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Abstract 

Purpose  Although a recent meta-analysis demonstrated a positive association between serum γ-glutamyltransferase 
(GGT) and metabolic syndrome (MetS), sex differences in the relationship between GGT levels and MetS risk were not 
fully considered. We prospectively examined the relationship between serum GGT levels and incidence risk of MetS.

Methods  Data were collected from the Korean Genome and Epidemiology Study (KoGES) enrolled in 2001–2002. 
Among 10,030 total participants, 5960 adults (3130 men and 2830 women) aged 40–69 without MetS were included 
and divided according to sex-specific quartiles of baseline serum GGT levels and followed up biennially until 2014. The 
hazard ratios (HRs) with 95% confidence intervals (CIs) for incident MetS were prospectively analyzed using multiple 
Cox proportional hazards regression analysis models.

Results  Among 5960 participants, 1215 males (38.8%) and 1263 females (44.6%) developed MetS during 12-year 
follow up. Higher quartiles of GGT showed significantly higher cumulative incidence of MetS in both sexes (log-rank 
test P < 0.001). The HRs (95% CIs) for incident type 2 diabetes for the highest quartile versus referent lowest quartile 
for serum GGT levels were 3.01 (2.35–3.76) for men and 1.83 (1.30–2.57) for women after adjusting for age, smoking 
status, daily alcohol intake (g/day), regular exercise, family history of diabetes, and log-transformed LDL-cholesterol, 
creatinine, and aminotransferase levels.

Conclusion  In conclusion, high levels of GGT were found to be associated with increased risk of Mets in both men 
and women and the positive associations were stronger in men than in women.

Keywords  Metabolic syndrome, γ-glutamyltransferase, Oxidative stress, Epidemiology

Introduction
Metabolic syndrome (MetS) is a cluster of cardiometa-
bolic risk factors including visceral obesity, high blood 
pressure, hyperglycemia, and atherogenic dyslipidemia. 
Individuals with MetS are more susceptible to type 2 
diabetes, cardiovascular disease (CVD), and several can-
cers, which are major leading causes of death [1, 2]. In 
addition, the prevalence of MetS has increased in recent 
decades, up to approximately 30% worldwide, and this 
increase is most prevalent in developed countries [3]. 
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Given the economic and health burden of MetS, early 
identification of individuals at higher risk for develop-
ing MetS is an important concern from a public health 
perspective [4]. Despite the fact that the pathophysiology 
of MetS is not clearly elucidated, accumulating evidence 
suggests that insulin resistance and low-grade inflamma-
tion accompanied by oxidative stress play a key role in 
the development of MetS [5].

The γ-glutamyltransferase (GGT) is a microsomal 
membrane binding protein present in serum and on the 
external surface of most cells, particularly in the liver and 
kidney [6, 7]. GGT plays an important role in glutathione 
homeostasis, which has both lipophilic and hydrophilic 
antioxidant capacities against free radicals and oxidative 
stress [8, 9]. Although an elevated GGT level is tradition-
ally regarded as a serologic marker of alcohol consump-
tion or hepatobiliary disease [7], epidemiological studies 
suggest that higher GGT levels are an independent pre-
dictor for CVD morbidity and mortality [10]. Moreo-
ver, a recent longitudinal research study showed that 
GGT is useful in predicting subsequent development 
of incident type 2 diabetes among community dwelling 
Korean adults [11]. A previous meta-analysis on serum 
GGT levels and incidence risk of MetS showed a posi-
tive association between serum GGT levels and MetS in 
nine prospective cohort studies [12]. However, the sex-
specific relationship between GGT levels and the risk 
of MetS has not been fully explored in previous studies. 
Limited research suggests that there may be sex differ-
ences in the effect of GGT on the development of MetS, 
with small sample sizes or limited follow-up duration. 
Furthermore, previous research has shown that the rela-
tionship between GGT and cardiovascular risk factors, 
such as hypertension and diabetes mellitus, can vary 
between sexes [13, 14]. Additionally, GGT levels, which 
are closely linked to alcohol consumption, have different 
distributions in men and women, and the definition of 
MetS is often applied differently between sexes by vari-
ous organizations.

In this regard, sex-specific analysis of GGT’s long 
term impact on MetS is required to provide an accurate 
understanding of the association between GGT levels 
and MetS risk. Therefore, we prospectively examined the 
relationship between serum GGT levels and the incident 
MetS risk using sex-specific analysis from a large com-
munity-based Korean cohort observed over 12  years in 
middle-aged and older men and women.

Methods
Study population
This study was derived from the Korean Genome and 
Epidemiology Study (KoGES), a large prospective cohort 
study initiated by the Korea National Institute of Health 

to investigate the prevalence of and risk factors for 
chronic diseases in Korea (KCDC; http://​www.​cdc.​go.​kr/​
CDC/​eng/​main.​jsp). Details of the KoGES and the sam-
pling method have been reported previously [15]. The 
KoGES comprises six prospective cohort studies includ-
ing community-based prospective cohort studies such 
as the (1) KoGES-Ansan and Ansung, (2) KoGES-health 
examinee (HEXA), and (3) KoGES-cardiovascular dis-
ease association study (CAVAS) study, and gene-environ-
ment model studies such as (4) KoGES-twin and family, 
(5) KoGES-immigrant, and (6) KoGES-emigrant (Japan 
and China) study. We used secondary dataset from the 
community -based KoGES- Ansan and Ansung study.

