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Background: Several studies have shown that variation
in serum �-glutamyltransferase (GGT) in the popula-
tion is associated with risk of death or development of
cardiovascular disease, type 2 diabetes, stroke, or hyper-
tension. This association is only partly explained by
associations between GGT and recognized risk factors.
Our aim was to estimate the relative importance of
genetic and environmental sources of variation in GGT
as well as genetic and environmental sources of covaria-
tion between GGT and other liver enzymes and markers
of cardiovascular risk in adult twin pairs.
Methods: We recruited 1134 men and 2241 women
through the Australian Twin Registry. Data were col-
lected through mailed questionnaires, telephone inter-
views, and by analysis of blood samples. Sources of
variation in GGT, alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) and of covariation
between GGT and cardiovascular risk factors were as-
sessed by maximum-likelihood model-fitting.
Results: Serum GGT, ALT, and AST were affected by
additive genetic and nonshared environmental factors,
with heritabilities estimated at 0.52, 0.48, and 0.32,
respectively. One-half of the genetic variance in GGT
was shared with ALT, AST, or both. There were highly
significant correlations between GGT and body mass

index; serum lipids, lipoproteins, glucose, and insulin;
and blood pressure. These correlations were more attrib-
utable to genes that affect both GGT and known cardio-
vascular risk factors than to environmental factors.
Conclusions: Variation in serum enzymes that reflect
liver function showed significant genetic effects, and
there was evidence that both genetic and environmental
factors that affect these enzymes can also affect cardio-
vascular risk.
© 2002 American Association for Clinical Chemistry

In addition to its diagnostic uses, serum �-glutamyltrans-
ferase (GGT)5 activity has substantial epidemiologic sig-
nificance (1 ). Prospective studies have shown a significant
relationship between increased GGT and subsequent mor-
tality and morbidity (2–7) and between GGT and devel-
opment of specific conditions, including myocardial in-
farction (4 ), stroke (8 ), non-insulin-dependent diabetes
(9 ), and hypertension (10 ). Major effects of body mass
index (BMI) on serum GGT have been found, and associ-
ations between GGT and multiple cardiovascular risk
factors, including serum lipids, blood pressure, smoking,
and impaired glucose tolerance or insulin resistance, have
been reported [summarized in Ref. (1 )]. The known
associations with other risk factors account for some, but
not all, of the predictive value of GGT, so that it must in
part be considered an independent risk factor or a marker
of some type of risk that has not yet been characterized.

GGT shows significant correlations within the general
population with both serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT). Some of the
epidemiologic studies that showed high GGT to be a risk
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factor or to be associated with risk factors also measured
and evaluated AST or ALT. In a German study of con-
struction workers (6 ), AST and ALT, as well as GGT, were
significant predictors of disability and death. In a British
study of predictors of type 2 diabetes (9 ), AST was
significant, but less predictive than GGT. Both AST and
ALT, as well as GGT, are positively associated with BMI
(11–14), which may be a reflection of the increased
prevalence of fatty liver in more obese individuals.

For all these reasons, the sources of variation in GGT
and their overlap with sources of variation in aminotrans-
ferases as well as the sources of covariation with cardio-
vascular risk factors are important. In this study, we
assessed the genetic and environmental factors affecting
variation in serum GGT activity and the degree to which
similar factors affect AST or ALT. We also examined the
genetic and environmental causes of covariation between
the concentrations of these enzymes in serum and multi-
ple biochemical or physiologic cardiovascular risk factors.

