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Abstract

Background

Serum gamma-glutamyltransferase (GGT) elevation likely contributes to cardiovascular
(CV) mortality, however it has remained unknown whether a dose-response relationship
exists between serum GGT and CV mortality.

Methods

We searched the PubMed, EMBASE, and Cochrane library databases for prospective
cohort studies published up to October 2, 2016. Summary hazard ratios (HRs) with their cor-
responding 95% confidence intervals (Cls) were calculated using a fixed effects model.

Findings

Nine prospective studies, including 527,589 participants and more than 7,011 cases, were
included in this meta-analysis. For the moderate, high, and highest levels of GGT, the
pooled HRs of CV mortality were 1.11 (95% Cl = 1.04—-1.19), 1.29 (95% Cl = 1.21-1.38) and
1.59 (95% Cl = 1.47-1.72), respectively (all p < 0.05 as compared to the lowest levels of
GGT). Additionally, the HR per incremental increase of GGT by 10 U/L was 1.10 (95% Cl =
1.08-1.11). Evidence of a positive relationship with nonlinear trend for GGT elevation with
CV mortality in females was found (P = 0.04 for nonlinearity). However, a linear model was
better fit to illustrate the GGT-CV mortality among males (P = 0.304 for nonlinearity).

Conclusions

These findings indicate that serum GGT activity within the reference interval is positively
associated with increased risk of CV mortality in a dose-response manner.
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Introduction

Cardiovascular disease (CVD) is one of the leading causes of mortality in developed countries
and responsible for an estimated 17.5 million annual deaths in the world [1], representing as
much as 60% of all deaths in regions such as Eastern Europe [2]. Despite age-standardized
death rates from CVDs are estimated to be steadily decreasing for decades in the world as a
whole, nonetheless, population growth and aging may lead to increase the absolute burden of
CVDs [3]. Therefore, early prognosis and effective primary prevention are essential to lower
the burden of this fatal disease, and identification of modifiable and biological factors would
be imperative in changing CV mortality throughout whole communities and populations.

Serum gamma-glutamyltransferase (GGT), a commonly used marker of hepatobiliary dis-
ease and excess alcohol consumption [4,5], is a plasma membrane enzyme that can degrade
the circulating antioxidant glutathione (GSH) and increase intracellular GSH synthesis by
assimilating and reutilizing the precursor amino acid [6,7]. Beyond its physiological functions,
a large number of epidemiological studies have emerged that link serum GGT within its refer-
ence interval to the incidence of chronic conditions and diseases, including metabolic syn-
drome, diabetes, hypertension, body mass index, hyperlipidemia and others [8-13]. It is not
understood why serum GGT levels within the normal interval would be associated with vari-
ous clinical diseases. In fact, serum GTT has been shown to have pleiotropic effects ranging
from antioxidant to pro-oxidant [14]. However, the precise mechanism by which serum GGT
activity is predominantly antioxidant or pro-oxidant in the context of various clinical diseases
is not currently understood.

Despite the mechanism being unknown, there are considerable prospective studies pub-
lished reporting on the independent role of serum GGT in the pathogenesis and clinical evolu-
tion of cardiovascular diseases [15,16] and CV mortality in the general population [17-24].
However, individual studies regarding the association between serum GGT levels and
increased risk of CV mortality have been inconsistent. Findings from studies of the third US
National Health and Nutrition Examination Survey showed that the risk of cardiovascular
mortality for persons with elevated GGT was diminished and no longer statistically significant
after controlling numerous CVD risk factors among 14,950 adult participants [25]. Similarly,
no significant relationships between serum GGT and CV mortality were observed in 2,724 Jap-
anese men, for whom the prevalence of smoking and drinking is high [26]. Therefore, the pre-
dictive role of serum GGT in monitoring CV mortality is still controversial, and the evolving
debate is focused on whether established cardiovascular risk factors may attribute to the
increased risk of CV mortality. Previous meta-analysis described that baseline levels of GGT
were associated with an increased future risk of CV and all-cause mortality [27,28], however,
few of these studies established a dose-response of GGT exposure associated with the risk
increase or determined the shape of dose-response curve to find whether it is a linear relation,
saturation or U-shaped curve relation between GGT exposure level and CV mortality risk.
Additionally, numerous new studies have been reported in recent years [21-23], therefore, it is
meaningful to clarify these contradictory results between serum GGT and the risk of CV mor-
tality and more precisely evaluate the shape of dose-response association between serum GGT
and CV mortality.

