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Objective: Gamma-glutamyl dipeptides are bioactive peptides involved in
inflammation, oxidative stress, and glucose regulation. Gamma-glutamyl-
leucine (Gamma-Glu-Leu) has been extensively reported to be associated
with the risk of cardio-metabolic diseases, such as obesity, metabolic
syndrome, and type 2 diabetes. However, the causality remains to be
uncovered. The aim of this study was to explore the causal-effect relationships
between Gamma-Glu-Leu and metabolic risk.

Materials and methods: In this study, 1,289 subjects were included from a
cross-sectional survey on metabolic syndrome (MetS) in eastern China. Serum
Gamma-Glu-Leu levels were measured by untargeted metabolomics. Using
linear regressions, a two-stage genome-wide association study (GWAS) for
Gamma-Glu-Leu was conducted to seek its instrumental single nucleotide
polymorphisms (SNPs). One-sample Mendelian randomization (MR) analyses
were performed to evaluate the causality between Gamma-Glu-Leu and
the metabolic risk.

Results: Four SNPs are associated with serum Gamma-Glu-Leu levels,
including rs12476238, rs56146133, rs2479714, and rs12229654. Out of them,
rs12476238 exhibits the strongest association (Beta = —0.38, S.E. = 0.07 in
discovery stage, Beta = —0.29, S.EE. = 0.14 in validation stage, combined
P-value = 1.04 x 1078). Each of the four SNPs has a nominal association
with at least one metabolic risk factor. Both rs12229654 and rs56146133
are associated with body mass index, waist circumference (WC), the ratio of
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WC to hip circumference, blood pressure, and triglyceride
(5 x 107> < P < 0.05). rs56146133 also has nominal associations with
fasting insulin, glucose, and insulin resistance index (5 x 10~ < P < 0.05).
Using the four SNPs serving as the instrumental SNPs of Gamma-Glu-Leu,
the MR analyses revealed that higher Gamma-Glu-Leu levels are causally
associated with elevated risks of multiple cardio-metabolic factors except for
high-density lipoprotein cholesterol and low-density lipoprotein cholesterol
(P> 0.05).

Conclusion: Four SNPs (rs12476238, rs56146133, rs2479714, and rs12229654)
may regulate the levels of serum Gamma-Glu-Leu. Higher Gamma-Glu-Leu
levels are causally linked to cardio-metabolic risks. Future prospective studies
on Gamma-Glu-Leu are required to explain its role in metabolic disorders.

Gamma-glutamyl-leucine, metabolic risk factors, GWAS, metabolic syndrome,

Mendelian randomization

Introduction

Cardiovascular disease (CVD) is the leading cause of
mortality worldwide, responsible for 32% of global deaths
(1). The increasing burden of cardio-metabolic risk is closely
associated with CVD (2). Metabolic syndrome (MetS) is a
composite of a series of cardio-metabolic risk factors, including
central obesity, hypertension, dyslipidemia, and hyperglycemia
(3). Exploring the pathophysiology of MetS and its related
metabolic disorders could provide novel insights to prevent the
progression of CVD.

Gamma-glutamyl dipeptides are a family of bioactive
peptides containing gamma-glutamyl residues and amino
acids that can be derived from dietary consumption (including
cheese, soy sauce, edible beans, and so on) or produced from
Gamma-glutamyl-cysteine synthetase (y-GCS) and Gamma-
glutamyl transferase (y-GGT) metabolism in humans and
microorganisms (4-6). Emerging evidence has demonstrated
that Gamma-glutamyl dipeptides are involved in diverse
bioactivities, including inflammatory activities, oxidative
stress, and glucose metabolism via activating calcium-sensing
receptors (CasR) in different organs (7-10). As a G-protein-
coupled receptor, CaSR can modulate a large variety of cellular
processes that are associated with cardiovascular health, such
as modulation of insulin secretion, release of nitric oxide,
upregulation of apoptosis and cell proliferation, and activation
of the NLRP3 inflammasome (11). In epidemiological studies,
disturbed Gamma-glutamyl dipeptide levels have also been
implicated in multiple diseases, including obesity, MetS, type 2
diabetes, non-alcoholic fatty liver diseases, and CVDs (12-16).
Our previous targeted metabolomics study also revealed that
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one of the Gamma-glutamyl dipeptides, Gamma-glutamyl-
leucine (Gamma-Glu-Leu) levels, were significantly higher in
patients with MetS (17). Inconsistently, Zheng et al. reported
multiple Gamma-glutamyl dipeptides including Gamma-Glu-
Leu to be associated with lower alcohol consumption (18).
By using different Gamma-glutamyl dipeptides to establish a
metabolite score, they found this score negatively associated
with inflammation biomarkers and the incidence of CVDs (18).
Given that most prior studies were based on cross-sectional
designs, it still could not be decided whether the associations
between Gamma-glutamyl dipeptides and the CVD-related
metabolic factors were contributed by confounding factors,
reverse causality, or real causal effectors. Much effort is required
to determine the causal relationships between Gamma-glutamyl
dipeptides and the metabolic risk.

