
Biochemical traits such as plasma alanine amino-
transferase (ALT), aspartate aminotransferase

(AST), gamma glutamyltransferase (GGT) and uric
acid are associated with obesity, and with risk of car-
diovascular disease, metabolic syndrome and
diabetes. Each is subject to genetic influences, but
little is known about changes in genetic and environ-
mental influences on these traits over time. We
investigated the contribution of genetic and environ-
mental influences to variation in these biochemical
traits in adolescent twins and their nontwin siblings
from 965 twin families. Twins were studied at ages
12, 14 and 16 years. Multivariate genetic models
that included effects of age and sex were fitted to
determine whether the same or different genetic or
environmental factors influence each trait at differ-
ent ages. Results showed that the genetic factors
influencing AST, ALT, GGT and uric acid change over
time during adolescence, and that the magnitude of
these effects differs between males and females.
The nonshared environment effects were generally
time specific. There are developmental changes in
genes affecting these traits during adolescence.

A number of biochemical components in serum are
known to be associated with obesity, prediabetic
states, or risk of cardiovascular disease. The best
studied in relation to cardiovascular disease are the
low-density lipoprotein and high-density lipoprotein
components of cholesterol (LDL-C and HDL-C).
Nevertheless, other biochemical markers show robust
associations with risk of cardiovascular disease, and
cluster together, partly because of associations with
obesity, insulin resistance and the metabolic syn-
drome. This group includes enzymes used as liver
function tests — gammaglutamyl transferase (GGT),
alanine aminotransferase (ALT) and aspartate amino-
transferase (AST), triglyceride and uric acid.

Most of these show changes in mean concentra-
tion with age, and adult male–female differences
which are absent in children. Because of the long-term
nature of cardiovascular and metabolic risk, and evi-
dence that structural changes in arteries can be found

in adolescents, study of causes of variation in these
risk factors needs to take account of developmental
changes across puberty and adolescence.

There is substantial epidemiological evidence
showing both cross-sectional and prospective associa-
tions between these markers and disease. Opinion on
whether serum uric acid is a true risk factor for mor-
tality and cardiovascular disease, or is simply
associated with other risk factors, is divided, but there
is no doubt that it is associated with the metabolic
syndrome (Liese et al., 1999; Tomita et al., 2000).
Serum gammaglutamyl transferase (GGT) has been
shown to be prospectively associated with cardiovas-
cular disease (Cutrin et al., 2000; Emdin et al., 2001;
Hood et al., 1990; Lee et al., 2006; Pompella et al.,
2004; Ruttmann et al., 2005; Wannamethee et al.,
1995), hypertension (Lee et al., 2003b; Miura et al.,
1994) and diabetes (Lee et al., 2003a; Lee et al.,
2003b; Lee et al., 2004; Meisinger et al., 2005;
Nakanishi et al., 2003; Perry et al., 1998;
Wannamethee et al., 2005; Whitfield, 2001). Serum
GGT is significantly correlated with total or LDL
cholesterol, high-density lipoprotein (inversely), and
particularly with triglycerides (Whitfield, 2001;
Whitfield et al., 2002). In the general population,
GGT is significantly correlated with other liver
enzymes AST and ALT (Arndt et al., 1998; Whitfield
et al., 2002), and these too have been reported to
predict cardiovascular and diabetes risk, and mortal-
ity (Arndt et al., 1998; Nannipieri et al., 2005;
Vozarova et al., 2002; Wannamethee et al., 2005). In
addition to these, serum triglyceride is part of the def-
inition of the metabolic syndrome, and is correlated
with the liver enzymes and uric acid; like uric acid it
is associated with cardiovascular risk, but may not be
an independent risk factor.
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Therefore the causes of variation in these bio-
chemical characteristics are of considerable interest.
Sex differences develop around the time of puberty
(Lockitch et al., 1988b; Lockitch et al., 1988a) and
decrease after menopause (Leonard, 1973; Wilding
et al., 1972). A full understanding requires analysis
of longitudinal data in genetically informative sub-
jects such as twins, siblings or other family
members, and ultimately genetic linkage and associ-
ation studies. Previous work has established the
importance of genetic variation in adults, showing
significant heritability for serum uric acid
(Friedlander et al., 1988; Kalousdian et al., 1987;
Whitfield & Martin, 1983); and for GGT, ALT and
AST (Bathum et al., 2001; Whitfield et al., 2002).