Materials and methods
Search strategy

We followed the Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) guideline [29] for performing and reporting corresponding results in this meta-
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analysis (S1 Appendix). We systematically searched all published articles indexed in PubMed,
EMBASE and Cochrane Library before October 2, 2016 without language or time limitations.
The following medical subject headings were used for searching the relevant literatures:
(Gamma- glutamyltransferase OR GGT OR liver enzymes OR y-Glutamyltransferase OR
gamma-GT OR y-GT OR nonalcoholic fatty liver disease) and (cohort OR observational OR
prospective OR follow-up OR longitudinal) and (cardiovascular mortality OR cardiovascular
disease OR myocardial infarction OR ischemic heart disease OR coronary artery disease OR
heart diseases OR coronary disease OR mortality OR CVD OR death OR heart death OR sud-
den death OR cause of death OR all-cause mortality OR cardiac death OR CV death OR
deaths) (S2 Appendix). Additionally, we contacted the original authors to obtain extra infor-
mation if necessary, and reviewed reference lists of other relevant studies and pertinent reviews
to identify works that were not found in the database search.

Eligibility criteria

The included studies in the meta-analysis had to meet the following criteria: 1) have a prospec-
tive cohort design (eg, not cross-sectional design, case-control design, retrospective cohort
design, literature reviews and experimental design); 2) subjects enrolled in the study at baseline
were free of any pre-existing diseases, especially cardiovascular diseases in the general popula-
tion; 3) the exposure of interest was serum GGT concentration and the corresponding catego-
ries were more than 2 levels; 4) the outcome of interest was CV mortality; 5) Reported
adjusted HRs or relative risks (RRs) with 95% Cls at least three quantitative GGT categories,
or provided the number of cases and total participants or person-years for each category of
serum GGT levels; 6) the reported HRs or RRs had been adjusted at least for age and gender;
7) the duration of follow-up was more than five years.

Data extraction and validity assessment

One investigator (J.N.W) extracted the data from the eligible studies, another investigator (D.
D.Z) validated the data for accuracy independently with a standardized form as follows: first
author’s name, publication year, country of the participants, name of study or source of partic-
ipants, baseline survey period, follow-up time (year), age at recruitment (mean or range), gen-
der (female, male or both combined), mean or median range of GGT levels in each category,
the size of observational population and CV mortality cases for each GGT levels, values of HRs
or RRs with their 95% CIs by quantile, and adjusted potential confounders. Additionally, if the
articles presented the data separately by gender, we treated them as two independent studies
and extracted the data separately. When diverse adjustments were provided, we extracted the
HRs (95% Cls) with the most confounders adjusted. For studies with published data in people
with and without diabetes separately, we just extracted the results in subjects without diabetes.
The summary data of each identified work in our meta-analysis were presented in Table 1.
The quality of included studies was assessed by the Newcastle-Ottawa Quality Assessment
Scale for cohort studies [30].

Data synthesis and statistical analysis

We conducted separate meta-analyses for different levels of GGT concentration categorized
into four levels as in a meta-analysis of Coffee Consumption and Risk of Cardiovascular Dis-
ease [31]. We calculated the pooled risks and 95% CIs of CV mortality by the general variance-
based method that requires information on the RRs or HRs and the 95% Cls for each study
[32]. We separated the GGT exposure levels into four groups, including the lowest, the moder-
ate, the high, and the highest groups. In each included study, we considered the lowest and the
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highest GGT categories to be the lowest and highest groups, respectively. Therefore, if the
number of GGT exposure categories was four, the second and third categories corresponded
to the moderate and the high groups. However, if the original studies had five exposure catego-
ries, we pooled the HRs of the third and the fourth categories with inverse variance weight and
used combined estimate for the high group.

To identify whether there is a potential nonlinear relationship between GGT levels and CV
mortality, a two-stage dose-response meta-analysis was performed. We used the generalized
least-squares (GLST) calculation described by Orsini and colleagues [33] and multivariate
maximum likelihood methods to estimate the nonlinear trends in the effect, applying 4 fixed
knots at the 5%, 35%, 65%, and 95% percentiles of GGT exposure level [34-36]. At the first
stage, we constructed study-specific slopes (linear trends) and 95% Cls for every 10% increase
in GGT exposure level within each study using the fixed effects model. At the second stage, we
combined the study-specific estimates to obtain the summary risk estimates assuming a ran-
dom-effects model. Calculations for the dose-response meta-analysis included the distribu-
tions of cases and person years, median or mean of serum GGT levels for each comparison
group, and adjusted HRs with corresponding 95% CIs for more than two categories of GGT
exposure. The median level of serum GGT for each category was assigned to each correspond-
ing HR estimate. We designated the midpoint of the lower and upper boundaries as the value
of GGT exposure. When the upper boundary for the highest categories of GGT exposure was
not provided, we calculate the value of exposure by the lower boundary multiplying 1.5 [37]. If
the lowest category was open-ended, we assumed it to be zero [38]. In order to examine
whether a nonlinear models exists between GGT and CV mortality, a P value was obtained
from the test of the null hypothesis that the coefficient of the second spline is equal to zero. For
the 3 articles [17,18,20] that did not provide person years for each GGT category, we calculated
data for inclusion in the analysis from mean follow-up duration and number of subjects. Two
studies [21,24] were excluded in the dose-response meta analyses because they did not report
the number of subjects (total number of CV mortality or corresponding GGT exposure level).

