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rick S, Sattar N, Ferrannini E. Factors influencing longitudinal
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domized to placebo in four clinical trials. Am J Physiol Gastrointest
Liver Physiol 316: G372–G386, 2019. First published November 29,
2018; doi:10.1152/ajpgi.00051.2018.—Liver enzyme concentrations
are measured as safety end points in clinical trials to detect drug-
related hepatotoxicity, but little is known about the epidemiology of
these biomarkers in subjects without hepatic dysfunction who are
enrolled in drug trials. We studied alanine and aspartate aminotrans-
ferase (ALT and AST) in subjects randomized to placebo who
completed assessments over 36 mo in a cardiovascular outcome trial
[the Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib
Therapy (“STABILITY”) trial; n � 4,264; mean age: 64.2 yr] or over
12 mo in three trials that enrolled only subjects with type 2 diabetes
(T2D) [the DIA trials; n � 308; mean age: 62.4 yr] to investigate
time-dependent relationships and the factors that might affect ALT
and AST, including body mass index (BMI), T2D, and renal function.
Multivariate linear mixed models examined time-dependent relation-
ships between liver enzyme concentrations as response variables and
BMI, baseline T2D status, hemoglobin A1c levels, and renal function,
as explanatory variables. At baseline, ALT was higher in individuals
who were men, �65 yr old, and obese and who had glomerular
filtration rate (GFR) �60 ml·min�1·1.73 m�2. ALT was not signifi-
cantly associated with T2D at baseline, although it was positively
associated with HbA1c. GFR had a greater impact on ALT than T2D.
ALT concentrations decreased over time in subjects who lost weight
but remained stable in individuals with increasing BMI. Weight
change did not alter AST concentrations. We provide new insights on
the influence of time, GFR, and HbA1c on ALT and AST concentra-
tions and confirm the effect of sex, age, T2D, BMI, and BMI change
in subjects receiving placebo in clinical trials.

NEW & NOTEWORTHY Clinical trials provide high-quality data on
liver enzyme concentrations from subjects randomized to placebo that
can be used to investigate the epidemiology of these biomarkers. The
adjusted models show the influence of sex, age, time, renal function, type
2 diabetes, HbA1c, and body mass index on alanine aminotransferase and
aspartate aminotransferase concentrations and their relative importance.
These factors need to be considered when assessing potential signals of
hepatotoxicity in trials of new drugs and in clinical trials investigating
subjects with nonalcoholic fatty liver disease.

alanine aminotransferase; aspartate aminotransferase; clinical trials;
hepatotoxicity; metabolic covariates

INTRODUCTION

Safety monitoring is a core feature of all clinical trials,
particularly those investigating new chemical entities (NCE).
The liver is frequently exposed to high concentrations of the
NCE in portal blood, and this can lead to damaging effects on
the hepatobiliary system. The recognition that drug-induced
liver injury (DILI) has been the most common cause of
withdrawal of marketed drugs or limitation of their use has
resulted in careful hepatic safety monitoring in drug trials to
detect DILI as early as possible and discontinue potentially
unsafe drugs (1, 35a, 39). However, severe liver injury is rarely
observed during drug development, even in large clinical trials,
so the focus in these trials has been on the evaluation of early
signals that may predict future liver damage.

Measurement of alanine aminotransferase (ALT) plays an im-
portant role in the detection of hepatocellular injury (32). Fulmi-
nant cases of DILI cause marked elevations of circulating amino-
transferases that are easily detectable when compared with low
levels in the control subjects who receive placebo (33). However,
early signal detection can be compromised if background levels of
these enzymes change during a trial because of nondrug-related
factors. In this context it is notable that estimates of within-subject
variation for ALT range from 11.1 to 58.1%, while between-
subject variation ranges from 4.4 to 72.1% in blood samples from

Address for reprint requests and other correspondence: D. J. Nunez, Div. of
Endocrinology, Metabolism, and Nutrition, Duke Molecular Physiology Inst.,
Duke Univ. School of Medicine, Durham, NC 2770 (e-mail: derek.
nunez@duke.edu).

Am J Physiol Gastrointest Liver Physiol 316: G372–G386, 2019.
First published November 29, 2018; doi:10.1152/ajpgi.00051.2018.

0193-1857/19 Copyright © 2019 the American Physiological Society http://www.ajpgi.orgG372

https://orcid.org/0000-0003-4704-3967
http://doi.org/10.1152/ajpgi.00051.2018
mailto:derek.nunez@duke.edu
mailto:derek.nunez@duke.edu


healthy subjects and patients with uncomplicated myocardial
infarction, liver disease, type 1 diabetes mellitus, and women
using oral contraceptive drugs (7).

