funnel plot analysis for publication bias; Supplementary
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effects model (coded by 25-hydroxyvitamin D increasing alleles). Squares represent the individual
odds ratio estimate. Diamonds show the pooled effect. Horizontal bars represent the 95% confidence
intervals; Supplementary Table S1. Ovid: MEDLINE search strategy—the database coverage was
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Abstract: The vitamin D receptor (VDR), a member of the nuclear receptor superfamily of transcrip-
tional regulators, is crucial to calcitriol signalling. VDR is regulated by genetic and environmental
factors and it is hypothesised that the response to vitamin D supplementation could be modulated
by genetic variants in the VDR gene. The best studied polymorphisms in the VDR gene are Apal
(rs7975232), BsmI (rs1544410), Taql (rs731236) and Fokl (rs10735810). We conducted a systematic re-
view and meta-analysis to evaluate the response to vitamin D supplementation according to the BsmI,
TaqI, ApaI and FokI polymorphisms. We included studies that analysed the relationship between
the response to vitamin D supplementation and the genotypic distribution of these polymorphisms.
We included eight studies that enrolled 1038 subjects. The results showed no significant association
with the BsmI and ApaI polymorphisms (p = 0.081 and p = 0.63) and that the variant allele (Tt+tt)
of the TaqI polymorphism and the FF genotype of the FokI variant were associated with a better
response to vitamin D supplementation (p = 0.02 and p < 0.001). In conclusion, the TaqI and FokI
polymorphisms could play a role in the modulation of the response to vitamin D supplementation, as
they are associated with a better response to supplementation.

Keywords: vitamin D receptor; VDR; vitamin D; polymorphisms; TaqI; FokI; vitamin D supplementation

1. Introduction

The vitamin D receptor (VDR), a member of the nuclear receptor superfamily of
transcriptional regulators, plays a crucial role in calcitriol or 1-alfa,25-dihidroxicolecalciferol
(1α,25(OH)2D) signalling. VDR is activated by binding with 1α,25(OH)2D, which forms
a heterodimer with the retinoid X receptor (RXR). The 1α,25(OH)2D-VDR-RXR complex
migrates to the nucleus to regulate the transcription of genes involved in vitamin D effects
including phosphorous and calcium metabolism, cell proliferation and the control of innate
and adaptive immunity [1–3].

The VDR gene is located on chromosome 12 (12q13.11) and more than 900 allelic
variants in the VDR locus have been reported. The best studied VDR gene polymorphisms
are Apal (rs7975232), BsmI (rs1544410), Taql (rs731236) and Fokl (rs10735810). ApaI, TaqI
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and BsmI are silent genetic variants that increase mRNA stability. The FokI polymorphism
is located on exon 2 and results in a protein shortened by three amino acids [4–6]. These ge-
netic variants have been associated with a predisposition to chronic diseases such as type 2
diabetes, cancer, autoimmune diseases, cardiovascular alterations, rheumatic arthritis and
metabolic bone diseases [7–10].

VDR regulation is determined by genetic and environmental factors [11]. The principal
environmental factors associated with VDR regulation are diet, exposure to sunlight,
infections and pollution [12–15]. It has been postulated that these environmental factors
could modify vitamin D levels which regulate the receptor. The mechanism is not clearly
understood but it is hypothesised that it may be through epigenetic mechanisms [16].
Other factors involved in VDR regulation are the intake of the vitamin D precursor and
the production and activity of the ligand. Genetic factors could modulate the influence
of environmental factors on VDR regulation [11]. In this scenario, it has been reported
that the response to vitamin D supplementation differs widely between individuals and
one hypothesis is that genetic variants in the VDR gene are important in the response
to vitamin D supplementation. The polymorphisms in the VDR gene could modify the
VDR activity and therefore could be the explanation for the different response to vitamin
D supplementation [4–6,17]. Various authors have examined how genetic variants in the
VDR gene are associated with the response to vitamin D supplementation, and the many
genetic association studies show contradictory results [18–21]. Therefore, our objective
was to conduct a systematic review and meta-analysis to evaluate the response to vitamin
D supplementation according to the BsmI, TaqI, ApaI and FokI polymorphisms in the
VDR gene.

2. Material and Methods

2.1. Inclusion Criteria and Search Strategy

To analyse the influence of VDR genetic variants on the response to vitamin D sup-
plementation, studies including serum vitamin D levels before and after supplementation
according to the genetic distribution of the BsmI, TaqI, ApaI and FokI VDR polymorphisms
were considered eligible for inclusion.

This systematic review and meta-analysis were performed in accordance with the
PRISMA guidelines [22] (Supplementary Material Table S1). We included studies evaluating
the response to vitamin D supplementation according to genetic variants in the VDR gene.
To identify eligible studies, we conducted a computer-based search in the PubMed, Web of
Science, Scopus and Embase electronic databases up to November 2021. Potentially relevant
articles were searched for using the following terms in combination with Medical Subject
Headings (MeSH) terms and text words: “Vitamin D receptor”, “VDR”, “BsmI”, “TaqI”,
“ApaI”, “FokI”, “polymorphism”, “mutations”, “variants”, “cholecalciferol”, “vitamin
D”, “supplementation” and “vitamin D supplementation”. No language restrictions were
applied. The references of selected articles were scanned to identify additional relevant
articles. The MedLine option “related articles” and review articles on the topic were also
used to supplement the search.

2.2. Data Extraction

Bibliographic research and data extraction were conducted independently by three
investigators (RUM, DDLR and JMFG). Differences were resolved by consensus with
the senior author (JLPC). We extracted the authors names, the publication year, demo-
graphic information (age and sex), the follow-up time after vitamin D supplementation
and serum vitamin D levels before and after supplementation according to the VDR
gene polymorphisms.

2.3. Statistical Analysis

Independent meta-analyses were carried out to compare baseline and post-supplementation
serum vitamin D levels according to the genetic distribution of the VDR polymorphisms
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included. Sub-analyses by age and sex were also carried out. Meta-analysis was only
carried out when ≥3 studies were available. We analysed all polymorphisms under a
dominant model for the minor alleles.

As previously described [23–25], meta-analyses were carried out using RevMan 5.0
software [26]. The difference between baseline and post-supplementation status and their
95% confidence interval (CI) were estimated for each study. Random-effects model was
used to calculate the p-values (DerSimonian and Laird method). A p-value < 0.05 was
considered statistically significant. To analyse the heterogeneity of the studies we applied
Cochran’s Q-statistic (p < 0.10 indicated heterogeneity across studies). Inconsistency in the
meta-analysis was estimated using the I2 statistic and this represented the percentage of the
observed between-study variability due to heterogeneity. The following cut-off points were
applied: (I2 = 0–25%, no heterogeneity; I2 = 25–50%, moderate heterogeneity; I2 = 50–75%,
large heterogeneity; I2 = 75–100%, extreme heterogeneity). To assess publication bias,
Begger’s funnel plot was examined based on visual inspection. Asymmetry suggested
publication bias. Finally, sensitivity analyses to examine the effect of excluding individual
studies were carried out.

3. Results

3.1. Identification and Selection of Relevant Studies

Figure 1 shows the flow chart of the studies selected for inclusion in the meta-analysis.
We initially identified 215 candidate articles for inclusion. After removing duplicates, the
abstracts of 131 articles were reviewed and 103 were excluded. Thus, a total of 28 full text
studies were assessed for eligibility. Of these, 20 articles were excluded because they did not
contain the necessary information to carry out the meta-analysis (Supplementary Material
Table S2). Therefore, eight studies that fulfilled the inclusion criteria were finally included
in the meta-analysis [20,27–33]. The response to vitamin D supplementation according to
the BsmI polymorphism in the VDR gene was analysed in six studies [20,27–30,32]. Five
studies analysed the vitamin D response according to the genotypic distribution of the TaqI
genetic variant [27–30,32]. The influence of the ApaI polymorphism was studied in four
articles [27,29,30,32]. Finally, the influence of the FokI polymorphism in the response to
vitamin D supplementation was analysed in five studies [27,29–31,33].

Figure 1. Flow chart of the studies selected for inclusion in the meta-analysis.
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3.2. Study Characteristics

The studies included in the meta-analysis enrolled 1038 subjects. Detailed demo-
graphic characteristics are shown in Table 1. The mean age of the subjects included
was 36.1 (10.2) years with a range of 10 to 78 years. Two studies included subjects
aged <18 years [28,33] and one study only specified that subjects were aged >18 years [27].
There was a higher prevalence of women than men (77.8% vs. 8.6%). One article did
not report the sex of the subjects [31]. The mean follow-up time after vitamin D supple-
mentation was 7.4 (4.9) months. Baseline and post-supplementation serum vitamin D
levels according to the BsmI, TaqI, ApaI and FokI polymorphisms in the VDR gene are
summarized in Table 2. In the case of BsmI polymorphism, two studies associated the
variant genotype with better response to vitamin D supplementation [27,30], two studies
with worse response [20,32] and two studies did not show statistically significant associa-
tion [28,29]. Five studies statistically associated the variant genotype of TaqI polymorphism
with response to vitamin D supplementation [27–30,32]. Two studies associated the geno-
typic distribution of ApaI polymorphism with the response to supplementation [29,32].
For the FokI polymorphism, four articles showed association with response to vitamin D
supplementation [27,30,31,33]. All studies used genomic DNA extracted from nucleated
peripheral blood cells, and genotyping was performed using polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP).

Table 1. Characteristics of the studies included in the meta-analysis.

Authors, Year N
Age

[Years (SD)]

Gender [n (%)]
Country

Vitamin D
Dose

Follow-Up
TimeWomen Men

Graafmans et al., 1997 81 78 (5) 81 (100%) 0 (0%) Netherlands 400 IU/24 h 12 months

Arabi et al., 2009 167 10 to 17 167 (100%) 0 (0%) Lebanon 1100 IU/24 h 12 months

Neyestani et al., 2013 140 29 to 67 - - Iran 1000 IU/24 h 3 months

Sanwalka et al., 2015 102 11.2 (0.5) 102 (100%) 0 (0%) India 333 IU/24 h 12 months

Al-Daghri et al., 2017 199 >18 114 (57.2%) 90 (42.8%) Saudi Arabia 2000 IU/24 h 12 months

Mohseni et al., 2018 26 47.7 (8.0) 26 (100%) 0 (0%) Iran 7000 IU/24 h 2 months

Pérez-Alonso
et al., 2019 142 55 (4) 142 (100%) 0 (0%) Spain 800 IU/24 h 3 months

Kazemian et al., 2020 176 48.6 (8.7) 176 (100%) 0 (0%) Iran 4000 IU/24 h 3 months

SD: standard deviation, IU: international units.

3.3. Meta-Analysis of the Association between Gene Variants in the VDR Gene and the Response to
Vitamin D Supplementation

The results of the meta-analysis are shown in Figure 2. The results showed that
the BsmI genetic variant was not significantly associated with the response to vitamin D
supplementation (p = 0.81, Figure 2A). In the case of the TaqI polymorphism, the variant
allele (Tt+tt genotype) was significantly associated with a better response to vitamin
D supplementation (p = 0.02, Figure 2B). There was no significant association between
the ApaI variant and the response to vitamin D supplementation (p = 0.63, Figure 2C).
Finally, subjects carrying the FF genotype of the FokI polymorphism in the VDR gene
responded better to vitamin D supplementation than subjects with the variant allele (Ff+ff)
(p < 0.001, Figure 2D).

When a meta-analysis includes fewer than 10 articles, the power of the test for funnel
plot asymmetry is too low to distinguish the probability of real asymmetry [34]. Even so, we
examined publication bias by visual inspection using Begger’s funnel plot (Supplementary
Material Figure S1) and it appeared to be symmetrical, although there was some uncertainty
regarding the degree of symmetry.

The results were not modified by excluding articles that included only subjects
aged <18 years or only analysing articles including females. Sub-analyses on the basis
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of ethnicity could not be carried out because the selected articles did not include this
information. After sensitivity analysis, the exclusion of individual studies did not alter
the results.

Table 2. Baseline and post-supplementation vitamin D levels according to the BsmI, TaqI, ApaI and
FokI polymorphisms in the vitamin D receptor (VDR) gene.

Authors,
Year

Vitamin D Levels BEFORE Supplementation, ng/mL [Mean (SD)] Vitamin D Levels AFTER Supplementation, ng/mL [Mean (SD)]

rs1544410
(BsmI)

rs731236
(TaqI)

rs7975232
(ApaI)

rs10735810
(FokI)

rs1544410
(BsmI)

rs731236 (TaqI)
rs7975232

(ApaI)
rs10735810

(FokI)

BB Bd+dd TT Tt+tt AA Aa+aa FF Ff+ff BB Bd+dd TT Tt+tt AA Aa+aa FF Ff+ff

Graafmans
et al., 1997

26
(7.5)

29.2
(8.5) - - - - - - 30.1

(10.1)
25.75
(14.8) - - - - - -

Arabi
et al., 2009

14.3
(9.4)

14.25
(7.9)

14.0
(8.5)

13.9
(7.7) - - - - 27.64

(14.5)
26.11
(12.3)

23.39
(15.6)

29.64
(15.5) - - - -

Neyestani
et al., 2013 - - - - - - 38.1

(21.5)
37.9

(16.7) - - - - - - 73.6
(25)

65
(24.3)

Sanwalka
et al., 2015 - - - - - - 27.77

(3.1)
22.8

(2.04) - - - - - - 61.72
(6.2)

47.02
(8.9)

Al-Daghri
et al., 2017

31.1
(14)

34
(11.1)

31.9
(12.7)

33.8
(11.6)

35.1
(9.5)

33.3
(12.4)

33
(12.4)

34.8
(11.1)

50.1
(14.7)

55.6
(17.3)

51.2
(13.6)

55.4
(17.8)

56.2
(13.3)

54
(18.2)

57.4
(17.3)

47.9
(13.8)

Mohseni
et al., 2018

9.0
(1.4)

12.75
(1.4)

16.5
(4.6)

12.2
(1.5)

13.6
(1.3)

13.6
(2.7)

13.0
(1.0)

11.2
(1.4)

11.0
(1.4)

16.7
(4.3)

11.5
(1.2)

14.6
(1.5)

14.8
(3.2)

14.6
(3.1)

28.0
(12)

15.3
(3.1)

Pérez-
Alonso

et al., 2019

21
(10)

24.5
(9)

25
(9)

23
(9.5)

23
(10) 24 (9) - - 28 (9) 30.5

(10) 31 (8) 30 (9) 29
(9.5)

31.1
(9.5) - -

Kazemian
et al., 2020

30.2
(11.4)

41.7
(16.9)

31.8
(10.4)

37.4
(11.3)

40.9
(14.2)

31.35
(11.4)

34.4
(12.4)

30.8
(9.4)

99.3
(34)

131.2
(29)

105.3
(31.5)

118.9
(29.4)

111
(21.4)

98.3
(23)

114.9
(34)

107.8
(23)

SD: standard deviation.

Figure 2. Cont.
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Figure 2. Meta-analysis of the association between gene variants in the vitamin D receptor (VDR) gene
and the response to vitamin D supplementation. (A) Association between the BsmI polymorphism
and the response to vitamin D supplementation. Test for overall effect: Z = 0.24 (p = 0.81). Test for
heterogeneity: χ2 = 6.31 (p < 0.001), I2 = 9.4%. (B) Association between the TaqI polymorphism
and the response to vitamin D supplementation. Test for overall effect: Z = 2.30 (p = 0.02). Test for
heterogeneity: χ2 = 19.47 (p < 0.001), I2 = 10%. (C) Association between the ApaI polymorphism
and the response to vitamin D supplementation. Test for overall effect: Z = 0.48 (p = 0.63). Test for
heterogeneity: χ2 = 1.24 (p = 0.004), I2 = 7.7%. (D) Association between the FokI polymorphism
and the response to vitamin D supplementation. Test for overall effect: Z = 9.39 (p < 0.001). Test for
heterogeneity: χ2 = 2.47 (p = 0.04), I2 = 5.9%.

4. Discussion

The relationship between genetic variants in the VDR gene and the response to vitamin
D supplementation remains unclear. Thus, we carried out a systematic review and meta-
analysis to evaluate the response to supplementation according to the genotype distribution
of the BsmI, TaqI, ApaI and FokI polymorphisms in the VDR gene. The results showed
that the variant allele of the TaqI polymorphism and the FF genotype of the FokI variant
were associated with a better response to vitamin D supplementation. The BsmI and ApaI
polymorphisms were not associated with the response to vitamin D supplementation.

Calcitriol signalling is crucial in bone metabolism as it is involved in calcium absorp-
tion, parathormone secretion and, therefore, bone resorption and cellular differentiation.
Vitamin D deficiency has been associated with bone metabolism alterations [35–37]. There-
fore, vitamin D intake as a preventive nutritional treatment of osteoporosis plays an
important role in improving health status [38,39], but the efficacy of supplementation varies
widely between subjects [18–20]. One explanatory hypothesis is that genetic variants in
VDR could modulate the response to vitamin D supplementation. Our results showed
that carrying the variant allele of the TaqI polymorphism was associated with a better
response to vitamin D supplementation. TaqI is a silent polymorphism located in the
3´ VDR gene region and has been associated with an increase in mRNA stability [4–6].
A previous meta-analysis associated the TaqI genetic variant with the risk of bone frac-
ture [10]. This may be in line with our results, as the TaqI polymorphism may modify the
response to vitamin D supplementation and thus could modify the risk of bone fracture.
However, other factors besides vitamin D levels are involved in the susceptibility to bone
fracture [40]. Our meta-analysis also associated the FF genotype of the FokI polymorphism
with a better response to vitamin D supplementation. The FokI polymorphism is located
on exon 2 and the F allele has been associated with the translation of a more active pro-
tein [17]. The greater activity of VDR could be associated with a better response to vitamin
D supplementation. In addition, the F allele of the FokI genetic variant has also been
associated with better calcium absorption, higher bone mineral density and a reduced risk
of vertebral bone fractures [41–44]. Therefore, it seems clear that the F allele of the FokI
polymorphism is associated with greater VDR activity, improving the response to vitamin
D and calcium supplementation and being associated with the risk of bone fracture. Finally,
we also performed sub analysis by age and sex due to it having been reported that vitamin
D metabolism is affected by these factors [45,46]. Our results were not modified when
analysing according to age and gender. In this sense, we hypothesise that differences in
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vitamin D absorption caused by sex and age are probably more notable in subjects with the
same genotype, and as our sample is very heterogeneous we do not observe differences.

This study had some limitations. Firstly, a general limitation of meta-analyses of ge-
netic association studies—contradictory results and heterogeneity in the studies included—is
quite common and reflects the true genetic heterogeneity of the different samples or hidden
stratification of the population. Only a small number of studies were eligible for inclusion
in our study and there was a lack of information in some, so they could not be included
in the meta-analysis. Furthermore, several of the studies had low sample sizes with wide
variations. Finally, the exposure to sunlight is one of the environmental factors which is
crucial in VDR regulation [11]. Thus, it could have been interesting to analyse the results
obtained as a function of sunlight exposure, but this could not be done because only one in-
cluded paper reported this information [32]. Even with these limitations, this meta-analysis
contributes significantly to our understanding the crucial role of VDR gene polymorphisms
in the modulation of the vitamin D supplementation response.

5. Conclusions

In conclusion, this meta-analysis advances our current understating of how VDR gene
polymorphisms influence the response to vitamin D supplementation, providing moderate
evidence that the variant allele of the TaqI polymorphism and the FF genotype of the FokI
genetic variant were associated with a better response to vitamin D supplementation. Fur-
ther research with a homogeneous design should be carried out to improve understanding
of the role of VDR gene polymorphisms in the modulation of the response to vitamin D
supplementation, and its possible clinical value.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14020360/s1, Figure S1: Funnel plot of studies included in
the meta-analysis assessing the association of genetic variants in the vitamin D receptor (VDR) gene
and the response to vitamin D supplementation. (A) BsmI polymorphism. (B) TaqI polymorphism.
(C) ApaI polymorphism. (D) FokI polymorphism; Table S1: PRISMA checklist; Table S2: Reasons for
exclusion the articles not included in the meta-analysis.

Author Contributions: Conceptualization: J.-L.P.-C.; methodology: R.U.-M., D.-A.D.L.-R., J.M.F.-G.,
M.R.-M. and J.-L.P.-C.; formal analysis: R.U.-M.; investigation: R.U.-M., D.-A.D.L.-R., J.M.F.-G.,
M.R.-M. and J.-L.P.-C.; data curation: R.U.-M., D.-A.D.L.-R., J.M.F.-G. and J.-L.P.-C.; writing—original
draft preparation: R.U.-M.; writing—review and editing: R.U.-M., D.-A.D.L.-R., J.M.F.-G., M.R.-M.
and J.-L.P.-C.; supervision: J.-L.P.-C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data and results are available in this manuscript.