Participants and Methods
participants
The characteristics of the participants in this study were
described in a previous report (15 ). They completed a
questionnaire in 1989, a telephone interview in 1993–1994,
and provided a blood sample in 1993–1996. All partici-
pants were twins, born between 1903 and 1964, but in
some cases only one member of a twin pair provided
blood. Zygosity was determined from responses to ques-
tions about physical similarity and the inability of others
to tell them apart, supplemented by blood group infor-
mation. Participants gave informed consent to the ques-
tionnaire, interview, and blood collection, and the studies
were approved by the appropriate Ethics Committees.

procedures
Blood was collected from 1134 men and 2241 women.
Immediately before blood collection, participants filled in
a brief questionnaire that included a table asking how
many drinks containing alcohol (10 g) they had consumed
on each of the preceding 7 days, divided into beer, wine,
spirits, fortified wine, or “other”. The numbers of drinks
were summed to obtain a total for the past week. Partic-
ipants also reported the time of their last meal, and the
time of blood collection was noted. At the same visit, their
height and weight was measured. BMI was calculated
from weight and height as: weight (kg)/[height (m)]2.
Systolic and diastolic blood pressures were measured,
with the participants sitting, by use of an automated
blood pressure recorder (Dynamap 845 Vital Signs Mon-
itor; Critikon Inc.). The mean of two results taken at 1-min
intervals was calculated. Blood pressure results were
available for 1666 of the participants.

Serum was separated from the blood and stored at
�70 °C until analyzed. Serum GGT, AST, ALT, glucose,
urate, total cholesterol, and triglycerides were measured
by Boehringer Mannheim reagents and methods on a

Hitachi 747 analyzer. Ferritin, transferrin, and iron were
measured using Roche Diagnostics reagents and methods
on a Hitachi 917 analyzer. HDL-cholesterol (HDL-C) was
measured by precipitation of non-HDL lipoproteins with
dextran/MgSO4 followed by enzymatic cholesterol assay.
Apolipoproteins A-I, A-II, B, and E were measured by
immunonephelometry using a Behring nephelometer and
Behring reagents. Plasma insulin was measured by RIA
(Diagnostic Products).

statistical methods
Several of the measured variables were log-transformed
because their frequency distributions were skewed. All
references to serum GGT, AST, ALT, triglycerides, fer-
ritin, and insulin and to the quantity of alcohol consumed
per week are to the log-transformed values unless speci-
fied otherwise. LDL-cholesterol (LDL-C) was calculated
from the total cholesterol, HDL-C, and triglyceride values
by the Friedewald equation if triglycerides were �4.5
mmol/L. If the serum triglyceride concentration was
above this limit, LDL-C was treated as missing. The
samples were not taken in the fasting state, but partici-
pants reported the time of their last meal, and the triglyc-
eride, glucose, and insulin results were adjusted for the
elapsed time between the last meal and blood collection.

Initial analysis of the results revealed highly significant
(P �0.001) correlations between GGT results and numer-
ous biochemical, physiologic, and alcohol-related charac-
teristics. Because the participants were twins and there-
fore not genetically independent, the effective number of
individuals for any characteristic with substantial herita-
bility would be less than the actual number of partici-
pants, and therefore, the significance (but not the magni-
tude) of correlations may be overestimated. More detailed
examination of the sources of variation in GGT and of the
reasons for covariation with the variables that showed
significant correlations in the exploratory analysis was
performed using the Mx program, Ver. 1.50 (16 ), which is
designed for analysis of twin and family data and over-
comes this problem.

This analysis, like all studies based on twin pairs
reared together, depends on the assumption that environ-
ments are equally similar for monozygotic and dizygotic
co-twins. For biochemical and physiologic characteristics
and for individuals �30 years of age and living indepen-
dently, the equal-environments assumption is generally
accepted.

After allowing for the effects of demographic variables
such as age and sex, the residual correlations between
co-twins, by zygosity, were estimated. The data were
fitted to models of sources of variation in GGT, ALT, and
AST. These models may contain additive and dominance
genetic variation and shared and nonshared environmen-
tal variation; models that show a significantly worse fit
with the data are rejected, and the most parsimonious
model that does not yield a worse fit than the full model
is chosen. For example, the model containing only addi-
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tive genetic and nonshared environmental sources of
variation (AE model) will be accepted if the model con-
taining only shared environmental and nonshared envi-
ronmental sources of variation (CE model) gives a signif-
icantly worse fit to the data and if addition of either
shared environmental or dominance genetic sources of
variation fails to produce significant improvement in the
goodness of fit.