Recruited participants were community dwelling, aged 
over 40, and living in Ansan (an urban area) or Ansung 
(a rural area) for at least 6 months at the time of enroll-
ment. Participants were enrolled in 2001–2002 and 
followed-up biennially until 2014. Among 10,030 partici-
pants (4758 men and 5272 women) assessed at the base-
line survey, we excluded 3354 (33.4%) participants who 
had met the diagnostic criteria for MetS. Of the remain-
ing participants (n = 6676), we also excluded those who 
met one or more of the following criteria (n = 716): fol-
low-up loss (n = 384); missing data (n = 78); positive test 
for hepatitis B antigen or hepatitis C antibody (n = 98), 
hepatic enzyme (aspartate aminotransferase or ala-
nine aminotransferase) more than two-fold higher than 
the upper limit of the reference range (n = 156). After 
these exclusions, 5960 participants (3130 men and 2830 
women) were selected during the baseline survey (Fig. 1). 
This study was approved by the Ethics Committee of the 
Korean Health and Genomic Study at the Korea National 
Institute of Health. All patients voluntarily enrolled and 
provided written informed consent. This study was con-
ducted in accordance with the Declaration of Helsinki.

Anthropometric and clinical measurements
Waist circumference, body weight, and height were 
measured according to a standard protocol. All research-
ers followed these instructions to measure waist circum-
ference: locate the top of the hip bone (iliac crest) and 
take the measurement just above this bony landmark, 
where one finger can fit between the iliac crest and the 
lowest rib. Blood pressure was measured after the sub-
ject had rested for 5  min in a sitting position (Bauma-
nometer, Baum Co. Inc., N.Y.). Systolic blood pressure 
and diastolic blood pressure were defined as the average 
of both arm readings. Smoking status, drinking behav-
ior, physical activity, medication use and family history 
of diabetes mellitus data were also collected with self-
reported questionnaires. Smoking status among partici-
pants was divided into two categories: current smokers 
and non-smokers. The status of alcohol consumption 
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was categorized as current drinking (at more than twice 
per week) or not drinking and daily alcohol intake was 
expressed as g/day [16]. Physical activity was classified 
into two categories according to the frequency of exer-
cise: none or irregular (1 or 2 episodes per week) and 
regular (more than 3 episodes per week).

Venous blood samples were collected after an over-
night fast of at least 8 h, during baseline surveillance and 
every two years. Serum concentrations of glucose, total 
cholesterol, triglyceride, high-density lipoprotein (HDL) 
cholesterol, low-density lipoprotein (LDL) cholesterol, 
creatinine, aspartate aminotransferase (AST), alanine 
aminotransferase (ALT) and GGT were measured enzy-
matically using a Chemistry Analyzer (Hitachi 7600, 
Tokyo, Japan by August 2002 and ADVIA 1650; Bayer 
Diagnostics, Tarrytown, NY from September 2002) at 
baseline survey. For participants whose examination date 
was before September 2002, a conversion formula was 
used to reduce errors caused by changes in the meas-
urement instrument. Estimated serum GGT level by 
ADVIA 1650 was − 2.98 + (1.004 × serum GGT level by 
HITACHI 7600). The intra-assay and inter-assay coef-
ficients of variance (CVs) for GGT were 3.2% and 3.3%, 
respectively.

Definition of metabolic syndrome
The modified National Cholesterol Education Program 
Adult Treatment Panel III was used to define MetS 
[17]. MetS was defined by the presence of three or more 

of the following risk factors: (1) waist circumference 
of > 90 cm in men and > 85 cm in women, (2) high triglyc-
erides ≥ 150  mg/dL, (3) low HDL cholesterol < 40  mg/
dL for men and < 50 mg/dL for women, (4) elevated sys-
tolic blood pressure ≥ 130  mmHg or elevated diastolic 
blood pressure ≥ 85 mmHg, and (5) high fasting plasma 
glucose ≥ 100  mg/dL. Individuals who reported taking 
anti-hypertensive, anti-diabetes, and/or triglyceride-
lowering medications were considered to have elevated 
blood pressure, high fasting plasma glucose, and high 
triglycerides.

Statistical analysis
Participants were divided according to quartiles of serum 
GGT levels in each sex as follows: Q1: ≤ 17, Q2: 18–27, 
Q3: 28–47, and Q4: ≥ 48 U/L for men and Q1: ≤ 9, Q2: 
10–12, Q3:13–16, and Q4: ≥ 17 U/L for women. Accord-
ing to the GGT quartiles, the baseline characteristics of 
the study population were compared using Chi-squared 
tests for categorical variables and analysis of variance for 
continuous variables or Kruskal–Wallis tests depend-
ing on the normality of the distributions. Normal dis-
tribution was evaluated with determination of skewness 
using a Kolmogorov–Smirnov test. Serum triglyceride, 
AST, ALT, GGT, and creatinine levels and daily alcohol 
intake had skewed distributions, so these variables were 
expressed as median with interquartile range (IQR) in 
descriptive analysis and log-transformed prior to mul-
tiple Cox proportional hazards regression analysis. The 