Furthermore, we performed subgroup analysis according to study location, gender, age, fol-
low-up time, sample size, adjustment of diabetes mellitus, body mass index (BMI) and alcohol
intake. To check whether the results could have been affected markedly by a single study,
diverse sensitivity analyses were carried out by removing one study at a time and recalculating
the pooled estimates for the remainder of the studies.

Heterogeneity among studies was quantitatively evaluated using the chi-square-based Q
test (P < 0.1, significant heterogeneity) and I” statistic (I* < 30%, low heterogeneity; I* = 30~
50%, moderate heterogeneity; I* > 50%, substantial heterogeneity) [39]. A random-effect
model was applied if the heterogeneity was significant, otherwise, a fixed-effect model was con-
ducted [40]. Potential publication bias was tested by the application of contour-enhanced fun-
nel plots [41], Begg’s rank correlation test [42] and Egger’s linear regression test [43] with P
values less than 0.05 indicating publication bias. Statistical calculations and figures were per-
formed using Stata 14.0 version software (Stata Corp, College Station (TX)).

Results
Study characteristics

A total of nine independent prospective articles [17-24,26] containing fourteen studies report-
ing serum GGT and CV mortality were used in the meta-analysis, including more than 7,011
CV mortality cases identified among 527,589 participants (Fig 1). Of these, seven epidemiolog-
ical articles [17-20,22,23,26] were finally included in the dose-response meta analysis, com-
prised of 515,446 participants (6,339 CV mortality cases). Of the nine cohort articles, three
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Eligibility Screening Identification

Included

Records identified through Additional records identified
database searching through other sources
(n=1299) (n=2)

~——

Records excluded after

3| scanning the title and abstract
i ="1261) (n= 1211)

Records after duplicates removed

il 41 full-text articles excluded,with

reasons:
Full-text articles assessed The participants have pre-existing
for eligibility diseases (n =19)
(n=50) No relevant outcomes (n = 9)

No relevant exposure (n = 4)

Review and case-control (n = 6)

GGT categories were less than 3

v levels (n = 3)

Studies included in

qualitative synthesis
(n=19)

Studies included in quantitative synthesis
(dose response meta-analysis)
(n=7)

Fig 1. Flow diagram of eligible literature selection.
doi:10.1371/journal.pone.0172631.9001

articles were conducted in Asia including two studies from Japan [23,26] and one from Korea
[22], the remaining six articles were conducted in Europe, one in Austria [17], one in Nether-
lands [21], two in Britain [18,20] and two in Germany [19,24]. Five articles reported the effects
of serum GGT on CV mortality separated by gender [17,20,23,24,26], two articles [21,22]
reported their results without distinguishing by gender, and two articles [18,19] reported the
results on males only. The follow-up duration was ranging from 7 to 24 years, and sample sizes
ranging from >5,000 to >260,000 subjects. The age of participants at baseline varied from 20-
79 years. The incidence of CV mortality in enrolled studies ranged from 2.1%-5.1% in males,
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which was always higher than corresponding data in females (1.4%-3.4%) from the same
cohort. In all studies, CV-specific mortality was assessed by medical records or death certifi-
cates based on International Classification of Diseases (ICD) codes-9,10. All except one studies
[20] provided multivariate-adjusted risk estimates (e.g., age, sex, body mass index, smoking,
cholesterol, et al.). Each of the eligible articles was awarded at least eight stars according to the
Newcastle-Ottawa Quality Assessment Scale for cohort studies.

GGT and CV mortality incidence

High versus low. Compared to the subjects with the lowest GGT categories in fourteen
studies, the pooled HRs (95% CI) for CV mortality incidence were 1.11 (95% CI: 1.04-1.19,
P =0.002) for the moderate, 1.29 (95% CI: 1.21-1.38, P = 0.000) for the high and 1.59 (95% CI:
1.47-1.72, P = 0.000) for the highest categories of GGT levels. The P values for heterogeneity
of the Q test in the above analyses were 0.64, 0.079 and 0.409, respectively, moderate heteroge-
neity was only upon analyzing the high versus the lowest categories of GGT (Fig 2).