With the increasing prevalence of obesity and type 2
diabetes (T2D), individuals who have undiagnosed nonal-
coholic fatty liver disease (NAFLD) (8, 20, 23) are being
enrolled more commonly in clinical trials, and they can
exhibit abnormalities such as increased concentrations and
variability of ALT, aspartate aminotransferase (AST), and
�-glutamyl transferase (GGT). Furthermore, the impact of
other factors such as renal function on liver enzyme con-
centrations has not be examined well and remains unclear.
For example, one study reported a positive relationship of

NAFLD with diabetic renal disease (35), while another did
not (46).

As part of the European Union Innovative Medicines
Initiative-European Medical Information Framework aca-
demic/pharmaceutical company collaboration, we used
high-quality longitudinal clinical trial data to study factors
that affect circulating liver enzyme concentrations when the
mean concentrations are below the upper limit of the refer-
ence range (ULRR). We used data from clinical trials that
had not been designed to explore liver disease specifically
and that enrolled subjects with enzyme concentrations
within the range of clinically insignificant variation from the
ULRR, utilizing data from the subjects randomized to re-

Table 1. Summary of the STABILITY and DIA trials included in the analyses

NCT ID (Sponsor Identifier) Population Duration

NCT00799903 (STABILITY) Subjects with chronic coronary heart disease 3.7 yr*
NCT01106625 (DIA3002) Subjects with T2D on metformin and a sulphonylurea 52 wk
NCT01064414 (DIA3004) Subjects with T2D with eGFR �30 and �50 ml·min�1·1.73 m�2 and are either not on an

antihyperglycemic agent or on a stable antihyperglycemic agent regimen
52 wk

NCT01106651 (DIA3010) Older subjects with T2D aged 55–80 yr on a stable antihyperglycemic agent 104 wk†

eGFR, estimated glomerular filtration rate; NCT ID, https://clinicaltrials.gov/ identifier; T2D, type 2 diabetes; STABILITY, Stabilisation of Atherosclerotic
Plaque by Initiation of Darapladib Therapy trial; DIA, identifier for the Janssen T2D trials. *Analyses reported here use data between baseline and 36 mo.
†Analyses reported here use data between baseline and 12 mo.

Table 2. Main inclusion-exclusion criteria for STABILITY

Inclusion Exclusion

Male or female subjects aged at least 18 yr, inclusive, at screening.
Female subjects must be postmenopausal or using a highly effective
method for avoidance of pregnancy.

Planned coronary revascularization (PCI or CABG) or any other major
surgical procedure.

Current treatment with statin therapy unless not indicated according to
treatment guidelines or contraindicated in the opinion of the
investigator.*

Current liver disease, known hepatic or biliary abnormalities (with the
exception of Gilbert’s syndrome or asymptomatic gallstones), or
evidence of abnormal liver function tests [total bilirubin or alkaline
phosphatase �1.5� ULRR; or ALT or AST �2.5� ULRR] or other
hepatic abnormalities that in the opinion of the Investigator would
preclude the subject from participation in the study.

Chronic CHD documented by at least one of the following:
1) Prior MI (�1 mo before randomization).
2) Prior coronary revascularization procedure (PCI �1 mo before

randomization or CABG �3 mo before randomization).
3) Multivessel CHD involving major epicardial coronary arteries

confirmed by coronary angiography at any time (without
revascularization).

Severe renal impairment (e.g., patients with an eGFR† �30
ml·min�1·1.73 m�2 or receiving chronic dialysis) or history of
nephrectomy or kidney transplant (regardless of renal function).

At least 1 of the following additional predictors of CV risk:
1) Age �60 yr at randomization.
2) Diabetes mellitus requiring pharmacotherapy.
3) HDL-C �40 mg/dl (1.03 mmol/l).
4) Smoker (defined as at least 5 cigarettes per day on average) or a

previous smoker (defined as at least 5 cigarettes per day on
average when smoking) who discontinued within the past 3 mo.

5) Significant renal dysfunction (defined as eGFR† �30 and �59
ml·min�1·1.73 m�2 or urine ACR �30 mg albumin/g creatinine).

6) Polyvascular disease manifested as coexistent clinically diagnosed
arterial disease in at least 2 arterial territories, defined as:

i) Chronic CHD and cerebrovascular disease defined as carotid
artery disease or prior ischemic stroke �3 mo.

OR
ii) Chronic CHD and PAD

Current severe heart failure (New York Heart Association class III or IV).
Poorly controlled hypertension despite lifestyle modifications and

pharmacotherapy.‡
Any life-threatening condition with life expectancy �2 yr, other than

vascular disease, that might prevent the subject from completing the
study (e.g., very severe chronic airways disease, known HIV positive,
or cancer in the past 5 yr other than nonmelanoma skin cancer).