Fig. 1  Flow chart for selection of the study population
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Chi-square test was used to compare categorical vari-
ables and categorical data is shown as the frequency (%). 
Continuous data are presented as the mean (standard 
deviation [SD]) or median (IQR). The Log-rank test was 
used to show the Kaplan–Meier curves of cumulative 
MetS incidence according to sex-specific serum GGT 
quartiles. After setting the lowest quartile as the refer-
ent GGT group, multivariate Cox proportional hazards 
regression models were used to calculate hazard ratios 
(HRs) and 95% confidence intervals (CIs) for incident 
MetS adjusting for potential confounding variables. We 
have included the confounding variables in the logistic 
regression analysis model considering the commonly 
performed statistical principles to include established 
risk factors and statistically or marginally significant vari-
ables in the simple analysis. All analyses were performed 
using SAS statistical software (version 9.4; SAS Institute 
Inc., Cary, NC, USA). All P-values were two-tailed and 
statistical significance was set at P < 0.05.

Results
Baseline characteristics of the total 5,960 study popula-
tion according to GGT quartiles in each sex are described 
in Table 1. Waist circumference, systolic blood pressure, 
diastolic blood pressure, fasting plasma glucose, triglyc-
eride, total cholesterol, and LDL cholesterol increased, 
whereas HDL-cholesterol increased with increasing 
serum GGT quartiles in both sexes. Moreover, current 
smoking, regular drinking, and antihypertensive medica-
tion were more frequently observed in the higher serum 
GGT quartile groups and serum AST and ALT were also 
elevated in the population with higher GGT quartiles.

The incidence of MetS during 12 years of follow-up is 
presented in Table  2. During the follow-up period, the 
incidence rate of MetS was calculated biennially. Dur-
ing the 12-year follow-up period, a total of 2478 subjects 
(41.6%) developed MetS with an incidence rate every two 
years ranging from 5.0 to 12.4.

The cumulative incidence of MetS according to serum 
GGT quartile is shown in Fig. 2 as a Kaplan–Meier curve. 
Higher GGT quartiles had a statistically higher cumu-
lative incidence of MetS over 12 years in both men and 
women (All P values < 0.001). Table 3 shows the results of 
multivariate Cox proportional hazards regression analy-
sis for the prediction of MetS by GGT quartiles. The 
incidence rate per 1000 person-years according to GGT 
quartiles increased proportionally with increasing serum 
GGT quartiles in both men and women. The HRs (95% 
CIs) for incident MetS for the highest quartile versus 
referent lowest quartile for serum GGT levels were 3.01 
(2.35–3.76) for men and 1.83 (1.30–2.57) for women after 
adjusting for age, smoking status, daily alcohol intake 
(g/day), regular exercise, family history of diabetes, and 

log-transformed LDL-cholesterol, creatinine, and ami-
notransferase levels.

Discussion
In this large, community-based longitudinal cohort study 
over 12  years, baseline serum GGT levels were inde-
pendently positively related to incidence risk of MetS in 
both men and women after adjusting for potential con-
founding variables. Moreover, compared with women, 
the positive and dose–response relationships were more 
evidently observed in men. The positive association 
between GGT levels and MetS risk is compatible with the 
findings of previous studies. In a 2012 meta-analysis on 
serum GGT levels and incidence risk of MetS, Liu et al. 
[12] revealed a longitudinal relationship of serum GGT 
levels with MetS from nine prospective cohort studies. 
However, in their study, sex differences in GGT levels 
and MetS risk were not fully considered because most 
of included studies did not present results through sex-
specific analyses. In a subgroup analyses from two pro-
spective studies, the GGT levels was not significantly 
associated with MetS risk in women (RR 1.18, 95% CI 
0.92–1.49; P = 0.187) [12]. Moreover, compared to the 
present study, most previous studies have relatively small 
numbers of participants at less than 1000 participants 
[18–20] or short follow-up periods within seven years 
[21, 22]. A prospective cohort study in the Unites States 
with long duration follow-up of 20  years among 3451 
participants showed similar results to our study [23], 
but sex was not fully considered by not presenting sepa-
rate data on both sexes. Considering the sex differences 
in GGT levels, sex-specification analyses models would 
more appropriate rather than merely adjusting for sex in 
the statistical analyses.

Previous studies among Korean adults also showed 
the positive associations between serum GGT levels and 
MetS. In a study of 211,725 Korean participants from the 
combined KoGES cohorts, Lee et  al. [24], showed the 
prevalence of MetS increased with increasing GGT quar-
tiles in both men and women. However, the study was 
based on cross-sectional design and a temporal causal-
ity could not be established. In another study using the 
KoGES cohort among 2579 Korean adults, Yadav et  al. 
[25], examined prospective associations between GGT 
levels and incident MetS and found the increment of 
GGT level as well as higher GGT level were positively 
associated with MetS risk. However, the study also had 
limitations, including the lack of consideration for previ-
ous liver disease at the baseline, a relatively small sample 
size (n = 2579), and short duration of follow-up (mean 
follow-up of 2.6  years). In this regard, our study con-
firmed that the longitudinal associations between serum 
GGT levels and MetS risk could be applied to both men 
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and women through sex-specific multiple Cox propor-
tional hazards regression analysis. Moreover, the inclu-
sion of 5960 participants with a 12-year follow-up period 
in our study is a key strength of the present study.