Dose-response analyses. We found a significant dose-response association between
serum GGT levels and the incidence of CV mortality. Using a restricted cubic splines model,
there was no evidence of departure from nonlinearity among the data from the included stud-
ies (Pyonlinearity < 0.001. see Fig 3A). The nonlinear dose-response trends showed a signifi-
cantly increased risk of CV mortality with increasing serum GGT concentrations up to
52.5U/L and then the hazard ratios stabilized approximately at the value of 1.6. An approxi-
mate 10% (HR = 1.10, 95% CI = 1.08-1.11) increase in cardiovascular-related deaths occurred
per 10 U/L increment in GGT elevation, with substantial heterogeneity (I* = 55.8%, P = 0.012)
(Fig 4). However, when we further restricted the analyses to studies among females, the shape
of the curve became steeper and there was evidence of a significantly increased risk within the
high normal range of GGT (P = 0.04. Fig 3B). In contrast, there was no nonlinear relationship
between GGT and CV mortality risk among males (P = 0.304. Fig 3C), indicating that a linear
model was better fit to illustrate the GGT-CV mortality among males. The study-specific HRs
per 10 U/L increase in serum GGT concentration are presented in S1 Table. When stratified
by geographical location, examination of the dose-response analysis suggested that nonlinear-
ity relationship also existed in the European populations (P for nonlinearity = 0.003; Fig 3D).
Nonetheless, in analysis restricted to Asian populations, we did not detect a significant nonlin-
ear dose-response relationship after pooling the results (P for nonlinearity = 0.238; Fig 3E). A
weighted linear relationship was demonstrated (P = 0.003).

Subgroup and sensitivity analysis

To examine the stability of the primary results, we carried out subgroup analyses across the 11
studies [17-20,22,23,26] included in our dose-response analysis. The association did not
appear to be modified by sample size, follow-up duration, geographic region of the study
cohort or adjusted for diabetes mellitus (Table 2). Restricting the analysis to studies that
adjusted for BMI did not alter the results. However, the results should be explained carefully as
all of the original studies except one study [20] adjusted for BMI. Alcohol consumption was a
suggestive effect modifier of the relationship between GGT and CV mortality, where specifi-
cally, studies that adjusted for alcohol consumption observed a somewhat stronger positive
association (HR per 10 U/L = 1.12; 95% CI, 1.09-1.15), compared to studies that did not adjust
for alcohol consumption (HR per 10 U/L = 1.09; 95% CI, 1.07-1.10), with Piyeraction = 0.029.
In addition, there was significant difference between subgroups when stratified by gender and
age (P < 0.05 for inter-subgroup comparison). The results of sensitivity analyses are present in
S2 Table. Ignoring a single study and reevaluating summarized HRs of the remaining studies
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Study %
D HR (95% Cl) Weight