Using genetic variants as instrumental variables (IVs), the
Mendelian randomization (MR) approach has been widely
applied to infer the causal-effect relationships (19, 20).
Since genotype is assorted randomly at conception and the
randomization process is emulated within observational studies,
it is less likely to be affected by potential confounding factors
or reverse causations (21, 22). As an intermediate phenotype
between genetics and clinical disease endpoints, the metabolite
phenotype has been found to have a high heritability (23).
Genome-wide association studies for metabolites (MGWAS)
have identified a hundred gene loci regulating metabolite levels
(met-QTL) (24-26). On the one hand, these identified gene loci
improved our understanding of the role of metabolites in disease
etiologies; on the other hand, by using these identified genetic
variants to proxy levels of metabolites, several previous studies
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have found that plasma metabolite levels, such as branched-
chain amino acids and 2-hydroxybutyric acid, were causally
associated with obesity and type 2 diabetes (21, 27).

Therefore, we hypothesize that the levels of Gamma-Glu-
Leu are associated with single-nucleotide polymorphisms
(SNPs) across the whole genome and that genetically
determined Gamma-Glu-Leu has a causal effect on the
cardio-metabolic risks. In this study, we aimed to identify the
genetic variants associated with circulating levels of Gamma-
Glu-Leu and to determine the causal relationships between
the genetically proxied levels of Gamma-Glu-Leu and the
cardio-metabolic factors using a MR approach.

Materials and methods

Study population

Subjects were recruited from our previous cross-sectional
survey on MetS in Hangzhou, Zhejiang of China, which was a
questionnaire-based epidemiological investigation conducted in
2010 and consisted of 862 patients with MetS and 880 healthy
controls. The detailed information for the study population
has been previously described (28, 29). Fasting blood samples
for each subject were collected and then frozen at —80°C
immediately. All subjects undertook a whole-genome SNP
genotyping and were further divided into discovery (n = 1,157)
and validation (n = 240) subsets to undertake an untargeted
metabolomics analysis. After quality control of genotyping
and metabolomics data, 1,062 subjects and 227 subjects
with good-quality data on Gamma-Glu-Leu measurement
and SNP genotyping were included as the discovery and
replication samples, respectively. The study overview is shown
in Figure 1A.

Epidemiological investigation and
clinical measurements

Using a standardized protocol, a questionnaire-based

interview was conducted for each subject by trained

investigators. Covariates of demographic characteristics,
including age, sex, history of CVDs, type 2 diabetes,
hypertension, cancer, liver diseases, kidney diseases, and
drug use, were investigated.

Values of body weight, height, waist circumference (WC),
hip circumference (HC), systolic blood pressure (SBP), and
diastolic blood pressure (DBP) were measured by well-trained
assistants using a standardized protocol. Body mass index (BMI)
was calculated as the body weight in kilograms divided by the
square of the height in meters. WC was determined at the
midpoint between the lowest coastal ridge and the upper border

of the iliac crest. Blood pressure was measured in a sitting
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position using a mercury sphygmomanometer. The values of
SBP and DBP were reported as the means of three repeat
measurements at 30 s intervals.

Serum uric acid (UA), total triglyceride (TG), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-
C), low-density lipoprotein cholesterol (LDL-C), and fasting
insulin were measured using biochemical auto-analyzers.
Fasting plasma glucose (FPG) was analyzed by the glucose
oxidase method with a Beckman glucose analyzer. The
homeostatic model assessment for insulin resistance (HOMA-
IR) was calculated as fasting insulin (WU/L) x fasting
glucose (nmol/L)/22.5.