Acknowledgments: The authors thank the participants and researchers of the primary studies
identified for this meta-analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Long, M.D.; Sucheston-Campbell, L.E.; Campbell, M.J.; Vitamin, D. receptor and RXR in the post-genomic era. J. Cell Physiol.
2015, 230, 758–766. [CrossRef]

2. Haussler, M.R.; Whitfield, G.K.; Kaneko, I.; Haussler, C.A.; Hsieh, D.; Hsieh, J.-C.; Jurutka, P.W. Molecular Mechanisms of Vitamin
D Action. Calcif. Tissue Int. 2013, 92, 77–98. [CrossRef]

3. Reschly, E.J.; Krasowski, M.D. Evolution and function of the NR1I nuclear hormone receptor subfamily (VDR, PXR, and CAR)
with respect to metabolism of xenobiotics and endogenous compounds. Curr. Drug Metab. 2006, 7, 349–365. [CrossRef]

4. Uitterlinden, A.G.; Fang, Y.; Van Meurs, J.B.J.; Pols, H.A.P.; Van Leeuwen, J.P.T.M. Genetics and biology of vitamin D receptor
polymorphisms. Gene 2004, 338, 143–156. [CrossRef] [PubMed]

81



Nutrients 2022, 14, 360

5. Whitfield, G.K.; Remus, L.S.; Jurutka, P.W.; Zitzer, H.; Oza, A.K.; Dang, H.T.L.; Haussler, C.A.; Galligan, M.A.; Thatcher, M.L.;
Dominguez, C.E.; et al. Functionally relevant polymorphisms in the human nuclear vitamin D receptor gene. Mol. Cell. Endocrinol.
2001, 177, 145–159. [CrossRef]

6. Barger-Lux, M.J.; Heaney, R.P.; Hayes, J.; DeLuca, H.F.; Johnson, M.L.; Gong, G. Vitamin D receptor gene polymorphism, bone
mass, body size, and vitamin D receptor density. Calcif. Tissue Int. 1995, 57, 161–162. [CrossRef]

7. Li, L.; Wu, B.; Liu, J.-Y.; Yang, L.-B. Vitamin D receptor gene polymorphisms and type 2 diabetes: A meta-analysis. Arch. Med. Res.
2013, 44, 235–241. [CrossRef] [PubMed]

8. Lee, Y.H.; Bae, S.-C.; Choi, S.J.; Ji, J.D.; Song, G.G. Associations between vitamin D receptor polymorphisms and susceptibility to
rheumatoid arthritis and systemic lupus erythematosus: A meta-analysis. Mol. Biol. Rep. 2011, 38, 3643–3651. [CrossRef]

9. Ortlepp, J.R.; Krantz, C.; Kimmel, M.; Von Korff, A.; Vesper, K.; Schmitz, F.; Mevissen, V.; Janssens, U.; Franke, A.; Hanrath, P.
Additive effects of the chemokine receptor 2, vitamin D receptor, interleukin-6 polymorphisms and cardiovascular risk factors on
the prevalence of myocardial infarction in patients below 65 years. Int. J. Cardiol. 2005, 105, 90–95. [CrossRef] [PubMed]

10. Ji, G.-R.; Yao, M.; Sun, C.-Y.; Li, Z.-H.; Han, Z. BsmI, TaqI, ApaI and FokI polymorphisms in the vitamin D receptor (VDR) gene
and risk of fracture in Caucasians: A meta-analysis. Bone 2010, 47, 681–686. [CrossRef]

11. Saccone, D.; Asani, F.; Bornman, L. Regulation of the vitamin D receptor gene by environment, genetics and epigenetics. Gene
2015, 561, 171–180. [CrossRef] [PubMed]

12. Lamberg-Allardt, C. Vitamin D in foods and as supplements. Prog. Biophys. Mol. Biol. 2006, 92, 33–38. [CrossRef]
13. Holick, M.F. Vitamin D: A millenium perspective. J. Cell. Biochem. 2003, 88, 296–307. [CrossRef]
14. Agarwal, K.S.; Mughal, M.Z.; Upadhyay, P.; Berry, J.L.; Mawer, E.B.; Puliyel, J.M. The impact of atmospheric pollution on vitamin

D status of inf1ants and toddlers in Delhi, India. Arch. Dis. Child. 2002, 87, 111–113. [CrossRef] [PubMed]
15. Liu, P.T.; Stenger, S.; Li, H.; Wenzel, L.; Tan, B.H.; Krutzik, S.R.; Ochoa, M.T.; Schauber, J.; Wu, K.; Meinken, C. Toll-like receptor

triggering of a vitamin D-mediated human antimicrobial response. Science 2006, 311, 1770–1773. [CrossRef]
16. Fetahu, I.S.; Höbaus, J.; Kállay, E. Vitamin D and the epigenome. Front. Physiol. 2014, 5, 164. [CrossRef] [PubMed]
17. Arai, H.; Miyamoto, K.; Taketani, Y.; Yamamoto, H.; Iemori, Y.; Morita, K.; Tonai, T.; Nishisho, T.; Mori, S.; Takeda, E. A vitamin D

receptor gene polymorphism in the translation initiation codon: Effect on protein activity and relation to bone mineral density in
Japanese women. J. Bone Miner. Res. 1997, 12, 915–921. [CrossRef]

18. Barry, E.L.; Rees, J.R.; Peacock, J.L.; Mott, L.A.; Amos, C.I.; Bostick, R.M.; Figueiredo, J.C.; Ahnen, D.J.; Bresalier, R.S.;
Burke, C.A.; et al. Genetic variants in CYP2R1, CYP24A1, and VDR modify the efficacy of vitamin D3 supplementation for
increasing serum 25-hydroxyvitamin D levels in a randomized controlled trial. J. Clin. Endocrinol. Metab. 2014, 99, E2133–E2137.
[CrossRef]

19. Elnenaei, M.O.; Chandra, R.; Mangion, T.; Moniz, C. Genomic and metabolomic patterns segregate with responses to calcium and
vitamin D supplementation. Br. J. Nutr. 2011, 105, 71–79. [CrossRef]

20. Graafmans, W.C.; Lips, P.; Ooms, M.E.; Van Leeuwen, J.P.; Pols, H.A.; Uitterlinden, A.G. The effect of vitamin D supplementation
on the bone mineral density of the femoral neck is associated with vitamin D receptor genotype. J. Bone Miner. Res. 1997,
12, 1241–1245. [CrossRef]

21. Serrano, J.C.E.; De Lorenzo, D.; Cassanye, A.; Martín-Gari, M.; Espinel, A.; Delgado, M.A.; Pamplona, R.; Portero-Otin, M. Vitamin
D receptor BsmI polymorphism modulates soy intake and 25-hydroxyvitamin D supplementation benefits in cardiovascular
disease risk factors profile. Genes Nutr. 2013, 8, 561–569. [CrossRef] [PubMed]

22. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Group, T.P. Preferred Reporting Items for Systematic Reviews and Meta-Analyses:
The PRISMA Statement. PLoS Med. 2009, 6, e1000097. [CrossRef] [PubMed]

23. Usategui-Martín, R.; Carbonell, C.; Novo-Veleiro, I.; Hernández-Pinchete, S.; Mirón-Canelo, J.A.; Chamorro, A.-J.; Marcos, M.
Association between genetic variants in CYP2E1 and CTRC genes and susceptibility to alcoholic pancreatitis: A systematic review
and meta-analysis. Drug Alcohol Depend. 2020, 209, 107873. [CrossRef] [PubMed]

24. Usategui-Martín, R.; Pastor-Idoate, S.; Chamorro, A.J.; Fernández, I.; Fernández-Bueno, I.; Marcos-Martín, M.; González-
Sarmiento, R.; Carlos Pastor, J. Meta-analysis of the rs243865 MMP-2 polymorphism and age-related macular degeneration risk.
PLoS ONE 2019, 14, e0213624. [CrossRef] [PubMed]

25. Valentín-Bravo, F.J.; García-Onrubia, L.; Andrés-Iglesias, C.; Valentín-Bravo, E.; Martín-Vallejo, J.; Pastor, J.C.; Usategui-Martín,
R.; Pastor-Idoate, S. Complications associated with the use of silicone oil in vitreoretinal surgery: A systemic review and
meta-analysis. Acta Ophthalmol. 2021. [CrossRef]

26. Review Manager (RevMan) [Computer Program]; Version 5.3; The Nordic Cochrane Centre, The Cochrane Collaboration: Copen-
hagen, UK, 2014.

27. Al-Daghri, N.M.; Mohammed, A.K.; Al-Attas, O.S.; Ansari, M.G.A.; Wani, K.; Hussain, S.D.; Sabico, S.; Tripathi, G.; Alokail, M.S.
Vitamin D Receptor Gene Polymorphisms Modify Cardiometabolic Response to Vitamin D Supplementation in T2DM Patients.
Sci Rep. 2017, 7, 8280. [CrossRef]

28. Arabi, A.; Zahed, L.; Mahfoud, Z.; El-Onsi, L.; Nabulsi, M.; Maalouf, J.; Fuleihan, G.E.-H. Vitamin D receptor gene polymorphisms
modulate the skeletal response to vitamin D supplementation in healthy girls. Bone 2009, 45, 1091–1097. [CrossRef] [PubMed]

29. Kazemian, E.; Akbari, M.E.; Moradi, N.; Gharibzadeh, S.; Amouzegar, A.; Jamshidi-Naeini, Y.; Mondul, A.M.; Khademolmele, M.;
Ghodoosi, N.; Zarins, K.R.; et al. Effect of vitamin D receptor polymorphisms on plasma oxidative stress and apoptotic biomarkers
among breast cancer survivors supplemented vitamin D3. Eur. J. Cancer Prev. 2020, 29, 433–444. [CrossRef]

82



Nutrients 2022, 14, 360

30. Mohseni, H.; Amani, R.; Hosseini, S.A.; Ekrami, A.; Ahmadzadeh, A.; Latifi, S.M. Genetic Variations in VDR could Modulate the
Efficacy of Vitamin D3 Supplementation on Inflammatory Markers and Total Antioxidant Capacity among Breast Cancer Women:
A Randomized Double Blind Controlled Trial. Asian Pac. J. Cancer Prev. 2019, 20, 2065–2072. [CrossRef] [PubMed]

31. Neyestani, T.R.; Djazayery, A.; Shab-Bidar, S.; Eshraghian, M.R.; Kalayi, A.; Shariátzadeh, N.; Khalaji, N.; Zahedirad,
M.; Gharavi, A.; Houshiarrad, A.; et al. Vitamin D Receptor Fok-I polymorphism modulates diabetic host response to vitamin D
intake: Need for a nutrigenetic approach. Diabetes Care. 2013, 36, 550–556. [CrossRef]

32. Pérez-Alonso, M.; Briongos, L.-S.; Ruiz-Mambrilla, M.; Velasco, E.A.; Olmos, J.M.; De Luis, D.; Dueñas-Laita, A.;
Pérez-Castrillón, J.-L. Association Between Bat Vitamin D Receptor 3′ Haplotypes and Vitamin D Levels at Baseline and
a Lower Response After Increased Vitamin D Supplementation and Exposure to Sunlight. Int. J. Vitam. Nutr. Res. 2020,
90, 290–294. [CrossRef]

33. Sanwalka, N.; Khadilkar, A.; Chiplonkar, S.; Khatod, K.; Phadke, N.; Khadilkar, V. Influence of Vitamin D Receptor Gene
Fok1 Polymorphism on Bone Mass Accrual Post Calcium and Vitamin D Supplementation. Indian J. Pediatr. 2015, 82, 985–990.
[CrossRef]

34. Cochrane Handbook for Systematic Reviews of Interventions. Available online: http://handbook-5-1.cochrane.org (accessed on
21 November 2021).

35. De Martinis, M.; Allegra, A.; Sirufo, M.M.; Tonacci, A.; Pioggia, G.; Raggiunti, M.; Ginaldi, L.; Gangemi, S. Vitamin D Deficiency,
Osteoporosis and Effect on Autoimmune Diseases and Hematopoiesis: A Review. Int. J. Mol. Sci. 2021, 22, 8855. [CrossRef]
[PubMed]

36. Priemel, M.; Von Domarus, C.; Klatte, T.O.; Kessler, S.; Schlie, J.; Meier, S.; Proksch, N.; Pastor, F.; Netter, C.; Streichert, T.; et al.
Bone mineralization defects and vitamin D deficiency: Histomorphometric analysis of iliac crest bone biopsies and circulating
25-hydroxyvitamin D in 675 patients. J. Bone Miner. Res. 2010, 25, 305–312. [CrossRef] [PubMed]

37. Binkley, N. Does Low Vitamin D Status Contribute to “Age-Related” Morbidity? J. Bone Miner. Res. 2007, 22, V55–V58. [CrossRef]
38. Tang, B.M.P.; Eslick, G.D.; Nowson, C.; Smith, C.; Bensoussan, A. Use of calcium or calcium in combination with vitamin D

supplementation to prevent fractures and bone loss in people aged 50 years and older: A meta-analysis. Lancet 2007, 370, 657–666.
[CrossRef]

39. Chevalley, T.; Rizzoli, R.; Nydegger, V.; Slosman, D.; Rapin, C.H.; Michel, J.P.; Vasey, H.; Bonjour, J.-P. Effects of calcium
supplements on femoral bone mineral density and vertebral fracture rate in vitamin-D-replete elderly patients. Osteoporos. Int.
1994, 4, 245–252. [CrossRef]

40. Boonen, S.; Lips, P.; Bouillon, R.; Bischoff-Ferrari, H.A.; Vanderschueren, D.; Haentjens, P. Need for additional calcium to reduce
the risk of hip fracture with vitamin d supplementation: Evidence from a comparative metaanalysis of randomized controlled
trials. J. Clin. Endocrinol. Metab. 2007, 92, 1415–1423. [CrossRef]

41. Moradi, S.; Khorrami-Nezhad, L.; Maghbooli, Z.; Hosseini, B.; Keshavarz, S.A.; Mirzaei, K. Vitamin D Receptor Gene Variation,
Dietary Intake and Bone Mineral Density in Obese Women: A Cross Sectional Study. J. Nutr. Sci. Vitaminol. 2017, 63, 228–236.
[CrossRef]

42. Abrams, S.A.; Griffin, I.J.; Hawthorne, K.M.; Chen, Z.; Gunn, S.K.; Wilde, M.; Darlington, G.; Shypailo, R.J.; Ellis, K.J. Vitamin D
receptor Fok1 polymorphisms affect calcium absorption, kinetics, and bone mineralization rates during puberty. J. Bone Miner.
Res. 2005, 20, 945–953. [CrossRef]

43. Ames, S.K.; Ellis, K.J.; Gunn, S.K.; Copeland, K.C.; Abrams, S.A. Vitamin D receptor gene Fok1 polymorphism predicts calcium
absorption and bone mineral density in children. J. Bone Miner. Res. 1999, 14, 740–746. [CrossRef]

44. Moffett, S.P.; Zmuda, J.M.; Cauley, J.A.; Ensrud, K.; A Hillier, T.; Hochberg, M.C.; Li, J.; Cayabyab, S.; Lee, J.M.; Peltz, G.; et al.
Association of the VDR Translation Start Site Polymorphism and Fracture Risk in Older Women. J. Bone Miner. Res. 2007,
22, 730–736. [CrossRef] [PubMed]

45. Gallagher, J.C. Vitamin D and Aging. Endocrinol. Metab. Clin. N. Am. 2013, 42, 319–332. [CrossRef] [PubMed]
46. Verdoia, M.; Schaffer, A.; Barbieri, L.; Di Giovine, G.; Marino, P.; Suryapranata, H.; De Luca, G. Impact of gender difference on

vitamin D status and its relationship with the extent of coronary artery disease. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 464–470.
[CrossRef] [PubMed]

83





Citation: Shon, J.; Han, Y.; Park, Y.J.

Effects of Dietary Fat to

Carbohydrate Ratio on Obesity Risk

Depending on Genotypes of

Circadian Genes. Nutrients 2022, 14,

478. https://doi.org/10.3390/

nu14030478

Academic Editors: Daniel-Antonio de

Luis Roman and Ana B. Crujeiras

Received: 30 December 2021

Accepted: 19 January 2022

Published: 22 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Effects of Dietary Fat to Carbohydrate Ratio on Obesity Risk
Depending on Genotypes of Circadian Genes

Jinyoung Shon 1, Yerim Han 1,2 and Yoon Jung Park 1,2,*

1 Department of Nutritional Science and Food Management, Ewha Womans University, Seoul 03760, Korea;
shon.jinyoung.layla@gmail.com (J.S.); hanyelim97@naver.com (Y.H.)

2 Graduate Program in System Health Science & Engineering, Ewha Womans University, Seoul 03760, Korea
* Correspondence: park.yoonjung@ewha.ac.kr; Tel.: +82-2-3277-6533

Abstract: Although the impacts of macronutrients and the circadian clock on obesity have been
reported, the interactions between macronutrient distribution and circadian genes are unclear. The
aim of this study was to explore macronutrient intake patterns in the Korean population and asso-
ciations between the patterns and circadian gene variants and obesity. After applying the criteria,
5343 subjects (51.6% male, mean age 49.4 ± 7.3 years) from the Korean Genome and Epidemiology
Study data and nine variants in seven circadian genes were analyzed. We defined macronutrient
intake patterns by tertiles of the fat to carbohydrate ratio (FC). The very low FC (VLFC) was associated
with a higher risk of obesity than the optimal FC (OFC). After stratification by the genotypes of nine
variants, the obesity risk according to the patterns differed by the variants. In the female VLFC, the
major homozygous allele of CLOCK rs11932595 and CRY1 rs3741892 had a higher abdominal obesity
risk than those in the OFC. The GG genotype of PER2 rs2304672 in the VLFC showed greater risks
for obesity and abdominal obesity. In conclusion, these findings suggest that macronutrient intake
patterns were associated with obesity susceptibility, and the associations were different depending
on the circadian clock genotypes of the CLOCK, PER2, and CRY1 loci.

Keywords: macronutrient distribution; circadian gene; genetic variant; single nucleotide polymor-
phisms (SNPs); obesity

1. Introduction

The circadian clock governs 24 h rhythms and regulates the sleep–wake cycle. In
mammals, circadian rhythms influence metabolism and physiological processes [1]. Fur-
thermore, the circadian clock regulates glucose and fat metabolism and energy metabolism
by coordinating the expression of clock-controlled genes [1,2]. The circadian core genes,
including the circadian locomotor output cycle kaput (CLOCK), aryl hydrocarbon receptor
nuclear translocator-like (ARNTL, also known as BMAL1), period homolog (PER1, PER2),
and cryptochrome (CRY1, CRY2) regulate the circadian rhythm mechanism [1,3]. The
ARNTL-CLOCK complex drives the transcription of PER and CRY genes by binding to
enhancer elements. Increased proteins of PER and CRY inhibit ARNTL-CLOCK-mediated
transcription. This transcription–translation negative feedback loop leads the circadian
rhythm, which takes 24 h [3,4].

Multiple evidence from mouse models and human studies have reported a link be-
tween the risk of disease and clock genes [5–14]. Moreover, genetic variations of clock
genes might play a role in metabolic disorders. Single nucleotide polymorphisms (SNPs) of
CLOCK and ARNTL influence body weight control, the development of obesity, and suscep-
tibility to metabolic diseases [12,13,15–20]. Additionally, the SNPs of circadian genes are
associated with eating behavior and dietary intake, including carbohydrate, protein, and
fat, and this association contributes to the modulation of physiological responses [21–25].

The master clock located in the hypothalamic suprachiasmatic nucleus can be reg-
ulated by the light–dark cycle [1,26,27], whereas peripheral clocks in peripheral tissues,
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such as the liver and heart, are entrained by other environmental factors [1,6,26]. Dietary
nutrients are a crucial driver for oscillation of the peripheral circadian clock [28,29]. Several
studies have reported an altered phase of the peripheral clock under time-restricted feeding
conditions or high-fat diet feeding experiments [30–32]. Feeding mice with a high-fat
diet induced reprogramming of the liver clock and changes in eating behavior [30,33,34].
Furthermore, substitution of a diet component with another component influenced phase
shifts in the liver circadian clock [35]. The ketogenic diet, which comprises high-fat with
low-carbohydrate and protein contents, affected the peripheral circadian clocks and drive
tissue-specific oscillation of clock-controlled genes [36]. A low-carbohydrate and high-
protein diet altered the expressions of circadian genes and key gluconeogenic regulatory
genes, resulting in mild hypoglycemia [37]. These results indicate that dietary macronutri-
ent composition is a strong factor for the regulation of peripheral clocks and clock-controlled
genes involved in metabolic processes.

Dietary macronutrients are important to maintain health and physiological functions.
In previous nutritional intervention studies, the results mainly focused on the effects of
low-fat or low-carbohydrate diets on obesity-related features such as weight control [38–41].
However, most interventional diets that modify macronutrient distribution are based on
an energy deficit or investigated over the short term, resulting in inconsistent metabolic
outcomes. One of the most interesting studies carried out by Solon-Biet et al. investigated
the effects of macronutritional challenges using a chronic ad libitum-fed mouse model [42].
Interestingly, a ‘high-protein and low-carbohydrate diet’ induced negative outcomes related
to metabolic health and longevity. In contrast, a ‘low-protein and high-carbohydrate diet’
improved health and extended the lifespan. This suggests that results derived from dietary
interventions are not consistent with actual responses under a long-term diet without
calorie restriction. Moreover, given that the distributions of dietary macronutrients differ
between populations, results from western-style intervention diets (e.g., low-protein and
high-fat diet and low-carbohydrate diet) are hard to apply to Asian populations. Thus, the
understanding of dietary macronutrient distribution must be considered in the context of
population health improvement.