Because of the significant correlations between GGT
and many other variables, the sources of covariation
between them were modeled in a series of multivariate
analyses. This led to estimates of the common and unique
paths from genetic and environmental sources of varia-
tion for the variables included. This was an extension of
the univariate model fitting, and in addition to estimating
the proportions of variance attributable to genetics and
environment, it provided estimates of the extent to which
the genetic or environmental effects were specific to one
variable (e.g., GGT) and the extent to which they affected
more than one variable (e.g., GGT and ALT, or GGT and
ALT and AST). Because simultaneous analysis of a large
number of variables is computationally intensive, several
separate analyses were conducted. The covariation be-
tween GGT, ALT, and AST was first analyzed, followed
by the covariation between GGT, BMI, and the lipid and
lipoprotein concentrations [triglycerides, HDL- and
LDL-C, apolipoprotein (apo) A-II, B, and E]; between
GGT, BMI, glucose, and insulin; between GGT, BMI, and
ferritin; between GGT, BMI, and urate; and between GGT,
BMI, and systolic and diastolic blood pressure.

Results
heritability of serum ggt, alt, and ast
Adjustments were made for demographic and sample-
related variables that affected GGT, ALT, and AST activ-
ity. Mean values were higher in men than in women, and
age had significant effects in both sexes. Mean values for
these enzymes and for the other variables measured are
shown in Data Supplement Table DS1. (All data supple-
ment tables are available with the online version of
the article at http://www.clinchem.org/content/vol48/
issue8/.) The adjusted within-pair correlations by zygos-
ity for GGT, ALT, and AST are shown in Data Supplement
Table DS2, with the higher correlations in monozygotic
than in dizygotic pairs suggesting significant genetic
effects.

The results of testing of models of sources of variation,
including additive genetic effects (A), dominance genetic
effects (D), common environmental effects shared by
members of a twin pair regardless of zygosity (C), and
nonshared environmental effects (E), are shown in Data
Supplement Table DS3. The models containing only C
and E were rejected because the goodness-of-fit between
the model and the data was significantly worse, for each
of the enzymes, than for a model containing A and E only.
Models containing A, C, and E or A, D, and E as sources
of variation showed no significant improvements over the

AE models, and under the ACE models, the C component
was estimated as zero. Therefore, we conclude that there
is no evidence that nonadditive genetic effects or shared
environmental effects contribute to interindividual varia-
tion in GGT, ALT, or AST. The age- and sex-adjusted
heritabilities for log-transformed enzyme activities were
0.52 for GGT, 0.48 for ALT, and 0.32 for AST.

phenotypic correlations between serum ggt, alt,
and ast activities and other characteristics
Highly significant correlations were found between GGT
values and many other physiologic or biochemical char-
acteristics. These included other liver enzymes (AST and
ALT), alcohol intake and smoking status (but only in
men), BMI and biochemical aspects of the metabolic
syndrome (triglycerides; HDL- and LDL-C; apo A-II, B,
and E; urate; glucose; and insulin), blood pressure (sys-
tolic and diastolic), and iron status (ferritin). Similarly,
there were significant associations between ALT and AST
and many of the variables that showed correlations with
GGT. The phenotypic correlations, taking the individual
as the unit and making no allowance for gene-sharing
within twin pairs, are shown in Data Supplement Table
DS4.

The correlations with cardiovascular risk factors
tended to be stronger for GGT than for ALT or (even more
so) AST. This trend was apparent for BMI, lipids, apoli-
poproteins [except apo A-I and apo(a), which showed
little association with the enzyme values], glucose and
insulin, urate, blood pressures, and ferritin. It therefore
seems that there are two components to the associations
between GGT and the other measurements: one a general
hepatic effect shared with ALT and AST, and the other
more specific to GGT.