The moderate vs the lowest category of GGT

Ruttmann E-M,2005 [17] —— 1.17 (1.02, 1.33) 9.12
Ruttmann E-F,2005 [17] —— 1.04 (0.88, 1.22) 6.02
Wannamethee S G,2008 [18] —— 1.10 (0.91, 1.32) 4.64
Breitling L P,2011 [19] ——— 1.07 (0.71, 1.62) 0.94
Kengne A P-M,2012 [20] —— ! 0.95 (0.78, 1.16) 4.08
Kengne A P—F,2012[20] —0—: 1.04 (0.82, 1.32) 2.83
Sung K C,2015 [22] —_—— 0.92 (0.50, 1.70) 0.43
Li Y-M,2016 [23] I—o— 1.32(0.99, 1.76) 1.94
Li Y-F,2016 [23] ——— 1.04 (0.73, 1.47) 1.31
Hozawa A-M,2006 [27] - 0.99 (0.48, 2.04) 0.31
Hozawa A-F,2006 [27] —_— 1.16 (0.68, 1.98) 0.56
Koehler E M,2014 [21] —— 1.40 (1.10, 1.77) 2.84
Haring R-M,2009 [24] — 1.67 (0.72, 3.88) 0.23
Haring R-F,2009 [24] + 1.52 (0.36, 6.43) 0.08
Subtotal (I-squared = 0.0%, p = 0.640) O I 1.11 (1.04, 1.19) 35.32
1
The high vs the lowest category of GGT
Ruttmann E-M,2005 [17] —— 1.32 (1.14, 1.52) 7.96
Ruttmann E-F,2005 [17] —— 1.39 (1.19, 1.62) 6.77
Wannamethee S G,2008 [18] —— 1.13(0.93, 1.37) 4.28
Breitling L P,2011 [19] — 1.43 (1.10, 1.87) 2.26
Kengne A P-M,2012 [20] —— 0.94 (0.76, 1.16) 3.59
Kengne A P-F,2012 [20] —— 1.29 (1.03, 1.61) 3.22
Sung K C,2015 [22] D — . e — 1.21 (0.67, 2.20) 0.45
Li Y-M,2016 [23] —— 1.33 (0.96, 1.82) 1.57
Li Y-F,2016 [23] —_— 1.01 (0.69, 1.48) 1.10
Hozawa A-M,2006 [27] L ' 0.77 (0.34, 1.76) 0.24
Hozawa A—F,2006 [27] 4 1.89 (0.95, 3.75) 0.34
Koehler E M,2014 [21] —— 1.53 (1.28, 1.82) 517
Haring R-M,2009 [24] — — 1.67 (0.91, 3.07) 0.43
Haring R-F,2009 [24] —- 1.53 (0.56, 4.15) 0.16
Subtotal (I-squared = 37.2%, p = 0.079) ? 1.29 (1.21,1.38) 37.55
. 1
The highest vs the lowest category of GGT I
Ruttmann E-M,2005 [17] —— 1.64 (1.35, 2.00) 4.16
Ruttmann E-F,2005 [17] —— 1.51 (1.21, 1.89) 3.23
Wannamethee S G,2008 [18] —— 1.40 (1.16, 1.70) 4.40
Breitling L P,2011 [19] e 2.02 (1.39, 2.94) 1.14
Kengne A P-M,2012 [20] —_—— 1.46 (1.22,1.75) 4.93
Kengne A P-F,2012 [20] —— 1.77 (1.47,2.13) 467
Sung K C,2015 [22] D . S ——— 1.35 (0.72, 2.56) 0.40
Li Y-M,2016 [23] —— 1.39 (0.97, 1.99) 1.24
Li Y-F,2016 [23] L em— 1.58 (1.08, 2.29) 1.14
Hozawa A-M,2006 [27] & : 0.84 (0.30, 2.39) 0.15
Hozawa A-F,2006 [27] T < 2.97 (1.06, 8.34) 0.15
Koehler E M,2014 [21] 1 ——— 2.07 (1.43, 2.99) 1.18
Haring R-M,2009 [24] - L 2.80 (1.24, 6.31) 0.24
Haring R-F,2009 [24] . 4> $» 2.34(0.61,8.96) 0.09
Subtotal (I-squared = 3.8%, p = 0.409) : <> 1.59 (1.47,1.72) 2712
1
Heterogeneity between groups: p = 0.000 1
Overall (I-squared = 55.1%, p = 0.000) 3 1.30 (1.25, 1.35) 100.00
I
1
| |
112 1 8.96

Fig 2. Forest plot of hazard ratios of the moderate, the high and the highest vs. the lowest category of serum GGT with CV mortality risk.
The squares represent the risk estimate for each individual study, with the area reflecting the weight assigned to the study. The horizontal line
across each square represents the 95% confidence interval. The diamond represents the summary risk estimate, with width representing 95%
confidence interval. The pooled hazard ratios were calculated by a fixed-effect model for all p values for heterogeneity >0.05. Abbreviation: Cl,
confidence interval; HR, hazard ratio. The hazard ratios were adjusted for potential confounders.

doi:10.1371/journal.pone.0172631.g002
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Fig 3. Dose-response relationship between serum GGT levels and risk of CV-mortality in prospective studies. Restricted cubic splines and
generalized least squares dose-response models on evaluation of association between GGT and risk of CV mortality. (A) Overall analysis; (B) females;
(C) males; (D) Europe; (E) Asia. The solid line represents the fitted hazard Ratio curve compared to the subgroup with the lowest mean levels of serum
GGT, and Lines with long dashes represent 95% ClI of this risk by restricted cubic splines model. Lines with short dashes represent the weighted
regression index compared to subgroup with lowest mean levels of serum GGT by generalized least squares model.

doi:10.1371/journal.pone.0172631.g003

in turn did not significantly alter the initial relationship of GGT and CV mortality risk. These
findings confirm the reliability of our results.

Publication bias analysis

There was no evidence of publication bias for any association as revealed by Begg’s test and
Egger’s test (all P > 0.05).

Discussion

We performed a meta-analysis of the moderate, the high, and the highest levels of serum GGT
compared to the lowest level of serum GGT and dose-response relationship between GGT and
the incidence of CV mortality. There was evidence of a nonlinear positive dose-response rela-
tionship between GGT and CV mortality after pooling seven articles including 515,446 partici-
pants and 6,339 cases of CV mortality. Notably, a flat association was observed in the lowest
range of GGT levels < 13U/L, thereafter the shape of dose-response curve was steeper with
serum GGT levels 13 -< 52.5U/L. Furthermore, the increases in risk somewhat flattened at
above 52.5U/L GGT. For the dose-response meta-analysis, increases of 10U/L of circulating
GGT levels were associated with a 10% increase in the risk of CV mortality. Sensitivity analysis
was conducted further and did not significantly alter the result. No evidence of heterogeneity
or publication bias was detected across the 9 prospective articles. Compared with the lower cat-
egories, those of the moderate or highest GGT activity categories did have a significantly
increased risk of CV mortality in all participants combined and in subgroups. There is an
incremental increase in CV mortality of approximately 9% for males and 12% for females per
10 U/L of GGT elevation, this association seems to be stronger for females than males.