Several studies that investigated the effects of nutritional challenges on the circadian
system reported that altered feeding cycles under an obesogenic diet were related to
metabolic disorder [43,44]. Macronutrient intake and the timing of the caloric intake were
related to the sleep cycle and influence of obesity risk [45,46]. Moreover, circadian clock
gene SNPs and energy and fat intake were associated with metabolic health and obesity-
related outcomes [23–25]. Collectively, these results suggest that dietary macronutrient
intake and circadian genes contribute to susceptibility to metabolic diseases. However,
the potential role of circadian gene SNPs and dietary macronutrient distribution was
not investigated for its link to disease risk. Therefore, in this study, we defined Korean
macronutrient intake patterns and analyzed the effects of an association between patterns
and circadian clock gene variants and obesity risk.

2. Materials and Methods

2.1. Study Data and Subjects

This study used the Korean population data from the Korean Genome and Epidemi-
ology Study (KoGES), provided by the Center for Genome Science, National Institute of
Health, Korean Centers for Disease Control (KCDC) and Prevention, Chungcheongbuk-do,
Korea [47]. A local community-based cohort was obtained from urban (Ansan) and rural
(Ansung) regions, containing genomic, demographic, anthropometric, biochemical, clinical,
and nutritional information. All participants provided written informed consent, and
cohort data were surveyed every 2 years on a follow-up basis since 2001. We used the
baseline examination dataset for this study. Among 10,038 subjects, 3253 were excluded
due to missing data (Figure 1). Exclusion criteria (cancer, dementia, stroke, steroid drugs,
insulin therapy, oral diabetes medication, thyroid drugs, and hormone replacement ther-
apy) were applied for the elimination of effects derived from diseases and drugs on food
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intake. Finally, we investigated 5343 subjects aged 40~64 years, of which 2756 were male
(mean age 48.9 ± 7.0 years), and 2587 were female (mean age 49.9 ± 7.6 years). The study
was approved by the Institutional Review Board of Ewha Womans University, Seoul, Korea
(IRB approval number: ewha-202105-0003-01).

 

Figure 1. A flow chart of the study population.

2.2. Selection and Analysis of SNPs

Genomic DNA derived from blood samples was genotyped with the Affymetrix
Genome-Wide Human SNP Array 5.0 kit (Affymetrix, Inc., Santa Clara, CA, USA) [48],
and 1000 genome sequences were used for imputation [49]. After applying the Bayesian
Robust Linear Modeling with Mahalanobis Distance (BRLMM) algorithm and standard
quality control procedures, samples with a missing call rate >4%, heterozygosity >30%,
gender incompatibility, or obtained from subjects who had cancer were excluded [50].
Among 352,228 SNPs, we selected 235 SNPs that were located in the loci of the circadian
core genes CLOCK, ARNTL, PER1, PER2, PER3, CRY1, and CRY2 (Figure 2). SNPs with
a high missing genotype call rate (>5%), low minor allele frequency (MAF < 0.05), and
low Hardy–Weinberg equilibrium (p value < 1 × 10−6) were excluded. We conducted
linkage disequilibrium (LD)-based pruning (r2 > 0.2); one SNP which had the highest MAF
was selected from each LD block using PLINK software version 1.09 [51] and Haploview
software version 4.1 (Broad Institute of MIT and Harvard, Cambridge, MA, USA) [52].
Utilizing the multitissue expression quantitative loci (eQTL) analysis from the Genotype
Tissue Expression (GTEx) projects (release version 8) [53,54], we selected 9 SNPs related
to circadian gene regulation (Tables 1 and A1, Figure 2). A recessive model was used
for further investigation due to the small number of subjects of homozygous for the
minor allele.
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Table 1. The list of SNPs analyzed in this study.

Gene SNP ID Chromosome Location Alleles MAF HWE

CLOCK
rs11932595 4 55457430 A/G 0.1065 0.6955

rs9312661 4 55476159 G/A 0.3604 0.2992

ARNTL
rs10766065 11 13256414 T/C 0.4983 0.9491
rs9633835 11 13324046 A/G 0.4665 0.8643

PER2 rs2304672 2 238277948 G/C 0.0620 0.5825

rs3741892 12 106993385 G/C 0.2321 0.4557
CRY1 rs11113192 12 107119148 G/C 0.2528 0.1215

rs2541891 12 107184503 C/G 0.4131 0.3236

CRY2 rs7951225 11 45853841 A/T 0.3498 0.5747
MAF, minor allele frequency; HWE, Hardy–Weinberg equilibrium. Alleles are presented as major/minor allele.

 

Figure 2. Pairwise linkage disequilibrium (LD) blocks for SNPs of the circadian gene locus. The
horizontal white bar depicts DNA segmentation of circadian gene locus, CLOCK (a), ARNTL (b),
PER2 (c), and CRY1 (d). Each diamond represents the magnitude of LD for a single pair of markers.
The numbers inside the diamonds indicate the r2 value. The blocks are shaded corresponding to the
r2 from no LD (white, r2 = 0) to strong LD (black, r2 = 1.0), and gray tones indicate intermediate. A
part of SNPs included data was shown, and the black arrows indicate SNPs analyzed in this study.

2.3. Macronutrient Patterns

A validated semi-quantitative food frequency questionnaire with 103 food items was
used for assessing dietary data [55]. The consumption frequency and portion size of items
during the previous year were investigated. The sum of the nutrient intake from each food
item was calculated to evaluate the average daily energy intake and nutrient intake of each
individual. Macronutrient (carbohydrate, fat, and protein) intake was presented as the
percentage of total energy intake. Given the protein intake was positively correlated with
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fat intake in this cohort population (data not shown), we defined fat to carbohydrate ratio
(FC ratio) by dividing ‘% energy from fat’ by ‘% energy from carbohydrate’. Subsequently,
subjects were categorized by tertiles of the FC ratio: Very low FC (VLFC; the first tertile),
Low FC (LFC; the second tertile), and Optimal FC (OFC; the third tertile).

2.4. Definitions of the Obesity and Abdominal Obesity

Anthropometric measurements were obtained (i.e., height, weight, waist circumfer-
ence) by trained staff in cohort study [47]. In the present study, obesity was defined as a
BMI ≥ 25 kg/m2 according to Asia–Pacific BMI cut-off from the World Health Organization
Report [56]. The abdominal obesity was defined as a waist circumference ≥90 cm for males
and ≥85 cm for females according to the diagnostic criteria for Korea [57].

2.5. Statistical Analysis

Data were presented as the mean ± standard deviation, number, and percentage.
ANOVA analysis with Tukey post hoc comparison test was used to identify group dif-
ferences, and Welch’s ANOVA with Games–Howell test was used to adjust for unequal
variances. The Chi-square test was used to analyze categorical variables. Multiple logistic
regression analysis was used for exploring the associations between genotypes and disease
after adjustment for covariates, such as age, body mass index (BMI), sleep duration, alcohol
intake, tobacco consumption, physical activity, energy intake, and number of regular meals.
Statistical analyses were performed using SAS software version 9.4 (SAS Institute, Inc.,
Cary, NC, USA) and RStudio ver.1.2.1335 (RStudio Inc., Boston, MA, USA). A p-value of
<0.05 was considered to be statistically significant. Bonferroni correction was applied to
correct for multiple testing (Bonferroni corrected p < 0.011).

3. Results

3.1. General Characteristics and Nutritional Intake

The main characteristics of all the included participants are shown in Appendix B.
After dividing subjects into tertiles of the FC ratio, the general characteristics according to
groups were analyzed (Table 2). Subjects in the VLFC group (T1) were older than the LFC
group (T2) and the OFC group (T3) (male VLFC: 50.8 ± 7.3 years, LFC: 48.6 ± 6.7 years,
and OFC: 47.3 ± 6.4 years; female VLFC: 53.2 ± 7.5 years, LFC: 49.7 ± 7.5 years, and
OFC: 46.9 ± 6.3 years). The VLFC showed had a lower BMI than other groups in males
(24.7 ± 2.9 kg/m2), whereas female VLFC had a higher BMI (25.3 ± 3.4 kg/m2). In the
VLFC group, the portion of rural subjects was greater than other groups (male VLFC: 43.2%
and female VLFC: 58.2%). The proportion of urban subjects was highest in the OFC group
(male OFC: 84.8% and female OFC 78.0%). The VLFC had a lower lean body mass and body
fat than other groups in males (52.7 ± 5.8 kg and 15.1 ± 4.7 kg, respectively). In contrast,
female VLFC had a lower lean body mass (39.8 ± 4.6 kg) and higher body fat (15.7 ± 4.9 kg).
Furthermore, the female VLFC showed a higher waist to hip ratio (0.91 ± 0.05) compared
to other groups.

The nutritional intake including total energy, carbohydrate, protein, and fat was
highest in the OFC group and lowest in the VLFC group. However, carbohydrate intake
did not differ by FC group in females. The VLFC group had a significantly higher % of
energy from carbohydrate intake (78.2 ± 3.0% in females) and consequently a lower % of
energy from protein and fat (11.7 ± 1.4% and 8.6 ± 2.0% in females, respectively) than
in other groups (Appendix C). Considering that the Korean Acceptable Macronutrient
Distribution Range (AMDR) for carbohydrate is 55~65%, for protein is 7~20%, and for
fat is 15~30% of the energy intake for adults [58], the OFC group’s proportion fitted the
Korean AMDR.
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In contrast, the VLFC and LFC had an inadequate composition of macronutrients,
which fell outside the AMDR with a higher carbohydrate and lower fat intake. Because
the OFC had a macronutrionally balanced diet with optimal proportions, we designated
the OFC as the reference group in our further analysis. The FC ratio was 0.14 ± 0.03,
0.23 ± 0.02, and 0.34 ± 0.08 for male VLFC, LFC, and OFC respectively; and 0.11 ± 0.03,
0.19 ± 0.02, and 0.31 ± 0.09 for female VLFC, LFC, and OFC respectively.

3.2. Risk of Obesity by Macronutrient Intake Patterns

The prevalence of disease according to the tertiles of the FC ratio is shown in Table 3. In
males, the LFC group had an increased risk of obesity (odds ratio (OR): 1.29, 95% confidence
interval (CI): 1.07–1.57) compared with the OFC group. There was no effect of patterns
on the incidence of abdominal obesity in males. Interestingly, in females, the VLFC group
showed greater odds of obesity and abdominal obesity than in the OFC group (OR: 1.50,
95% CI:1.20–1.86; OR: 1.84, 95% CI 1.36–2.48, respectively).

Table 3. The association between tertiles of FC ratio and prevalence of disease.

Male p Female p

Obesity (1)

VLFC (T1) 1.15 (0.93–1.42) 0.205 1.50 (1.20–1.86) 0.000

LFC (T2) 1.29 (1.07–1.57) 0.010 1.12 (0.91–1.37) 0.281

OFC (T3) 1 1

Abdominal obesity (2)

VLFC (T1) 0.92 (0.64–1.33) 0.670 1.84 (1.36–2.48) <0.0001

LFC (T2) 0.87 (0.54–1.40) 0.449 0.90 (0.67–1.20) 0.462

OFC (T3) 1 1
All odds ratios (OR) and 95% confidence intervals (CI) were calculated by performing multiple logistic regression.
(1) BMI ≥25 kg/m2, odds ratio adjusted for age, sleep duration, energy intake, number of regular meals, alcohol
intake, tobacco consumption, and moderate physical activity. (2) Waist circumference ≥90 cm for males and
≥85 cm for females, odds ratio adjusted for age, BMI, sleep duration, energy intake, number of regular meals,
alcohol intake, tobacco consumption, and moderate physical activity.

3.3. Macronutrient Intake Patterns, Genetic Variants, and Risk of Obesity

To investigate the association of macronutrient composition and genetic variations of
circadian clock genes, we stratified subjects by the genotypes of nine SNPs and analyzed
the risk of obesity (Tables 4 and 5). The homozygous major allele of each SNP in the OFC
was used as the reference group in the regression analysis, and the Bonferroni adjustment
was used for multiple testing correction.

The risk of disease was increased in the VLFC group, particularly in females (Table 5).
In the male VLFC group, the minor allele carriers of CLOCK rs9312661, CRY2 rs7951225,
and the GG genotype of CRY1 rs11113192 showed increased risks of obesity; however,
significances were diminished after the Bonferroni correction (Table 4). An interaction
between CRY1 rs11113192 and the FC on obesity was observed (p-interaction = 0.009);
however, the significance disappeared after multiple corrections. No statistically significant
differences were found for abdominal obesity.
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In females, both genotypes of CLOCK rs9312661 in the VLFC showed an increased
incidence of abdominal obesity compared with the reference group (AA genotype, OR: 2.26,
95% CI: 1.43–3.56, p = 0.0005; GA/GG genotype, OR: 2.11, 95% CI: 1.38–3.23, p = 0.0005). In
addition, under the VLFC condition, CRY1 rs3741892 had a significantly greater obesity
risk than the reference regardless of genotype (GG genotype, OR: 1.60, 95% CI: 1.22–2.10,
p = 0.0007; GA/GG genotype, OR: 1.76, 95% CI: 1.30–2.38, p = 0.0002). Intriguingly,
the associations between macronutrient intake patterns and obesity risks were different
depending on the genotypes of CLOCK rs11932595, PER2 2304672, and CRY1 rs3741892.
The major allele homozygous, AA genotype, of rs11932595 in the VLFC had a higher risk
of abdominal obesity than the reference group (OR: 1.84, 95% CI: 1.32–2.56, p = 0.0003), but
not in subjects carrying the minor G allele. Regarding CRY1 rs3741892, which showed a
higher obesity risk in both genotypes, the GG genotype, but not the CG/CC genotype, had
a greater incidence of abdominal obesity (OR: 1.90, 95% CI: 1.30–2.76, p = 0.0008). Moreover,
females with the GG genotype of PER2 rs2304672 in the VLFC had significantly higher risks
of obesity and abdominal obesity compared with the references (OR: 1.49, 95% CI:1.18–1.87,
p = 0.0007; OR: 1.85, 95% CI 1.35–2.54, p = 0.0001 respectively), whereas no differences were
detected in minor C allele carriers.

3.4. Potential Links between Genetic Variants and Gene Regulation

To explore the potential role of genetic variants on circadian gene regulation, we con-
ducted an eQTL analysis at the SNP selection step. The four SNPs (rs11932595, rs9633835,
rs2304672, and rs3741892), which had association with macronutrient intake patterns and
obesity risk, contributed to gene expression in various tissues involved in metabolism
(Appendix A). For instance, the genotypes of rs11932595 and rs9312661 influence CLOCK
gene expression in the skeletal muscle, small intestine, colon, pancreas, and subcutaneous
adipose tissue (Figure 3). Moreover, thyroidal PER2 expression is impacted by rs2304672
genotypes, and the CRY1 expression of the skeletal muscle is affected by rs3741892. In-
terestingly, the GG genotype of PER2 rs2304672, which had a significantly increased risk
of obesity in our results (Table 4), showed lower expression levels than C carriers (CC
genotype: not found in the eQTL violin plot analysis, but a small portion of subjects were
present in our data; n = 8 males and n = 12 females). These findings indicate that genetic
variants might influence circadian gene expression levels in important metabolic tissues.

 
Figure 3. Relationship between genetic variants and circadian gene regulation. Effect of genetic
variants on gene expression levels are shown by expression quantitative trait (eQTL) violin plot. The
plot indicates the density distribution of samples in each genotype and number of subjects shown
under each genotype. The white line in the box plot (black) shows the median value of the expression
at each genotype. Association between rs11932595 and rs93126661 with CLOCK expression (a),
Association between rs2304672 with PER2 expression (b), and rs3741892 with CRY1 expression (c).
Data analysis was performed using GTEx Portal and included tissue-specific information provided
by the website [54].
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4. Discussion

In the present study, we explored macronutrient intake patterns in a Korean midlife
population and observed associations between patterns and circadian clock gene variants
and obesity. A categorization of the three patterns by the FC ratio revealed the high carbo-
hydrate and relatively low-fat intake of subjects. The prevalence of obesity and abdominal
obesity increased in the VLFC compared to the OFC in females. After stratification by the
genotypes of nine SNPs, the obesity risk according to the patterns was different according
to the genetic variants of CLOCK, PER2, and CRY1. In the VLFC pattern, the major allele
homozygous genotype of rs11932595, rs3741892, and rs2304672 had greater risks of obesity
and abdominal obesity than the reference group, whereas minor allele carriers had no dif-
ference in risk. These findings indicate that macronutrient intake patterns were associated
with obesity susceptibility, and the associations were dependent on circadian clock genetic
variants, particularly in females. To the best of our knowledge, this is the first study to
investigate the roles of dietary macronutrient distribution and circadian clock genes in
disease risk in the Korean population.

Dietary macronutrients induced alterations of circadian clock gene expression and
phase shift in tissues [30,33–35]. The substitution of dietary components induced phase
shifts of the hepatic circadian clock [35]. A high-fat diet altered the expression of circadian
clock genes in the liver and adipose and, consequently, induced changes in the periods of
circadian rhythms with advanced phase [30,32,33]. Mice fed a high-fat diet for 10 weeks re-
vealed the reprogramming of the liver clock through the alternative oscillation of transcripts
and metabolites in the liver [34]. The molecular mechanisms of reprogramming induced
by high fat are the impairment of CLOCK:BMAL1 chromatin recruitment and a newly
oscillating pattern of the peroxisome proliferator-activated receptor gamma (PPARγ), a nu-
clear receptor involved in glucose and lipid metabolism. The ketogenic diet, which consists
of high fats and low carbohydrates, promotes BMAL1 chromatin recruitment in the liver
and induces the tissue-specific oscillation of the peroxisome proliferator-activated receptor
alpha (PPARα) and its target genes [36]. In a human study, the regulation of dietary fat and
carbohydrate content altered the oscillations of peripheral clock genes and inflammatory
genes [59]. A high-protein diet affected the expression of circadian genes and key gluco-
neogenic genes phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase) in liver and kidney [37]. Therefore, interactions between dietary macronutrient
distribution and circadian clock genes might influence downstream clock-controlled genes,
leading to changes in metabolic outcomes. In this study, we identified macronutrient intake
patterns in a Korean population and observed that the VLFC pattern was associated with
increased risks of obesity and abdominal obesity. Moreover, this association was dependent
on circadian genetic variants of CLOCK, PER2, and CRY1. Thus, these results suggest that
the identification of patterns of dietary macronutrient distribution and understanding the
effects of interactions between patterns and circadian genes are essential for the prevention
of obesity.

To investigate the potential contribution of genetic variants to gene regulation, we
selected nine SNPs by eQTL analysis. The eQTL from the GTEx portal uncovered genetic
variants, including SNPs, that influenced differential levels of gene expression [53]. In
the GTEx portal, tissue-specific gene expression and SNPs associations were investigated
across all 49 human tissues. A combination of eQTL and SNP is useful for the compre-
hensive exploration of genetic effects on phenotypic variation and disease [60]. One study,
which investigated disease-associated SNPs by applying an eQTL analysis, showed that
several SNPs regulated gene expression levels in a tissue-specific manner, for example,
the IRS1 gene in adipose tissue and influenced the risk of obesity and type 2 diabetes [61].
Rs1801260, a CLOCK polymorphism, has a role in the development of obesity, diabetes,
and metabolic syndrome [12,18–20,23]. In a Korean population study, which used the same
cohort data as our research but utilized a different genotype array chip, CLOCK rs1801260
affected the incidence of metabolic syndrome, and the association was more apparent
after the stratification of monounsaturated fatty acid intake [22]. Moreover, the haplotype
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of three SNPs (rs1801260–rs11932595–rs4580704) influenced the risks of overweight and
hyperglycemia. Considering the eQTL information of rs1801260 and rs11932595 was related
to the differential expression of CLOCK in various tissues, these results imply that circadian
genetic variants might regulate circadian genes as well as clock-controlled genes, resulting
in different metabolic phenotypes. Having investigated the effects of genetic variants and
macronutrient patterns on obesity risk, we found four significant SNPs. According to the
eQTL analysis, the four SNPs influenced gene expression in various tissues (Appendix A).
Genetic variants of CLOCK, PER2, and CRY1 are associated with gene expression in mus-
cle, adipose, and thyroid, which are known to regulate metabolism. In particular, the
rs2304672 genotypes showed differential PER2 expression levels, which were lower in the
GG genotype compared with the GC genotype. PER2 rs2304672 genetic variants were
previously associated with psychiatric disorders including bipolar disorder, depression,
and diurnal preference [62–64]. Two studies reported that the G allele of rs2304672 had
morning preference [64,65], but no significance was found in a young Korean popula-
tion [66]. In overweight/obese participants on a weight-reduction program, the G allele
carriers of rs2304672 showed a lower waist to hip ratio values but had a greater probability
of dropping out from the program with constant snacking and skipping breakfast than the
CC genotype [21]. Moreover, the interactions between rs2304672 and plasma fatty acids on
the modulation of lipoprotein-related biomarkers were reported [67]. Among metabolic
syndrome patients with high plasma saturated fatty acid levels, the G allele carriers had
higher plasma triglycerides, apolipoprotein C, and apolipoprotein B-48 concentrations
than the CC genotype. Given that PER2 also interacts with nuclear receptors including
PPARα and can regulate the expression of nuclear receptor target genes involved in lipid
metabolism, PER2 polymorphisms could contribute to metabolic disorder vulnerability [68].
In addition, rs2304672, which is located in the 5′ untranslated region of the PER2 gene, was
suggested to alter the secondary structure of the transcript or change the folding of PER2
mRNA, resulting in differential translation levels or functionality of proteins between the
genotypes [64,67]. Although the mechanisms underlying disease susceptibility is not fully
understood, these results support an important role of PER2 genetic variants on obesity
by regulating circadian gene expressions and functions. Further analysis is required to
investigate the gene regulatory mechanisms of these SNPs.