It is also noteworthy that although apo A-II was
significantly and positively associated with GGT, ALT,
and AST in both men and women, apo A-I was not, and
HDL-C tended to show negative correlations. This disso-
ciation between the components of HDL was not seen for
the lipids and apoproteins associated with LDL or VLDL.

common and unique genetic and environmental
influences on ggt, ast, and alt
Because of the large number of variables associated with
GGT as well as with ALT and AST, the relationships
between these enzymes and the genetic or environmental
causes of these relationships were explored in a series of
analyses. The relationships between genetic and environ-
mental sources of variation acting on GGT, AST, and ALT
are illustrated in Fig. 1. This path diagram shows additive
genetic (A1, A2, and A3) and nonshared environmental
(E1, E2, and E3) effects on these variables. The paths
between the sources of variation and the observed values
are shown in Fig. 1 and consist of A1 and E1, which
influence all three variables; A2 and E2, which affect ALT
and GGT, but not AST; and A3 and E3, which affect GGT
only. Values next to these paths show the proportion of
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variance: e.g., the path from A1 to ALT labeled “15”
shows that 15% of the variance in ALT is attributable to
genes that also affect AST. For GGT, 29% of the observed
variance is attributable to genes that affect GGT but not
ALT or AST, whereas 20% (12% � 8%) is attributable to
genes that also affect ALT or AST or both. Twenty-seven
percent of the variance in GGT is attributable to environ-
mental effects not shared with AST and ALT, whereas
25% is attributable to environmental factors that also
affect ALT and/or AST. Therefore, GGT is subject to both
general “liver enzyme” factors and GGT-specific factors.
It is slightly more closely related to ALT than to AST. Fig.
1 considers only the relationships between GGT and the
aminotransferases; the genetic and environmental connec-
tions with cardiovascular risk factors are considered be-
low. Loci affecting cardiovascular risk factors are ex-
pected to affect both the genetic effects unique to GGT
and those shared with the other enzymes.

genetic and environmental correlations
between ggt and variables related to
cardiovascular risk
As stated above, there were multiple highly significant
correlations between GGT and known or suspected car-
diovascular risk factors. Of these, the strongest relation-
ships were between GGT and variables associated with
VLDL (triglycerides, apo B, and apo E), obesity, blood
pressure (diastolic and systolic), and insulin resistance
(insulin and glucose). There were also significant correla-
tions with HDL-C and apo A-II (but not apo A-I), with
urate, and with ferritin. The degrees to which these
phenotypic correlations were attributable to genes affect-

ing multiple variables from this list or to nongenetic
(environmental) factors with similar multifaceted effects
can be seen from the genetic and environmental correla-
tions with GGT, which are shown in Table 1.

Because the phenotypic correlations were the outcome
of both genetic and environmental effects, the correlations
in Table 1 are broadly similar to those in Table DS4. There
was a tendency for the genetic correlations to be greater
than the environmental ones, in part because environ-
mental factors included measurement errors and short-
term biological variation and these would not usually be
correlated across variables. The genetic correlations with
GGT were notably stronger than the environmental cor-
relations for triglycerides, apo B and E, and BMI, and to a
lesser extent for blood pressure and HDL-C.

Many of the cardiovascular risk factors that showed
phenotypic, genetic, and environmental correlations with
GGT were also correlated with each other. The strongest
GGT correlation was with triglyceride concentration. This
led us to consider whether there might be a single
underlying cardiovascular factor associated with GGT,
largely based on triglycerides and VLDL. This was exam-
ined by ordering the multivariate analysis so that genetic
factors affecting both triglycerides and GGT were esti-
mated and that, for other lipid or lipoprotein variables,
only the components not affecting triglycerides and GGT
would appear. The outcome is shown in Table 2. Al-
though each of the variables listed had reasonably strong
genetic correlations with GGT (Table 1), the genes affect-
ing both triglycerides and GGT (including genes that also

