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Abstract High levels of liver enzymes GGT, ALT and

AST are predictive of disease and all-cause mortality and

can reflect liver injury, fatty liver and/or oxidative stress.

Variation in GGT, ALT and AST levels is heritable.

Moderation of the heritability of these liver enzymes by

age and sex has not often been explored, and it is not clear

to what extent non-additive genetic and shared environ-

mental factors may play a role. To examine the genetic

architecture of GGT, ALT and AST, plasma levels were

assessed in a large sample of twins, their siblings, parents

and spouses (N = 8,371; age range 18–90). For GGT and

ALT, but not for AST, genetic structural equation

modeling showed evidence for quantitative sex differences

in the genetic architecture. There was no evidence for

qualitative sex differences, i.e. the same genes were

expressed in males and females. Both additive and non-

additive genetic factors were important for GGT in females

(total heritability h2 60 %) and AST in both sexes (total h2

43 %). The heritability of GGT in males and ALT for both

sexes was due to additive effects only (GGT males 30 %;

ALT males 40 %, females 22 %). Evidence emerged for

shared environmental factors influencing GGT in the male

offspring generation (variance explained 28 %). Thus, the

same genes influence liver enzyme levels across sex and

age, but their relative contribution to the variation in GGT

and ALT differs in males and females and for GGT across

age. Given adequate sample sizes these results suggest that

genome-wide association studies may result in the detec-

tion of new susceptibility loci for liver enzyme levels when

pooling results over sex and age.

Keywords Liver enzymes � Heritability � Gamma-

glutamyl transferase (GGT) � Alanine aminotransferase

(ALT) � Aspartate aminotransferase (AST)

Introduction

High levels of liver enzymes c-glutamyl transferase

(GGT), alanine and aspartate aminotransferase (ALT,

AST) increase risk of disease and all-cause mortality. For

GGT, high correlations are found with liver disease (Kaz-

emi-Shirazi et al. 2007; Ruhl and Everhart 2009), type 2

diabetes (Fraser et al. 2009) and cardiovascular disease

(Targher 2009; Fraser et al. 2009). There is also evidence

for a relationship of GGT with cancer and chronic kidney

disease (Targher 2009). ALT and AST levels are predictive
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of liver disease (Kim et al. 2004; Lee et al. 2008) and liver-

related mortality (Ruhl and Everhart 2009). In addition,

ALT is associated with type 2 diabetes (Fraser et al. 2009).

In clinical practice, blood levels of GGT, ALT and AST

are used to index liver injury. GGT is found in liver and

biliary epithelial cells, and is a sensitive marker of hepa-

tobiliary disease, although non-specific to its cause. AST

and ALT blood levels increase when the liver cell mem-

brane is damaged and thus mark hepatocellular injury

(Pratt and Kaplan 2000). To explain their role in other

diseases, GGT and ALT have been proposed as surrogate

markers of fatty liver (Targher 2009; Schindhelm et al.

2006; Vernon et al. 2011), while GGT is also seen as a

marker of oxidative stress (Lee et al. 2004). Variation in

liver enzyme levels within the normal reference range

predicts disease (Targher 2009) and it is therefore impor-

tant to investigate the underlying sources of variation that

explain individual differences in liver enzyme levels.

Genetic factors influence variation in liver enzyme

levels. For adults, heritability estimates for GGT, ALT and

AST range between 32–69 %, 22–44 % and 21–40 %

respectively (Rahmioglu et al. 2009; Whitfield et al. 2002;

Pilia et al. 2006) (studies with N C 3,000). For ALT and

AST these estimates increase to 64 and 61 % if smaller

studies are also included (Whitfield and Martin 1985;

Makkonen et al. 2009; Sung et al. 2011; Lin et al. 2009;

Loomba et al. 2010; Nilsson et al. 2009; Bathum et al.

2001).

The contributions of additive, non-additive genetic fac-

tors and shared environmental influences in explaining

differences in liver enzyme levels thus vary widely. This

may be due to the fact that most studies are based on a

comparison of resemblance in monozygotic and dizygotic

twins, which gives an overall estimate of heritability (h2),

but cannot distinguish well between additive and non-

additive genetic effects (Keller et al. 2010) and in smaller

twin studies it is also difficult to estimate the contribution

of shared environmental factors (Posthuma and Boomsma

2000). Evidence for non-additive genetic effects that can

be attributed to intra-locus (dominance) or inter-locus

interaction effects (epistasis), was reported in two studies

(Bathum et al. 2001; Makkonen et al. 2009) but not in two

others (Whitfield et al. 2002; Rahmioglu et al. 2009).