Gamma-glutamyl-leucine
measurement

Serum Gamma-Glu-Leu measurement data was retrieved
from our previous untargeted metabolomics study, which
was conducted using the Agilent 1290 Infinity coupled with
6545 Q/TOF-MS system (Agilent Technologies, Santa Clara,
CA, USA) under the positive and negative ion modes. The
chromatographic separation was performed with the Waters
BEH C8 analytical column (100 mm x 2.1 mm, 1.7 pm).
The mobile phase consisted of acetylene solution (B) and
water (A) (both contain 0.1% fore lime acid) in the positive
ion mode or methanol solution (B) and water (A) (both
contain 10 mmol/L ammonium acetate) in the negative ion
mode. Detailed experimental conditions, data acquirement, data
preprocessing, and data quality control have been previously
described (17, 20). In total, 1,793 ion features were detected in
the 240 subjects and 2,238 ion features were detected in the 1,157
subjects. Metabolites were identified according to the public
metabolomics databases (The Human Metabolome Database
and METLIN) and confirmed using available in-house reference
compounds (17).

Genotyping, imputation, and quality
control

Single nucleotide polymorphism genotyping was performed
using Illumina Human-OmniExpress 760 k chips (Illumina,
San Diego, CA, USA) (28). The staff who performed the DNA
analysis were not aware of the clinical status of the subjects. The
initial genetic quality control was conducted by removing sex
discrepancies, ethnic outliers, probable relatives, and those with
a call rate < 0.95 and excessive genome-wide heterozygosity.
SNPs with minor allele frequency < 0.05, Hardy-Weinberg
equilibrium P < 1 x 10~ %, call rate < 0.95, and not in autosomal
chromosomes were excluded. The University of Michigan
imputation server was used to complete the imputation (30).
Before imputation, all alleles were aligned to the forward strand
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Discovery of genetic variants that associated
with serum Gamma-Glu-leu levels (N=1062)

L

Replication of genetic variants that associated
with serum Gamma-Glu-leu levels (N=227)

l

One-sample Mendelian Randomization analyses of Gamma-
Glu-leu levels on cardio-metabolic risk factors (N=1062)
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(A) The study overview. The cardio-metabolic risk factors include body mass index, waist circumference, waist circumference to hip
circumference ratio, total triglyceride, total cholesterol, low-density lipoprotein cholesterol, low-density lipoprotein cholesterol, systolic blood
pressure, diastolic blood pressure, fasting plasma glucose, insulin resistance index, and insulin and uric acid. (B) The quantile-quantile plot for
genomic associations of Gamma-glutamyl-leucine (Gamma-Glu-Leu) (N = 1,062). (C) The Manhattan plot for genomic associations of

Gamma-Glu-Leu (N = 1,062).

of build 37 and converted to VCF files. The genotype phasing
was conducted using EAGLE with the 1000 Genomes Project
Phase 3 Version 5 of EAS as the reference panel. Following
imputation, SNPs with poor imputation quality (r* < 0.3) were
filtered. Consequently, 40,001,312 SNPs remained.

Statistical analysis

The normality of variables was visually checked using a Q-Q
plot. Continuous variables were reported as mean (standard
deviation) or median (interquartile range) and were compared
using the Student’s ¢-test or Mann-Whitney U test. Categorical
variables were reported as numbers (percentages) and were
compared using the Chi-square test.

Genome-wide association study analyses were conducted
using linear regressions under an additive genetic model
implemented in PLINK2. Before analyses, for Gamma-
Glu-Leu quantification data, inversed-normalized residuals
adjusted for age, sex, and the first two genetic principal
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components were calculated using the R package “GenABEL.”
The significance threshold for GWAS was set at P < 5 x 1078,
The suggestive threshold for GWAS was set at P < 5 x 107,
A clump procedure implemented in PLINK was run for all
suggestive. GWAS signals (1 Mb, R?> < 0.5). The clumped
SNPs were then selected for the replication stage. SNPs with
P < 0.05 and consistent effect directions were considered
successfully replicated. A meta-analysis was performed using
the inverse-variance model using the METAL software.
The Q-Q and Manhattan plots were drawn using the
R package “qqmen.” The regional plots for associations
between SNPs and Gamma-Glu-Leu were drawn using
Locuszoom based on the Asian population of the 1000
Genome Project. SNPs were annotated with available website
databases, including PhenoScanner, the GWAS catalog, GTEx,
SNiPA, and HaploReg. The detailed information is shown in
Supplementary Table 1.