We displayed distributions of Korean macronutrient intake patterns by the FC ratio
stratification (Appendix C). The notable features in our study were a high proportion of
carbohydrate intake and a positive correlation between protein and fat intake. The VLFC
group, which had a low fat to carbohydrate ratio, had the highest carbohydrate intake
and relatively low intake level of fat and protein. In contrast, the OFC group had a lower
carbohydrate intake and increased fat and protein intake than the VLFC. Moreover, the
OFC group had a balanced distribution with appropriate proportions of macronutrients
that met the Korean AMDR.

The dietary intake proportion differed across populations. Western diets are charac-
terized as having a high dietary level of saturated fats and refined carbohydrates and low
levels of fiber. Previous studies have reported the effects of conventional dietary approach
which applied a low-carbohydrate or low-fat diet to weight loss and improvement of
obesity [38,69]. The types of intervention diets usually suggested for controlling weight
can be categorized into three types: low-carbohydrate, low-fat, and moderate macronutri-
ents [38]. Low-carbohydrate diets including Atkins and Zone diets contain 15~40% energy
from carbohydrates, 30% energy from proteins, and 30~55% energy from fats. The low-fat
diet is composed of 60~70% of energy from carbohydrates, 10~15% from proteins, and
10~20% from fats. In addition, a high-protein, low-fat diet had positive effects on body
weight loss and metabolic benefits [69–72], providing 44%, 31%, and 25% of energy from
carbohydrates, proteins, and fats, respectively. These results imply that previously utilized
intervention diets are designed for western-style macronutrient distribution. For instance,
there is a large difference in distribution between ‘low-carbohydrate diets’ or ‘high-protein
and low-fat’ diets and Asian populations who have a much higher carbohydrate intake.
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Although accumulating evidence supports the contribution of dietary macronutrient
distribution to the development and prevention of metabolic diseases, the relationship
between macronutrients and metabolic benefit is still controversial. Several research groups
demonstrated that a low-carbohydrate diet is more effective at reducing weight, fat mass,
and serum triglycerides and improving metabolic syndrome than a low-fat diet [73–77].
In contrast, other results showed both diets led to similar effects on weight control or
clinical markers including glucose level, lipid profile, and blood pressure [40,74]. A meta-
analysis study comparing 14 popular dietary programs found that most diets reduced
weight and improved blood pressure at 6 months; however, the effects disappeared at
12 months [38]. One issue to consider is that previously conducted intervention diets
modifying macronutrient distribution were usually based on energy restriction and have
a short-term design. However, there were mouse studies with diets varying in protein to
carbohydrate ratio, which examined the interactive effects of dietary macronutrient distribu-
tion and metabolic outcomes under ad libitum conditions [42,78]. Short-term ‘high-protein
and low-carbohydrate’ diets decreased insulin sensitivity, impaired glucose tolerance, and
increased triglycerides, resulting in metabolic dysregulation [78]. In contrast, ‘low-protein
and high-carbohydrate’ diets prevented adiposity gain and improved metabolic health
including insulin, glucose, and lipid levels, despite increased energy intake. As a result of
chronic feeding over a lifetime in mice, ‘high-protein and low-carbohydrate’ diets reduced
food intake and adiposity; however, they caused negative outcomes in metabolic health
and shortened longevity [42]. Long-term ‘low-protein and high-carbohydrate’ diets in-
creased food intake, body weight, and adiposity, but there were positive impacts on health
and a longer lifespan, possibly through the regulation of mammalian target of rapamycin
(mTORC1) activation [42].

Low-carbohydrate diets replaces carbohydrates with proteins or fats, a typical example
is a ketogenic diet. The metabolic benefits of the low carbohydrate diets are inconsistent.
Low-carbohydrate diets with increased fat or protein have been reported to be effective
for weight loss and improving the lipid profile [39,75,76]. A meta-analysis comparing
‘low-carbohydrate, high-fat’ and ‘high-carbohydrate, low-fat’ diets found that the low-
carbohydrate diet had a greater effect on weight loss than the high-carbohydrate diet,
but no differences were observed for fat mass, glucose, and triglyceride levels, and blood
pressure [41]. Results from prospective cohort studies, which investigated the effect of long-
term dietary macronutrient distribution without calorie restriction, reported an association
between low-carbohydrate intake and increased mortality [79–81]. Conversely, multina-
tional and Asian studies have suggested that a high-carbohydrate intake contributed to
increased mortality [82,83]. Interestingly, in a large prospective cohort study with a 25-year
follow-up, midlife participants who had low (<40%) or high (>70%) energy from carbohy-
drate consumption were associated with increased mortality [84]. Moreover, those with a
50~55% carbohydrate intake showed the greatest lifespan, a level that might be considered
moderate in the West but low in Asia. These conflicting results suggest the fact that the
effects of macronutrient challenge in the short term, or energy restriction conditions might
be different to those under long-term dietary intake and free-living individual conditions.

Although our study analyzed multiple variants of circadian core clock genes in Korean
population cohort data, there were some limitations. The SNPs from the genomic data
of the cohort did not cover the full list of variants, resulting in missing SNPs reported in
previous studies. Therefore, the analysis of comprehensive genetic variant data including
crucial variants will provide additional important SNPs. Secondly, our study analyzed
local community-based cohort data because of the availability of genomic data. To confirm
these findings, futures studies based on a national representative cohort study with a larger
sample size are required. Third, even though we included the covariates (i.e., age, BMI,
and energy intake) for adjustment in a statistical analysis process, the possibility of effects
induced by potential confounding factors, such as residential area, socioeconomic position,
and health-related behaviors, should be considered.
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In conclusion, we investigated Korean macronutrient intake patterns and found associ-
ations between the patterns and circadian clock gene variants, and obesity risk. The VLFC
pattern was related to higher incidences of obesity and abdominal obesity in females. After
the genotype stratification of nine SNPs of circadian genes, the association between the FC
ratio and obesity risk differed by the genetic variants of CLOCK, PER2, and CRY1. These
findings suggest that the low dietary FC ratio influences obesity susceptibility and the asso-
ciation depends on circadian clock genetic variations. Our findings highlight an important
role of the association of macronutrient distribution and circadian clock on obesity.
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Appendix A

Table A1. The expression quantitative trait loci information of SNPs.

SNP ID Gene Symbol Alleles p-Value Tissue

rs11932595 CLOCK A/G 3 × 10−6 Muscle–Skeletal
5 × 10−7 Cells–Cultured fibroblasts

rs9312661 CLOCK A/G 2 × 10−25 Thyroid
2 × 10−17 Skin–Sun Exposed (Lower leg)
9 × 10−17 Skin–Not Sun Exposed (Suprapubic)
3 × 10−14 Lung
5 × 10−14 Nerve–Tibial
8 × 10−14 Cells–Cultured fibroblasts
7 × 10−13 Spleen
7 × 10−13 Testis
6 × 10−10 Small Intestine–Terminal Ileum
7 × 10−10 Esophagus–Mucosa
1 × 10−9 Pancreas
7 × 10−9 Artery–Aorta
2 × 10−7 Colon–Transverse
2 × 10−6 Whole Blood
1 × 10−5 Breast–Mammary Tissue
2 × 10−5 Esophagus–Gastroesophageal Junction
3 × 10−5 Artery–Tibial
1 × 10−4 Adipose–Subcutaneous
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Table A1. Cont.

SNP ID Gene Symbol Alleles p-Value Tissue

rs10766065 ARNTL T/C 1 × 10−12 Whole Blood

rs9633835 ARNTL A/G 1 × 10−16 Whole Blood

rs2304672 PER2 G/C 2 × 10−6 Thyroid

rs3741892 CRY1 G/C 1 × 10−35 Testis
4 × 10−10 Muscle–Skeletal

rs11113192 CRY1 G/C 1 × 10−6 Testis
6 × 10−5 Esophagus–Gastroesophageal Junction

rs2541891 CRY1 C/G 1 × 10−4 Testis

rs7951225 CRY2 A/T 3 × 10−12 Whole Blood
1 × 10−5 Artery–Aorta
1 × 10−5 Artery–Tibial
3 × 10−5 Spleen

Expression quantitative loci (eQTL) information from GTEx database. Alleles are presented as major/minor allele.

Appendix B

Table A2. General characteristics of subjects.

Variables Total (n = 5343) Male (n = 2756) Female (n = 2587)

General characteristics
Age (year) 49.4 ± 7.3 48.9 ± 7.0 49.9 ± 7.6

BMI (kg/m2) 24.7 ± 3.1 24.5 ± 2.9 24.8 ± 3.2
Sleep duration (h) 6.7 ± 1.3 6.7 ± 1.3 6.6 ± 1.4

Nutritional intake
Energy (kcal/day) 1917.8 ± 550.6 1998.5 ± 527.5 1831.8 ± 561.8

Carbohydrate (g/day) 334.5 ± 92.2 342.7 ± 86.2 325.7 ± 97.3
Protein (g/day) 66.0 ± 23.9 69.6 ± 23.8 62.2 ± 23.4

Fat (g/day) 32.9 ± 17.2 36.4 ± 17.3 29.3 ± 16.3

% Energy from each macronutrient
Protein 13.6 ± 2.2 13.8 ± 2.2 13.5 ± 2.2

Carbohydrate 70.3 ± 6.5 69.2 ± 6.2 71.6 ± 6.6
Fat 14.9 ± 5.0 15.9 ± 4.7 13.9 ± 5.1

Number of regular meal 2.8 ± 0.4 2.9 ± 0.3 2.8 ± 0.4
Alcohol intake (g/day) 10.8 ± 22.6 19.6 ± 28.4 1.5 ± 5.5

Tobacco consumption (pack/year) 9.2 ± 15.0 17.5 ± 16.9 0.3 ± 2.7
Moderate physical activity (1) 1956 (36.7) 1028 (37.3) 928 (35.87)

Data are presented as the mean ± standard deviation and number (percentage). (1) ≥30 min per day.

Appendix C

Figure A1. Macronutrient distribution according to FC group in females. Each macronutrient
distribution of three FC groups was presented. The Very Low FC is represented in red; the Low FC
and Optimal FC are represented in purple and blue, respectively. The gray background indicates
Korean acceptable macronutrient distribution range (AMDR).
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Abstract: Excessive gestational weight gain (GWG) is associated with increased risk of maternal and
neonatal complications. We investigated obesity-related polymorphisms in the FTO gene (rs9939609,
rs17817449) and ADRB2 (rs1042713, rs1042714) as candidate risk factors concerning excessive GWG in
pregnant women with pregestational diabetes. This nutrigenetic trial, conducted in Brazil, randomly
assigned 70 pregnant women to one of the groups: traditional diet (n = 41) or DASH diet (n = 29).
Excessive GWG was the total weight gain above the upper limit of the recommendation, according to
the Institute of Medicine guidelines. Genotyping was performed using real-time PCR. Time-to-event
analysis was performed to investigate risk factors for progression to excessive GWG. Regardless
the type of diet, AT carriers of rs9939609 (FTO) and AA carriers of rs1042713 (ADRB2) had higher
risk of earlier exceeding GWG compared to TT (aHR 2.44; CI 95% 1.03–5.78; p = 0.04) and GG
(aHR 3.91; CI 95% 1.12–13.70; p = 0.03) genotypes, respectively, as the AG carriers for FTO haplotype
rs9939609:rs17817449 compared to TT carriers (aHR 1.79; CI 95% 1.04–3.06; p = 0.02).

Keywords: gestational weight gain; ADRB2; FTO; DASH diet; diabetes mellitus; nutrigenetics

1. Introduction

Excessive gestational weight gain (GWG) affects half of pregnancies worldwide [1]
and nearly 40% of pregnancies in Brazil [2]. In women with pregestational diabetes
mellitus (DM), excessive GWG is associated with a higher risk of preterm delivery, cesarean
section, large-for-gestational-age newborn, macrosomia, neonatal distress, and neonatal
malformations [3,4]. In addition to increasing the immediate risk of perinatal complications,
excessive GWG is associated with short- and long-term metabolic consequences for mothers
and children and probably plays a key role in the metabolic programming of chronic
diseases in the offspring [5].

The GWG recommendations [6,7] are based on the pre-pregnancy body mass index
(BMI), but genetics, dietetics, and environmental factors appear to be involved in sig-
nificant interindividual variation in weight gain during pregnancy [8,9]. The fat mass
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and obesity-associated (FTO) gene is located on chromosome 16, and common polymor-
phisms in the first intron are strongly associated with obesity. FTO encodes a protein with
demethylase function and is highly expressed in the hypothalamus, particularly in the
arcuate nucleus, suggesting that this gene plays an essential role in energy balance and
body weight control [10].

The polymorphisms rs9939609 (T/A) and rs17817449 (T/G) in FTO are associated
with body weight, BMI, and extreme obesity in the Brazilian population [11]. The A allele
of the polymorphism rs9939609 is associated with higher GWG in North America [12,13]
and Spanish women [14] but not with excessive GWG in Brazilian women [15]. Despite the
association of rs17817449 (GG) with higher maternal BMI in pregnant Iraqi women [16], its
relationship with GWG has not yet been explored in the literature.

The adrenoceptor beta 2 (ADRB2) gene is located on chromosome 5, and some poly-
morphisms in this gene have been consistently associated with a predisposition to obesity
due to its expression in adipose tissue and its role in lipolysis and energy balance [17]. Two
common polymorphisms in ADRB2 are the most studied, rs1042713 (G/A) and rs1042714
(C/G), although the results are quite divergent, with only rs1042714 (CG/GG) associated
with obesity in a meta-analysis [18]. The relationship between ADRB2 polymorphisms and
GWG has not yet been explored.

Interventions that focus on a healthy diet have been found to be effective in optimizing
GWG [5] and should start as early as possible, even during the periconceptional period [19].
The adherence to an “Western” dietary pattern—characterized by unhealthy and energy-
dense foods with high intake of red meat, fries, dipping sauces, salty snacks, and alcoholic
drinks—was associated with increased GWG, especially among obese women, in a cohort
of women from Southern Europe [19].

Pregnant women with DM especially benefit from nutritional guidance to prevent
excessive GWG and related adverse outcomes, which are more common in high-risk
pregnancies [20]. The Dietary Approach to Stop Hypertension (DASH) diet encourages the
consumption of fruits, vegetables, fat-free/low-fat dairy, whole grains, nuts, and legumes
as well as limits the intake of saturated fat, cholesterol, refined sugar, sodium, red, and
processed meats [21]. The DASH diet was originally proposed to control hypertension;
however, in recent years, it has been recommended for pregnant women with DM, obesity,
and hypertension to reduce the risk of obstetric and perinatal complications [22,23].

However, the effects of diet on body physiology vary greatly among individuals,
which may be partially explained by nutrigenetic interactions. The association between
FTO and ADRB2 genetic polymorphisms and obesity phenotypes appears to be modified
by diet composition [24–26]. Personalized nutrition may benefit individuals genetically
predisposed to have a higher BMI using a dietary pattern that minimizes risk [27]. Studies
are needed to elucidate the association between genetic variants, diet, and GWG, especially
for high-risk pregnancies, such as in mothers with pregestational DM.

The aim of this study was to investigate the FTO genetic polymorphisms (rs9939609,
rs17817449) and the ADRB2 genetic polymorphisms (rs1042713, rs1042714) as candidate
genetic risk factors for excessive GWG in pregnant women with pregestational DM using
two different types of diets, a traditional diet and the DASH diet, as well as to ascertain
nutrigenetic interactions associated to the genetic make-up.

2. Materials and Methods

2.1. Subjects

The participants were pregnant women who were enrolled in the DASDIA (DASh
diet for pregnant women with DIAbetes) randomized controlled clinical trial carried out
at the Maternity School of the Federal University of Rio de Janeiro, Rio de Janeiro, Brazil,
with the aim of evaluating the effect of the DASH diet on perinatal outcomes in pregnant
women with pregestational DM (2016–2020, Brazilian Clinical Trials Registry RBR-4tbgv6).
Eighty-seven pregnant women participated in the DASDIA trial, of whom 70 were included
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in the present study because valid data were available for performing the nutrigenetic
analyses.

The participants were pregnant women with pregestational DM; 18 years or older;
less than 28 weeks pregnant at the time of inclusion in the study; single fetus; no alcohol,
tobacco, or drug use; no sexually transmitted disease (e.g., syphilis, genital herpes, HPV);
no psychiatric diseases (e.g., anxiety, depression, eating disorders); and no DM compli-
cations (e.g., diabetic nephropathy or retinopathy). Pregnant women with treated and
controlled hypothyroidism (TSH 0.1–2.5 mUI/L in the first trimester or 0.3–3.0 mUI/L in
the second trimester, using levothyroxine) or chronic hypertension (systolic blood pressure
<160 mmHg and diastolic blood pressure <110, using methyldopa, without SHG) were
included. The eligible participants were randomly assigned to one of two parallel study
groups, traditional diet or DASH diet, using a computer-generated list of random numbers
prepared by the head investigator (even numbers to DASH diet group and odd numbers to
traditional diet group). The participants were blinded to allocation.

The research was approved by the Ethics Committee of the Maternity School of Federal
University of Rio de Janeiro (CAAE–46913115.0.0000.5275; July/2015).

2.2. Pregestational Diabetes Diagnosis and Treatment

Women with type 1 or 2 DM were included in this study, with a pre-pregnancy
diagnosis or diagnosed during pregnancy, after presenting with a fasting glucose level
≥126 mg/dL [20]. Women with gestational DM were excluded from the study. Following
the institutional protocol, all participants were treated with insulin therapy, which was
prescribed by physicians according to individual needs.

2.3. Diet Groups and Nutritional Guidance

The participants were randomly assigned to one of two groups of nutritional guidance,
a traditional diet or the DASH diet. Women in both groups received individual nutritional
guidance from a registered dietitian from the date of inclusion in the study until the last
prenatal appointment in six scheduled visits. The time of intervention was defined as the
time between inclusion in the study and childbirth.

Both traditional and DASH diets were designed to contain 45–55% carbohydrates,
15–20% protein, and 25–30% total fat. However, the DASH diet was richer in fruits, veg-
etables, whole grains, and low-fat dairy products and included a serving of nuts per day.
The original North American version of the DASH diet was translated and adapted for the
DASDIA trial, considering the characteristics of Brazilian pregnant women with DM, as
detailed elsewhere [28]. The traditional diet was a healthy diet currently prescribed for all
pregnant women with DM-attending prenatal care at the maternity hospital.

The main differences in the composition of the traditional and DASH diets based on
the 2100 kcal meal plan are provided in Table 1.

Table 1. Daily composition of the diets used in the study.

Traditional Diet DASH Diet

Saturated fatty acids * 9.7% E 7.2% E
Monounsaturated fatty acids * 8.5% E 9.2% E
Polyunsaturated fatty acids * 2.8% E 5.6% E

Fiber 42 g 55 g
Calcium 1500 mg 2280 mg

Magnesium 315 mg 496 mg
Potassium 4081 mg 4418 mg

Sodium 2400 mg 2400 mg
* Expressed as percentual of daily energy intake (% E). Data are presented for a daily energy intake of 2100 kcal, as
an example.

The daily energy intake was calculated individually in order to formulate recommen-
dations according to age, physical activity, pre-pregnancy BMI, and recommended GWG for
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each woman in both groups. All participants received a meal plan with a list of equivalents
based on the traditional or DASH diet, which was explained in detail and revised at each
appointment with the registered dietitian, with reinforcement of the nutritional orientations
for both diets until the last visit [28].

Adherence to the diets was assessed using a 24-h dietary recall and by applying a tool
with four evaluation items, which was scored from 0 to 4 points according to (1) quantity
of food consumed—portions; (2) food groups consumed—variety; (3) consumed meals—
number and time; and (4) gestational weight gain—adequate when no more than 20%
less or above the recommended amount [29]. The adherence score was stratified into
low-to-moderate adherence (<2 points) and high adherence (≥2 points). For the present
analyses, we considered the adherence score obtained at the visit closest to childbirth to
reflect the longest possible time of exposure to the intervention.

To improve adherence, participants in the traditional diet group received a bottle of
extra virgin olive oil (500 mL) at the first visit, a can of powdered semi-skimmed milk
(300 mg), and a pack of oats (250 mg) at each subsequent visit, while the participants in the
DASH diet group received a bottle of extra virgin olive oil (500 mL) at the first visit, a can
of powdered skimmed milk (280 mg), and a pack of nuts (150 mg) and seeds (200 mg) at
each subsequent visit.