Although many epidemiological studies have estab-
lished that serum GGT levels are closely related to 
incident risk of MetS, how serum GGT is linked to the 
development of MetS remains unclear. However, the 
most conceivable hypothesis for the pathophysiology of 
the relationship between GGT levels and incident MetS 
risk is low-grade inflammation and insulin resistance 
[26]. Experimental and observational studies showed 

Table 2  Incidence of metabolic syndrome during the follow-up 
study

Year range Follow-up No. Incidence 
cases (n)

Incidence 
rate per 
2 years

2001–2002 Baseline 5960

2003–2004 2 years 5624 545 9.7

2005–2006 4 years 4986 621 12.4

2007–2008 6 years 4423 407 9.2

2009–2010 8 years 4438 445 10.0

2011–2012 10 years 4163 210 5.0

2013–2014 12 years 3973 250 6.3

Fig. 2  Cumulative incidence of MetS according to sex-specific quartiles of GGT levels in men and in women

Table 3  Hazard ratios and 95% confidence intervals for incident metabolic syndrome by GGT quartiles in men and women

Model 1: adjusted for age, smoking status, daily alcohol intake (g/day), and regular exercise

Model 2: adjusted for age, smoking status, daily alcohol intake (g/day), regular exercise, and family history of diabetes

Model 3: adjusted for age, smoking status, daily alcohol intake (g/day), regular exercise, family history of diabetes, and log-transformed LDL-cholesterol, creatinine, 
and aminotransferase levels

GGT quartiles in men GGT quartiles in women

Q1 (≤ 17) Q2 (18–27) Q3 (28–47) Q4 (≥ 48) Q1 (≤ 9) Q2 (10–12) Q3 (13–16) Q4(≥ 17)

Total, n 803 762 797 765 752 775 622 681

New cases of type 2 
diabetes, n

208 270 334 403 279 319 280 385

Mean follow-up (years) 8.7 (3.6) 8.5 (3.6) 7.7 (3.6) 6.9 (3.6) 8.3 (3.9) 7.8 (4.0) 7.6 (4.1) 6.6 (4.0)

Person-years of follow-
up

6989 6513 6143 5298 6265 6054 4758 4488

Incidence rate per 1000 
person-year

29.8 41.5 54.4 76.1 44.5 52.7 58.8 85.8

Model 1 1.00 (ref ) 1.22 (0.94–1.58) 2.01 (1.59–2.54) 3.05 (2.33–3.73) 1.00 (ref ) 1.15 (0.81–1.63) 1.17 (0.83–1.65) 1.76 (1.27–2.43)

Model 2 1.00 (ref ) 1.21 (0.94–1.58) 2.00 (1.58–2.54) 3.04 (2.32–3.71) 1.00 (ref ) 1.13 (0.79–1.60) 1.17 (0.83–1.64) 1.72 (1.24–2.39)

Model 3 1.00 (ref ) 1.21 (0.94–1.58) 2.03 (1.60–2.58) 3.01 (2.35–3.76) 1.00 (ref ) 1.10 (0.77–1.58) 1.11 (0.78–1.57) 1.83 (1.30–2.57)
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that GGT is associated with oxidative stress, low-grade 
inflammation, and insulin resistance, which are also 
closely linked to the development of MetS [5, 26]. Since 
GGT is a protective enzyme contributing to glutathione 
homeostasis, higher GGT levels may be a reflection of 
increased oxidative stress and chronic low-grade inflam-
mation that is accompanied by the oxidative stress cas-
cade from free radicals [9].

In addition, accumulating evidence suggests that oxi-
dative stress is involved in the development of insulin 
resistance in animal models, which verifies the associa-
tion between dysregulated glutathione metabolism and 
impaired insulin action in fat cells [27]. The alteration of 
inflammatory cytokines is crucial for the pathogenesis of 
type 2 diabetes [28], which is associated with a chronic 
low-grade inflammation state [29]. Moreover, genetic 
variation in GGT is likely a factor that increases type 2 
diabetes risk. According to a Mendelian randomiza-
tion study by Lee et al., GGT has an 11% higher risk of 
type 2 diabetes in a single instrumental variable analysis 
using the rs4820599 genetic variant of GGT1 in 7640 
Koreans [30]. The suggested causal relationship between 
rs4820599 and type 2 diabetes was verified by single 
instrumental variable analysis in a two-sample Mendelian 
randomization analysis using the genetic relationship to 
type 2 diabetes from a trans-ethnic genome wide associa-
tion study with 110,180 participants [30]. GGT could also 
be linked to MetS through hepatic steatosis. A previous 
study showed that elevation of serum GGT is associated 
with hepatic steatosis [31], which contributes to devel-
opment of insulin resistance by altering the secretion 
of factors from the liver such as lipids and hepatokines 
including retinol-binding protein 4 and fetuin A and B 
[31–34]. This relationship between GGT and insulin 
resistance via hepatic steatosis could lead to the develop-
ment of type 2 diabetes mellitus and MetS.