However, little is known about changes of
genetic and environmental influences on these vari-
ables over time in adults, or in particular in
adolescents. Repeated measures on the same indi-
viduals on different occasions permit study of
whether the same or different genes influence a trait
at different ages. They can also test whether non-
shared environmental effects are solely a
consequence of measurement error and biological
variation, or also reflect relatively long-term differ-
ences in the individual environment. Data on LDL
and HDL cholesterol, and triglycerides, have been
presented elsewhere (Middelberg et al., 2007). The
aims of the present report are to use repeated-mea-
sures data for biochemical variables associated with
obesity (uric acid, ALT, AST, GGT) to investigate
first, whether the genes affecting these traits vary
with age in adolescence; and second, whether non-
genetic (environmental) effects persist over time.
This is a necessary step on the way to identifying
loci and gene polymorphisms which affect these
characteristics and their changes over time.

Materials and Methods
Subjects

The characteristics of the participants in this study
have been described previously (Middelberg et al.,
2007). Briefly, the data come from three studies of
adolescent twins and their nontwin siblings living in
south-east Queensland, Australia: the mole study
(McGregor et al., 1999; Zhu et al., 1999); the cogni-
tion (or memory, attention and problem solving
[MAPS]) study (Wright et al., 2001) and the Twin
Adolescent study (Wright & Martin, 2004).
Additional blood samples were collected from some
twins, and also from their other siblings. Adolescent
twins were initially recruited in 1992, with addi-
tional pairs added subsequently. A total of 965
families participated across all three measurement
occasions (Middelberg et al., 2007). For each of
these studies, participants and their parents gave
informed consent to the questionnaire, interview, and
blood collection, and all studies were approved by
the QIMR Human Research Ethics Committee.

Zygosity assignment in all same sex twin pairs was
confirmed by genotyping a panel of nine highly poly-
morphic microsatellite markers.

Laboratory Measurements

Serum was separated from the blood samples and
stored at –70 ºC until analyzed. Serum uric acid, AST,
ALT and GGT were measured using Roche methods
on a Hitachi 917 Analyzer (Roche Diagnostics, Basel,
Switzerland). These biochemical analyses were per-
formed on samples from the adolescent twins and
their siblings.

Statistical Analysis

Distributions of the variables were examined. If fre-
quency distributions were skewed an appropriate
transformation was used before further analysis. All
references to serum AST, ALT and GGT are to log-
transformed values unless specified otherwise.
Families where any member had a Z-score of greater
than 3.5 were excluded from the analysis for that vari-
able (uric acid: 4 families; AST: 11 families; ALT: 10
families; GGT: 15 families).

Data processing and descriptive analyses were
done with STATA version 7.0 (StataCorp, 1997).
Quantitative genetic and environmental model fitting
(Neale & Cardon, 1992) was performed using the
program, Mx version 1.63 (Neale, 1999). Prior to
genetic modelling, tests of distributional assumptions
(i.e. that all twins and siblings have the same means
and variances) were performed. The variables were
also adjusted for the effects of age, squared age
(age2), sex, sex × age and sex × age2.

In order to investigate the relative magnitude of
genetic and environmental influences across the
three occasions, we fitted separate Cholesky (trian-
gular) decompositions to the data for each of the
four traits. In addition to providing information
regarding the importance of genetic and environ-
mental effects, these analyses allowed us to
characterize the nature of the covariation across
time. Thus, a first factor may potentially contribute
to all three measurement occasions; a second factor
to the second and third measurement occasions;
while a third factor is specific to the last measure-
ment occasion. The models were fitted by the
method of full information maximum-likelihood
(FIML), which makes use of every available data
point, allows for covariate correction, and takes
account of missingness.