2.4. Outcome

The main outcome was excessive GWG (kg). The recommended GWG was defined
according to the Institute of Medicine guidelines [6,7] considering the pre-pregnancy BMI:
underweight, 12.5 to 18 kg; normal weight, 11.5 to 16 kg; overweight, 7 to 11.5 kg; and
obesity, 5 to 9 kg. Excessive GWG was the total weight gain of pregnancy exceeding the max-
imum amount recommended by IOM [6,7] according to pre-pregnancy BMI: GWG > 18 kg,
>16 kg, >11.5 kg, and >9 kg for underweight, normal weight, overweight, and obese
women, respectively. The time until excessive GWG was estimated by linear interpolation,
assuming a linearly increasing weight gain between different measurements.

To calculate the pre-pregnancy BMI, height was measured during the first prenatal visit,
and weight was measured at each prenatal visit by nursing technicians and registered in the
medical record. Pre-pregnancy weight was the self-reported weight of a woman near con-
ception [30]. The pre-pregnancy BMI was calculated as (pre-pregnancy weight/height2) and
was classified as underweight (BMI < 18.5 kg/m2), normal weight (BMI 18.5–24.9 kg/m2),
overweight (BMI 25.0–29.9 kg/m2), or obesity (BMI ≥ 30.0 kg/m2) [31].

The last pregnancy weight was measured on admission for childbirth. GWG was
calculated as (weight at admission for childbirth–pre-pregnancy weight), representing the
total weight gain during pregnancy.

2.5. Genotyping

We collected saliva samples from each pregnant woman participating in the study,
and genomic DNA was isolated from buccal epithelial cells using the Aidar and Line
(2007) protocol [32]. FTO (rs9939609 and rs17817449) and ADRB2 (rs1042713 and rs1042714)
polymorphisms were genotyped by real-time PCR using TaqMan® assays (Thermo Fisher
Scientific, Carlsbad, CA, USA). Reactions were performed in 10-μL volumes containing
DNA (2 μL), Universal Master Mix (5 μL), TaqMan Genotyping Assay specific for each
polymorphism (0.25 μL), and MiliQ (2.75 μL). Amplification was carried out in a StepOne®

Plus Real-Time PCR System (ThermoFisher) according to the manufacturer’s recommen-
dations for the number of cycles and temperatures. Negative and positive controls were
included in the plate.

2.6. Co-Variates

Data, such as age (years), DM type (1 or 2), education level (elementary, middle, or
high school), marital status (married/single), employment (yes/no), per capita income
(total family income divided by the number of persons living in the same house, in USD),
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housing conditions (adequate when all had regular garbage collection, tap water, and
sewerage system), pre-existing chronic diseases (hypothyroidism or chronic hypertension),
and parity (number of previous childbirths) were obtained from medical records and were
complemented in a personal interview with the researchers using structured questionnaires.
Physical activity was assessed at baseline using the short form of the International Physical
Activity Questionnaire (active, irregularly active, and sedentary) [33].

Skin color (white/black/brown/yellow) and years living with DM were self-reported.
Energy intake (kcal) at baseline was obtained using a 24-h dietary recall from which the
reported portions of food were converted into grams to quantify the energy content using
food composition tables [34,35]. Gestational age (weeks) was calculated using the first
ultrasonography performed in prenatal care, which was obtained at the time of inclusion
in the study (all <28 weeks of pregnancy).

2.7. Statistical Analyses

Data are presented as medians and interquartile ranges (IQR) for numeric variables,
and absolute (n) and relative frequencies (%) for categorical variables. The normality of the
continuous variables was assessed using histograms, kurtosis, and asymmetry measures.
Mann–Whitney U and Kruskal–Wallis tests were used to compare continuous numeri-
cal variables, and chi-square or Fisher’s exact tests were used for categorical variables.
Genotype and allele frequencies of each variant were determined by direct counting, and de-
viations from Hardy–Weinberg equilibrium (HWE) were evaluated using chi-square tests.

Paired linkage disequilibrium (LD) patterns were determined for each gene using
r2 statistics (r2 cutoff ≥ 0.8). Haplotype frequencies or allelic phase determination were
estimated by expectation maximization (EM algorithm), and estimation uncertainty was
included in the statistical models applied for association analyses in the form of weights.
The homozygous/heterozygous genotypes and lower frequency alleles (minor allele fre-
quency, MAF) in our population, or those containing them, were compared with the higher
frequency alleles or genotypes containing higher frequency alleles (reference). Haplotype
analyses used the most common haplotype in our population as a reference.

The incidences of excessive GWG were analyzed based on the events and years of
persons at risk based on the follow-up time from the most likely date of conception to the
most probable date of the outcome. Incidences and 95% confidence intervals (95% CIs) were
estimated according to asymptotic standard errors calculated from a gamma distribution.
Pregnant women who did not present with the outcome were considered from the most
likely date of conception and censored on the day of delivery.

The results of the time-to-event analyses were presented in the form of hazard ratios
(HRs) with 95% CIs, and the risks of progression to the events described above were es-
timated using Cox proportional hazard models. The assumption of risk proportionality
was tested using correlation analyses and χ2 tests based on Schoenfeld scaled residuals and
transformed survival times. The effects of the genetic characteristics of interest were cor-
rected for phenotypic characteristics with at least one suggested association (p-value ≤ 0.1)
with the outcome of interest and the marginal effects presented in the form of aHR. Pre-
gestational BMI was not included in the adjusted model because of its potential mediating
effect between genotype and outcome. Each polymorphism was evaluated using the
additive, dominant, and recessive models.

Statistical analyses were performed using R software (Version 4.1.1) and its “genetics”
and “survival” packages. Power analysis and sample size estimates were performed using
the R code available on the Power and Sample Size platform (http://powerandsamplesize.
com/Calculators/Test-Time-To-Event-Data/Cox-PH-2-Sided-Equality accessed on 18 Jan-
uary 2022). Considering the overall prevalence of the event of 50%, the frequency of minor
allele carriers of 35%, a mean hazard ratio of 2, and alpha = 0.05, the minimum sample size
for Cox proportional models estimated for power (1-eta) of 0.8 was 144. Nonetheless, we
had a limited sample size (n = 70) that reached 56.35% statistical power for this analysis.
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3. Results

Of the 249 pregnant women with pregestational DM assessed for eligibility, 87 were
included in the DASDIA clinical trial, and 70 were included in the present study because
there were sufficient data for the analyses: 41 in the traditional diet group and 29 in the
DASH diet group (Figure 1).

Figure 1. Flowchart of the study (Rio de Janeiro/Brazil, 2016–2020).

The median age was 32 years (IQR 25.7–36.0), and the gestational age at randomization
was 15 weeks (IQR 11.1–20.1). DM type 1 was 51.4% (n = 36) of the cases. The distribution
of the variables was homogeneous among the diet groups (Table 2).

Table 2. General characteristics of the participants at baseline (Rio de Janeiro/Brazil, 2016–2020).

Overall
n = 70

Trad. Diet
n = 41

DASH Diet
n = 29

p-Value *

Age (years) 32
(25.7–36.0)

31
(25.0–35.0)

34
(28.0–37.0) 0.28

Gestational age
(weeks)

15.0
(11.1–20.1)

14.4
(11.6–21.6)

16.0
(10.1–18.6) 0.66

DM type n (%)
DM1 36 (51.4) 21 (51.2) 15 (51.7) 0.97
DM2 34 (48.6) 20 (48.8) 14 (48.3)
Years living with DM 8 (2.0–13.5) 6 (1.9–12.5) 9 (2.0–14.5) 0.36
Skin color n (%)
Brown 27 (38.6) 15 (36.6) 12 (41.4)

0.59
White 22 (31.4) 12 (29.3) 10 (34.5)
Black 16 (22.9) 11 (26.8) 5 (17.2)
Yellow 1 (1.4) 0 (0) 1 (3.4)
Unknown 4 (5.7) 3 (7.3) 1 (3.4)
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Table 2. Cont.

Overall
n = 70

Trad. Diet
n = 41

DASH Diet
n = 29

p-Value *

Marital status n (%)
Married 56 (80.0) 33 (80.5) 23 (79.3)

0.57Single 12 (17.1) 6 (14.6) 6 (20.7)
Missing 2 (2.9) 2 (4.9) 0 (0)
Education level n (%)
Elementary/middle school 46 (65.7) 26 (63.4) 20 (69.0)

0.73High school 23 (32.9) 14 (34.2) 9 (31.0)
Missing 1 (1.4) 1 (2.4) 0 (0)
Employment n (%)
Yes 42 (60.0) 26 (63.4) 16 (55.2)

0.41No 27 (38.6) 14 (34.1) 13 (44.8)
Missing 1 (1.4) 1 (2.4) 0 (0)
per capita income
(USD †)

151.51
(103.04–227.27)

154.54
(113.33–228.78)

136.36
(91.67–221.04) 0.59

Housing conditions
Adequate 64 (91.4) 37 (90.2) 27 (93.1) 1.00
Inadequate 3 (4.3) 2 (4.9) 1 (3.5)
Missing 3 (4.3) 2 (4.9) 1 (3.5)
Parity n (%) 1 (0–1.25) 1 (0–1.5) 1 (0–1.5) 0.92
Preexisting chronic disease n (%)
None 48 (68.4) 31 (75.6) 17 (58.6)

0.06
Hypertension 9 (12.9) 4 (9.8) 5 (17.2)
Hypothyroidism 8 (11.4) 2 (4.9) 6 (20.7)
Both 1 (1.4) 0 (0) 1 (3.4)
Missing 4 (5.7) 4 (9.8) 0 (0)
Pre-pregnancy
BMI (kg/m2)

27.85
(24.4–32.3)

27.10
(24.3–31.9)

28.60
(25.7–33.3) 0.16

Pre-pregnany BMI n (%)
Normal weight 20 (28.6) 14 (34.1) 6 (20.7)

0.45Overweight 25 (35.7) 14 (34.1) 11 (37.9)
Obesity 25 (35.7) 13 (31.7) 12 (41.4)

Energy intake (kcal) 1808.3
(1578.7–2228.6)

1823.8
(1528.9–2362.2)

1780.7
(1644.5–1968.8) 0.68

Physical Activity n (%)
Active 30 (42.9) 15 (36.6) 15 (51.7)

0.51
Irregularly active 27 (38.6) 17 (41.5) 10 (34.5)
Sedentary 7 (10.0) 5 (12.1) 2 (6.9)
Missing 6 (8.6) 4 (9.8) 2 (6.9)

Data presented as median (interquartile range) or as absolute and relative frequencies n (%). † Estimated for
exchange rate of 1 real (BRL) = USD 5.5. * Mann–Whitney U test or Kruskal–Wallis test to compare medians and
chi-square test or Fisher exact test to compare frequencies.

The genotypic frequencies of rs9939609–FTO were TT 40%, AT 48.6%, and AA 11.4%,
while for rs17817449–FTO, the values were TT 45.7%, GT 44.3%, and GG 10%, without
differences among diet groups (p = 0.48 and p = 0.73, respectively; Table 3). The MAFs for
rs9939609 (A) were 35.7%, while it was 32.1% for rs17817449 (G).

The genotypic frequencies of rs1042713–ADRB2 were GG 35.7%, AG 52.9%, and AA
11.4%, while for rs1042714–ADRB2, the values were CC 50%, CG 44.3%, and GG 5.7%,
without differences among diet groups (p = 0.35 and p = 0.28, respectively; Table 3). The
MAFs for rs1042713 (A) were 37.9% and 27.9% for rs1042714 (G). The genotypes of all
evaluated polymorphisms were in HWE (p > 0.05).
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Table 3. Genetic background of the participants concerning FTO and ADRB2 polymorphisms (Rio de
Janeiro/Brazil, 2016–2020).

Overall
n = 70

Traditional Diet
n = 41

DASH Diet
n = 29

p-Value *

FTO rs9939609 n (%)
T Allele 90 (64.3)
A Allele 50 (35.7)
TT 28 (40.0) 17 (41.5) 11 (37.9)

0.48AT 34 (48.6) 21 (51.2) 13 (44.8)
AA 8 (11.4) 3 (7.3) 5 (17.2)
FTO rs17817449 n (%)
T Allele 95 (67.9)
G Allele 45 (32.1)
TT 32 (45.7) 19 (46.3) 13 (44.8)

0.73GT 31 (44.3) 19 (46.3) 12 (41.4)
GG 7 (10.0) 3 (7.3) 4 (13.8)
ADRB2 rs1042713 n (%)
G Allele 87 (62.1)
A Allele 53 (37.9)
GG 25 (35.7) 12 (29.3) 13 (44.8)

0.35AG 37 (52.9) 23 (56.1) 14 (48.3)
AA 8 (11.4) 6 (14.6) 2 (6.9)
ADRB2 rs1042714 n (%)
C Allele 101 (72.1)
G Allele 39 (27.9)
CC 35 (50.0) 20 (48.3) 15 (51.7)

0.28CG 31 (44.3) 17 (41.5) 14 (48.3)
GG 4 (5.7) 4 (9.8) 0 (0)

FTO, fat mass and obesity-associated gene; ADRB2, adrenoceptor beta 2 gene. Data presented as absolute and
relative frequencies n (%). Genotypes were in Hardy–Weinberg equilibrium. * Chi-square test or Fisher’s exact
test to compare frequencies.

The median time of intervention was 22.50 weeks (IQR 15.50–26.04). Most pregnant
women attended six scheduled appointments (n = 38, 54.3%) or at least five of them (n = 16,
22.9%). Almost 40% of the participants had the highest adherence scores in both groups
(39.5% in the traditional diet group and 40.7% in the DASH diet group).

In the overall sample (n = 70), 28.6% of the women had a normal pre-pregnancy
BMI, 35.7% were overweight, and 35.7% were obese. None of the pregnant women were
underweight pre-pregnancy. The median GWG was 13.7 kg (IQR 11.5–17.5), 11.8 kg
(IQR 7.5–16.4), and 11.0 (IQR 5.9–14.1) for normal-weight, overweight, and obese women,
respectively, without differences between diet groups (Supplementary Table S1). We found
no statistically significant interaction between diet and genotype on GWG but a marginal
effect for the AA genotype of rs9939609–FTO and GG genotype of rs17817449–FTO (p = 0.05
and p = 0.08, respectively) on higher GWG comparing to another genotypes, only in the
traditional diet group (Supplementary Figure S1).

Thirty-seven pregnant women (52.9%) presented with excessive GWG, and the median
gestational age of exceeding GWG was 31.6 weeks (IQR 26.6–35.0). Compared to the
traditional diet, the DASH diet did not modify the risk of progression to excessive GWG
(aHR 1.32, CI 95% 0.62–2.79; p = 0.46) in our sample. Instead, the time of living with
DM ≥ 8 years (aHR 1.99, CI 95% 1.01–3.93; p = 0.04), pre-pregnancy overweight (aHR 3.15,
CI 95% 1.23–8.09; p = 0.02) or obesity (aHR 2.87, CI 95% 1.11–7.42; p = 0.03) status, previous
hypothyroidism (aHR 4.37, CI 95% 1.62–11.77; p = 0.00), and yellow color of the skin (aHR
74.40; CI 95% 4.25–1302.72; p = 0.00, not shown in the table) were risk factors for earlier
GWG. In contrast, age ≥ 32 years was a protective factor (aHR 0.41, CI 95% 0.21–0.80;
p = 0.01) (Table 4).
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Table 4. Cox proportional hazard models or time-to-event analyses (from conception to exces-
sive gestational weight gain) of diet groups and general characteristics of the participants (Rio de
Janeiro/Brazil, 2016–2020).

Characteristics Outcome pY
Crude Incidence/
100 pY (CI 95%)

HR
(CI 95%)

p-Value
aHR *

(CI 95%)
p-Value

Overall 37 44.4 83.29
(58.65–114.81) - - - -

Diet

Traditional diet 18 26.0 69.12
(40.97–109.25) Reference - Reference -

DASH diet 19 18.4 103.36
(62.23–161.41)

1.66
(0.87–3.17) 0.12 1.32

(0.62–2.79) 0.46

Type of DM

DM1 17 23.2 73.36
(42.73–117.46) Reference - Reference -

DM2 20 21.2 94.12
(57.49–145.37)

1.39
(0.728–2.657) 0.32 0.92

(0.38–2.22) 0.86

Years living with DM (years)

<8 18 25.3 71.25
(42.23–112.61) Reference - Reference -

≥8 19 18.4 103.10
(62.07–161.00)

1.62
(0.85–3.09) 0.14 1.99

(1.01–3.93) 0.04

Age (years)

<32 21 23.0 91.20
(56.46–139.41) Reference - Reference -

≥32 16 21.4 74.78
(42.74–121.44

0.80
(0.41–1.53) 0.49 0.41

(0.21–0.80) 0.01

Color of the skin

Brown 14 17.2 81.17
(44.37–136.18) Reference - Reference -

White 10 14.0 71.30
(34.19–131.11)

0.838
(0.372–1.888) 0.67 0.681

(0.293–1.586) 0.37

Black 10 10.2 98.29
(47.13–180.76)

1.404
(0.622–3.171) 0.41 1.132

(0.458–2.8) 0.79

Marital Status

Married 30 36.9 81.30
(54.86–116.07) Reference - Reference -

Single 7 6.8 102.84
(41.35–211.90)

1.44
(0.63–3.29) 0.38 1.92

(0.79–4.68) 0.15

Employment

Yes 20 26.9 74.18
(45.31–114.56) Reference - Reference -

No 17 16.7 101.54
(59.15–162.58)

1.40
(0.74–2.68) 0.30 1.45

(0.76–2.79) 0.26

Housing Conditions

Adequate 35 41.1 85.10
(59.27–118.35) Reference - Reference -

Inadequate 2 1.1 183.54
(22.23–663.01)

4.49
(1.04–19.43) 0.04 4.25

(0.84–21.59) 0.08

Pre-pregnancy BMI

Normal weight 6 13.5 44.43
(16.31–96.71) Reference - Reference -

Overweight 16 15.6 102.54
(58.61–166.52)

3.15
(1.23–8.09) 0.02 3.15

(1.23–8.09) 0.02

Obesity 15 15.3 97.94
(54.82–161.53)

2.87
(1.11–7.42) 0.03 2.87

(1.11–7.42) 0.03

113



Nutrients 2022, 14, 1050

Table 4. Cont.

Characteristics Outcome pY
Crude Incidence/
100 pY (CI 95%)

HR
(CI 95%)

p-Value
aHR *

(CI 95%)
p-Value

Chronic disease

None 24 31.1 70.74
(44.33–107.10) Reference - Reference -

Chronic hypertension 5 5.6 89.26
(28.98–208.30)

1.53
(0.58–4.04) 0.39 1.33

(0.48–3.70) 0.59

Hypothyroidism 7 4.9 141.02
(56.70–290.56)

2.66
(1.13–6.30) 0.02 4.37

(1.62–11.77) 0.00

Both 1 0.7 141.02
(3.57–785.72)

1.64
(0.22–12.19) 0.63 1.21

(0.15–9.98) 0.86

pY, person-years; CI, confidence interval; DASH, Dietary Approach to stop Hypertension; DM, diabetes mellitus;
BMI, body mass index. * Adjusted HR for skin color, previous chronic diseases, and housing conditions.

Adjusting for the main confounders, the A allele carriers (AT/AA) had a higher risk
of earlier exceeding GWG (aHR 2.55; CI 95% 1.14–5.69; p = 0.02) than the rs9939609 TT
genotype in the FTO gene, which was also found in the comparison of AT vs. TT genotypes
(aHR 2.44; CI 95% 1.03–5.78; p = 0.04) (Table 5).

Table 5. Cox proportional hazard models or time-to-event analyses (from conception to excessive
gestational weight gain) stratified by the FTO polymorphisms rs9939609 and rs17817449 (Rio de
Janeiro/Brazil, 2016–2020).

Genotypes Outcome pY
Crude Incidence/
100 pY (CI 95%)

HR (CI 95%) p aHR * (CI 95%) p

Overall 37 44.4 83.29
(58.65–114.31) - - - -

rs9939609

Additive
Model

TT 12 18.6 64.33
(33.24–112.38) Reference - Reference -

AT 19 20.6 92.06
(55.43–143.77) 1.56 (0.76–3.21) 0.23 2.44 (1.03–5.78) 0.04

AA 6 5.1 116.94
(42.92–254.53) 2.08 (0.78–5.55) 0.14 2.83 (0.93–8.62); 0.07

Dominant
Model

TT 12 18.6 64.33
(33.24–112.38) Reference - Reference -

AT/AA 25 25.8 97.02 (62.78–143.21) 1.66 (0.83–3.30); 0.15 2.55 (1.14–5.69) 0.02

Recessive
Model

AA 6 5.1 116.94
(42.92–254.53) Reference - Reference -

AT/TT 31 39.3 78.9
(53.61–111.99) 0.62 (0.26–1.48) 0.28 0.54 (0.20–1.49) 0.24

rs17817449

Additive
Model

TT 15 21.0 71.42 (39.97–117.80) Reference - Reference -
GT 17 18.8 90.55 (52.75–144.98) 1.30 (0.65–2.61) 0.46 1.66 (0.75–3.65) 0.21
GG 5 4.6 107.62 (34.94–251.14) 1.54 (0.56–4.25) 0.40 2.18 (0.65–7.33) 0.21

Dominant
Model

TT 15 21.0 71.42 (39.97–117.8) Reference - Reference -
GT/GG 22 23.4 93.94 (58.87–142.22) 1.35 (0.70–2.60) 0.37 1.74 (0.82–3.70) 0.15

Recessive
Model

GG 5 4.6 107.62 (34.94–251.14) Reference - Reference -
GT/TT 32 39.8 80.45 (55.03–113.57) 0.74 (0.29–1.90) 0.53 0.60 (0.20–1.83) 0.37

pY, person-years; CI, confidence interval; FTO, fat mass and obesity-associated gene. * Adjusted HR for skin color,
previous chronic diseases, and housing conditions.