PLOS ONE | DOI:10.1371/journal.pone.0172631 February 23, 2017 10/19
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Study %

D HR (95% Cl) Weight
1
1

Ruttmann E-M,2005 [17] —— 1.06 (1.04, 1.09) 30.96
1

Ruttmann E-F,2005 [17] —. 1.10 (1.06, 1.14) 12.90
1

Wannamethee S G,2008 [18] — N 1.1 (1.05, 1.17) 5.83
1
1

Breitling L P,2011 [19] —_——— 1.13 (1.07, 1.20) 5.19
1

Kengne A P-M,2012 [20] —_—— 1.09 (1.05, 1.13) 12.66
1

Kengne A PF,2012 [20] —— 1.13(1.10, 1.18) 13.85
1
1

Sung K C,2015 [22] - 1.07 (0.95, 1.20) 1.25
1
1

Li Y-M,2016 [23] l——— 1.13(1.10, 1.18) 13.85
1

) I - N

Li Y-F,2016 [23] - * > 1.19(1.04,1.35) 1.00
1
1

Hozawa A-M,2006 [27] + 1 0.97 (0.87, 1.08) 1.46
1
1

Hozawa A-F,2006 [27] . * 1.17 (1.0, 1.33) 1.04

Overall (I-squared = 55.8%, p = 0.012) 0 1.10(1.08, 1.11) 100.00
1
1
1
1
1

T T
741 1 1.35

Fig 4. The two-stage dose-response meta-analysis on serum GGT and CV mortality. The squares represent the risk estimate for each individual
study, with the area reflecting the weight assigned to the study. The horizontal line across each square represents the 95% confidence interval. The
diamond represents the summary risk estimate, with width representing 95% confidence interval. Cl, confidence interval; HR, hazard ratio.

doi:10.1371/journal.pone.0172631.9004

However, the current findings should be interpreted critically, considering that the GGT level
of comparison groups was quite different.

The results from the British Women’s Heart and Health Study indicated that GGT activity
did not have a causal role in the incidence of coronary heart disease (CHD), independent of
alcohol intake [44]. However, a prospective study in the Japanese population found that the
serum GGT level was predictive of mortality from cardiovascular mortality among females for
whom the prevalence of ever-drinkers was very low, but no associations were seen among
males [26]. The reason for the gender difference remains unclear, and the authors suggested
that the difficulty in controlling for the effects of alcohol consumption in males might partly
account for the gender difference. One possible explanation for this result could be that mod-
erate alcohol consumption reduces the risk of atherosclerosis by increasing plasma concentra-
tions of high-density lipoprotein (HDL) cholesterol, a well-established major protective factor
against CHD [45]. In addition, y-GT is recently considered to be an oxidative stress marker. A
Japan study reported that a positive correlation was observed between the circulating oxidative
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Table 2. Subgroup analyses of pooled Hazard Ratios (HRs) of CV mortality per 10 U/L increase in
GGT level.

Subgroup Number of studies  HR(95%Cl) P value |Test for heterogenity*

1%(%) | Pheterogensity | Pinteraction
All studies 11 1.10(1.08,1.11) | 0 58.9 0.007
sex
Male 6 1.09 (1.07,1.10) | O 70.4 0.005 0.039
Female 4 1.12(1.09,1.15) | 0 0.10 0.391
Follow-up duration
>10y 6 1.09(1.08,1.11) | 0 60.0 0.029 0.109
<10y 5 1.12(1.09,1.16) O 56.9 0.054
Sample size
>10000 6 1.09(1.07,1.11) | O 64.1 0.016 0.249
<10000 5 1.11(1.08,1.13) | 0 56.0 0.059
Age
>50y 5 1.11(1.08,1.13) | 0 57.5 0.052 0.039
<50y 2 1.07 (1.05,1.09) | 0 50.0 0.157
Study location
Europe 6 1.09(1.08,1.11) | 0 60.0 0.029 0.109
Asia 5 1.12(1.09,1.16) O 56.9 0.054
Adjusted for DM
Yes 4 1.10(1.06,1.15) | O 60.7 0.054 0.776
No 7 1.09(1.08,1.11) | 0 63.9 0.011
Adjusted for alcohol
Yes 7 1.12(1.09,1.15) | 0 37.4 0.143 0.029
No 4 1.09(1.07,1.10) | O 69.9 0.019
Adjusted for BMI
Yes 9 1.09(1.07,1.11) |0 60.2 0.010
No 2 1.11(1.09,1.14) |0 56.2 0.131 0.160

*For the test of heterogeneity in each subgroup, we also calculated the 12 statistic, and 50% was regarded as
the cutoff point for non-significant and significant levels. Moderate heterogeneity was detected in our dose-
response meta-analysis and heterogeneity was found when stratified by sex, age and adjustment for
alcohol.