In order to use all available data from the male
and female twins and their nontwin siblings, we uti-
lized the implementation of the nonscalar sex
limitation model parameterized by Medland (2004).
In this model the magnitude of additive genetic,
common, and unique environmental variances are
estimated separately for males and females. By
including the data from opposite sex sibling pairs,
we were able to model an additional set of additive
genetic effects for one sex, allowing a test of the
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hypothesis that the genes influencing the trait differ
between males and females. The variance and covari-
ance terms of this model are summarized below:

If i and j are both male,
σ2

Am + σ2
A sex-specific + σ2

Cm + σ2
Em if i = j

πijσ2
Am + πijσ2

A sex-specific+ σ2
Cm if i ≠ j

If i and j are both female,
σ2

Af +  σ2
Cf + σ2

Ef if i = j
πijσ2

Af + σ2
Cf if i ≠ j

and, for brothers and sisters,
πijσAmσAf + σCmσCf

where, πij is the coefficient of relationship, equal to 1
for MZ pairs and 1/2 for DZ twins and full siblings;
σ2

Am, σ2
Cm, σ2

Em are the additive genetic, common envi-
ronmental, and unique environmental effects in
males;  σ2

A sex-specific are the additional set of additive
genetic effects (estimated here in males); and σ2

Af ,
σ2

Cf, σ2
Ef are the additive genetic, common environ-

mental, and unique environmental effects in females.
However, this model contains a large number (42)

of estimated variance parameters. Thus, we fitted a
series of simplified models to the data to determine
whether all sources of variance were required to
accurately describe the data. These submodels and
the results of the model fitting are described in the
results section below. To compare nested models, the
likelihood ratio chi-square test (i.e., a difference
between –2 log likelihood of the full model from that
of a restricted model) was used. Given the large
number of statistical tests performed, we adopted an
α level of .01. For the final model, 95% confidence
intervals for all estimates of the path coefficients
were computed.

Results
General Characteristics

Means and standard deviations of all traits for males
and females are listed by age in Table 1. For uric acid,
AST, and GGT, the means of the females and males
trend in opposite directions with age. Phenotypic cor-
relations of each trait across ages 12, 14, and 16 are
shown in Table 2. Correlations between measurement
occasions were around .6 for uric acid, .3 for AST, .4
for ALT and .5 for GGT. Twin pair correlations
according to zygosity group, adjusted for the age-,
age2-, and sex-, age × sex, age2 × sex adjusted mean for
each time point, are presented in Table 3. For all traits
and at all ages, the correlation between MZ twins was
generally high (greater than .6). The corresponding
DZ correlations were lower, suggesting genetic influ-
ences at all ages. Moreover, the MZ pair correlations
at each age were stronger than the within-individual
correlations across ages, suggesting the existence of
age-specific genetic effects. A striking feature is the
lower value of the opposite sex twin-pair correlation,
indicating that for some variables different genetic
influences may be operating in boys and girls.

Genetic Analyses

For each trait, the full multivariate Cholesky decompo-
sition described above was fitted to the longitudinal
data. We followed the same process of model simplifi-
cation for all traits. The results of the model fitting
procedure are presented in Table 4. Standardized path
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Table 1

Means and Standard Deviations (SD) for Females and Males at Ages
12, 14 and 16

Variables Females Males

N Mean SD N Mean SD

Uric acid (mmol/l)
12 748 0.254 0.052 738 0.262 0.070
14 609 0.261 0.050 598 0.302 0.070
16 659 0.256 0.054 648 0.331 0.068

ALT (IU/l) (log)
12 742 1.097 0.178 732 1.156 0.196
14 603 1.052 0.192 594 1.128 0.213
16 653 1.118 0.154 638 1.223 0.174

AST (IU/l) (log)
12 743 1.346 0.119 730 1.404 0.099
14 599 1.285 0.107 595 1.371 0.109
16 656 1.288 0.103 643 1.370 0.107

GGT (IU/l) (log)
12 743 1.087 0.127 731 1.097 0.121
14 602 1.024 0.121 595 1.113 0.120
16 654 1.047 0.155 643 1.153 0.157 

Note: AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma
glutamyltransferase.