Shared environmental influences on liver enzymes can

consist for example of effects of stress or dietary similarity

that some families may have been exposed to while others

have not (Whitfield and Martin 1985; Rahmioglu et al.

2009). Such factors may be shared within generations e.g.

by the offspring or between spouses, or by all family

members. Spousal resemblance is present when the simi-

larity between spouses for a particular trait is higher than

expected by chance. If individuals choose a spouse who is

similar for a particular trait (phenotypic assortment), the

genetic factors influencing the spousal phenotypes become

correlated which results in a higher genetic similarity

between first-degree relatives. If spousal resemblance is not

modeled, estimates of heritability and shared environ-

mental influences may be biased (Van Grootheest et al.

2008; Keller et al. 2010). One form of shared environment

is represented by the influence of the parental phenotype on

their offspring’s phenotype after genetic transmission has

been taken into account (sometimes referred to as cultural

transmission). Effects of the shared environment on GGT,

ALT and AST have been detected in a combined sample of

adolescents and adults (estimates 9–14 %) (Herbeth et al.

2010), and by two studies in adults (Rahmioglu et al. 2009;

Whitfield and Martin 1985), but not by six other studies

(Pilia et al. 2006; Nilsson et al. 2009; Makkonen et al.

2009; Bathum et al. 2001; Whitfield et al. 2002; Sung et al.

2011). The estimation of non-additive genetic and shared

environmental effects requires additional data from non-

twin family members and large sample sizes (Posthuma

and Boomsma 2000; Keller et al. 2010).

Few studies have examined whether the genetic archi-

tecture of liver enzymes differed in males and females or

across age. Results have been inconclusive. A study among

[6,000 Sardinians detected a larger heritability of GGT in

females than males, although there was no evidence for

qualitative sex differences in the heritability (Pilia et al.

2006). Results of two studies on quantitative sex differ-

ences in the heritability of GGT among the elderly were not

consistent (Bathum et al. 2001; Nilsson et al. 2009). For

ALT, although quantitative sex differences in the herita-

bility were not observed (Bathum et al. 2001; Nilsson et al.

2009; Pilia et al. 2006), a linkage study suggested quali-

tative sex differences in the association of ALT with

quantitative trait loci (QTLs) at the chromosomal region

7p12–15. ALT levels in males, but not in females, were

associated with QTLs in this area, suggesting differential

gene expression in this region over sex (Brouwers et al.

2006). Results on sex differences in the heritability of AST

have not been reported. A recent genome wide association

study demonstrated that the effect of genetic loci at the

GGT1 locus (chromosome 22) interact with age (Middel-

berg et al. 2012). Several SNPs (including one that affects

expression of GGT1, GGT2 and GGTLA4 in the human

liver) decreased GGT levels in adults, whereas it increased

GGT levels in adolescents. Other SNPs (located between

GGT1 and PIWIL3) increased GGT levels in adolescents,

but not in adults. Additional age heterogeneity was

observed for SNPs in the CELF2 gene at chromosome 10

that may affect GGT expression through the coding for

specific transcription factors (Middelberg et al. 2012).

Evidence for age by genotype interactions on GGT and

AST also comes from the rather low genetic resemblance

between parents and their offspring in a study by Herbeth
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et al. (2010), although Pilia et al. (2006) did not detect

differences across age in the (standardized estimates of the)

heritability of either GGT, ALT or AST.

Our study examines to what extent variation in liver

enzyme levels can be attributed to genetic factors (additive

and non-additive) and environmental factors (shared and

non-shared among family members) and if there is evi-

dence for sex and age by genotype interaction. These

analyses use data on plasma GGT, ALT and AST levels

that were collected in a large sample of twins, their sib-

lings, parents and spouses (N = 8,371) as part of the

Netherlands Twin Register (NTR) biobank project (Wil-

lemsen et al. 2010, 2013) .

Methods

Participants

Data originate from twins and their family members who

participated in the NTR biobank study that was conducted

from 2004 to 2008. Details can be found in Willemsen et al.

(2010). The study protocol was approved by the Central

Ethics Committee on Research Involving Human Subjects of

the VU University Medical Center, Amsterdam.

Data on GGT, ALT and AST plasma levels were assessed

in 8,758 participants. We excluded data for 387 family

members, who were (a) not biological parents, or full siblings

of twins (N = 37), (b) twins from pairs for whom informa-

tion on zygosity was not yet known (one twin was randomly

selected to be included, N = 4), (c) triplets if data from their

two brothers or sisters were already included (N = 6),

(c) siblings from families with more than two same-sex

siblings (a maximum of two siblings were included per

family; N = 135), or (d) relatives other than twins, siblings

or parents, such as children of twins or siblings, grandpar-

ents, aunts, uncles, cousins (N = 205).