Abbreviations: HRs, hazard ratios; RRs, relative risks; Cls, confidence intervals; DM, Diabetes mellitus; BMI,
Body mass index.

doi:10.1371/journal.pone.0172631.t002

status and serum y-GT levels at active estrogen stage among subjectively healthy women,
which may indicate a different oxidative stress condition by menopausal stage [46]. Similarly,
a Norway study confirmed that an increase in y-GT was positively correlated with oral con-
traceptive use and menopause [47]. However, whether estrogen level plays a critical role in
gender differences between GGT levels and CV mortality risk is still far from clear and
requires further data to clarify the mechanism.

Several researchers have also reported that the association between serum GGT activity and
CV mortality appears to be stronger in younger versus older subjects [17,18,20,22]. The Min-
nesota Heart Survey Epidemiologic Follow-up Study reported that the serum GGT concentra-
tion was a predictor for mortality from cardiovascular disease among populations aged less
than 70 years, but no associations were seen among subjects aged more than or equal to 70
years [48]. Similar age interactions were noted by Wannamethee et al. in their analyses of the
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British Regional Heart Study [18]. However, recent reports supported positive associations
between GGT and risk of CV mortality separately in the elderly where the mean age was 70
years [21,49]. Further studies are required to clarify the association in younger individuals.

Similar to previous meta-analyses [27,28], our dose-response meta-analysis found that the
incidence risk of CV mortality increased with the elevation of serum GGT concentration,
implying that serum GGT is a dose-dependent risk factor for the incidence of CV mortality.
Several possible mechanisms could explain this association between GGT activity and CV
mortality. There is growing evidence that GGT levels may be indirectly linked to atherosclero-
sis via coexistent oxidative stress [50], one of the most important contributors to vascular
injury. GGT has been found within carotid and coronary plaques, colocalized with oxidized
lipids and CD68+ foam cells [51-52], which may promote iron-dependent oxidation of low-
density lipoprotein (LDL) and lead to further development of atherosclerotic plaques by influ-
encing plaque evolution and rupture [4,53]. In addition, GGT is associated with subclinical
microinflammatory response by modulating mediators such as leukotrienes [54] and S-nitro-
soglutathione (GSNO) [55]. Findings from the cross-sectional analysis performed in the
Multi-Ethnic Study of Atherosclerosis (MESA) cohort showed that evidence of significant lin-
ear trends for increasing trends in biomarkers of arteriosclerosis with graded increases in
GGT, including oxidized low-density lipoproteins (oxLDL), interleukin-6 (IL-6), C-reactive
protein (CRP), and soluble intercellular adhesion molecule-1 (SSCAM-1)[56]. An Italy study
indicated that macrophages may contribute to plaque b-GGT accumulation under inflamma-
tory conditions, the heaviest of the four GGT fractions identified in plasma, which in turn play
arole in the progression of atherosclerosis by modulating inflammatory processes in the pla-
que environment [57]. Epidemiologic evidence have shown that serum GGT levels are associ-
ated with coronary flow reserve (CFR) [58-60], arterial stiffness [61] and coronary artery
calcification [62]. For instance, a Turkey study confirmed that serum GGT levels were
inversely correlated with the coronary flow reserve (CFR) in normal individuals, which reflect
coronary microvascular function and have been shown to be early manifestations of athero-
sclerosis and coronary artery disease [58-60]. Moreover, growing numbers of studies have
revealed a strong association of GGT with various atherosclerotic risk factors, such as hyper-
tension, metabolic syndrome, diabetes and others [8-10]. However, most of the studies were
from epidemiologic data and to date the original articles are still limited.

Based on the RR or HR values for every dose category in each study included in the dose-
response analysis, the association between serum GGT activity and the risk of CV mortality
was significant in 1 study [17] and was mixed in the other 10 studies [17-20,22,23,26]

(Table 1). In the study-specific dose-response meta-analysis using a 10 U/L incremental
increase of GGT, the variation in the incidence of CV mortality was significant in 9 studies
(P < 0.05) and not significant in 2 studies (P > 0.05) (S1 Table). However, our meta-analysis
showed substantial significant heterogeneity across the 11 prospective studies (I* = 55.8%,

P =0.012), therefore, the results should be interpreted with caution.