One-sample MR analyses were used to evaluate the
causal relationships between Gamma-Glu-Leu and the cardio-
metabolic risk factors, including the main components of the
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metabolic syndrome: obesity-related traits (BMI, WC, and
W/H), lipid traits (TG, TC, LDL-C, and HDL-C), blood
pressure (SBP and DBP), and glycemic traits (FPG, HOMA-
IR, and insulin). Given that hyperuricemia has been previously
suggested to be involved in the MetS, and may be an
independent predictor of MetS (31), the UA was also included
as a cardio-metabolic risk factor in this study. SNPs that were
independently and consistently associated with Gamma-Glu-
Leu were used to construct an additive weighted gene risk score
(WGRS) as the IV of Gamma-Glu-Leu. The formula is as follows:
B means the effect size of the association between the SNP and
Gamma-Glu-Leu; N means the number of risk alleles; i means
the number of instrumental SNPs.

le Pi x N
. T o
ix > pi
To verify the consumption of MR, the F statistics were

calculated to evaluate the strength of the IV. The detailed
MR analysis process has been provided in Supplementary

wGRS =

Figure 1. First, a linear regression was performed to assess the
association between wGRS and Gamma-Glu-Leu (BZX); then,
the associations of the wGRS with the metabolic risk factors
were examined (BZY); and finally, observational estimates of
the relationships between Gamma-Glu-Leu and the metabolic
risk factors were calculated (BXY). The causal estimates were
assessed using the Wald-type estimator. All regression models
were adjusted for age and sex. In addition, to evaluate
horizontal pleiotropy effects on the results, we calculated the
relationships between genetically predicted Gamma-Glu-Leu
levels and potential confounding factors (age and gender).
By querying the Phenoscanner V3 and GWAS catalog, we
also assessed if the identified Gamma-Glu-Leu-associated SNPs
were associated with any secondary phenotypes. The statistical
significance was set at P < 0.05. A two-tailed test was used for
all statistical analyses in this study. All statistical analyses were
performed using the R version 4.0.3 software.

Results

Subject characteristics

A total of 1,062 subjects and 227 subjects were included
in the discovery stage and replication stage, respectively. The
average age in the discovery stage and validation stage were
57.4 4 0.3 and 62.4 = 0.8 years, respectively. The proportions of
male and female were 49.9% and 61.2%, respectively. Compared
with subjects in the discovery stage, subjects in the validation
stage were more likely to be male and older and had a lower
BMI and higher WC, and W/H ratio (P < 0.05). There was no
significant difference in SBP, DBP, TG, TC, UA, HDL-C, LDL-C,
insulin, fasting glucose, and HOMA-IR (Table 1).
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Two-stage genome-wide association
study analyses for
Gamma-glutamyl-leucine

In the discovery stage, GWAS analyses showed that
the genomic inflation factor for Gamma-Glu-Leu was 1.004,
indicating no evidence of population stratification. The Q-Q and
Manbhattan plots were shown in Figures 1B,C. No significant
GWAS signal was found to be associated with Gamma-Glu-Leu
(P <5 x 1078, N =1,062). A total of 36 suggestive SNPs were
identified to be associated with Gamma-Glu-Leu (P < 5 x 1072,
Supplementary Table 2). The association between rs12476238
on chromosome 12 and Gamma-Glu-Leu had the lowest P-value
(P =899 x 1078). In the replication stage, four SNPs were
successfully replicated to be associated with Gamma-Glu-Leu
(Table 2), including rs12476238, rs56146133, rs2479714, and
rs12229654. Figure 2 shows that the T allele of rs12229654, the
T allele of rs12476238, the G allele of rs2479714, and the G
allele of rs56146133 were associated with higher serum Gamma-
Glu-Leu levels. The regional plots for the four Gamma-Glu-
Leu-associated SNPs are shown in Figure 3, and rs56146133,
rs12476238, rs12229654, and rs2479714 can be mapped to the
genes of P2RY1, SULTIC2P, MYL2, and FAM155A, respectively.