Another noteworthy finding in our study was that the 
HRs for MetS in accordance with GGT quartiles were 
higher in men than in women. In a previous study inves-
tigating the association with GGT and CVD, the effect 
size of GGT level on CVD risk was more prominent in 
men than in women [13, 14]. Although the reason for 
the discrepancy by sex in the longitudinal relation-
ship of GGT levels with MetS remains unclear, some 
explanatory biological mechanisms may be offered. 
First, sex hormones have a significant impact on energy 
metabolism, body composition, vascular function, and 
inflammatory responses [35, 36]. Moreover, estradiol 
has antioxidant effects [6, 14]. Estrogen has various 
receptors in non-reproductive tissues throughout the 
human body and could decrease production of reactive 
oxygen species in mitochondria and pro-inflammatory 
cytokines such as tumor necrosis factor-α, which in 

turn reduces chronic low-grade inflammation [37, 38]. 
In addition to sex hormones, compared to women, 
men tend to have unfavorable lifestyle habits including 
higher rates of current smoking and drinking, which 
lead to sex differences in oxidative stress burden and 
counterregulatory elevation of GGT levels in men.

This study has several limitations that should be con-
sidered. First, the study population may not represent 
the general Korean population, as the participants were 
limited to specific geographic regions and age groups. 
Second, conditions that alternate serum GGT level 
including chronic heart failure [39], chronic obstructive 
pulmonary disease [40], chronic kidney disease [41], 
and medication history including antiepileptic drugs 
[42] were not fully taken into account in the study 
design. Third, we only utilized baseline levels of GGT 
and other liver enzymes and did not gather repeated 
measurements, which is a potential limitation because 
sequential changes in GGT levels could occur over 
time. Although, the prevalence of liver disease could 
vary during the follow-up period, the newly developed 
patients with viral or drug-induced hepatitis were not 
fully considered in the statistical analysis models [43, 
44].

In conclusion, high levels of GGT were found to 
be associated with an increased risk of MetS in both 
men and women and these positive associations were 
stronger in men than in women.

Acknowledgements
The authors would like to thank the participants and survey staff of the Korean 
Genome and Epidemiology Study (KoGES) for their contributions to the 
present study.

Author contributions
All authors contributed to the study conception and design. Material prepara‑
tion, data collection and analysis were performed by YJL and IHS. The first 
draft of the manuscript was written by JK and all authors commented on 
previous versions of the manuscript. All authors read and approved the final 
manuscript.

Funding
This work was supported by the National Research Foundation (NRF) grant 
funded by the Ministry of Science and ICT of Korea [Grant number: NRF-
2022R1A2C1013106]. The sponsors had no role in the conceptualization and 
design of the study, collection and analysis of data, or writing of the article.

Data availability
The dataset used in this study (Ansan-Ansung cohort) can be provided after 
review and evaluation of research plan by the Korea Centers for Disease Con‑
trol and Prevention (http://​www.​cdc.​go.​kr/​CDC/​eng/​main.​jsp).

Declarations

Ethics approval and consent to participate
The Ansan-Ansung study protocol was reviewed and approved by the Institu‑
tional Review Board of the Korea Centers for Disease Control and Prevention, 
and all study participants provided written informed consent. This study was 
approved by the Institutional Review Board of Gangnam Severance hospital 
(IRB number: 3-2018-0348).

http://www.cdc.go.kr/CDC/eng/main.jsp


Page 8 of 9Kwak et al. Diabetology & Metabolic Syndrome           (2023) 15:29 

Competing interests
The authors declare that they have no competing interests.

Received: 30 November 2022   Accepted: 17 February 2023

References
	1.	 Wilson PW, D’Agostino RB, Parise H, et al. Metabolic syndrome as a precur‑

sor of cardiovascular disease and type 2 diabetes mellitus. Circulation. 
2005;112:3066–72. https://​doi.​org/​10.​1161/​circu​latio​naha.​105.​539528.

	2.	 Esposito K, Chiodini P, Colao A, et al. Metabolic syndrome and risk of can‑
cer: a systematic review and meta-analysis. Diabetes Care. 2012;35:2402–
11. https://​doi.​org/​10.​2337/​dc12-​0336.

	3.	 Lim S, Shin H, Song JH, et al. Increasing prevalence of metabolic syn‑
drome in Korea: the Korean national health and nutrition examination 
survey for 1998–2007. Diabetes Care. 2011;34:1323–8. https://​doi.​org/​10.​
2337/​dc10-​2109.

	4.	 Scholze J, Alegria E, Ferri C, et al. Epidemiological and economic burden 
of metabolic syndrome and its consequences in patients with hyperten‑
sion in Germany, Spain and Italy; a prevalence-based model. BMC Public 
Health. 2010;10:529. https://​doi.​org/​10.​1186/​1471-​2458-​10-​529.

	5.	 Roberts CK, Hevener AL, Barnard RJ. Metabolic syndrome and insulin 
resistance: underlying causes and modification by exercise training. 
Compr Physiol. 2013;3:1–58. https://​doi.​org/​10.​1002/​cphy.​c1100​62.