Families were categorized into five groups, based on sex

and zygosity (monozygotic, MZ; dizygotic, DZ) of the twin

pair. Data of 257 spouses of twins were included in anal-

yses of spouses resemblance. Analyses were performed on

8,371 individuals (8,114 individuals for the genetic anal-

yses and 257 spouses of twins; 62.8 % female; age range

18–90) (see Table 1).

Assessment of liver enzymes

Liver enzymes were determined in plasma that was collected

in heparin plasma tubes. Vitros assays (Vitros 250, Ortho-

Clinical Diagnostics; Johnson & Johnson, Rochester, USA)

were used to determine GGT, ALT and AST levels in units

per liter (U/L) (Willemsen et al. 2010). Reference values

provided by the laboratory were as follows: for GGT

\ 50 U/L (males) and\35 U/L (females); for ALT\45 U/L

(males) and \40 U/L (females); for AST \40 U/L (both

sexes). These reference values were based on the guidelines

of the Dutch Association of Clinical Chemistry and Labo-

ratory Medicine (NVKC). Enzyme levels were compared to

the reference values.

Statistical analyses

Liver enzyme values were ln-transformed to approximate

normality. Age, transformed to z-scores, was used as a

covariate (z-score = 0 corresponding to mean age 45.5,

SD = 14.7; range z-scores -1.86 to 3.07). Seasonal effects

on liver enzyme levels were first explored with ANOVA in

SPSS. The decrease in liver enzyme levels for individuals

whose blood was sampled in spring, was tested for sig-

nificance by including it as an (additional) fixed effect

(dummy coded as 0/1) in the models fit with Mx v3.2

(Neale et al. 2006). Model comparisons were based on the

likelihood ratio test (Bentler and Bonett 1980) with a sig-

nificance level of 0.01.

A saturated model served to obtain familial correlations,

which were computed while correcting liver enzyme values

for sex and age. Sixteen sex-specific correlations were

estimated: five twin correlations (MZM, DZM, MZF, DZF,

DOS), three twin-sibling and three sibling–sibling corre-

lations (male–male, male–female, female–female), four

parent-offspring correlations (father–son, mother–son,

father–daughter, mother–daughter) and one spouse corre-

lation (father–mother). Next, the effects of age and sex

were examined on enzyme levels and on the familial cor-

relations. To explore age by genotype effects, we tested

whether correlations are lower for pairs of relatives who

Table 1 Number of participants as a function of zygosity by sex of

twins within the family

Zygosity by

sex group

Twinsa Siblings Parents Spousesb

MZM 603 (78.8 %) 131 298 53

DZM 329 (68.1 %) 81 213 24

MZF 1,391 (81.5 %) 268 536 102

DZF 697 (78.3 %) 188 352 40

DOS 767 (66.8 %) 210 455 38

Families

without twins

835 760

Total 3,787 1,713 2,614 257

MZM monozygotic males, DZM dizygotic males, MZF monozygotic

females, DZF dizygotic females, DOS dizygotic opposite-sex
a Percentage reflects what proportion of twins is part of a complete

twin pair
b Data of spouses were included in the analyses on the mechanism

underlying spousal resemblance, not in the genetic analyses
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show a larger age difference, i.e. we compared correlations

for DZ twin pairs, sibling pairs, and parent-offspring pairs.

Quantitative sex differences in the correlation structure

were tested by equating correlations over sex between all first-

degree relatives and for MZ pairs. Qualitative sex differences

were examined by equating the opposite-sex offspring cor-

relation to the same-sex offspring correlation. Qualitative sex

differences in the parent-offspring correlations were tested by

comparing the correlation for opposite-sex parent-offspring

pairs to same-sex parent-offspring pairs.

Finally, spousal resemblance was examined by testing if

the correlation between liver enzyme values of spouses was

larger than zero. If this was the case, we explored whether

correlations could be explained by cohabitation effects by

estimating the correlation between the absolute difference

in enzyme levels for spouses and the duration of their

relationship. If living together influences resemblance

between spouses, we expect this correlation to be negative,

i.e. smaller differences between spouses the longer they are

together. Data for these analyses were available for 984

spouse pairs with information on the duration of their

relationship (727 parents of twins and 257 twin-spouse

pairs). If no strong evidence was detected for cohabitation

effects, it was assumed that phenotypic assortment was the

mechanism underlying the spousal correlations, and hence

was implemented as such in the genetic model.