Alcohol or drug abuse within the past 6 mo or current mental condition
(psychiatric disorder, senility, or dementia), which may affect study
compliance or prevent understanding of the aims, investigational
procedures, or possible consequences of the study.

ACR, albumin-to-creatinine ratio; CABG, coronary artery bypass graft; CHD, coronary heart disease; CV, cardiovascular; eGFR, estimated glomerular
filtration rate; HIV, human immunodeficiency virus; MI, myocardial infarction; PAD, peripheral arterial disease; PCI, percutaneous coronary intervention;
ULRR, upper limit of reference range; STABILITY, Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy trial. *Approximately 80% of
subjects were expected to receive statin therapy. The use of concomitant statin therapy was monitored at intervals during the study. †Calculated using the
abbreviated Modification of Diet in Renal Disease equation [Brosius et al. (6)]. ‡Either systolic blood pressure �160 mmHg or diastolic blood pressure �110
mmHg. Patients might enter the study if the adjustment to blood pressure medications resulted in the improved control of hypertension at the Baseline visit.
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ceive placebo to eliminate any confounding effects of the
investigational drugs.

Here we focus on ALT and AST and report on time-
dependent changes in relation to body mass index (BMI), T2D,
and renal function, using data from over 4,500 subjects ran-
domized to the placebo treatment arms in four clinical trials.

MATERIALS AND METHODS

Study populations. We analyzed data from a large cardiovascular
outcome trial, the Stabilisation of Atherosclerotic Plaque by Initiation
of Darapladib Therapy (“STABILITY”) trial funded by GlaxoSmith-
Kline, which enrolled 15,828 individuals at high risk of cardiovascu-
lar disease and without liver disease (34, 40) and pooled data from
three clinical trials that enrolled 1,457 subjects with T2D without liver
disease funded by Janssen Research and Development (referred to
here as the “DIA” trials) (4, 41, 44) (Table 1).

The design and main results from STABILITY (NCT00799903)
have been reported elsewhere (34, 40), and the main eligibility criteria
are shown in Table 2. Of relevance to the present analyses, subjects
were excluded if they had 1) existing liver diseases or markedly
abnormal liver function tests (ALT or AST �2.5� ULRR or total
bilirubin or alkaline phosphatase �1.5� ULRR) or 2) an estimated
glomerular filtration rate (eGFR) �30 ml·min�1·1.73 m�2 or receiv-
ing chronic dialysis or had a history of nephrectomy or kidney
transplantation. For our analyses, we selected a subset of the subjects
randomized to placebo (n � 4,264) who did not drop out over the first
36 mo of follow-up and who had complete BMI, ALT, and AST
measurements at all time points (every 3 mo up to 6 mo and every 6
mo thereafter). GGT was not measured in STABILITY.

The three DIA trials included here were phase 3 trials with
canagliflozin that enrolled subjects with T2D and inadequate
glycemic control. These trials (NCT01106625, NCT01064414, and
NCT01106651) have been reported elsewhere (4, 41, 44), and the
main eligibility criteria are shown in Table 3. A subset of 308 subjects
randomized to placebo are included in the present analyses because
they had BMI, ALT, AST, and GGT measured from baseline to 12 mo
after enrollment.

The clinical trials were approved in each country by national
regulatory authorities and by local ethics committees. The informed
consent obtained from the participants before enrollment allowed the
reuse of the clinical trial data to learn more about heart disease
(STABILITY trial only), T2D, and related diseases or conditions.
Therefore, further approval was not sought for the analyses reported
here.

Clinical chemistry. Clinical chemistry analyses were conducted by
central laboratories [Quest Diagnostics (Van Nuys, CA); DIA trials:
Covance (Indianapolis, IN), Covance (Geneva, Switzerland), and
Covance (Singapore)] using validated clinical laboratory methods.

The ULRRs for ALT and AST in STABILITY were as follows:
ALT 48 IU/l, AST for age �64 yr 42 IU/l, and AST for age �64 yr
55 IU/l. For the current analyses with STABILITY data, AST and
ALT values �4 SD above or below the mean at a given visit were
defined as “outliers” and were excluded (the numbers of excluded
values are shown in Table 4). The ULRRs for ALT and AST in the

DIA trials were as follows: ALT 32–43 IU/l, AST 34–36 IU/l, and
GGT 49–61 IU/l.

The eGFR was calculated using the Modification of Diet in Renal
Disease equation (6).