After searching the available SNP annotation databases,
rs12229654 was reported to be associated with Gamma-
glutamyl transpeptidase (GGT), alcohol consumption behavior
(drinker/non-drinker status), quantity of drinks, HDL-C levels,
BMI, glycemic traits, and 1 h glucose tolerance levels, specifically
in East Asian populations (P < 5 x 1078). Out of them,
rs12229654 showed the most significant association with
Gamma glutamyl-transpeptidase levels (the effect size for the
risk allele G: Beta = 0.019, S.E. = 0.0007, P = 9.00 x 107°%).
rs12476238 was reported to be associated with the gene
expression of GGC2 and DNA methylation of ¢g02082929 in
the whole blood (P < 5 x 107%). In HaploReg, this SNP
showed associations with histone modification and DNase from
multiple tissues, as well as a motif (BDP1) change. rs56146133
was found to be associated with the gene expression of MBNL1
and the DNA methylation of cg16754766 and c¢g14921522 in the
whole blood (P < 5 x 1073). 152479714 was reported to have
associations with two CpG markers cg13810695 and cg05124117
in the whole blood (P < 5 x 10~8) (Supplementary Tables 3, 4).

Table 3 presents the associations of the four SNPs with
cardio-metabolic risk factors in this study. All four SNPs
had marginal associations with at least one metabolic trait
(5x 1075 < P < 0.05). Notably, rs56146133 was associated with
all the listed metabolic traits except for HDL-C, LDL-C, TC,
and UA, and rs12229654 was associated with BMI, WC, W/H
ratio, SBP, DBP, TG, and UA (5 x 107> < P < 0.05). rs12476238
was associated with BMI and DBP (5 x 10~° < P < 0.05). The
effect directions for all associations between the four SNPs and
metabolic risk factors were consistent with their associations
with Gamma-Glu-Leu levels.
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TABLE 1 Characteristics of subjects in genome-wide association study (GWAS) analyses.

Discovery stage (N = 1,062) Replication stage (N = 227) P
Men, N (%) 530 (49.9) 139 (61.2) < 0.01
Age (year)Jr 57.4(0.3) 62.4(0.8) < 0.01
BMI (kg/m2)t 24.46 (0.11) 23.86 (0.21) 0.01
wC (Cm)Jr 82.64 (0.32) 85.9 (0.71) < 0.01
W/H ratio® 0.87 (0.002) 0.9 (0.004) < 0.01
SBP (mmHg)" 140.6 (0.71) 141.48 (1.68) 0.63
DBP (mmHg)* 83.56 (0.40) 82.8 (0.90) 0.44
TG (mmol/L)* 1.66 (1.31) 1.61 (1.15) 0.34
LDL-C (mmol/L)Jr 2.16 (0.02) 2.14 (0.05) 0.71
TC (mmol/L)'r 4.74 (0.03) 4.69 (0.07) 0.46
Uric acid (umol/L)* 5.75(0.01) 5.76 (0.02) 0.47
HDL-C (mmol/L)Jr 1.5 (0.01) 1.51 (0.02) 0.80
Insulin (mU/L)* 3.9(3.4) 3.6(3.2) 0.12
Glucose (mmol/L)* 5.14 (1.12) 5.16 (1.1) 0.25
HOMA-IR* 0.92 (0.96) 0.86 (0.98) 0.33

*Data was presented as median (interquartile range).
TData was presented as mean (standard deviation).

BMI, body mass index; WC, waist circumference; W/H ratio, waist circumference to hip circumference ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides;
HDL-C, high density lipoprotein cholesterol; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance.

TABLE 2 Four single nucleotide polymorphism (SNPs) that associated with Gamma-Glu-Leu in the two-stage genome-wide association study

(GWAS) analyses.

SNP CHR POS REF ALT Al Genehit MAF Discovery stage Validation stage P-meta
BETA SE P BETA SE p

1512476238 2 108940336 T C T  SULTIC2P1  0.11 —-038 007 899E-08  —029 014  377E-02  1.04E-08

1556146133 3 152513774 A G G P2RY1 0.22 021 005  4.01E-05 029 011  1.09E-02  1.62E-06

152479714 13 107715021 G A G FAMIS5A 0.75 —022 005 361E-05  —025 011  295B-02  3.12E-06

1512229654 12 111414461 T G G LINCO1405 025 —-021 005 485E-05  —028 010  7.33E-03  1.49E-06

SNP, single nucleotide polymorphism; CHR, chromosome; POS, position (hg19); REF, reference allele;

error.