	6.	 Kunutsor SK. Gamma-glutamyltransferase-friend or foe within? Liver Int. 
2016;36:1723–34. https://​doi.​org/​10.​1111/​liv.​13221.

	7.	 Whitfield JB. Gamma glutamyl transferase. Crit Rev Clin Lab Sci. 
2001;38:263–355. https://​doi.​org/​10.​1080/​20014​09108​4227.

	8.	 Lopez-Torres M, Shindo Y, Packer L. Effect of age on antioxidants and 
molecular markers of oxidative damage in murine epidermis and dermis. 
J Invest Dermatol. 1994;102:476–80. https://​doi.​org/​10.​1111/​1523-​1747.​
ep123​73032.

	9.	 Turgut O, Tandogan I. Gamma-glutamyltransferase to determine 
cardiovascular risk: shifting the paradigm forward. J Atheroscler Thromb. 
2011;18:177–81. https://​doi.​org/​10.​5551/​jat.​6189.

	10.	 Ruttmann E, Brant LJ, Concin H, et al. Gamma-glutamyltransferase as a 
risk factor for cardiovascular disease mortality: an epidemiological investi‑
gation in a cohort of 163,944 Austrian adults. Circulation. 2005;112:2130–
7. https://​doi.​org/​10.​1161/​circu​latio​naha.​105.​552547.

	11.	 Lee JH, Lee HS, Lee YJ. Serum γ-glutamyltransferase as an independent 
predictor for incident type 2 diabetes in middle-aged and older adults: 
findings from the KoGES over 12 years of follow-up. Nutr Metab Cardio‑
vasc Dis. 2020;30:1484–91. https://​doi.​org/​10.​1016/j.​numecd.​2020.​04.​027.

	12.	 Liu CF, Zhou WN, Fang NY. Gamma-glutamyltransferase levels and risk 
of metabolic syndrome: a meta-analysis of prospective cohort studies. 
Int J Clin Pract. 2012;66:692–8. https://​doi.​org/​10.​1111/j.​1742-​1241.​2012.​
02959.x.

	13.	 Li D-D, Xu T, Cheng X-Q, et al. Serum gamma-glutamyltransferase levels 
are associated with cardiovascular risk factors in China: a nationwide 
population-based study. Sci Rep. 2018;8:16533–16533. https://​doi.​org/​10.​
1038/​s41598-​018-​34913-7.

	14.	 Wu X, Liang D, Sun J, et al. Association between sex-specific serum 
gamma-glutamyltransferase and incidence of hypertension in a chinese 
population without metabolic syndrome: a prospective observational 
study. Front Cardiovasc Med. 2021;8:644044. https://​doi.​org/​10.​3389/​
fcvm.​2021.​644044.

	15.	 Kim Y, Han BG. Cohort profile: the Korean genome and epidemiology 
study (KoGES) consortium. Int J Epidemiol. 2017;46:1350. https://​doi.​org/​
10.​1093/​ije/​dyx105.

	16.	 Oh SS, Kim W, Han KT, et al. Alcohol consumption frequency or alcohol 
intake per drinking session: which has a larger impact on the metabolic 
syndrome and its components? Alcohol. 2018;71:15–23. https://​doi.​org/​
10.​1016/j.​alcoh​ol.​2018.​01.​005.

	17.	 Alberti KG, Zimmet P, Shaw J. Metabolic syndrome–a new world-wide 
definition. A consensus statement from the International Diabetes 
Federation. Diabet Med. 2006;23:469–80. https://​doi.​org/​10.​1111/j.​1464-​
5491.​2006.​01858.x.

	18.	 Oh SW, Lee JG, Kim MS, et al. Relations of Serum gamma-glutamyltrans‑
ferase levels to incidence of the metabolic syndrome. J Korean Acad Fam 
Med. 2008;29:838–43.

	19.	 Onat A, Can G, Örnek E, et al. Serum γ-glutamyltransferase: independent 
predictor of risk of diabetes, hypertension, metabolic syndrome, and 
coronary disease. Obesity. 2012;20:842–8. https://​doi.​org/​10.​1038/​oby.​
2011.​136.

	20.	 Xu Y, Bi YF, Xu M, et al. Cross-sectional and longitudinal association of 
serum alanine aminotransaminase and γ-glutamyltransferase with meta‑
bolic syndrome in middle-aged and elderly Chinese people. J Diabetes. 
2011;3:38–47. https://​doi.​org/​10.​1111/j.​1753-​0407.​2010.​00111.x.

	21.	 Ryu S, Song J, Choi BY, et al. Incidence and risk factors for metabolic 
syndrome in Korean male workers, ages 30 to 39. Ann Epidemiol. 
2007;17:245–52. https://​doi.​org/​10.​1016/j.​annep​idem.​2006.​10.​001.

	22.	 Nakanishi N, Suzuki K, Tatara K. Serum gamma-glutamyltransferase and 
risk of metabolic syndrome and type 2 diabetes in middle-aged Japanese 
men. Diabetes Care. 2004;27:1427–32. https://​doi.​org/​10.​2337/​diaca​re.​
27.6.​1427.