The A allele carriers for rs1042713 in the ADRB2 gene had a higher risk of earlier
exceeding GWG than the GG genotype (aHR 2.37; CI 95% 1.01–5.52; p = 0.04), being almost
four times higher for the AA carriers (aHR 3.91; CI 95% 1.12–13.70; p = 0.03). We found that
the genotypes for rs17817449 (FTO) and rs1042714 (ADRB2) had no effect on the risk of
excess GWG in our sample (Table 6).
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Table 6. Cox proportional hazard models or time-to-event analyses (from conception to excessive
gestational weight gain) stratified by the ADRB2 polymorphisms rs1042713 and rs1042714 (Rio de
Janeiro/Brazil, 2016–2020).

Genotypes Outcome pY
Crude Incidence/
100 pY (CI 95%)

HR (CI 95%) p aHR * (CI 95%) p

Overall 37 44.4 83.29
(58.65–114.31) - - - -

rs1042713

Additive
Model

GG 10 16.3 61.44
(29.46–112.99) Reference - Reference -

AG 22 23.6 93.36 (58.51–141.35) 1.72 (0.81–3.64) 0.16 2.14 (0.89–5.14) 0.09
AA 5 4.6 109.16 (35.44–254.74) 2.05 (0.70–6.02) 0.19 3.91 (1.12–13.70) 0.03

Dominant
Model

GG 10 61.44 (29.46–112.99) Reference - Reference -

AG/AA 27 95.93 (63.22–139.57) 1.772
(0.856–3.667) 0.12 2.37 (1.01–5.52) 0.04

Recessive
Model

AA 5 4.6 109.16 (35.44–254.74) Reference - Reference -
AG/GG 32 39.8 80.32 (54.94–113.38) 0.69 (0.27–1.77) 0.44 0.41 (0.14–1.21) 0.11

rs1042714

Additive
Model

CC 20 21.2 94.11 (57.49–145.35) Reference - Reference -
CG 15 20.4 73.41 (41.09–121.08) 0.71 (0.36–1.39) 0.32 0.78 (0.37–1.63) 0.51
GG 2 2.7 73.05 (8.85–263.88) 0.65 (0.15–2.80) 0.57 0.29 (0.04–1.91) 0.20

Dominant
Model

CC 20 21.2 94.11 (57.49–145.35) Reference - Reference -
CG/GG 17 23.2 73.37 (42.74–117.47) 0.70 (0.37–1.34) 0.29 0.70 (0.34–1.44) 0.33

Recessive
Model

GG 2 2.7 73.05 (8.85–263.88) Reference - Reference -
CG/CC 35 41.7 83.96 (58.48–116.77) 1.30 (0.31–5.40) 0.72 3.20 (0.48–21.53) 0.23

pY, person-years; CI, confidence interval; ADRB2, adrenoceptor beta 2 gene. * Adjusted HR for skin color, previous
chronic diseases, and housing conditions.

Although rs17817449 alone was not associated with the outcome, in the haplotype
analysis of rs9939609:rs17817449 (TT/AG/AT), we found a higher risk for earlier excessive
GWG among AG carriers: the A allele for rs9939609 and the G allele for rs17817449
(aHR 1.79; CI 95% 1.04–3.06; p = 0.02). We found no association between haplotype analysis
of the ADRB2 gene in our sample (Table 7).

Table 7. Cox proportional hazard models or time-to-event analyses (from conception to excessive
gestational weight gain) of the haplotypes ADRB2 rs1042713:rs1042714 and FTO rs9939609:rs17817449
(Rio de Janeiro/Brazil, 2016–2020).

Haplotypes Outcome pY
Crude Incidence/
100 pY (CI 95%)

HR (CI 95%) p-Value aHR * (CI 95%) p-Value

ADRB2 rs1042713:rs1042714

AC 32 32.7 97.78
(66.88–138.04) Reference - Reference -

GC 23 30.2 76.13
(48.26–114.24)

0.74
(0.43–1.26) 0.26 0.63

(0.36–1.12) 0.12

GG 19 25.9 73.33
(44.15–114.52)

0.67
(0.38–1.19) 0.17 0.59

(0.32–1.09) 0.09

FTO rs9939609:rs17817449

TT 43 57.2 75.17
(54.40–101.26) Reference - Reference -

AG 27 27.3 98.81
(65.12–143.77)

1.37
(0.85–2.22) 0.18 1.79

(1.04–3.06) 0.02

AT 4 3.6 111.87
(30.48–286.42)

2.03
(0.73–5.67) 0.26 1.40

(0.46–4.28) 0.49

pY, person-years; CI, confidence interval; FTO, fat mass and obesity-associated gene; ADRB2, adrenoceptor beta 2
gene. * Adjusted HR for skin color, previous chronic diseases, and housing conditions.
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4. Discussion

In a sample of 70 Brazilian pregnant women with pregestational DM, we found that the
A allele carriers for rs9939609 (FTO gene) and rs1042713 (ADRB2 gene) had more than twice
the risk of earlier exceeding GWG compared to TT and GG genotypes, respectively. The
haplotype rs9939609:rs17817449 (AG) was also a risk factor, increasing 1.8 times in terms
of the progression to excessive GWG. Time of living with DM of ≥8 years, pre-pregnancy
overweight or obesity, and previous hypothyroidism were risk factors for earlier excessive
GWG. However, age ≥ 32 years old was a protective factor. We found no effect of the
DASH diet on the risk for progression to excessive GWG, but our results of non-association
need to be interpreted with caution because of our limited statistical power.

The allele frequencies in our sample were close to the frequencies in global databases
(www.ncbi.nlm.nih.gov/snp (accessed on 18 January 2022)). Common polymorphisms
(>5% allele frequency) are expected to be shared across different geographical regions and
populations [36]. However, the Brazilian population is highly admixed and underrep-
resented in genomic studies as a potential source of new phenotype-associated genetic
variants [37].

The A allele for the rs9939609 polymorphism in the FTO gene was previously associ-
ated with higher BMI before and after pregnancy [38,39] but not with excessive GWG [15]
in Brazilian women. Studies from the USA [12,13] and Spain [14] found a higher risk of
having higher GWG among A-allele carriers, contradicting the results from Turkey [40]
and Mexico [41], both without association. The other evaluated polymorphisms (FTO
rs17817449, ADRB2 rs1042713, and rs1042714) have not been previously investigated for
GWG. The haplotype rs9939609:rs17817449 (AT) was found to increase the risk of obe-
sity in the Brazilian adult population [11], but we identified the role of AG in the risk of
progression to GWG.

The effect of the DASH diet on weight gain during pregnancy is controversial. Van
Horn et al. (2018) noted that overweight and obese pregnant women (n = 280, EUA) gained
less weight and had less excessive GWG using the DASH diet than by using a control
diet [42], whereas Fulay et al. (2018) reported that high adherence to the DASH diet was
associated with more weight gain during pregnancy in obese women (n = 1760, EUA) [43].

Genetics may partially explain the interindividual variation in body weight in re-
sponse to nutritional intervention [44]; thus, it was hypothesized that the FTO and ADRB2
polymorphisms could modify the effect of diet on GWG. We found a marginal association
of the FTO polymorphisms on the GWG according to the type of diet: women with the AA
genotype for rs9939609 and women with the GG genotype for rs17817449 had higher GWG
in the traditional diet group. This result could represent some benefit of the DASH diet on
limiting GWG for women with these genotypes, but it was not confirmed in the analysis
adjusted for the main confounders, as we found no effect of diet on the risk for progression
to excessive GWG in our sample.

Martins et al. (2018) reported that the A allele for rs9939609 was associated with an
increase in the total energy intake and increase in the percentage of energy from ultra-
processed foods during pregnancy in a cohort of Brazilian women [45]. In our study, we
calculated the individualized meal plan for all participants in both groups, considering
the appropriate GWG, and we found similar high adherence to diet in the groups (40%).
Indeed, the evaluation of dietary intake in details deserves further analyses to clarify if the
genetic polymorphisms affect the GWG by dietary characteristics other than the dietary
pattern (traditional or DASH), such as the level of food processing, for example.

Pregestational overweight and obesity were risk factors for progression to excessive
GWG in our sample. This result agrees with the study by Brandão et al. (2021), which
involved a large cohort of healthy Brazilian women and found that excessive GWG was ob-
served in 30.1%, 30.7%, 56.4%, and 46.2% of underweight, normal weight, overweight, and
obese women, respectively [2]. According to the IOM guidelines, GWG recommendations
decrease when BMI increases. Thus, obese women should gain less weight than overweight
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and normal weight women, but the guidelines do not provide specific recommendations
for women with pregestational DM [6].

In this context, Siegel et al. (2015) found no difference between BMI classes to gain
less, within, or above the IOM recommendations in a sample of women with pregestational
DM but noticed a higher risk for macrosomia (aOR 4.02; CI 95% 1.16–13.9) and large-for-
gestational-age infants (aOR 3.08; CI 95% 1.13–8.39) in women who gained excessive weight
compared to women who gained weight within the recommended amounts, even after
adjusting for pregestational BMI [46]. The results from the study by Egan et al. (2014) were
similar, reporting that excessive GWG in women with pregestational DM was a risk factor
for macrosomia (aOR 3.58; CI 95% 1.77–7.24) and large-for-gestational-age infants (aOR
3.97; CI 95% 1.85–8.53), but they found more women with overweight or obesity presenting
with excessive GWG than non-excessive GWG (44% vs. 27% for overweight and 37% vs.
25% for obesity; p < 0.01) [3].

We found that the number of years living with DM was a risk factor for progression
to excessive GWG, but older age (≥32 years) was a protective factor, which appears
controversial. The studies by Egan (2014) and Siegel (2015) did not find any association
between age and excessive GWG [3,46], but in a cohort of 8184 healthy Brazilian women,
the GWG decreased as the age increased [2].

A longer time of living with DM is expected in women with type 1 DM, who usually
have lower pregestational BMI compared to those with type 2 DM [47]. Given our results
for the effect of pregestational BMI on excessive GWG, it seems contradictory. However,
the type of DM was not a risk factor for earlier excessive GWG in our sample. Therefore,
we suggest that longer years of living with DM may impact the metabolic and behavioral
factors influencing GWG not covered in the present study.

Only one participant had yellow skin. This woman was overweight before pregnancy
and had the highest GWG in our sample (28.2 kg). Therefore, even though we had found the
yellow color of the skin to be a risk factor for progression to excessive GWG, we considered
that it cannot be properly interpreted or discussed, as it was an isolated case with a very
wide confidence interval. Three women who had excessive GWG in our sample reported
the color of the skin as unknown.

A meta-analysis comparing the prevalence of excessive GWG among racial/ethnic
groups found that White women were more likely to exceed the IOM guidelines than their
Asian and Hispanic counterparts, but White and Black women had a similar prevalence of
excessive GWG [48]. Differences in the GWG regarding the color of the skin are often related
to socioeconomic discrepancies [48]. We found a marginal effect of inadequate housing
conditions on the risk of earlier excessive GWG, but it was not statistically significant.

Of the nine women with hypothyroidism included in our sample, eight had excessive
GWG, with a risk more than four times higher than that of women without hypothyroidism
(aHR 4.37, CI 95% 1.62–11.77; p = 0.00). Collares et al. (2017) found that higher maternal
TSH and lower free T4 levels in early pregnancy were associated with a higher GWG [49].
Hypothyroidism is a common endocrine disorder that occurs during pregnancy [50]. In our
sample, all women diagnosed with hypothyroidism were treated with oral repositioning
of the T4 hormone and had adequate hormone levels at the time of inclusion in the study;
however, monitoring adherence to treatment and hormone levels during pregnancy was
outside the scope of this study.

Identifying risk factors for earlier exceeding GWG and implementing a dietary in-
tervention to mitigate it may help decrease the related adverse outcomes. The sooner
the excess weight is present, the more that the metabolic effects can harm the mother
and fetus [51]. Of particular interest for pregnant women with DM is that an increase in
maternal fat mass during early pregnancy can increase insulin resistance and thus worsen
glycemic control [52]. As excess GWG does influence offspring obesity over the short- and
long-term [53], faster fist and second trimester GWG but not third trimester was associated
with higher mid-childhood adiposity in a cohort of 979 mother–child pairs from whom
children were evaluated between 6.6 and 10.9 years of age [54].
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Our study is novel in terms of several relevant characteristics. First, we investigated
candidate genetic risk factors for progression to excessive GWG, and we did not find
previous studies with this objective. Second, we investigated the influence of obesity-
related polymorphisms in Brazilian women with pregestational diabetes since studies
enrolling Brazilian pregnant women in this field are scarce and were not designed for
women with DM. Additionally, women were administered two distinct types of diets, and
we noticed that it had no effect on the risk of progression to excessive GWG in our sample.

However, this study had some limitations. First, we had a limited sample size to
include in these analyses because the clinical trial was originally designed to analyze
the effect of the two types of diets on perinatal outcomes without making use of the
nutrigenetics approach. Given the increasing evidence regarding the effects of genetic
characteristics and gene-diet interactions on BMI and obesity predisposition, we considered
that it should gain more attention in the field of maternal and child nutrition. Therefore,
we believe that this study will contribute to paving this way.

Furthermore, we had to make adaptations to maintain the study when the COVID-19
pandemic began in 2020. We used telemedicine to complete the follow-up of six women
(8.6% of the sample) who were already enrolled in the study at the beginning of the pan-
demic quarantine. The same study protocol was used for the present visits. Prenatal visits
to the physicians were maintained at the local level of the study, maintaining the measure-
ments of weight at each visit. We also asked the participants to send a photograph of the
prenatal card containing this information using a popular free smartphone application.
Once the pandemic quarantine began, we did not include more participants in the study.

5. Conclusions

In this study, we investigated obesity-related polymorphisms in FTO and ADRB2 genes
as candidate genetic risk factors for excessive GWG in pregnant women with pregestational
DM using traditional or DASH diets.

Regardless the type of diet, the AT carriers of rs9939609 (FTO gene) had more than
twice the risk of earlier exceeding GWG compared to the TT genotype, and the AA carriers
of rs1042713 (ADRB2 gene) had almost four times higher risk than the GG carriers. The
frequencies of these genotypes in our study population were 48.6% and 11.4%, respectively.

We found no effect of the genotypes of rs17817449 (FTO gene) and rs1042714 (ADRB2
gene) on the risk of progression to excessive GWG; however, the AG carriers for FTO hap-
lotype rs9939609:rs17817449 had almost twice the risk of earlier exceeding GWG compared
to TT carriers. Non-genetic characteristics associated with the risk of progression to GWG
were time living with DM ≥ 8 years, pre-pregnancy overweight or obesity, and previous
hypothyroidism. In contrast, age ≥ 32 years old was a protective factor.

Identifying women at a higher risk for exceeding GWG earlier may help improve
nutritional interventions to mitigate this risk. The next step in advancing personalized
nutrition is to understand which diet patterns may protect these women against excessive
GWG and to investigate other genes and potential gene-diet-environment interactions with
effects on GWG.
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Abstract: Polymorphisms of genes involved in the metabolism and transport of folate and cobalamin
could play relevant roles in pregnancy outcomes. This study assessed the prevalence of genetic
polymorphisms of folate and cobalamin metabolism-related genes such as MTHFR, MTR, CUBN,
and SLC19A1 in pregnant women of a homogeneous Spanish population according to conception,
pregnancy, delivery, and newborns complications. This study was conducted on 149 nulliparous
women with singleton pregnancies. Sociodemographic and obstetrics variables were recorded,
and all patients were genotyped in the MTHFR, MTR, CUBN, and SLC10A1 polymorphisms. The
distribution of genotypes detected in this cohort was similar to the population distribution reported
in Europe, highlighting that more than 50% of women were carriers of risk alleles of the studied genes.
In women with the MTHFR risk allele, there was a statistically significant higher frequency of assisted
fertilisation and a higher frequency of preeclampsia and preterm birth. Moreover, CUBN (rs1801222)
polymorphism carriers showed a statistically significantly lower frequency of complications during
delivery. In conclusion, the prevalence of genetic variants related to folic acid and vitamin B12
metabolic genes in pregnant women is related to mother and neonatal outcomes. Knowing the
prevalence of these polymorphisms may lead to a personalised prescription of vitamin intake.

Keywords: vitamin B9; vitamin B12; pregnancy; newborn; polymorphism; one-carbon metabolism;
MTHFR; MTR; CUBN; SLC10A1

1. Introduction

Pregnancy is a critical period during which a mother’s nutrition and lifestyle have a
decisive influence on maternal and child outcomes. Multiple factors can affect pregnancy
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health, including maternal sociodemographic characteristics, environmental exposures,
maternal nutrition, age, obesity, lifestyle, and socioeconomic status, as well as genetic
background and gene–environment interactions [1–3].

The maternal diet and nutritional stores provide nutrients for the developing embryo
and foetus [4–8]. Among nutrients, folic acid (vitamin B9) and cobalamin (vitamin B12)
stand out for their role in foetal growth and prevention of neural tube defects, through
their role as essential co-factors in the one-carbon metabolism pathway [9–11]. Moreover,
deficiencies in these vitamins were also associated with important impacts on the health of
mothers such as preeclampsia [12], gestational diabetes [13], or maternal neurocognitive
symptoms [14]. Considering this issue, supplementation with folic acid was particularly
recommended by the World Health Organisation (WHO) in order to prevent pregnancy
outcomes [15]. However, maternal vitamin levels depend on dietary and supplement
intake but also are influenced by genetic polymorphisms in the gene coding for enzymes
involved in vitamin metabolism and transport, which may lead to changes in their catalytic
activity. Functional polymorphisms of genes encoding enzymes involved in one-carbon
metabolism can cause disturbances in B9 and B12 vitamin status due to a reduction in
enzyme activity [16–19]. Polymorphisms of genes involved in the metabolism and transport
of these vitamins were associated with disturbances in the health of mother and child [20].

In this regard, determining genetic variants in folate and cobalamin metabolism-related
genes in pregnant women can lead to personalised treatment with higher amounts of folic
acid and cobalamin for the sake of improving pregnancy and neonatal health outcomes.
Therefore, the aim of the present study was to assess the prevalence of the common target
genetic polymorphisms of folate and cobalamin metabolism-related genes in the literature
such as methylenetetrahydrofolate reductase (MTHFR), methionine synthase (MTR), cubilin
(CUBN), and SLC19A1 (commonly known as reduced folate carrier (RFC1)) in pregnant
women of a homogeneous Spanish population according to conception, pregnancy, delivery,
and newborn complications.

2. Patients and Methods

2.1. Study Population and Design

This study was conducted on 149 nulliparous women with singleton pregnancies.
Pregnant women were recruited in the Endocrinology and Obstetrics departments of the
“Complejo Hospitalario Universitario de Santiago de Compostela (CHUS)” in Santiago de
Compostela, Galicia (northeastern Spain) from September 2018 to February 2020. Women
were recruited between 24 and 28 weeks of pregnancy and then followed up throughout the
pregnancy to delivery. The inclusion criteria were an age of 16 years old or older, singleton
pregnancy, lack of any chronic disease or being under medical treatment, absence of any
language barrier, and correct monitoring of pregnancy and delivery in our centre.

2.2. Sociodemographic and Obstetrics Variables

At the time of recruitment, the following data were collected: age; ethnicity; maternal
lifestyles (tobacco smoking, alcohol consumption, or drug abuse) during the pregnancy;
singleton or multiple pregnancies; previous miscarriages, abortions, or ectopic pregnancies;
use of assisted reproductive technologies and medical history (hypertension, diabetes);
maternal height; and self-reported pre-pregnancy weight and weight at week 36 (or last
weight in the case of preterm delivery) of pregnancy, which allowed for calculation of
weight gain during pregnancy and body mass index pre-pregnancy.

2.3. Vitamin B12 and Folic Acid Supplementation Use

Information on vitamin supplementation was obtained by reviewing electronic med-
ical records and asking pregnant women from recruitment to delivery. Information on
supplement intake included brand name, dosage per day, and the start and end dates of
consumption. This information was used to determine supplemental vitamin B12 and
folate doses per day for each woman.
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2.4. Maternal and Neonatal Outcomes and Definitions

Participants were followed prospectively from recruitment until delivery. Maternal
and neonatal outcomes were collected from electronic medical records.

Maternal outcomes such as gestational diabetes mellitus (GDM), gestational hyperten-
sion (GHT), and preeclampsia were obtained. GDM was defined as diabetes diagnosed
in the second or third trimester of pregnancy that was not clearly overt diabetes prior
to gestation and was diagnosed according to our Hospital’s protocol and the one-step
approach [21]. GHT was defined as blood pressure ≥140/90 mmHg arising after 20-week
gestation, without any other feature of the multisystem disorder that resolves within
3 months postpartum [22]. PE was defined as GHT with ≥1 proteinuria/abnormal renal
or liver function tests or platelet count/symptoms and signs consistent with end-organ
damage of preeclampsia [22].