Causal associations of
Gamma-glutamyl-leucine with
cardio-metabolic risk factors

Genetically predicted serum Gamma-Glu-Leu levels were
not significantly associated with age and gender (P > 0.05,
Supplementary Table 5). In Phenoscanner and the GWAS
catalog, we also did not find that the identified four SNPs had
associations with possible confounding factors (Supplementary
Table 3). Therefore, all of them were used to construct a
GRS of Gamma-Glu-Leu, which was then used as its IV
(Beta = 0.25, S.E. = 0.03, P = 1.26 x 10~!%). The F statistic
for this IV was 46.39, suggesting that it was sufficient for the

MR analyses. After adjustment for age and sex, observational
associations showed that higher levels of Gamma-Glu-Leu were
significantly associated with all listed metabolic risk factors
except for HDL-C (P < 0.05). For the causal estimates,
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ALT, alternative allele; MAFE, minor allele frequency; A1, minor allele; SE, standard

similarly, higher genetically determined levels of Gamma-
Glu-Leu were positively associated with all listed metabolic
risk factors except for HDL-C and LDL-C (Figure 4 and
Supplementary Table 6, P < 0.05). Among these outcomes,
higher Gamma-Glu-Leu displayed the most significant causal
relationship with high HOMA-IR [Beta: 0.62 (95% CI: 0.32-
0.91),P=3.6 x 107°].

Discussion

In this study, we first reported that four SNPs were
associated with serum Gamma-Glu-Leu levels in the East Asian
population, including rs12476238, rs56146133, rs2479714, and
rs12229654. Furthermore, each of these SNPs was nominally
associated with at least one cardio-metabolic risk factor. MR
analyses revealed that higher serum levels of Gamma-Glu-
Leu were causally linked to the risk of cardio-metabolic
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FIGURE 2

Serum levels of Gamma-glutamyl-leucine (Gamma-Glu-Leu) in subjects with different genotypes (N = 1,062). Symbol *denotes that serum

levels of Gamma-Glu-Leu were significantly different between groups. ***P-value < 0.001;**P-value < 0.01; *P-value < 0.05.

factors. Overall, our study provides the causal evidence between
Further
mechanistic research is needed to explore how this metabolite

Gamma-Glu-Leu levels and the metabolic risks.

affects metabolic abnormality.

rs12229654 is located in 12q24.11 and is within a IncRNA
gene (LINCO01405). Its upstream gene is called MYL2, encoding
a regulatory light chain associated with the cardiac myosin f
(or slow) heavy chain. Its downstream gene is called CUX2,
encoding a protein that contains three CUT domains and
a homeodomain. Both domains are DNA-binding motifs.
Previous GWAS studies have reported that rs12229654 was
associated with GGT, BMI, HDL-C, glycemic traits, alcohol
consumption behavior and quantity of drinks, and the risk of
hypertension and T2D in the East Asian population (32-36).
Consistently, our study found that rs12229654 was associated
with Gamma-Glu-Leu (a metabolic product of GGT), BMI, WC,
W/H ratio, TG, TC, and blood pressure. GGT is a liver enzyme
involved in GSH metabolism, and the liver is the main alcohol-
detoxification organ. The associations among rs12229654, GGT,
as well as its related metabolite (Gamma-Glu-Leu), alcohol
consumption behavior and amount of drinks suggested that the
observed associations of rs12229654 with serum Gamma-Glu-
Leu and cardio-metabolic risk factors may be partly explained
by drinking behavior and its followed abnormal liver function
(12, 37). Of note, allele G of rs12229654 only showed up in
the East Asian population (MAF = 0.15 in the 1000 Genome
Project) but not in other ethnic groups. Since most annotation
databases on SNP regulatory elements were based on the
European population, little annotated information on this SNP