	23.	 Lee DS, Evans JC, Robins SJ, et al. Gamma glutamyl transferase and 
metabolic syndrome, cardiovascular disease, and mortality risk: the 
Framingham Heart study. Arterioscler Thromb Vasc Biol. 2007;27:127–33. 
https://​doi.​org/​10.​1161/​01.​Atv.​00002​51993.​20372.​40.

	24.	 Lee MY, Hyon DS, Huh JH, et al. Association between serum gamma-glu‑
tamyltransferase and prevalence of metabolic syndrome using data from 
the Korean genome and epidemiology study. Endocrinol Metab (Seoul). 
2019;34:390–7. https://​doi.​org/​10.​3803/​EnM.​2019.​34.4.​390.

	25.	 Yadav D, Lee MY, Kim JY, et al. Combined effect of initial and longitudinal 
increases in γ-glutamyltransferase on incident metabolic syndrome: 
ARIRANG study. Yonsei Med J. 2017;58:763–9. https://​doi.​org/​10.​3349/​
ymj.​2017.​58.4.​763.

	26.	 Lee DH, Blomhoff R, Jacobs DR Jr. Is serum gamma glutamyltransferase a 
marker of oxidative stress? Free Radic Res. 2004;38:535–9. https://​doi.​org/​
10.​1080/​10715​76041​00016​94026.

	27.	 Kobayashi H, Matsuda M, Fukuhara A, et al. Dysregulated glutathione 
metabolism links to impaired insulin action in adipocytes. Am J Physiol 
Endocrinol Metab. 2009;296:E1326-1334. https://​doi.​org/​10.​1152/​ajpen​
do.​90921.​2008.

	28.	 Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J 
Clin Invest. 2006;116:1793–801. https://​doi.​org/​10.​1172/​JCI29​069.

	29.	 Fernandez-Real JM, Pickup JC. Innate immunity, insulin resistance and 
type 2 diabetes. Diabetologia. 2012;55:273–8. https://​doi.​org/​10.​1007/​
s00125-​011-​2387-y.

	30.	 Lee YS, Cho Y, Burgess S, et al. Serum gamma-glutamyl transferase and 
risk of type 2 diabetes in the general Korean population: a Mendelian 
randomization study. Hum Mol Genet. 2016;25:3877–86. https://​doi.​org/​
10.​1093/​hmg/​ddw226.

	31.	 Thamer C, Tschritter O, Haap M, et al. Elevated serum GGT concentrations 
predict reduced insulin sensitivity and increased intrahepatic lipids. Horm 
Metab Res. 2005;37:246–51. https://​doi.​org/​10.​1055/s-​2005-​861411.

	32.	 Fasshauer M, Blüher M. Adipokines in health and disease. Trends Pharma‑
col Sci. 2015;36:461–70. https://​doi.​org/​10.​1016/j.​tips.​2015.​04.​014.

	33.	 Li L, Spranger L, Stobäus N, et al. Fetuin-B, a potential link of liver-adipose 
tissue cross talk during diet-induced weight loss-weight maintenance. 
Nutr Diabetes. 2021;11:31. https://​doi.​org/​10.​1038/​s41387-​021-​00174-z.

	34.	 Yin L, Cai WJ, Chang XY, et al. Association between fetuin-A levels with 
insulin resistance and carotid intima-media thickness in patients with 
new-onset type 2 diabetes mellitus. Biomed Rep. 2014;2:839–42. https://​
doi.​org/​10.​3892/​br.​2014.​356.

	35.	 Khalil RA. Sex hormones as potential modulators of vascular function in 
hypertension. Hypertension. 2005;46:249–54. https://​doi.​org/​10.​1161/​01.​
HYP.​00001​72945.​06681.​a4.

	36.	 Mauvais-Jarvis F, Clegg DJ, Hevener AL. The role of estrogens in control of 
energy balance and glucose homeostasis. Endocr Rev. 2013;34:309–38. 
https://​doi.​org/​10.​1210/​er.​2012-​1055.

	37.	 Dantas AP, Sandberg K. Estrogen regulation of tumor necrosis factor-
alpha: a missing link between menopause and cardiovascular risk in 
women? Hypertension. 2005;46:21–2. https://​doi.​org/​10.​1161/​01.​HYP.​
00001​69038.​67923.​b0.

	38.	 Rettberg JR, Yao J, Brinton RD. Estrogen: a master regulator of bioener‑
getic systems in the brain and body. Front Neuroendocrinol. 2014;35:8–
30. https://​doi.​org/​10.​1016/j.​yfrne.​2013.​08.​001.