To estimate the sources of variance of liver enzyme

levels, variance decomposition models were fit to the data

(depicted in Fig. 1, see the supplementary materials online

methods for an explanation and identification of these

models). The variance in liver enzyme levels due to addi-

tive genetic influences (A), common environmental influ-

ences shared within the offspring generation (C), and non-

shared individual-specific environmental influences

(E) was estimated in two models. In the ACE model,

shared environmental transmission from parents to off-

spring was taken into account (also known as cultural

transmission), whereas in the ACDE model parent-off-

spring these transmission paths were set to zero (for rea-

sons of model identification) and variance due to non-

additive genetic influences was estimated (see Neale and

Cardon (1992), Posthuma et al. (2003) for details on twin-

family variance decomposition models). Constraints in the

genetic model were based on the results from saturated

models (including those on spousal resemblance and sex

differences). A detailed description of all tests performed is

given in the supplementary materials online methods.

Results

For 1,318 (15.7 %), 40 (0.5 %) and 165 (2.0 %) individuals,

GGT, ALT or AST levels (respectively) were elevated

compared to the reference values. Age and sex affected liver

enzyme levels. Table 2 shows the means and medians of

GGT, ALT and AST, with SDs, ranges and the correlations

with age. The association with age was significant for all

three liver enzymes (GGT: v2(6) = 183.29, p \ 0.001;

ALT: v2(6) = 68.32, p \ 0.001; AST: v2(6) = 143.86,

p \ 0.001). Mean GGT levels were higher among parents

than offspring (males: v2(1) = 12.74, p \ 0.001; females:

v2(1) = 15.72, p \ 0.001), although ALT and AST levels

did not differ for the parental and offspring generation (ALT

males: v2(2) = 3.53, p = 0.172; ALT females: v2(2) =

9.01, p = 0.011; AST males: v2(2) = 0.41, p = 0.816; AST

females: v2(2) = 3.95, p = 0.139). Means were higher for

men than women (GGT parents: v2(1) = 66.03, p \ 0.001;

GGT offspring: v2(1) = 401.47, p \ 0.001; ALT: v2(1) =

265.96, p \ 0.001; AST: v2(1) = 316.38, p \ 0.001).

Seasonal effects were present for ALT and AST levels, but

not for GGT. Individuals who were visited in spring (April–

June) had significantly lower ALT and AST levels than

individuals who were visited in other seasons (ALT:

v2(1) = 15.17, p \ 0.001; AST: v2(1) = 341.66, p \ 0.001;

Fig. 1 Path diagram for variance decomposition (shown for DOS

twin pair with parents). PFA, PMO, PSO, PDA phenotype of father,

mother, son, daughter, A additive genetic factor with variance

RA (differs from 1 in the case of phenotypic assortment), D non-

additive genetic factor, C shared environmental factor with variance

RC (differs from 1 in the case of shared environmental transmission),

E individual-specific environmental factor, a, c, d, e path loadings (d-

paths estimated in ACDE model; set to zero in ACE model with

shared environmental transmission), tFA,SO, tFA,DA, tMO,SO, tMO,DA

shared environmental transmission paths (estimated in ACE model

with shared environmental transmission; set to zero in ACDE model),

RA,C covariation between A and C (differs from 1 in the case of shared

environmental transmission), rC,OS correlation between shared envi-

ronmental factors for opposite-sex, D path representing correlations

between the latent factors induced by phenotypic assortment, # male-

specific path loadings, $ female-specific path loadings
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GGT: v2(1) = 5.66, p = 0.017). Correcting for the effect of

season when individuals were visited, did not change the

familial correlations (data available upon request).

Familial correlations for GGT, ALT and AST are dis-

played in Fig. 2a–c respectively. Supplementary materials

Table S1 presents the model fit statistics for all submodels,

described below, that tested age and sex effects on the

correlations. Furthermore, supplementary materials

Tables 2a–c give an overview of the parameter constraints

that are tested in each submodel, and thus provide an

explanation of the number of degrees of freedom that are

associated with these tests. The amount of variance

explained by genetic and environmental factors as

estimated in the best fitting genetic models, is presented in

Table 3.

GGT

For GGT, there were quantitative sex differences in the

offspring correlations (rDZM/SIB 0.43; rDZF/SIB 0.21), but not in

the MZ correlations (rMZ 0.60). The correlations among

opposite-sex family members indicated no qualitative sex

differences. The correlations among family members dif-

fered as a function of age, especially among men

(v2(3) = 32.06, p \ 0.001; rDZ 0.50; rSIBS 0.41; rPAR-OFF

0.13). Spousal resemblance was not present.