Fig. 1. Genetic and environmental sources of variation and covariation
in GGT, AST, and ALT after adjustment for covariates.
The covariates are sex, age, weekly alcohol intake, BMI, weekly alcohol intake �
BMI interaction, lifetime alcohol dependence, smoking status, triglycerides,
HDL, ferritin, and systolic and diastolic blood pressures. The numbers in boxes
are the percentages of variance in GGT, AST, and ALT accounted for by additive
genetic (A) and nonshared environmental (E) factors influencing all three
enzymes (A1 and E1), ALT and GGT only (A2 and E2), and GGT only (A3 and E3).
Note that there are minor differences from the estimated heritabilities in Table
DS3 because of adjustment for extra variables (listed above) in this analysis.

Table 1. Genetic and environmental correlations between
logGGT and other variables.

Variable
Genetic

correlation
Environmental

correlation

ALT (log) 0.35 0.34
AST (log) 0.42 0.49
BMI 0.34 0.23
Triglycerides (log) 0.45 0.29
apo B 0.37 0.17
apo AI �0.04 �0.03
apo AII 0.22 0.19
apo E 0.35 0.19
LDL-C 0.25 0.16
HDL-C �0.25 �0.15
apo(a) (log) �0.08 0.00
Glucosea 0.20 0.11
Insulin (log)a 0.25 0.22
Uric acid 0.22 0.28
Diastolic BPb 0.27 0.16
Systolic BP 0.25 0.15
Iron 0.05 �0.12
Transferrin 0.10 0.07
Ferritin (log) 0.24 0.24

a Glucose and insulin results have been adjusted for time since last meal,
collection-to-processing time, and storage time.

b BP, blood pressure.
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affect apo B, BMI, and so forth) accounted for 9.6% of the
variance in GGT, the genes affecting both apolipoprotein
B and GGT (including genes that also affect BMI, apo E,
and so forth, but not triglycerides) accounted for 1.7% of
the variance in GGT, and the other variables listed had
only minor effects on GGT except through pathways
shared with triglycerides. Genetic effects on GGT that
were not shared by any of the other variables listed
accounted for 36.6% of the GGT variance. Similarly, the
nonunique environmental effects on GGT mainly affected
triglycerides, and paths between other variables and GGT
that excluded effects on triglycerides were negligible.

Discussion
There are only limited previous data on the heritability of
serum GGT and the aminotransferases. In our previous
work (17 ), all participants were between 18 and 35 years
of age with a mean age of 23 years. AST and ALT were
affected by genetic and nonshared environmental factors,
some of which affected both enzymes, whereas GGT was
affected by both shared and nonshared environmental
factors but not genetic ones. A recent study on Danish
twins (18 ) reported data from individuals 73–102 years of
age and found a mixture of genetic and nonshared
environmental influences on GGT and ALT; AST was not
measured. Our current results are consistent with the
latter report and confirm the presence of genetic effects on
these serum enzymes in adults after the age of 30.

This result implies that either the release of enzymes
from liver cells or the rate of clearance of the enzymes
from the circulation is subject to genetic effects. Because a
considerable proportion of the genetic effect is shared by
the three enzymes, which probably have different rates of
clearance, we favor the former explanation. The genetic
component unique to GGT may reflect variation in GGT
activity at the hepatocyte surface exposed to the circula-
tion.

However, the major topics of interest are not so much
the variations in enzyme activities in the serum as the
variations in the underlying physiologic or pathophysio-
logic processes and the ways in which these processes
interact with cardiovascular risk. All three enzymes show
associations with cardiovascular risk factors, although
these associations are strongest for GGT and only GGT
has a convincing body of evidence connecting it with

outcomes in prospective studies (2–10). The pattern of
relationships among the three liver enzymes suggests that
GGT in part reflects the same processes as ALT or AST
and in part is independently determined.