Table 2

Phenotypic Correlations of Variables Between Ages 12, 14 and 16 by Sex

12 14 16

Uric acid
12 ((776600,,774477)) .64 (423) .47 (276)
14 .66 (460) ((661111,,559988)) .60 (337)
16 .65 (278) .59 (355) ((666622,,664488))

ALT (log)
12 ((775544,,  774411)) .45 (419) .43 (270)
14 .43 (455) ((660055,,  559944)) .38 (331)
16 .37 (275) .36 (350) ((665577,,  663388))

AST (log)
12 ((775555,,  773399)) .39 (420) .47 (274)
14 .34 (451) ((660011,,  559955)) .23 (334)
16 .33 (278) .33 (352) ((666600,,  664433))

GGT (log)
12 ((775555,,  774400)) .59 (421) .58 (274)
14 .50 (454) ((660044,,  559955)) .63 (335)
16 .54 (280) .56 (355) ((665588,,664433))

Note: Results for women are shown below the bold diagonals and for men above.
Numbers on which correlations are based are shown in parenthesis; numbers
on the diagonals are total numbers for females and males at that age.
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coefficients (and 95% confidence intervals) from the
final models are given in Table 5. We began by testing
the whether the same genes were influencing the traits
in males and females, by dropping the additional sex-
specific genetic effects from the model. These additional
genetic effects could be dropped for all traits without
significantly reducing the fit of the model.

Following this, we formally tested for sex differ-
ences in the magnitude of the genetic and
environmental variance components, by setting the esti-
mates to be equal across sexes. Despite the omnibus
nature of this test and the high degrees of freedom (18),
a model in which male and female parameters were
equated did not adequately fit the data for any trait,
indicating highly significant differences in the magni-
tudes of genetic and environmental effects.

We then tested whether common environmental or
additive genetic effects alone were sufficient to
account for the covariation between siblings. As
expected, given the differences between MZ and DZ
correlations, a purely environmental model (CE) pro-
vided a poor fit of the data for all four traits.
However, for GGT, all common environmental effects
could be dropped without significantly reducing the fit
of the model, indicating that additive genetic effects
could adequately account for the sibling covariation
on this measure. This was not the case for AST, ALT,
or uric acid concentration. No other model simplifica-
tion was possible for GGT, thus the best fitting model
included Cholesky decompositions of A and E in
which the magnitudes of the effects were allowed to
differ between males and females.

As neither an AE nor a CE model provided a good
summary of AST, ALT, or uric acid, we continued the
model fitting process with these variables. We next
tested whether the entire Cholesky structure was
required to summarize the unique environmental vari-
ance. For AST, ALT and uric acid, we were able to
reduce the E component from six to three parameters,
each specific to a time point. This indicated that there
was no significant covariation in measurement error
or nonshared environmental influences across time
points on these measures. For AST and uric acid, we
were able to simplify the common environmental
structure to a single factor that influenced all three
time points. For ALT, although we were unable to
simplify the common environmental structure, we
could reduce the additive genetic structure to a single
factor that influenced all three time points.

Discussion
Study of the genetic control of metabolism over a
period of change and development such as adolescence
is of fundamental biological interest, and when the
characteristics studied are associated with disease, or
affect the risk of its development, there are important
practical implications. One important objective is to
characterize the genes and polymorphisms that affect
such characteristics, and their changes through life.
How far this can be achieved will depend on the
number of relevant polymorphisms and the magnitude
of the effects of each, but there can be no doubt that
use of an inappropriate model will produce misleading
conclusions and misuse of resources. The results of
this study suggest that gene effects vary across time
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Table 3

Sibling Correlations for Biochemical Traits at Age 12, 14 and 16 by Zygosity 

MZ twin correlation DZ twin, twin–sibling and sibling–sibling correlations

Age Female Male Female Male Opposite sex

Uric acid
12 .826 (.769, .867) .867 (.816, .901) .362 (.247, .467) .391 (.273, .496) .354 (.257, .439)
14 .844 (.789, .883) .797 (.721, .850) .436 (.289, .557) .501 (.356, .616) .244 (.113, .362)
16 .737 (.658, .797) .809 (.746, .854) .493 (.356, .602) .400 (.248, .528) .377 (.274, .468)