Table 2 Descriptive statistics for males and females, separately for twins, siblings and parents

Males Females

Meana

(SD)

Mediana

(range)

Correlations withb Meana

(SD)

Mediana

(range)

Correlations withb

ALT AST Age ALT AST Age

Twins

GGT 36.1 (34.6) 28 (9–820) 0.31 0.38 0.22c 24.3 (24.9) 20 (8–819) 0.25 0.36 0.21c

ALT 12.9 (7.06) 11 (3–75) 0.63 -0.10d 9.1 (5.1) 8 (3–97) 0.53 0.06d

AST 23.7 (8.09) 22 (11–122) 0.05e 19.4 (6.7) 18 (9–107) 0.20e

Age 35.4 (11.0) 32 (18–77) 36.5 (11.0) 33 (18–90)

Siblings

GGT 36.9 (34.5) 29 (13–564) 0.34 0.34 0.20c 25.2 (22.1) 20 (8–439) 0.31 0.38 0.18c

ALT 12.3 (6.8) 11 (3–54) 0.55 -0.11d 9.6 (6.2) 8 (3–100) 0.52 0.07d

AST 23.8 (12.1) 22 (11–220) 0.08e 19.6 (7.1) 18 (9–142) 0.20e

Age 40.2 (13.3) 36 (18–82) 42.2 (10.3) 42 (18–84)

Parents

GGT 45.4 (40.5) 34 (14–456) 0.27 0.40 -0.04c 33.9 (40.4) 25 (10–867) 0.30 0.37 0.06c

ALT 10.8 (6.4) 10 (3–107) 0.52 -0.16d 9.4 (5.5) 8 (3–89) 0.51 -0.07d

AST 23.5 (8.3) 22 (7–111) -0.06e 21.3 (7.3) 20 (7–128) 0.09e

Age 61.4 (7.0) 60 (33–89)f 60.1 (7.8) 59 (19–90)f

Spousesg

GGT 41.2 (75.4) 27 (14–917) 0.49 0.57 0.22c 24.2 (18.9) 20 (9–181) 0.21 0.20 0.31c

ALT 12.5 (7.2) 11 (3–54) 0.65 –0.05d 8.9 (4.1) 8 (3–28) 0.52 0.06d

AST 24.4 (9.3) 22 (14–92) 0.19e 19.2 (5.2) 19 (12–41) 0.16e

Age 42.5 (10.7) 39 (25–71) 38.7 (12.4) 34 (22–76)

a Untransformed liver enzyme levels
b ln-transformed liver enzyme levels
c In the genetic models for GGT, two betas for the age regression were estimated: fathers -0.32, others 1.16, and four means (male/female

offspring, fathers, mothers)
d In the genetic models for ALT, four betas for the age regression were estimated: male offspring -0.52, fathers -1.29, female offspring 0.56,

mothers -0.25, and two sex-specific means
e In the genetic models for AST, two betas for the age regression were estimated: males 0.02, females 0.63, and two sex-specific means
f Minimum age for parents who participated with their offspring (aged 18?) was 45 for mothers and 48 for fathers; lower ages in the parental

group reflect those of parents of twins who were younger than 18 at the time of the assessment
g Data of spouses were included in the analyses on the mechanism underlying spousal resemblance, not in the genetic analyses
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The ACDE model provided a better fit (v2(8) = 16.98,

p = 0.030) than the ACE model with shared environ-

mental transmission (v2(4) = 46.83, p \ 0.001), com-

pared to the saturated model. For females, both additive

and non-additive genetic influences were important (drop

D: v2(1) = 25.68, p \ 0.001). Shared environmental

effects were not present (v2(1) = 0.000, p = 0.999). For

men, additive genetic influences explained a significant

amount of variance (drop A ? D: v2(2) = 74.31,

p \ 0.001), whereas non-additive genetic influences did

Fig. 2 a Familial correlations

for GGT (with 95 % confidence

intervals). b Familial

correlations for ALT (with

95 % confidence intervals).

c Familial correlations for AST

(with 95 % confidence

intervals)
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not (drop D: v2(1) = 0.33, p = 0.565). In men, shared

environmental factors played a role (v2(1) = 26.82,

p \ 0.001), which explains the age differences and

quantitative sex differences in the correlation structure

noted above. The absence of qualitative sex differences in

the correlations (see supplementary materials Table S1)

indicates that the same genes are expressed in men and

women. Additional analyses showed that the age differ-

ences in the correlations for GGT among males were

quantitative, due to additional environmental effects

shared within the offspring generation (C), rather than

being due to a different expression of genes across age

(qualitative age differences). This was tested by estimat-

ing the genetic correlation between fathers and their male

offspring and testing whether this correlation was signif-

icantly lower than 0.5. Taking the ACE (males)–ADE

(females) model as a reference, allowing the genetic

correlation between father and their male offspring to be

lower than 0.5 did not significantly improve model fit,

whereas dropping shared environmental effects among

males from the model deteriorated model fit (still allow-

ing for a genetic father–son correlation \0.5) (v2(1) =

35.44, p \ 0.001).