For subgroup analyses of the dose-response meta-analysis, the incidence of CV mortality
increased with rises in GGT concentration in all subgroups with moderate to substantial het-
erogeneity, which did not alter much in the subgroup analyses. There are differences in serum
GGT levels between males and females in our included studies. Therefore, within the subgroup
analysis we examined gender as possible sources of heterogeneity. Females were more sensitive
to develop CV mortality on the same GGT elevation degree than males (P < 0.05), revealing
that gender might be confounding the GGT-CV mortality association. When stratified by age,
our subgroup analysis revealed a stronger relationship on GGT-CV mortality in the older
(P < 0.05). However, several researchers have reported that the association between serum
GGT activity and CV mortality appears to be stronger in younger versus older subjects
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[17,18,20,22]. The reason for these seemingly inconsistent results remains unknown, though
they might be driven in part by the wide range of age and the limited studies included in our
subgroup stratified by age. Recently, a study in community-dwelling individuals aged 50 to 99
years suggested that excess risk of cardiovascular mortality was found in older persons with
elevations in serum GGT, and the slope of the hazard curve for cardiovascular mortality is rela-
tively flat when the age less than approximately 66 years old, and rose steeply thereafter [63],
which further supported our findings.

We also examined region, number of participants, and length of follow-up as possible
sources of heterogeneity, nevertheless, heterogeneity between studies did not alter much in the
subgroup analyses. There is substantial evidence that alcohol consumption has been reported
to be U-curve or J-curve association with CAD [64-65]. As GGT is the most common marker
of excessive alcohol consumption, we conducted subgroups by adjusted alcohol consumption.
Interestingly, there was some evidence of heterogeneity (Pheterogeneity = 0.029 for both compari-
sons), with a stronger association among studies that adjusted alcohol consumption, so it
seems plausible that the relationship between GGT and CV mortality risk varies by alcohol
consumption. In addition, GGT has been demonstrated to be positively associated with several
cardiovascular disease risk factors, such as BMI [66] and diabetes mellitus [8], whereas there
was no significant difference between subgroups classified by BMI and diabetes mellitus. Of
course, the observed heterogeneity could be attributable to differences in environmental fac-
tors, methodological factors in design, and how the studies were conducted.

Compared with the previous meta-analyses [27], our study has several notable strengths. To
explore the relationship of serum GGT concentration and CV mortality quantitatively, we per-
formed a dose-response meta-analysis of published prospective studies and found a positive
nonlinear relationship, which is a novel finding. Meanwhile, the total number of participants
(n =515,446) and CV mortality cases (n = 6,339) were sufficiently large, and the duration of
follow-up was long, ranging from 7 to 24 years. As a result, the prospective cohort studies
included in our meta-analysis are of high-quality, which allowed for detection of potential
associations and eliminated the potential for recall and selection bias. Furthermore, we con-
ducted subgroup analyses and sensitivity analyses to find out whether some characteristics
could explain the results and evaluate robustness. No individual study was able to alter the
nonlinear trend when we removed it from the dose-response meta-analysis. Therefore, the
results are more reliable as they are not overly influenced by the effect of a single study.

Limitations of this meta-analysis should be mentioned. First, all included studies measured
GGT level on a single occasion at baseline. Considering the within-subject variation of GGT
level and measurement error, our results might be subject to regression dilution bias [67], indi-
cating an underestimated effect size for the association of GGT levels with CV mortality. Sec-
ond, several included studies used death certificate to ascertain the causes of death
[17,19,20,23,24]. However, information from death certificate can be inaccurate [68]. There-
fore, misclassification bias possibly affected our results on the associations between GGT levels
and risks of death from cardiovascular disease. Third, the noticeable limitation of our study
was the potential for bias due to the inability to fully adjust for confounders, such as CRP [69]
and non-alcoholic fatty liver disease (NAFLD) [70], which might bias the results toward the
exaggeration or underestimation of risk estimates, therefore, the positive effect of increasing
GGT level on CV mortality could be attributed to other risk factors. Fourth, the prospective
cohort studies focusing on the GGT-CV mortality association were mainly conducted in
Europe, and this relationship should be evaluated in studies involving other ethnicities. Finally,
our results may be influenced by language bias. Although no restrictions were imposed on lan-
guage of publications to minimize this bias when searching the electronic databases, all ana-
lyzed studies were published in English.

PLOS ONE | DOI:10.1371/journal.pone.0172631 February 23, 2017 14/19



@° PLOS | ONE

Gamma-glutamyltransferase and cardiovascular mortality

Conclusions

Altogether, our meta-analysis contributes to the literature by exploring the nonlinear dose-
response relationship between GGT and the risk of CV mortality. These results indicated that
GGT in normal range might be an individualized predictor in screening incidents of CV
events. However, the potential mechanisms are still limited. Further research is necessary to
further clarify the mechanisms and examine the potential modifiers of the GGT-CV mortality
relationship.
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