Although all three enzymes are associated with cardio-
vascular risk factors, the role of GGT in replenishing
intracellular glutathione, and possibly in controlling apo-
ptosis and proliferation in atheromatous plaques (19, 20),
may give it added significance. It is clear that increased
GGT is associated with an increased probability of death
from cardiovascular causes, development of type 2 diabe-
tes, and development of hypertension and stroke (4, 8–
10). Most probably, it is associated with fatty liver, insulin
resistance, and oxidative stress (21, 22). Because it is
possible that GGT plays a role in the proliferation of
atheromatous plaques, some of the circulating GGT may
come from such plaques. Thus, there are two possible (but
not necessarily exclusive) explanations for the association
between serum GGT and cardiovascular risk: either GGT
comes in part from the atheromatous plaques, which will
be more common and extensive in patients with adverse
cardiovascular risk profiles, or GGT is associated with the
risk factors even before the plaques are fully developed.
Given the age range and essentially healthy status of our
participants, the latter seems more likely.

It was notable that the associations between serum
GGT and variables related to cardiovascular risk, reported
by others and confirmed by us, had a strong genetic
component and were less influenced by environmental
variation (see Tables 1 and 2). It seems likely that a genetic
predisposition to abdominal obesity and insulin resis-
tance is associated with fatty liver, lipid abnormalities
(particularly increased VLDL), and increased liver en-
zymes. The genetic component in the underlying factor of
abdominal obesity or metabolic syndrome will lead to
genetic correlations between its multiple consequences.
Similar reasoning in relation to blood pressure (also
associated with insulin resistance) could explain the ge-
netic correlations between GGT and systolic and diastolic
blood pressures.

Two other analytes are worthy of comment because of
their correlations with both the liver enzymes and the
cardiovascular risk factors. Urate was significantly corre-
lated (all P �0.01; data not shown) with GGT, ALT, and
AST as well as with BMI, blood pressures, triglycerides,
apo B, and apo E in both women and men. Ferritin was
significantly correlated with the three enzymes and with
BMI, triglycerides, and apo A-II in both sexes and addi-
tionally with blood pressures, LDL-C, apo B, and apo E in
the women. The associations of serum urate with liver
enzymes and with cardiovascular risk are not unexpected
(21, 23, 24), although they are unexplained. The associa-
tion between ferritin and liver enzymes may reflect ad-
verse effects of iron on the liver or the release of ferritin
from hepatocytes in situations that also cause release of
enzymes, but the additional association with cardiovas-
cular risk factors suggests that either iron overload in-

Table 2. Genetic and environmental paths from lipids to GGT.a

Triglycerides apo B BMI apo E LDL-C HDL-C apo AII Unique

A 9.6 1.7 1.7 0.9 0.2 0.3 0.9 36.6
E 3.9 0.2 0.9 0.2 0.5 0.1 1.7 40.8

a Each column shows the percentage of variance in GGT that can be accounted
for by the additive genetic (A) and environmental (E) effects that affect the
variable (and also those in columns to the right). The last column shows the
contributions of genetic and environmental variance unique to GGT after covari-
ance with lipids is taken into account. The genetic effects sum to 52% and the
environmental effects to 48%, consistent with the univariate estimate of GGT
heritability.
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creases the probability of liver dysfunction, insulin resis-
tance, and lipid changes or vice versa. The relationships
between iron overload and components of the insulin
resistance syndrome have been investigated and dis-
cussed recently (25–27), but which is cause and which is
effect is still uncertain.

In conclusion, clarification of the genetic associations
between liver function (as indicated by the three enzymes
studied) and the combined cardiovascular risk factors
requires incorporation of a large number of variables and
leads to a computationally intensive analysis. These rela-
tionships, which raise such issues as the effect of liver
function in the broad sense on cardiovascular risk, will be
the subject of further work.
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and by a grant from the National Heart Foundation of
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