In the final model, for males, 30 % of the variance was

explained by additive genetic, 28 % by shared environ-

mental and 42 % by non-shared individual-specific envi-

ronmental factors. For females, this was 32 % by additive

genetic, 28 % by non-additive genetic, and 40 % by indi-

vidual-specific environmental factors.

ALT

For ALT, the correlation structure was similar over age,

thus genotype by age interactions were not present. There

was an indication for sex by genotype interactions, how-

ever. There were quantitative sex differences in the MZ

correlations (rMZM 0.43; rMZF 0.31), but not in the correla-

tions among first-degree relatives (r 0.14). Spouses

resembled each other in ALT levels (r 0.14) which was not

explained by cohabitation effects, as the correlation

between the difference in liver enzyme levels within

spouse pairs and the duration of their relationship was not

significant (r -0.02, 95 % CI: -0.08, 0.04).

The ACDE model fit the data better (v2(6) = 12.92,

p = 0.044) than the ACE model with shared environmental

transmission (v2(6) = 25.50, p \ 0.001), compared to the

saturated model. Analyses of submodels showed that addi-

tive genetic factors influenced variation in enzyme levels

(drop A ? D: v2(5) = 87.38, p \ 0.001), but non-additive

genetic factors (drop D: v2(2) = 5.72, p = 0.057), or shared

environmental influences (v2(2) = 1.32, p = 0.518) did

not. This resulted in the AE model as the final model. The

amount of variance explained by additive genetic factors and

non-shared individual-specific environmental factors was 40

Table 3 Percentage of phenotypic variance in GGT, ALT and AST levels explained by additive (A) and non-additive genetic effects (D), and

shared (C) and individual-specific (E) environmental effects as estimated in the final genetic models

SDa Spouse

Corr

Additive

genetic

variance

Proportion of phenotypic variance

explained by

A (%) D (%) C (%) E (%)

GGT

Males 5.46 0.00 1.00 29.6 28.5 41.9

95 % C.I. 19.8–40.2 19.2–37.5 35.6–49.1

Females 5.46 0.00 1.00 32.2 27.6 40.2

95 % C.I. 23.4–41.4 17.8–37.5 35.3–45.7

ALT

Males 4.54 0.15 1.42 40.4 59.6

95 % C.I. 31.9–51.8 51.8–68.0

Females 4.54 0.15 1.42 22.4 77.6

95 % C.I. 16.6–28.5 71.6–83.7

AST

Males 2.86 0.15 1.47 28.0 14.7 57.3

95 % C.I. 22.6–33.5 7.1–22.3 51.8–63.5

Females 2.62 0.15 1.47 28.0 14.7 57.3

95 % C.I. 22.6–33.5 7.1–22.3 51.8–63.5

a SDs for ln-transformed liver enzyme values 9 10. For GGT, SDs in the offspring generation were smaller than those in the parental

generation and differed over sex (male offspring: 4.94; female offspring 4.25; parental generation 5.46)
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and 60 % for males, and 22 and 78 % for females

respectively.

AST

For AST, the correlation structure was similar over age and

sex, thus genotype by age or sex interactions were not

present. Spousal resemblance was significant (r 0.16). The

correlation between the difference in liver enzyme levels

within spouse pairs and the duration of their relationship

was significant (v2(1) = 6.92, p = 0.009) but the effect

was small (r -0.09; 95 % CI: -0.15, -0.02) suggesting

that cohabitation effects play a minor role. Familial cor-

relations were 0.45 for MZ pairs and 0.16 for first-degree

relatives, suggesting the presence of non-additive genetic

effects rather than shared environmental effects.

The ACE model with shared environmental transmis-

sion did not fit the data as well (v2(9) = 42.55, p \ 0.001)

as the ACDE model (v2(10) = 28.24, p = 0.002), com-

pared to the saturated model. Submodels were evaluated

for the ACDE model and showed evidence for both addi-

tive and non-additive genetic effects (drop D:

v2(1) = 14.32, p \ 0.001). Shared environmental influ-

ences did not explain any variation (v2(1) = 0.00, p = 1).

According to the final ADE model, 28 % of the variance

could be explained by additive genetic factors, 15 % by

non-additive genetic factors and 57 % by non-shared

(individual-specific) environmental factors (for both men

and women).

Discussion

Variation in liver enzyme levels is moderately heritable.