Gestational age and anthropometric measurements (weight, height, head circumfer-
ence, and chest circumference) at birth were obtained from electronic medical records.
Weight index was calculated as the ratio of birth weight (grams) to height (cm3). Size
for gestational age was estimated based on Carrascosa et al. (2004) [23], using neonatal
gestational age at delivery, anthropometric measurements (AM: weight, height, and head
circumference), and sex. Newborns were categorised into three groups: small for gestational
age (SGA) (AM less than 10th percentile for gestational age); appropriate for gestational age
(AGA) (AM 10th to 90th percentile for gestational age, which was the reference group); and
large for gestational age (LGA) (AM greater than 90th percentile for gestational age). For
birth weight, newborns were considered to be LGA if their birth weight was >2.0 standard
deviation (SD) or over the 90th percentile for sex and gestational age, and SGA infants were
considered to have a birth weight that was <−2.0 SD or under the 10th percentile for sex
and gestational age. Normal birth weight was considered for values between −2.0 and +2.0
SD for sex and gestational age (between the 10th and 90th percentile). Low birth weight
(LBW) was defined as birth weight less than 2500 g. Macrosomia was defined as neonates
whose birth weight was equal to or greater than 4000 g.

Other obstetric complications such as miscarriage, stillbirth, and neonatal death were
also collected. Delivery data were obtained, with special attention to the type of delivery
(spontaneous onset of labour, induced labour, instrumental delivery, and route of delivery),
preterm delivery, perinatal complications, admission to intensive care unit, and hospital
stay. Spontaneous preterm birth (PTB) was spontaneous preterm labour or preterm prema-
ture rupture of the membranes, resulting in birth at <37-week gestation. Uncomplicated
pregnancy was defined as a pregnancy in which no antenatal medical or obstetric compli-
cation had been diagnosed, resulting in the delivery of an appropriately grown, healthy
baby at ≥37 weeks of gestation.

2.5. Sample Collection

Participants were asked to refrain from eating, drinking, brushing teeth, and using
mouthwash for at least 30 min prior to sample collection for which a buccal swab of
the Puritan Medical Products PurFlock Ultra® (25-3606-U, Guilford, NC, USA) was used.
Genomic DNA was extracted from the buccal swab using a MagMax DNA Multi-Sample
Ultra Kit (Applied biosystems by Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Genotyping

Genotyping was performed via IPLEX MassARRAY PCR using the Agena platform
(Agena Bioscience, San Diego, CA, USA). IPLEX MassARRAY PCR and extension primers
were designed from sequences containing each target SNP and 150 upstream and down-
stream bases with Assay Designer 4.0.0.2 (Agena Bioscience, San Diego, CA, USA) using the
default settings. Single base extension reactions were performed on the PCR reactions with
the iPLEX Gold Kit (Agena Bioscience) and 0.8 μL of the custom UEP pool. PCR reactions
were dispensed onto SpectroChipArrays with a Nanodispenser (Agena Bioscience). An
Agena Bioscience Compact MassArray Spectrometer was used to perform MALDI–TOF
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mass spectrometry according to the iPLEX Gold Application Guide. The Typer 4 software
package (Agena Bioscience) was used to analyse the resulting spectra, and the composition
of the target bases was determined from the mass of each extended oligo. These panels
were designed in collaboration with PATIA, and genotyping was performed using the
Agena platform located at the Epigenetics and Genotyping laboratory, Central Unit for
Research in Medicine (UCIM), Faculty of Medicine, University of Valencia, Valencia, Spain.

2.7. Statistics Analysis

For the statistical analysis, 136 of the 149 patients were included, for whom genetic
data were available. Different statistical tests were applied to examine the association
between polymorphism in CUBN, MTHFR, MTR, and SLC19A1 and maternal and infant
phenotypes and delivery complications. Maternal complications included preeclampsia,
hypertension, and a family history of type 2 diabetes. Delivery complications included
caesarean birth and induced birth. Neonatal phenotypes included macrosomia, admission
to the intensive care unit, and PTB. The SNP information was decoded to numerical type
depending on the presence of a reference or an alternative nucleotide of each sample.
p values were computed using the chi-square test to determine whether the prevalence of
genotype risk groups varied significantly depending on the phenotype or complication.
p ≤ 0.05 was considered statistically significant. All of the aforementioned statistical
analyses were performed using R software (version 3.2.0).

3. Results

3.1. Baseline Characteristics

Table 1 describes the characteristics of participants in this study (n = 149), including
vitamin supplementation in the first trimester and neonatal and maternal outcomes. The
mean age was 34.7 ± 5.2 years old, and the mean pregestational BMI was 26.4 ± 5.50 kg/m2;
the average weight gain at final of pregnancy was 11.6 ± 5.84 kg. Spontaneous gestation
was observed with a higher frequency than assisted. Delivery was spontaneous in the
majority of patients. Regarding maternal complications during gestation, 62.4% had GDM,
2.0% GHT, and 3.4% preeclampsia. Regarding neonatal outcomes, the mean birth weight
was 3.18 ± 0.57 kg, 7.4% were PTB, and 8.8% were admitted to intensive care.

Table 1. Characteristics of the participants in this study.

Variables Data

N 149
Maternal age (years) 34.7 ± 5.2
Pregestational BMI (kg/m2) 26.4 ± 5.50
GDM (%) 62.4
Socioeconomic status (% active) 80.4
Type of gestation (%)

Spontaneous 83.9
Assisted 15.1

Weight gain (kg) 11.6 ± 5.84
Type of delivery (%)

Vaginal 70.5
Caesarean 29.5
Induced 17.7
Spontaneous 82.3

Hospital stay (days) 3.18 ± 1.37
GHT (%) 2.0
Preeclampsia (%) 3.4
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Table 1. Cont.

Variables Data

Vitamin and mineral supplementation (%)
Vitamin complex 81.2
Iodine and folic acid 13.4
Folic acid 5.4
Iron 55.0

Gestational week (wks) 39.2 ± 1.9
Baby weight at birth (kg) 3.18 ± 0.57
PTB (%) 7.4
Neonatal ICU income (%) 8.8
Baby sex (% women) 48.3
SGA (%) 3.4
AGA (%) 89.9
LGA (%) 6.7
Low birth weight (%) 9.4
Macrosomia (%) 6.7

Data show mean ± standard deviation or frequency (%). N, number; BMI, body mass index; GDM, gestational
diabetes mellitus; GHT, gestational hypertension; PTB, preterm birth; ICU, intensive care unit; SGA, small for
gestational age; AGA, appropriate for gestational age; LGA, large for gestational age.

All women received folic acid supplementation in the first trimester of pregnancy;
81.2% received a multivitamin complex that included folic acid, iodine, and B12; 13.4%
received folic acid plus iodine; and 5.4% just folic acid. In addition to the supplemen-
tation with folic acid or multivitamin complex, 55.0% of women were prescribed iron
supplementation.

3.2. Distribution of SNP Genotypes of Genes Related to Folate and Cobalamin Metabolism and
Transport in the Study Population

The distribution of genotypes detected in women from the CHUS cohort was similar
to the population distribution reported in Europe (Figure 1). It is important to highlight
that 61% of the women analysed in this study carried risk alleles in the MTHFR gene,
approximately 72% of women in this study carried risk alleles in the SCL19A1 gene, and
risk alleles were detected in the CUBN gene in 47% of these women, while the majority of
this population carried the reference allele for the MTR gene (99%).

3.3. Association between SNP Genotypes and Pregnancy Outcomes

The association between maternal SNP and neonatal and maternal outcomes is shown
in Table 2. Although only 1% of women were risk genotype carriers of MTR, and 75%
of women in this study carried risk alleles in the SCL19A1 gene, statistically significant
associations were not found between the polymorphisms analysed of these genes, nor in
CUBN and maternal or neonatal outcomes.

In women with the MTHFR risk allele, there was a statistically significant higher
frequency of assisted fertilization (lower frequency of spontaneous gestation). In addition,
there was a higher frequency of preeclampsia and PTB in women with variation in the
genotype of MTHFR.

When the cohort was analysed according to complications in the mother’s health,
neonate’s health, or delivery, no association was found between genotypes and compli-
cations except for CUBN (rs1801222), which showed a lower frequency of complications
during delivery associated with the risk allele (white bars, p = 0.024; Figure 2).
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Figure 1. Prevalence of SNP genotypes of genes related to folate and cobalamin metabolism and
transport in the study population (CHUS), compared with European population (EU). AA, adenine-
adenine genotype; AG, adenine-guanine genotype; GG, guanine-guanine genotype; TT, thymine-
thymine genotype; TG, thymine-guanine genotype; CC, cytosine-cytosine genotype; TC, thymine-
cytosine genotype; MTHFR, methylenetetrahydrofolate reductase; SLC10A1, reduced folate carrier
(RFC1); MTR, methionine synthase; CUBN, cubilin.

Figure 2. Association between complications in health of the mother, that of the neonate, or during
delivery and SNP genotypes of genes related to folate and cobalamin metabolism and transport
in the study population. (*) indicates statistically significant differences in delivery complications
(white bars) between both groups of genotypes (AA vs. AG/GG). AA, adenine-adenine genotype;
AG, adenine-guanine genotype; GG, guanine-guanine genotype; TT, thymine-thymine genotype;
TG, thymine-guanine genotype; CC, cytosine-cytosine geno-type; TC, thymine-cytosine genotype;
MTHFR, methylenetetrahydrofolate reductase; SLC10A1, reduced folate carrier (RFC1); MTR, me-
thionine synthase; CUBN, cubilin.
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4. Discussion

The present study was carried out on pregnant women from northwestern Spain,
which showed diversity in the prevalence of one-carbon metabolism risk polymorphisms.
Importantly, among the evaluated SNPs, those related to MTHFR were associated with a
lower frequency of spontaneous gestation and higher frenquecy ofpreeclampsia, and PTB,
while the CUBN polymorphism was associated with a lower frequency of complications
during delivery. Detection of risk alleles in women may lead to personalised medicine
with targeted treatment based on increased vitamin intake that can improve success in
conception and maternal and foetal outcomes.

Different genetic variants have been related to vitamin deficiency. The population
prevalence of most of the polymorphisms associated with altered vitamin levels is unknown.
The most widely studied polymorphism of one-carbon metabolism is the MTHFR genotype
677 C > T (rs1801133), which is responsible for the synthesis of the MTHFR enzyme and
whose activity is decreased in TT homozygosis (by 60%) and in CT heterozygosis (by
30%) with respect to the CC genotype [24]. The prevalence of the TT SNP, the highest risk
genotype, represented between 14.2% and 19.9% [25,26] of the cases described in studies
carried out in Europe. More recently, Aguilar-Lacasaña et al. (2021) showed a higher
prevalence (38%) in pregnant women in southern Spain [27]. In the current study, the
prevalence in pregnant women carriers of TT SNP was 57%. This alteration has great
relevance because individuals with TT have lower levels of folic acid than those with CC
and CT [28–30].

Several studies have shown that the homozygous TT genotype has a lower response
to folic acid treatment than those with the homozygous CC genotype, suggesting that the
TT genotype requires higher folic acid intake [31]. The impact of these genetic alterations
on folic acid levels and their effect on different diseases [31,32] such as breast, lung, or
colorectal cancer [33] is widely known. Specifically, in pregnant women, the homozygous
TT genotype has been associated with an increased risk of neural tube defects [34–37],
reinforcing the idea of the well-known link between folic acid deficiency during pregnancy
and the risk of neural tube defects in the newborn.

In our study, all women received supplements with folic acid or folic acid and B12.
In this regard, Colson et al. (2017) [38] showed that a dose of 400 mcg daily of folic
acid would be sufficient to overcome the deficits resulting from these polymorphisms.
However, a recent study by Aguilar-Lacasaña et al. (2021) [27] showed that, although their
population had received a correct folic acid intake during gestation, the prevalence of SGA
and LGA was higher in pregnant women with T or TT in relation to the hetero or homo
polymorphism CC, suggesting that there must be other factors that influence these results.

In addition, different studies have shown that women with the MTHFR 677 TT geno-
type are predisposed to elevated homocysteine levels when folic acid intake is inade-
quate [39], endothelial damage, arterial constriction, and thrombosis [40,41], all of which
can lead to placental hypoperfusion resulting in worse neonatal outcomes with PTB and
LBW [42]. In our study, women with the MTHFR risk alleles had a higher frequency of
PTB, even though they all received adequate folic acid, but no higher frequency of LBW
was observed. In addition, this higher frequency of premature newborns is concomitant
with a higher frequency of LBW, which is a frequent neonatal complication [43,44] that has
a direct implication in adolescence and adulthood, with a higher prevalence of chronic
diseases such as obesity, diabetes, metabolic syndrome, or cardiovascular pathology [45].

Elevated homocysteine levels, derived from the incorrect functioning of the MTHFR
enzyme, have also been related to an increased risk of spontaneous abortions [46]. In
our series, women with the MTHFR risk allele had a lower frequency of spontaneous
pregnancy, i.e., a greater need for assisted fertilization, which may reflect a difficulty in ges-
tation derived from the incorrect functioning of the one-carbon metabolism pathway. The
MTHFR risk allele in our population was associated with a lower frequency of spontaneous
pregnancy, which is known to have a negative impact on health care costs and maternal
mental health.
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In our series, women with risk alleles of MTHFR had a higher frequency of preeclamp-
sia than those without. Preeclampsia is characterised by hypertension accompanied by
proteinuria in pregnant women over 20 weeks of gestation. This disease can affect both the
foetus and the mother and, in extreme situations, can compromise the life of both [47–49].
A meta-analysis report by Wang et al. (2013) [50] showed a significant association between
the MTHFR T allele and pre-eclampsia among Caucasians and people of Asian descent but
not among people of African descent. However, a recent study carried out in Lagos, south-
western Nigeria, has shown an occurrence of preeclampsia was significantly associated
with the presence of the T allele of MTHFR (OR = 1.855; p < 0.05) [51].

As for the cubilin gene (CUBN), the intrinsic factor-vitamin B12 receptor, we found
that the allelic distribution of SNP rs1801222 was significantly different depending on
complications during delivery—namely, a higher frequency of delivery complications
was found among carriers of the wild-type allele. This suggests that carrying this genetic
variant could reduce the risk of delivery complications. In this regard, previous studies
have observed a significant increase in the risk of congenital heart disease for carriers of
the wild-type allele of the CUBN SNP rs11254363 [52]. Cubilin favours the absorption
of intrinsic factor-vitamin B12 complex in the intestinal mucosa. Polymorphisms in the
cubilin gene were associated with variability in the binding and transport of vitamin B12.
In this regard, it was demonstrated in a meta-analysis that participants homozygous for the
rs1801222 G allele had higher plasmatic B12 levels [53]. Adequate maternal vitamin B12
status is associated with advantageous maternal and child health outcomes [54]. Therefore,
the low frequency of delivery complications observed in G carriers in the current study
could be related to higher plasmatic B12 levels in these participants. As far as we know,
this is the first study that found a different distribution of CUBN SNPs in women with
delivery complications, such as caesarean section and induced or instrumental delivery.

Other relevant polymorphisms involved in the one-carbon metabolism are MTR and
SLC19A1. MTR encoded an enzyme involved in the synthesis of methionine through
homocysteine methylation with the presence of vitamin B12 (Vit. B12) as a co-factor, and
SNPs in this gene were associated with risk during pregnancy [55]. SLC19A1 gene encodes
a typical transporter with 12 transmembrane domains involved in the active transport of
5-methyltetrahydrofolate from plasma to the cytosol and regulation of intracellular folate
concentration. It may limit the absorption of folic acid by the developing foetus, thus affect-
ing the growth of the foetus [56]. In the current study, we did not observe an association
between the studies SPNs of these genes and pregnancy or newborn complications.

The present study has several limitations such as a small sample size and short follow-
up time. Moreover, all women included in this study were prescribed folic acid and vitamin
B12 supplementation during pregnancy which possibly mask the association between
one-carbon polymorphisms and pregnancy or newborn complications. Among the mother
complications, a higher prevalence of GDM than the general population was found in
this cohort. This is because pregnant women between 24 and 28 weeks of gestation who
attended both the endocrinology and obstetrics departments were invited to participate in
the study, and, in particular, the pregnant women who attended the endocrinology depart-
ment mainly visited for metabolic problems, mostly GDM. Another limitation of this study
could be that there are no metabolic data to assess the consequences of polymorphisms
on the metabolism of single carbons, which limits the analysis of the significance of the
associations. However, this may be the beginning of future studies with larger sample
sizes and longer follow-up times that include both pregnant women as well as women
with gestational desire to know the implication of these polymorphisms and their possible
approach in the preconception stage.

5. Conclusions

In conclusion, our data show a high prevalence of genetic variants related to folic acid
and vitamin B12 metabolic genes in pregnant women that may justify the difference in
maternal and neonatal outcomes. This study warrants the need to perform further studies
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to elucidate whether knowing the prevalence of these polymorphisms on an individual
basis and its association with the mother and newborn health may lead to personalised
medicine with a nutritional assessment of vitamin intake.
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Abstract: Variations in the perilipin (PLIN) gene have been suggested to be associated with obesity
and its related alterations, but a different nutritional status seems to contribute to differences in these
associations. In our study, we examined the association of several polymorphisms at the PLIN locus
with obesity and lipid profile in children, and then analyzed the mediation of plasma leptin levels on
these associations. The single-nucleotide polymorphisms (SNPs) rs894160, rs1052700, and rs2304795
in PLIN1, and rs35568725 in PLIN2, were analyzed by RT-PCR in 1264 children aged 6–8 years. Our
results showed a contrasting association of PLIN1 rs1052700 with apolipoprotein (Apo) A-I levels
in boys and girls, with genotype TT carriers showing significantly higher Apo A-I levels in boys
and significantly lower Apo A-I levels in girls. Significant associations of the SNP PLIN2 rs35568725
with high-density lipoprotein cholesterol (HDL-cholesterol), Apo A-I, and non-esterified fatty acids
(NEFA) were observed in boys but not in girls. The associations of the SNPs studied with body mass
index (BMI), NEFA, and Apo A-I in boys and girls were different depending on leptin concentration.
In conclusion, we describe the mediation of plasma leptin levels in the association of SNPs in PLIN1
and PLIN2 with BMI, Apo A-I, and NEFA. Different leptin levels by sex may contribute to explain the
sex-dependent association of the PLIN SNPs with these variables.

Keywords: PLIN polymorphisms; leptin; BMI; NEFA; HDL-cholesterol; Apo A-I

1. Introduction

Perilipins are proteins that coat intracellular lipid droplets [1,2] and play a central
role in lipid storage and mobilization. Non-phosphorylated perilipin protects the lipid
core from the activity of lipases, such as hormone-sensitive lipase (HSL), which hydrolyze
triglycerides into glycerol and fatty acids, preventing basal lipolysis and promoting cellular
triglyceride storage by limiting lipase access to triglyceride stores [3–5]. Once phosphory-
lated, however, perilipin allows lipases to access lipid droplets and, hence, causes active
lipolysis. Thus, the activity of perilipin may play a role in body weight and lipid metabolism
by regulating adipocyte metabolism, fat storage, and lipolysis [6].

The most widely studied member of the family, perilipin 1 (PLIN1), is the most abun-
dant protein on the surface of adipocyte lipid droplets and the major substrate for the
cAMP-dependent protein kinase [7]. The human PLIN1 gene is found at chromosomal
location 15q26.1 [8]. It has been shown to be a susceptibility locus for obesity and hyper-
triglyceridemia [9]. In fact, some studies have shown that common polymorphisms in
the PLIN1 gene are associated with obesity risk and obesity-related phenotypes [10–12].
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Furthermore, PLIN1 single-nucleotide polymorphisms (SNPs) have also been related to
variability in weight loss [12–15]. However, several analyses of the associations between
these polymorphisms and body weight and BMI have reported divergent results [16].
A polymorphism in PLIN2, another member of the family involved in the formation of
lipid droplets, has also been shown to affect the structure and function of the protein. A
substitution of serine by proline at the 251 position results in an altered protein structure
and a reduction in lipolysis and plasma triglycerides [17,18].

To our knowledge, no studies have investigated the association of the PLIN SNPs in a
general population of children. A couple of studies in children have focused on specific
populations, such as obese children or children in a weight loss intervention [19,20]. Thus,
limited evidence is available for Caucasian pre-pubertal children regarding the possible
association of these SNPs with obesity-related alterations.

Significant gene–diet interactions involving these PLIN SNPs have been reported [21–24],
suggesting that nutritional status may modify the association of PLIN polymorphisms with
these traits. Leptin levels can be considered a good indicator of nutritional status [25].

Leptin, a hormone consistently related to obesity and obesity-related alterations [26],
has been shown to exert direct and indirect effects on adipocyte metabolism [27]. As
adipocytes express leptin receptors, leptin may influence adipocyte metabolism directly,
triggering lipolysis via a lipolytic pathway mediated by cAMP, protein kinase A, perilipin,
and HSL. Indeed, cAMP activates the protein kinase A, which is then able to phosphorylate
cellular proteins, such as perilipin and HSL. Phosphorylated perilipin may activate HSL
function, hydrolyzing triglycerides into glycerol and fatty acids [28,29].