ALT (log)
12 .761 (.679, .820) .858 (.801, .896) .517 (.412, .605) .627 (.534, .700) .439 (.345, .520)
14 .734 (.646, .798) .787 (.710, .841) .527 (.371, .643) .682 (.584, .756) .462 (.348, .557)
16 .513 (.387, .615) .731 (.645, .795) .467 (.317, .585) .216 (.034, .379) .346 (.234, .442)

AST (log)
12 .701 (.605, .770) .790 (.709, .845) .343 (.227, .446) .433 (.325, .526) .321 (.214, .414)
14 .623 (.499, .713) .707 (.611, .776) .398 (.226, .533) .434 (.285, .553) .275 (.151, .386)
16 .645 (.546, .721) .595 (.474, .685) .375 (.199, .513) .437 (.305, .546) .224 (.078, .354)

GGT (log)
12 .610 (.494, .698) .813 (.742, .861) .284 (.166, .392) .479 (.358, .576) .313 (.223, .395)
14 .761 (.678, .819) .766 (.677, .825) .251 (.056, .417) .303 (.139, .443) .299 (.190, .398)
16 .685 (.592, .754) .782 (.712, .831) .351 (.172, .493) .360 (.194, .497) .282 (.164, .387)

Note: 95% confidence intervals for the correlation coefficients are shown in parentheses. MZ, monozygotic; DZ, dizygotic.
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and between the sexes, and genetic linkage or associa-
tion studies will need to take that into account.

Comparison of the MZ correlations in Table 3
with the correlations of each variable across time in
Table 2 shows that similarity within MZ pairs at any
age is substantially greater than the similarity within
individuals at different ages. This is only explicable by
postulating strong gene or shared-environment effects
at all ages, but with the nature of these influences
changing with age. The quantitative aspects of this,
and the mix of gene and shared-environment effects,
are displayed in Table 5. It should be noted that early
genetic effects do persist across time, but for AST,
GGT, and uric acid they are supplemented, and there-
fore, to some extent displaced, by new ones coming in
at ages 14 and 16. Turning to specific results, the heri-
tabilities of these characteristics were generally high;
up to 80%, with the exception of ALT at about 40%
(see Table 5). The magnitude of genetic effects differed
in their degree between males and females, and in
general genetic effects were larger in males. However,
there was no evidence that the genes influencing these
traits differ between the sexes.

There was no evidence of covariation among the
nonshared environmental effects for ALT, AST, or uric
acid. However, small but persistent unique environ-
mental effects, accounting for 0.4% to 4.4% of
variance, were observed for GGT. While confidence
intervals surrounding some path coefficients included
zero, attempting to drop these covariance paths from
the model did result in a significant reduction in
model fit.

Environmental effects shared by members of a
twin pair or sibship, on the other hand, were found
for uric acid, AST, and ALT. These effects were not
significant for GGT. For uric acid and AST, a single
common environmental factor was sufficient to sum-
marize these effects; but this was not the case for ALT,
which is strongly correlated with AST. At these ages,
when practically all the study participants would have
been living in a family environment shared by their co-
twins or siblings, differences in diet between families
are likely to be important. For example, differences in
the purine content of the shared diet could affect uric
acid. However, in the absence of dietary data, we
cannot be sure that this is the explanation, and it is
not clear how shared diet or lifestyle could produce
the shared environmental effects on ALT and AST.

There are few other studies to compare our results
against. There is evidence of age-specific genetic
effects for lipids (Middelberg et al., 2007; Nance et al.,
1998; Snieder et al., 1999), but longitudinal study of
other biochemical traits is very limited.