For GGT and ALT, quantitative sex differences in the

genetic architecture were present, but there was no evi-

dence that different genes were expressed in men and

women. In addition, there were quantitative age differences

in the relative importance of genetic and environmental

influences on GGT that were due to environmental effects

that were shared within the male offspring generation (c2

28 %), but not among parents and offspring. The results

from our sex-specific analyses in which additive and non-

additive genetic and shared and non-shared environmental

influences could be estimated simultaneously may explain

variability in previous heritability estimates (Rahmioglu

et al. 2009; Whitfield et al. 2002; Pilia et al. 2006) (studies

N [ 3,000). For GGT in males as well as for ALT (both

sexes), only additive genetic influences were important

(GGT h2 males 30 %, ALT h2 males 40 %, females 22 %).

For GGT in females and AST (both sexes), genetic influ-

ences consisted of both additive and non-additive effects

(h2 60 and 43 % respectively). The different heritability

estimates over sex for GGT and ALT correspond to the

lower and upper bounds of previous heritability estimates

(32–69 % and 22–44 % respectively). Likewise, the nar-

row-sense heritability estimates for GGT in females and

AST (both sexes) (32 and 28 % respectively) reflect the

lower bound of previous heritability estimates (32 and

21 %), whereas the broad-sense heritability estimates (60

and 43 %) correspond to the upper bound of these esti-

mates (69 and 40 %).

The genetic and environmental influences on liver

enzyme levels may derive from the biological effects of

factors that are in turn partly genetically and partly envi-

ronmentally mediated. These include metabolic risk factors

(Whitfield et al. 2002; Loomba et al. 2010; Makkonen et al.

2009; Skurtveit and Tverdal 2002), inflammation parame-

ters (Rahman et al. 2009), alcohol use (Whitfield and

Martin 1985; Sung et al. 2011; Skurtveit and Tverdal

2002), smoking (Honjo et al. 2001; Skurtveit and Tverdal

2002; Vink et al. 2004), and coffee consumption (Honjo

et al. 2001; Vink et al. 2009; Skurtveit and Tverdal 2002).

Shared environmental effects for GGT (28 % for males in

our sample) have been detected before for both males and

females (aged 18–34) (Whitfield and Martin 1985). These

effects may reflect shared environmental influences on the

above mentioned metabolic and lifestyle factors. In studies

that examined the association between liver enzyme levels

and metabolic risk factors (Whitfield et al. 2002; Makko-

nen et al. 2009) or alcohol use (Whitfield and Martin 1985;

Sung et al. 2011), shared environmental factors could not

explain the covariance among these traits however.

Genome-wide association (GWA) studies have started

to elucidate the genetic pathways underlying variation in

liver enzyme levels. For GGT, genome-wide significant

associations have been found for loci in or near the genes

involved in glutathione metabolism (GSTT2B, GGT1)

(Chambers et al. 2011; Middelberg et al. 2012; Yuan et al.

2008; Kamatani et al. 2010), biliary transport (ATP8B1)

(Chambers et al. 2011), alcohol metabolism (ALDH2)

(Kamatani et al. 2010), lipid metabolism (HNF1A,

CEPT1), carbohydrate metabolism and insulin signalling

(GCKR, MLXIPL, SLC2A2) (Chambers et al. 2011; Mid-

delberg et al. 2012; Yuan et al. 2008), inflammation and

immunity (GCKR, STAT4, CDH6, ITGA1, HNF1A, RORA,

CD276 (Chambers et al. 2011; Middelberg et al. 2012),

glycoprotein biology (FUT2) (Chambers et al. 2011), as

well as for other genes, including the C14orf73 gene

(Chambers et al. 2011; Middelberg et al. 2012) that is

strongly expressed in the liver but of which the function is

uncertain (Chambers et al. 2011). Variants in the PNPLA3

gene, involved in energy utilisation and storage by adipo-

cytes, has been associated with both AST and ALT levels

(Chambers et al. 2011; Kollerits et al. 2010; Sookoian and

Pirola 2011; Yuan et al. 2008; Kamatani et al. 2010). For
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AST, a significant variant was detected in a gene impli-

cated in inflammation and immunity (MRC1) (Kamatani

et al. 2010). Additional loci have been detected for ALT in

or near genes involved in glucose and lipid metabolism

(TRIB1, CHUK) (Chambers et al. 2011; Yuan et al. 2008),

inflammation and immunity (CPN1) (Chambers et al. 2011;

Yuan et al. 2008) and the biogenesis of mitochondria

(SAMM50) (Yuan et al. 2008).

Spousal resemblance was detected for ALT and AST. It

can thus be hypothesized that the seasonal effects that were

observed for ALT and AST may underlie this spousal

resemblance. If family members are measured closer in

time, seasonal effects, if present, will come up as an effect

of the shared environment and/or spousal resemblance.