In our study, we aimed to investigate, the association of body mass index (BMI)
and plasma lipid levels with several PLIN1 SNPs (11482G > A (rs894160), 13041A > G
(rs2304795), and 14995A > T (rs1052700)) and with the PLIN2 SNP Ser251Pro (rs35568725)
in a large, population-based cohort of Spanish prepubertal children aged between 6 and
8 years. The SNPs selected have been associated with obesity-related phenotypes in adults,
but they have not been previously studied in a cohort of children. In addition, we aimed to
explore whether leptin modulates the effect of these polymorphisms.

2. Materials and Methods

2.1. Subjects

Our study comprised a population of 1264 children, aged 6–8 years (633 boys and
631 girls), who participated of the Four Provinces Study (4P Study), a cross-sectional study
aiming to examine cardiovascular risk factors in Spanish children [30]. All children with a
parent-reported chronic disease were excluded. Parents or legal guardians were required
to provide written informed consent for their children to participate in the study. The
study protocol complied with the Helsinki Declaration guidelines and was approved by the
Clinical Research Ethics Committee of the IIS-Fundación Jiménez Díaz (PIC016-2019 FJD).

2.2. Anthropometric Data

Measurements were taken with the children lightly dressed and barefoot as previously
described [30]. Height was measured to the nearest millimeter using a portable stadiometer,
weight was recorded to the nearest 0.1 kg using a standardized electronic digital scale, and
body mass index (BMI, weight in kilograms divided by height in meters squared, kg/m2)
was calculated from these parameters.

2.3. Biochemical Data

Fasting (12 h) blood samples were obtained by venipuncture and centrifuge. Serum
and plasma samples were separated and stored at −70 ◦C. Biochemical determinations
were performed as previously described [30]. Cholesterol and triglyceride (TG) concentra-
tions were measured enzymatically (Menarini Diagnostics, Florence, Italy) in a RA-1000
Autoanalyzer (Technicon Ltd., Dublin, Ireland). High-density lipoprotein cholesterol
(HDL-cholesterol) was measured after precipitation of apolipoprotein B-containing lipopro-
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teins with phosphotungstic acid and Mg (Roche Diagnostics, Madrid, Spain). Plasma
apolipoprotein A-I (Apo A-I) and apolipoprotein B (Apo B) concentrations were measured
by immunonephelometry (Dade Berhing, Frankfurt, Germany). Low-density lipopro-
tein cholesterol (LDL-cholesterol) was calculated according to the Friedewald formula.
Non-esterified fatty acids (NEFA)were measured by using the Wako NEFA-C kit (Wako
Industries, Osaka, Japan). Leptin concentrations were determined by ELISA using a com-
mercial kit (Leptin EIA-2395, DRG, Marburg, Germany), as described elsewhere [30].

2.4. Genotyping Assays of SNPs in PLIN1 and PLIN2

All DNA was isolated from 10-mL EDTA-blood samples according to standard proce-
dures. To determine the polymorphism in the perilipin genes, the following predesigned
TaqMan SNP Genotyping Assays from Applied Biosystems (Waltham, MA, USA) were
used: C_8722593_10, C_8722587_10, and C_9304320_20 for the SNPs in PLIN1 rs894160,
rs1052700, and rs2304795, respectively, and C_25764255_10 for the SNPrs35568725 in PLIN2.
A StepOnePlus™ Real-Time PCR System (Applied Biosystems) was used for allelic dis-
crimination. Additionally, PCR was performed with a mixture of 10 ng of genomic DNA,
TaqMan® SNP Genotyping Assay (20X), and TaqPath™ ProAmp™ Master Mix (Applied
Biosystems). Samples were cycled under the following recommended conditions: 95 ◦C for
10 min, 95 ◦C for 15 sec, and 60 ◦C for 1 min, repeated over 40 cycles.

2.5. Statistical Analysis

Statistical analyses were performed using the SPSS software package, version 26.0
(IBM, New York, NY, USA) and the GraphPad Prism statistical software (San Diego, CA,
USA, Version 8). The normality of quantitative variables was analyzed by the Kolmogorov–
Smirnov test, revealing a non-parametric distribution. The Mann–Whitney U test was
used to perform sex-based comparisons of median BMI values, lipid profile variables (TC,
TG, LDL-cholesterol, Apo B, HDL-cholesterol, Apo A-I, NEFA), and leptin. Differences
in median values for the variables under study according to the different genotypes of
the SNPs studied were tested using the Mann–Whitney or Kruskal–Wallis tests in our
population, divided by sex and grouped according to median plasma leptin levels in each
sex (2.26 ng/mL in boys and 5.25 ng/mL in girls).

3. Results

Table 1 shows the anthropometric and biochemical data of the children according to
sex. The mean age was similar in boys and girls. Plasma concentrations of HDL-cholesterol
and Apo A-I were significantly higher, and concentrations of TG, LDL-cholesterol, and
Apo B were significantly lower, in boys compared to girls. Leptin levels were significantly
(p < 0.001) higher in girls.

When analyzing the relationship of the PLIN1 SNPs rs894160, rs2304795, and rs1052700
with the variables under study by sex (Table 3), a significant and opposite association was
discovered between PLIN1 rs1052700 and Apo A-I levels between boys and girls. The
TT carriers showed significantly higher Apo A-I levels as compared with CC and CT
carriers in boys, while significantly lower Apo A-I levels were observed in girls. When
analyzing the SNP of PLIN2 rs35568725 (Table 3), carriers of the AG and GG genotypes were
grouped together due to the small number of children who were homozygous for the less
common allele (G). Significant differences between AA carriers and carriers of the G allele
were observed for HDL-cholesterol (p = 0.005), Apo A-I (p = 0.009), and NEFA (p = 0.002)
concentrations in boys, though no such differences were observed in girls. No significant
associations were detected between the PLIN polymorphisms and LDL-cholesterol, Apo B,
or leptin levels (data not shown).

The frequencies of the genotypes and alleles for the SNPs studied are shown in
Table 2. The genotype distributions were within the Hardy–Weinberg equilibrium. These
frequencies were similar to those described in other Caucasian populations.
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Table 1. Characteristics (means ± SD) of the population studied.

Overall (n = 1264) Boys (n = 633) Girls (n = 631) p-Value 1

Age (years) 7.2 ± 0.6 7.2 ± 0.6 7.2 ± 0.6 0.531
BMI (kg/m2) 17.0 ± 2.4 16.9 ± 2.4 17.0 ± 2.5 0.637
TC (mg/dL) 183.0 ± 28.6 182.6 ± 28.5 183.4 ±28.7 0.238
TG (mg/dL) 72.9 ± 26.3 71.4 ± 25.4 74.4 ± 27.2 0.014

LDL-C (mg/dL) 109.1 ± 27.3 108.1 ±27.7 110.0± 27.0 0.029
Apo B (mg/dL) 70.3 ± 15.0 69.2 ± 15.0 71.3 ± 15.0 0.001
HDL-C (mg/dL) 59.4 ± 13.3 60.2 ± 13.2 58.7 ± 13.4 0.021
Apo A-I (mg/dL) 137.0 ± 19.1 138.4 ± 19.1 135.5 ± 19.1 0.007
NEFA (mEq/L) 0.70 ± 0.28 0.68 ± 0.27 0.72 ± 0.30 0.074
Leptin (ng/mL) 6.58 ± 8.00 4.65 ± 6.43 8.60 ± 8.97 0.000

1 p-value: Mann–Whitney U test. Abbreviations are as follows: BMI, body mass index; TC, total cholesterol;
TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; Apo B, apolipoprotein B; HDL-C, high-density
lipoprotein cholesterol; Apo A-I, apolipoprotein A-I; NEFA, non-esterified fatty acids.

Table 2. Genotypic and allelic distribution of the SNPs studied in PLIN1 and PLIN2.

Gene SNP Genotype % (n) Allele %

PLIN1

rs894160
CC 49.4 (625) C 70.5
CT 42.1 (532) T 29.5
TT 8.5 (107)

rs1052700
AA 44.7 (557) A 66.7
AT 43.6 (544) T 33.5
TT 11.7 (146)

rs2304795
AA 34.1 (455) A 61.0
AG 47.4 (632) G 39.0
GG 13.2 (176)

PLIN2 rs35568725
AA 88.1 (1110) A 93.8
AG 11.5 (145) G 6.2
GG 0.4 (5)

To analyze whether the effect of the polymorphisms studied on BMI and lipid levels
was mediated by leptin levels, the relationship of the SNPs (rs894160, rs2304795, and
rs1052700 in PLIN1, and rs35568725 in PLIN2) with these parameters was investigated
in children classified into two groups according to their plasma leptin levels, i.e., boys
and girls with plasma leptin levels above or below their respective median value of leptin.
As shown in Figure 1, we observed that the associations of PLIN1 rs894160 and PLIN2
rs35568725 with BMI (Figure 1a) and of PLIN1 rs2304795 and PLIN2 rs35568725 with NEFA
(Figure 1b) were different in boys and girls with lower leptin levels compared to subjects
with higher leptin concentrations. Significant associations were observed in boys with
leptin levels above the median values, as well as in girls with leptin levels below the
median leptin value. Additionally, a different association in boys and girls depending on
leptin levels was observed concerning the influence of PLIN1 rs1052700 on Apo-I levels
(Figure 1c). The association of the PLIN1 rs1052700 SNP with HDL-cholesterol levels
(Figure 1d) was evident in girls with high leptin concentrations. Furthermore, the PLIN1
rs894160 and PLIN2 rs35568725 SNPs were also associated with HDL-cholesterol levels
depending on leptin concentration and sex (Supplementary Figure S1). No significant
results were found when analyzing the association of the SNPs studied with triglyceride
concentrations depending on leptin concentration.
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Table 3. BMI and lipid profile values (means ± SD) by genotype for PLIN1 and PLIN2 SNPs in boys
and girls.

Boys BMI (kg/m2) TG (mg/dL) HDL-C (mg/dL)
APO A-I
(mg/dL)

NEFA (mEq/L)

PLIN1
rs894160 CC (n = 306) 17.0 ± 2.4 69.1 ± 28.5 60.6 ± 12.7 137.9 ± 19.3 0.67 ± 0.25

CT (n = 278) 16.9 −2.5 74.2 ± 28.8 59.8 ± 13.7 138.1 ± 18.7 0.69 ± 0.29
TT (n = 49) 16.6 ± 1.9 66.5 ± 22.3 60.2 ± 13.1 143.2 ± 17.6 0.70 ± 0.27
p-value ns ns ns ns ns

rs1052700 AA (n = 270) 17.0 ± 2.4 70.2 ± 23.5 60.2 ± 13.5 137.7 ± 18.9 0.66 ± 0.28
AT (n = 282) 16.9 ± 2.3 72.4 ± 28.3 59.8 ± 12.8 137.6 ± 19.4 0.69 ± 0.27
TT (n = 71) 16.9 ± 2.3 70.9 ± 21.0 62.1 ± 13.7 143.6 ± 17.6 0.69 ± 0.21
p-value ns ns ns 0.013 a ns

rs2304795 AA (n = 228) 16.8 ± 2.4 69.6 ± 23.4 59.6 ± 14.0 136.8 ± 19.2 0.68 ± 0.28
AG (n = 317) 17.0 ± 2.4 71.0 ± 27.4 60.9 ± 12.4 139.7 ± 18.9 0.67 ± 0.25
GG (n = 88) 17.3 ± 2.3 75.7 ± 21.7 59.5 ± 13.1 137.8 ± 18.2 0.71 ± 0.32
p-value ns 0.008 b ns ns ns

PLIN2 rs35568725 AA (n = 549) 17.0 ± 2.4 71.0 ± 25.2 60.9 ± 13.2 139.3 ± 18.9 0.69 ± 0.28
AG + GG (n = 80) 16.9 ± 2.7 72.1 ± 26.5 56.1 ± 12.0 133.2 ± 18.6 0.57± 0.19
p-value ns 0.767 0.005 c 0.009 c 0.002 c

Girls

PLIN1 rs894160 CC (n = 312) 16.8 ± 2.6 73.2 ± 29.6 58.7 ± 13.1 135.8 ± 19.1 0.73 ± 0.29
CT (n = 250) 17.1 ± 2.5 75.0 ± 24.1 59.3 ± 13.8 135.8 ± 18.5 0.69 ± 0.31
TT (n = 57) 17.3 ± 2.3 73.8 ± 19.8 58.5 ± 10.8 136.4 ± 20.1 0.79 ± 0.30
p-value ns ns ns ns ns

rs1052700 AA (n = 281) 16.8 ± 2.5 75.9 ± 31.6 59.5 ± 14.0 137.9 ± 19.3 0.74 ± 0.31
AT (n = 257) 17.1 ± 2.6 72.5 ± 21.3 58.6 ± 12.6 135.3 ± 18.3 0.70 ± 0.30
TT (n = 75) 17.4 ± 2.1 73.1 ± 24.0 57.2 ± 12.5 130.2 ± 19.0 0.69 ± 0.26
p-value ns ns ns 0.006 a ns

rs2304795 AA (n = 221) 17.0 ± 2.6 74.8 ± 25.4 58.9 ± 13.8 137.7 ± 17.3 0.73 ± 0.27
AG (n = 310) 16.9 ± 2.5 74.1 ± 28.7 58.9 ± 13.0 135.0 ± 20.0 0.72 ± 0.30
GG (n = 87) 17.0 ± 2.4 71.6 ± 22.3 58.9 ± 12.5 134.1 ± 18.9 0.69 ± 0.34
p-value 0.881 0.551 0.813 0.304 0.175

PLIN2 rs35568725 AA (n = 550) 17.0 ± 2.5 74.4 ± 27.1 58.9 ± 13.0 135.8 ± 18.9 0.72 ± 0.30
AG + GG (n = 68) 16.6 ± 2.7 70.2 ± 21.9 58.7 ± 14.5 136.4 ± 19.3 0.72 ± 0.30
p-value ns ns ns ns ns

p-value: Mann–Whitney U test; a AA + AT vs. TT; b AA + AG vs. GG; c AA vs. AG + GG. Abbreviations are as
follows: ns, not significant; BMI, body mass index; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol;
Apo A-I, apolipoprotein A-I; NEFA, non-esterified fatty acids.

Figure 1. Cont.
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Figure 1. (a) BMI values of PLIN1 rs894160 and PLIN2 rs35568725 genotypes in boys and girls
according to levels of leptin; (b) NEFA levels of PLIN1 rs2304795 and PLIN2 rs35568725 genotypes in
boys and girls by leptin levels; (c) Apo A-I levels of PLIN1 rs1052700 genotypes in boys and girls by
levels of leptin. (d) HDL-cholesterol levels of PLIN1 rs1052700 genotypes in boys and girls by levels
of leptin. Values are expressed as median and interquartile range. p-value: Mann–Whitney U test:
* p-value < 0.05; ** p-value < 0.01.

4. Discussion

Aiming to further clarify the reasons behind reported differences in the association of
perilipin polymorphisms with obesity and obesity-related parameters, we analyzed the
most commonly studied SNPs in PLIN1 (11482G > A (rs894160), 14995A > T (rs1052700),
and 13041A > G (rs2304795)) and the SNP in PLIN2 Ser251Pro (rs35568725), causing a
missense mutation in exon 6, in a cohort of prepubertal children showing significant
differences in plasma leptin concentration between boys and girls [30]. In this population,
potential confounding factors are fewer than in the pubertal and adult population. In our
analysis, sex-dependent differences were observed in the association of the SNP rs1052700
of PLIN1 with Apo A-I concentrations. Furthermore, an association of the SNP rs35568725
of PLIN2 was found with NEFA, HDL-cholesterol, and Apo A-I concentrations in boys,
which was not observed in girls. No significant associations of the polymorphisms in PLIN1
and PLIN2 were observed with body weight, BMI, LDL-cholesterol, or Apo B.

The association of PLIN SNPs with anthropometric traits and obesity has been de-
scribed in studies in adults, including populations of different ethnic groups [10,11,31–33].
Although studies analyzing the association of PLIN SNPs with plasma lipid concentrations
are scarce, some studies have also reported an association of these SNPs with triglycerides
and HDL-cholesterol levels [10,15]. However, other studies have failed to detect association
between these SNPs and obesity or obesity-related parameters [34–39]. Interaction of PLIN
SNPs with nutritional factors may represent a plausible explanation for discrepancies
among studies [16]. Another important issue is the sex-dependent association between
SNPs at the PLIN locus and the obesity risk reported in adult populations [31,40] which
may contribute to explaining divergent findings.
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Few studies have analyzed the relationship of PLIN SNPs with obesity or obesity-
related alterations in children [19,20]. The design of these studies differs from ours, as
Deram et al. [19] analyzed the effect of PLIN gene variation on weight loss in children with
obesity aged 7–14 year, while the study of Tokgöz analyzed their association with obesity in
a case-control study including 206 children with obesity and 102 healthy controls [20], which
complicates efforts to compare our findings, as we analyzed a general child population and
the analysis is not performed in overweight/obese children.

Here, we described a different sex-based association, particularly concerning the SNP
rs1052700 of PLIN1 and the SNP rs35568725 of PLIN2 in a cohort of children in which a
different nutritional status by sex, as reflected by plasma leptin levels, had been previously
described [30].

Differences in diet have been associated with variations in the effect of the PLIN
polymorphisms on obesity and obesity-related parameters [21–24]. Diet-induced changes
in body fat and energy metabolism may be responsible for a different nutritional metabolism
status, and these changes affect leptin levels. We hypothesized that the differences found
in the effect of the polymorphism between boys and girls would be associated with the
fact that the boys and girls in our population had significantly different leptin levels, and
that plasma leptin levels could modulate the association of the polymorphisms with NEFA
concentrations, which conditions its association with BMI and lipid metabolism. The
PLIN1 rs894160 and PLIN1 rs1052700 have been associated with changes in abdominal
fat and blood NEFA levels that occur in weight loss [41], which may also suggest an
influence on these associations exerted by changes in leptin levels associated with changes
in body weight.

In our study, when analyzing the effect of the SNPs studied in children grouped
according to plasma leptin levels, we observed that the relationship of the polymorphisms
with BMI, Apo A-I, and NEFA varied depending on leptin concentrations. The effect
of leptin on adipocyte metabolism has been demonstrated, and both direct and indirect
effects of leptin on adipocyte metabolism have been suggested [27]. As adipocytes express
leptin receptors, leptin may influence adipocyte metabolism directly and, as adipocytes are
insulin-responsive, leptin can also modify adipocyte metabolism indirectly [27].

As described previously, perilipin is a protein that coats lipid droplets (LDs) in
adipocytes [42] and plays an important role in lipolysis as, upon activation by protein
kinase A, phosphorylated perilipin translocates from the lipid droplet and allows HSL to
hydrolyze the TG and release NEFA. An important triggering role of leptin has been sug-
gested for this intracellular lipolytic pathway. Indeed, PLIN1, the most abundant protein
associated with LDs [43], is highly expressed in white adipocytes [44], and lower PLIN1
expression is related to higher rates of lipolysis [43]. Additionally, PLIN genetic variants
may affect the protein content and lipolytic rates of adipocytes. Mottagui-Tabar et al. linked
the rs894160 polymorphism of PLIN1 to perilipin content in the adipocyte and basal and
noradrenaline-induced lipolysis, with the 11482A allele being associated with a decreased
perilipin content and with an increase in lipolysis [4]. The rs35568725 polymorphism of
PLIN2 has also been associated with an alteration of the gene that affects lipolysis and
which is related to lower concentrations of TG [17]. Thus, based on the hypothesis that
leptin triggers the lipolytic pathway that leads to phosphorylated perilipin and stimulates
lipolysis, we assume a different effect of the genetic variants of PLIN, which determine the
perilipin content in the adipocyte and PLIN functionality, and on BMI and lipid metabolism
depending on leptin levels.

We should mention the lack of information regarding body composition as the main
limitation of our study, as information on body fat might help us to understand differences
on plasma leptin levels between boys and girls. An inherent limitation of all cross-sectional
studies is the inability to demonstrate causality. Therefore, further studies are needed to
confirm the causal nature of these associations.
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5. Conclusions

Based on our results, we may conclude that the association of the PLIN1 and PLIN2
polymorphisms with BMI, NEFA, and Apo A-I concentrations seems to be modulated by
plasma leptin levels in prepubertal children. Our data may contribute to elucidate the
discrepancies observed in previous studies analyzing these associations in adult popula-
tions. Our data allow us to speculate that different plasma leptin concentration by sex
through life, affecting the relationship of the PLIN SNPs with cardiovascular risk factors,
such as BMI and lipid profile, may contribute to explaining the different predisposition
to cardiovascular disease depending on sex across life. Further studies analyzing these
aspects in other groups of age should be performed.
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mdpi.com/article/10.3390/nu14153072/s1, Figure S1: (a) HDL-cholesterol levels of PLIN1rs894160 geno-
types in boys and girls according to levels of leptin; (b) HDL-cholesterol levels of PLIN2rs35568725
genotypes in boys and girls by leptin levels. Values are expressed as median and interquartile range.
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