Although the primary aim of our work is identifica-
tion of genes that affect biochemical characteristics,
environmental influences or gene–environment interac-
tions must also be characterized, as they may be more
susceptible to modification. Data from twins and
sibling raised together cannot provide a general test of
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gene–environment interaction effects, although specific
hypotheses about measured environmental factors and
their interaction with genotype can be addressed.
Environmental effects not shared within families can be
identified, and longitudinal data allow us to determine
whether they are constant across time. If they are not,
as seen here for ALT, AST and uric acid, they are
unlikely to have important effects on long-term risk.
Even when present, as for GGT, they have only minor
effects compared to other sources of variation.

A major strength of this study is that the sample is
large and longitudinal. To our knowledge, this is the
first study of age-dependent genetic influences on
these biochemical traits. The results can be used as a
guide for future quantitative studies on the genetics of
these markers or precursors of obesity-associated and

cardiovascular disease. In general, multiple measure-
ments across time should lead to increased power for
genetic linkage and association studies (Martin et al.
1997), but this assumes that the same genes are acting
at all ages — which is not the case here. Nevertheless,
elucidation of the developmental changes in gene
effects remains a stimulating project, and should
provide insight into the processes which can affect
these markers of disease risk.
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Table 5

Multivariate Analysis: Standardised Path Coefficients from the Final Model for Uric Acid, log ALT, log AST and log GGT 

Time point Additive genetic effects Common environmental effects Unique environmental effects

A1 A2 A3 C1 C2 C3 E1 E2 E3

Uric acid — females
1 .91 (.87, .94) –.06 (–.24, .17) .41 (.35, .47)
2 .68 (.55, .79) .40 (.16, .64) .50 (.27, .64) .36 (.31, .43)
3 .58 (.42, .69) –.27 (–.63, .15) .27 (–.11, .51) .57 (.23, .71) .43 (.37, .49)

Uric acid — males
1 .92 (.88, .95) –.12 (–.28, .07) .37 (.31, .43)
2 .64 (.56, .71) .57 (.38, .66) –.28 (–.48, –.05) .43 (.38, .49)
3 .41 (.30, .52) .50 (.31, .62) .61 (.52, .69) –.19 (–.42, .03) .41 (.36, .48)

ALT (log) — females
1 .78 (.67, .86) .41 (.22, .55) .48 (.42, .55)
2 .44 (.27, .57) .33 (.09, .57) .59 (.46, .68) .59 (.52, .66)
3 .29 (.13, .44) .37 (.15, .55) .20 (.02, .35) .46 (.29, .59) .73 (.65, .80)

ALT (log) — males
1 .70 (.55, .83) .58 (.40, .71) .40 (.34, .48)
2 .74 (.61, .84) .03 (–.24, .26) .50 (.30, .64) .45 (.39, .51)
3 .61 (.49, .74) –.02 (–.22, .17) –.07 (–.27, .12) .49 (.28, .62) .61 (.54, .69)

AST (log) — females
1 .84 (.78, .88) .01 (–.24, .28) .54 (.47, .61)
2 .53 (.34, .67) –.15 (–.42, .28) .48 (.25, .66) .68 (.61, .75)
3 .45 (.31, .57) –.50 (–.70, –.07) .44 (.03, .65) .12 (–.19, .45) .58 (.51, .66)

AST (log) — males
1 .87 (.79, .91) –.15 (–.33, .04) .47 (.40, .57)
2 .40 (.28, .53) .71 (.49, .81) .22 (–.14, .50) .54 (.47, .62)
3 .36 (.22, .48) .38 (.15, .63) .46 (–.01, .66) –.43 (–.62, –.17) .58 (.51, .65)

GGT (log) — females
1 .81 (.74, .85) .59 (.52, .67)
2 .60 (.50, .69) .65 (.55, .72) .08 (–.01, .18) .46 (.39, .54)
3 .64 (.51, .75) .32 (.16, .46) .47 (.34, .57) .16 (.01, .29) .06 (–.07, .20) .50 (.43, .57)

GGT (log) — males
1 .89 (.85, .92) .45 (.39, .53)
2 .71 (.62, .79) .48 (.33, .59) .09 (–.05, .23) .50 (.42, .60)
3 .68 (.56, .78) .15 (–.07, .35) .53 (.40, .63) .06 (–.10, .22) .21 (.10, .32) .42 (.35, .50)
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