Correcting for the effect of season, did not change the

familial correlations, rendering this interpretation less

likely (data available upon request). The seasonal effects

were similar to those found in a large Japanese study

(based on almost 300,000 liver function test results). While

ALT and AST levels showed seasonal variation, showing

peak values in the winter and a nadir in the summer, GGT

did not (Miyake et al. 2009). In future research, it will be of

interest to further examine the mechanism that underlies

this annual variation in liver enzyme levels.

There was some evidence for cohabitation effects (Van

Grootheest et al. 2008) on the spousal resemblance for

AST. That is, spouses are more similar in their AST levels

the longer they are together. The effects were small how-

ever. Spousal resemblance for AST and ALT was therefore

modelled as resulting from phenotypic assortment,

assuming that the largest part of spousal resemblance is due

to phenotypic assortment for factors correlated with liver

enzyme levels, such as alcohol, cigarette and coffee con-

sumption, metabolic risk factors and physical exercise

(Conigrave et al. 2003; Skurtveit and Tverdal 2002). This

will not have affected the results for AST to a great extent.

Assuming spousal resemblance was absent changed the

heritability with only 1.3 %, indicating that if spousal

resemblance for AST would be due to cohabitation effects

rather than to phenotypic assortment, by assuming it was

fully explained by phenotypic assortment, did not drasti-

cally change the results.

The effects of sex and age effects on mean liver enzyme

levels are in accordance with the literature. A different

distribution of levels of GGT, ALT and AST over sex and

age has been previously reported (Pilia et al. 2006;

Stromme et al. 2004), but the exact mechanisms for these

effects are not clear. We detected a positive correlation for

GGT with age for females (rDZF/SIB/MOTHER = 0.27) and males

in the offspring generation (rDZM/SIB = 0.21), but little

change with age for older men (rFATHERS = -0.04) in

agreement with Middelberg et al. (2012). Lower ALT

levels in older men (age [60) have been detected before

(Pilia et al. 2006; Stromme et al. 2004), supporting our

finding that ALT levels among men were negatively

associated with age. For females, lower ALT levels among

older women were not reported by earlier studies (Pilia

et al. 2006; Stromme et al. 2004). AST levels in females

increased with age, whereas those for males remained

constant, in accordance with Pilia et al. (2006).

The sex differences in the genetic architecture of GGT

and ALT might reflect genetic effects on alcohol use and/or

BMI that show different relationships with liver enzyme

levels in men and women (Skurtveit and Tverdal 2002),

which may partly result from the effect of sex hormones.

GGT levels are known to vary with differences in the

hormonal balance in women (Sillanaukee et al. 2000) and

some animal studies suggests that estrogens may be

important in the development of alcohol-related liver

injury. Chronic alcohol consumption results in a different

gene expression in female rat livers, although it is not clear

whether this is directly caused by hormonal influences

(Eagon 2010).

The current study allowed to disentangle additive

genetic, non-additive genetic effects, shared environmental

and non-shared environmental effects on variation in liver

enzyme levels that mark liver injury and other disease. By

the inclusion of data on non-twin family members, power

has improved (Posthuma and Boomsma 2000) allowing us

to test for genotype by sex and genotype by age interac-

tions. Results from these tests show that overall, there was

no evidence for qualitative sex or age differences in the

heritability, although quantitative sex and age differences

were detected for GGT and ALT. It should be noted

however that the current study does not have the power to

detect the small gene by age (and gene by sex) effects that

may be present at the level of individual SNPs. Our results

therefore do not imply that these do not exist, as they

evidently are present, as demonstrated by Middelberg et al.

(2012). It will be interesting to explore whether a possible

implication of our results, namely that gene finding studies

on liver enzyme levels may benefit from combining data

across sex and age, holds true. Although pooling data over

sex and age in gene finding studies will introduce noise in

the prediction model, because of the sex- or age-dependent

effects of some SNPs, it is hypothesized that, overall,

combining results over sex and age will increase the true

association signal to a greater extent because of the

increase in power and the fact that for these twin-family

based estimates of the heritability, qualitative sex or age

differences were not important.

In summary, genes play a substantial role in explaining

differences in plasma levels of GGT, ALT and AST (h2

22–60 %), which are important markers of liver injury and

other disease. Genetic influences on liver enzyme levels

include additive and non-additive genetic effects. Genotype
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by sex interactions (for GGT and ALT) and genotype by

age interactions (for GGT in males) were present, but there

was no evidence that different genes are expressed across

sex or age. This suggests a positive message for genome-

wide association studies. Pooling data over sex and age

(with appropriate covariates to adjust sex and age mean

level differences) may increase the signal-to-noise ratio to

detect susceptibility loci because of increased power,

without introducing too much heterogeneity that will dilute

the association signal.
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