Frontiers in Nutrition

07

was reported. Future functional studies are required to uncover
the mechanism of rs12229654 in metabolic disorders.
rs12476238 is located in 2ql2.3, its mapped gene is
a pseudogene called sulfotransferase Family 1C Member 2
(SULT1C2). The Meta-Analyses of Glucose and Insulin-related
traits Consortium (MAGIC) previously reported nominal
associations between rs12476238 and insulin and HOMA-IR
(38). Similarly, a nominal relationship between rs12476238 and
HOMA-IR was also reported in this study, indicating that
rs12476238 may have an impact on glucose balance. According
to the annotation database, rs12476238 is a trans-eQTL that
can regulate the gene expression of its downstream gene GCC2
(39). GCC2 encodes a membrane protein localized to the trans-
Golgi network and is related to the vesicular transport between
the endosomes and the Golgi. rs12476238 was also associated
with CpG marker ¢g02082929, which is close to the exon
of GCC2 (40). In HaploReg, rs12476238 showed regulatory
effects on histone modification and DNase in multiple tissues,
suggesting that GCC2 may be the target gene of rs12476238.
Notably, the frequency of allele T of this SNP was 0.87 in
the Asian population of the 1000 genome projects, which was
significantly higher than in other populations (EUR: 0.15; AFR:
0.08). Extensive studies are required to verify whether GCC2
links the association between rs12476238 and Gamma-Glu-Leu.
rs56146133 is located in 3q25.2 and can be mapped to the
gene for purinergic receptor P2Y1. The product of this gene
belongs to the family of G-protein-coupled receptors. Gene
Ontology annotations on this gene include G-protein-coupled
receptor activity and signaling receptor activity. rs56146133 was
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associated with the gene expression of MBNLI, which is located
~330 kb downstream of this SNP. MBNL1 encodes a member
of the muscle-blind protein family. This protein is a C3H-type
zinc finger protein and modulates alternative splicing of pre-
mRNAs. Gloria et al. have reported that MBNLI activates insulin
receptor exon 11 inclusion by enhancing U2AF65 binding
and splicing of the upstream intron (41). Alternative splicing
regulates developmentally and tissue-specific gene expression
programs, disruption of which has been implicated in numerous
diseases. In this study, we observed that rs56146133 was
associated with Gamma-Glu-Leu and multiple metabolic risk
factors, indicating that this gene locus may have a regulatory role
on metabolic risk.

rs2479714 is located at 13q33.3 and can be aligned to its
nearby gene, FAM155A. This gene has been predicted to be
involved in calcium ion import across the plasma membrane.
No studies have reported the association of rs2479714 with
any traits or diseases, but one gene variant, rs1509091, within
13933.3 has been identified as having a suggestive relationship
with serum pyroglutamine measurement (P = 3 x 107°) (42).
Pyroglutamine, also known as 5-oxoproline, is an intermediate
metabolite in GSH metabolism. The Gamma-glutamyl amino
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acid that is released into the cytosol can be further catabolized
into 5-oxoproline and amino acids by Gamma-glutamyl
cyclotransferase (GCT) (43, 44), which suggested that the gene
locus of 13q33.3 may be associated with the GSH cycle.

Using identified four SNPs as IV of Gamma-Glu-Leu, we
found higher serum Gamma-Glu-Leu levels causally linked
to multiple cardio-metabolic risks, which was consistent with
previous metabolomics research (17, 45). Gamma-Glu-Leu
is partly derived from GSH degradation by GGT, whose
elevation may be due to an increased turnover of GSH and
an increased GGT activity. It has been demonstrated that an
elevated GGT activity and a depletion of GSH are associated
with the risk of new onset of MetS and type 2 diabetes
(46-49). Additionally, Gamma-Glu-Leu exhibited a negative
association with levels of selenoprotein P (50), which is also an
important antioxidant substance synthesized in the liver and has
a critical role in maintaining the balance of glucose and lipid
metabolism (51). Little is known about the pathological function
of Gamma-Glu-Leu. Previous experimental studies reported
the beneficial effects of Gamma-Glu-Leu and Gamma-glutamyl
valine including anti-inflammation and hypoglycemic action;
however, most of them were conducted in vitro cell models
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TABLE 3 Associations of Gamma-glutamyl-leucine (Gamma-Glu-Leu)-associated single nucleotide polymorphism (SNPs) with the

cardio-metabolic risk factors (N = 1,062).

Traits rs12229654 rs56146133 rs12476238 rs2479714
Beta SE 14 Beta SE p Beta SE p Beta SE 14