https://doi.org/10.1161/circulationaha.105.539528
https://doi.org/10.2337/dc12-0336
https://doi.org/10.2337/dc10-2109
https://doi.org/10.2337/dc10-2109
https://doi.org/10.1186/1471-2458-10-529
https://doi.org/10.1002/cphy.c110062
https://doi.org/10.1111/liv.13221
https://doi.org/10.1080/20014091084227
https://doi.org/10.1111/1523-1747.ep12373032
https://doi.org/10.1111/1523-1747.ep12373032
https://doi.org/10.5551/jat.6189
https://doi.org/10.1161/circulationaha.105.552547
https://doi.org/10.1016/j.numecd.2020.04.027
https://doi.org/10.1111/j.1742-1241.2012.02959.x
https://doi.org/10.1111/j.1742-1241.2012.02959.x
https://doi.org/10.1038/s41598-018-34913-7
https://doi.org/10.1038/s41598-018-34913-7
https://doi.org/10.3389/fcvm.2021.644044
https://doi.org/10.3389/fcvm.2021.644044
https://doi.org/10.1093/ije/dyx105
https://doi.org/10.1093/ije/dyx105
https://doi.org/10.1016/j.alcohol.2018.01.005
https://doi.org/10.1016/j.alcohol.2018.01.005
https://doi.org/10.1111/j.1464-5491.2006.01858.x
https://doi.org/10.1111/j.1464-5491.2006.01858.x
https://doi.org/10.1038/oby.2011.136
https://doi.org/10.1038/oby.2011.136
https://doi.org/10.1111/j.1753-0407.2010.00111.x
https://doi.org/10.1016/j.annepidem.2006.10.001
https://doi.org/10.2337/diacare.27.6.1427
https://doi.org/10.2337/diacare.27.6.1427
https://doi.org/10.1161/01.Atv.0000251993.20372.40
https://doi.org/10.3803/EnM.2019.34.4.390
https://doi.org/10.3349/ymj.2017.58.4.763
https://doi.org/10.3349/ymj.2017.58.4.763
https://doi.org/10.1080/10715760410001694026
https://doi.org/10.1080/10715760410001694026
https://doi.org/10.1152/ajpendo.90921.2008
https://doi.org/10.1152/ajpendo.90921.2008
https://doi.org/10.1172/JCI29069
https://doi.org/10.1007/s00125-011-2387-y
https://doi.org/10.1007/s00125-011-2387-y
https://doi.org/10.1093/hmg/ddw226
https://doi.org/10.1093/hmg/ddw226
https://doi.org/10.1055/s-2005-861411
https://doi.org/10.1016/j.tips.2015.04.014
https://doi.org/10.1038/s41387-021-00174-z
https://doi.org/10.3892/br.2014.356
https://doi.org/10.3892/br.2014.356
https://doi.org/10.1161/01.HYP.0000172945.06681.a4
https://doi.org/10.1161/01.HYP.0000172945.06681.a4
https://doi.org/10.1210/er.2012-1055
https://doi.org/10.1161/01.HYP.0000169038.67923.b0
https://doi.org/10.1161/01.HYP.0000169038.67923.b0
https://doi.org/10.1016/j.yfrne.2013.08.001


Page 9 of 9Kwak et al. Diabetology & Metabolic Syndrome           (2023) 15:29 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	39.	 Poelzl G, Eberl C, Achrainer H, et al. Prevalence and prognostic signifi‑
cance of elevated gamma-glutamyltransferase in chronic heart failure. 
Circ Heart Fail. 2009;2:294–302. https://​doi.​org/​10.​1161/​circh​eartf​ailure.​
108.​826735.

	40.	 Ermis H, Celik MR, Gulbas G, et al. Relationship between serum 
γ-glutamyltransferase levels and acute exacerbation of chronic obstruc‑
tive pulmonary disease. Pol Arch Med Wewn. 2013;123:85–90. https://​doi.​
org/​10.​20452/​pamw.​1617.

	41.	 Lee DY, Han K, Yu JH, et al. Gamma-glutamyl transferase variability can 
predict the development of end-stage of renal disease: a nationwide 
population-based study. Sci Rep. 2020;10:11668. https://​doi.​org/​10.​1038/​
s41598-​020-​68603-0.

	42.	 Vidaurre J, Gedela S, Yarosz S. Antiepileptic drugs and liver disease. Pediatr 
Neurol. 2017;77:23–36. https://​doi.​org/​10.​1016/j.​pedia​trneu​rol.​2017.​09.​
013.

	43.	 Lazo M, Selvin E, Clark JM. Brief communication: clinical implications 
of short-term variability in liver function test results. Ann Intern Med. 
2008;148:348–52. https://​doi.​org/​10.​7326/​0003-​4819-​148-5-​20080​
3040-​00005.

	44.	 Chung HS, Lee JS, Kim JA, et al. γ-Glutamyltransferase variability and 
the risk of mortality, myocardial infarction, and stroke: a nationwide 
population-based cohort study. J Clin Med. 2019. https://​doi.​org/​10.​
3390/​jcm80​60832.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1161/circheartfailure.108.826735
https://doi.org/10.1161/circheartfailure.108.826735
https://doi.org/10.20452/pamw.1617
https://doi.org/10.20452/pamw.1617
https://doi.org/10.1038/s41598-020-68603-0
https://doi.org/10.1038/s41598-020-68603-0
https://doi.org/10.1016/j.pediatrneurol.2017.09.013
https://doi.org/10.1016/j.pediatrneurol.2017.09.013
https://doi.org/10.7326/0003-4819-148-5-200803040-00005
https://doi.org/10.7326/0003-4819-148-5-200803040-00005
https://doi.org/10.3390/jcm8060832
https://doi.org/10.3390/jcm8060832

	Serum γ-glutamyltransferase level and incidence risk of metabolic syndrome in community dwelling adults: longitudinal findings over 12 years
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study population
	Anthropometric and clinical measurements
	Definition of metabolic syndrome
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