BMI —0.58 0.18 0.001 0.37 0.19 0.049 0.55 0.25 0.030 —0.22 0.19 0.252
wcC —1.75 0.51 0.001 1.49 0.53 0.005 1.30 0.72 0.073 -1.17 0.53 0.027
W/H —0.01 0.03 0.003 0.01 0.003 0.007 0.01 0.004 0.14 —0.01 0.003 0.075
SBP —3.20 1.10 0.004 3.34 1.16 0.004 2.08 1.55 0.181 —2.23 1.15 0.054
DBP —1.62 0.64 0.012 221 0.67 0.001 1.96 0.89 0.028 —0.73 0.66 0.274
TC —0.10 0.05 0.03 0.02 0.47 0.65 0.02 0.06 0.75 —0.07 0.05 0.127
LDL-C —0.06 0.04 0.104 —0.01 0.04 0.82 —0.01 0.05 0.83 —0.05 0.04 0.144
TG —0.03 0.01 0.018 0.03 0.01 0.011 0.03 0.02 0.097 —0.005 0.01 0.720
UA —0.03 0.01 0.018 0.01 0.01 0.247 0.02 0.02 0.251 —0.02 0.01 0.136
HDL-C 0.01 0.02 0.776 —0.02 0.02 0.300 0.03 0.03 0.320 —0.004 0.02 0.845
Insulin —0.20 0.17 0.243 0.35 0.17 0.044 0.42 0.23 0.069 —0.28 0.17 0.100
FPG —0.10 0.07 0.162 0.16 0.07 0.024 0.12 0.09 0.223 —0.06 0.07 0.408
HOMA-IR —0.07 0.04 0.049 0.12 0.04 0.001 0.12 0.05 0.014 —0.06 0.04 0.090

Values of TG were log transformed. Values of UA, FPG, HOMA-IR, and insulin were natural logarithm transformed. The beta was adjusted for age, sex and the first two genetic components.

BMI, body mass index; WC, waist circumference; W/H ratio, waist circumference to hip circumference ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides;
HDL-C, high density lipoprotein cholesterol; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance;

SE, standard error. Values in bold denote P < 0.05.

(9, 52, 53). Future interventional studies in human and animal
models are required to longitudinally assess the metabolic
effects of Gamma-Glu-Leu, and further reveal the molecular
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FIGURE 4

One-sample MR analysis between Gamma-glutamyl-leucine
(Gamma-Glu-Leu) and cardio-metabolic risk factors. Colors in
green denote the observational relationships. Colors in blue
denote the causal relationships. The error bar signifies the beta
and 95% Cls. Beta was adjusted for age and sex; BMI, body mass
index; WC, waist circumference; W/H ratio, waist circumference
to hip circumference ratio; SBP, systolic blood pressure; DBP,
diastolic blood pressure; TG, triglycerides; HDL-C, high density
lipoprotein cholesterol; TC, total cholesterol; LDL-C,
low-density lipoprotein cholesterol; HOMA-IR, homeostasis
model assessment of insulin resistance; MR, Mendelian
Randomization; Cl, confidence interval.
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mechanisms of its involvement in the pathophysiology of
metabolic disturbances.

Our study has some strengths. First, using two-stage GWAS
analyses, we first reported the genetic associations of Gamma-
Glu-Leu and identified four SNPs to be associated with serum
levels of Gamma-Glu-Leu, which provides mechanistic insights
into the involvement of Gamma-Glu-Leu in the metabolic
disorders. In addition, using the MR approach, we revealed
that higher Gamma-Glu-Leu may causally contribute to elevated
cardio-metabolic risks.

Several other limitations should also be considered. First,
all subjects of this study were derived from East China,
thus the findings of this study cannot be generalized to
other populations. Second, a few significant SNPs associated
with Gamma-Glu-Leu were identified, which may be due to
our limited sample size, although this study was the largest
GWAS for this metabolite in East China populations. Thirdly,
information on lifestyle exposure was not collected in the
epidemiological investigation, such as drinking behavior, so its
effect on the genetic associations of Gamma-Glu-Leu cannot
be analyzed. Fourth, as a well-established cardio-metabolic risk
factor, levels of C-reactive protein were not measured in this
study, which prevented us from exploring the relationship
between Gamma-Glu-Leu and systemic inflammation. Fifth, the
instrumental SNPs used to construct the IV did not obtain
the GWAS significance threshold, which might cause a weak
instrumental bias. However, the F statistics of the IV were larger
than 10, indicating that the IV was enough for the MR analyses.
Additionally, the gene pleiotropy in the MR analyses cannot be
completely avoided.
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Conclusion

Four SNPs (rs12476238, rs56146133, rs2479714, and
rs12229654) may regulate the levels of serum Gamma-Glu-
Leu. Higher Gamma-Glu-Leu levels are causally linked to the
cardio-metabolic risk. Future interventional studies on Gamma-
Glu-Leu are required to explain its role in metabolic disorders.
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