Body mass index. BMI was categorized as “normal” if �24.9
kg/m2, “overweight” if 25–29.9 kg/m2, and “obese” if �30 kg/m2

(42). “Baseline BMI” was the BMI at randomization, “visit BMI” was
the BMI at each visit, and “change-from-baseline BMI” was calcu-
lated at 36 mo in STABILITY and at 12 mo in the DIA trials.
“Change-from-baseline BMI” was further categorized by magnitude
into tertiles of change to investigate the impact of weight change: the
top third were labeled “BMI Gainers,” the middle third “BMI Stable,”
and the bottom third “BMI Losers.”

Statistical analyses. Data from the STABILITY and DIAs trials
were analyzed separately. Frequency distribution and normal quantal
plots showed that the ALT and AST concentration values were not
normally distributed so they were log10 transformed (which gave a
better fit to the normal distribution) and then back transformed for
display. Summary statistics are presented as means (SD) for quanti-
tative variables and frequency for categorical variables. Differences in
means were evaluated using the Student t-test for two categories or an
ANOVA if greater than two categories. �2-tests were performed for
categorical variables. Age groups were categorized as �65 yr old,
65–74 yr old, and �75 yr old and eGFR as �60 or �60
ml·min�1·1.73 m�2. Time-dependent changes were examined graph-
ically by plotting mean values and 95% confidence intervals (CIs).

Linear mixed models were fitted to the STABILITY data to
estimate the time-dependent association between BMI and the liver
enzymes measured at 3, 6, 12, 18, 24, 30, and 36 mo, after adjustment
for age, sex, smoking, T2D status, and eGFR category at baseline and
incident cardiovascular events, with a random effect for “subject.” In
a sensitivity analysis, the models were also adjusted for incident
cardiovascular events (myocardial infarction, stroke, coronary revas-
cularization, hospitalization for heart failure) during the 36 mo of
observation; no adjustments were made for myocardial infarction-
related biomarkers such as creatine phosphokinase levels. AST, ALT,
and AST/ALT ratio values were log10 transformed in the models and
then back transformed for display to account for skewness. Associa-
tions with BMI were run for 1) BMI at each visit (categorized into
normal, overweight, and obese) and 2) change-from-baseline BMI

Table 3. Main eligibility criteria for the DIA trials

NCT ID (Sponsor Identifier) Age, yr HbA1c,* % FPG, mg/dl (mmol/l) eGFR Liver Enzymes (Exclusion Criteria)

NCT01106625 (DIA3002) 18–80 �7.0 to �10.5 �270 (�15) �55 ALT �2.0� ULRR; total bilirubin �1.5� ULRR†
NCT01064414 (DIA3004) �25 �7.0 to �10.5 �270 (�15) at week �2 �30 to �50 ALT �2.0� ULRR; total bilirubin �1.5� ULRR†
NCT01106651 (DIA3010) 55–80 �7.0 to �10.0 �270 (�15) at week �2 �50 ALT �2.0� ULRR; total bilirubin �1.5� ULRR†

ALT, alanine aminotransferase; FPG, fasting plasma glucose; eGFR, estimated glomerular filtration rate (ml·min�1·1.73 m�2); NCT ID, https://clinicaltrials.
gov/ identifier; ULRR, upper limit of reference range; DIA, identifier for Janssen T2D trials. *Subjects were enrolled based on their HbA1c values at the screening
visit, which may have been different from the HbA1c values at the baseline visit. †Subject may have participated if in the opinion of the investigator an elevation
in bilirubin was consistent with Gilbert’s disease.

Table 4. Number of outlier values by visit that were
excluded from the STABILITY data set

Visit, mo

Baseline 3 6 12 18 24 30 36

ALT 3 3 2 4 3 4 4 6
AST 12 10 18 19 16 18 21 21
Both AST and ALT 2 1 1 4 3 2 3 5
AST/ALT ratio 13 12 19 19 16 20 22 22

Shown are the number of outlier values �4 SD above or below the mean of
the distribution at the given visit. ALT, alanine aminotransferase; AST,
aspartate aminotransferase. STABILITY, Stabilisation of Atherosclerotic
Plaque by Initiation of Darapladib Therapy trial.
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(categorized into BMI Loser, BMI Stable, and BMI Gainer). When
specified, month-of-visit was added as a linear and quadratic term
(i.e., month squared) to model the nonlinear longitudinal behavior of
the liver biomarkers over time, and a linear interaction between
month-of-visit and BMI was also included. From the models, the
adjusted means and 95% CI of the liver enzyme concentrations were
estimated and are represented graphically. Models were not fitted for
the pooled DIA data because of the smaller number of subjects.

Sensitivity analyses were also run to investigate the relationship
between BMI and liver enzyme concentrations in STABILITY with
visit BMI recorded 1) at the time of the liver enzyme assessment
(“contemporaneous BMI”), 2) 3 mo earlier, 3) 6 mo earlier, and 4) 12
mo earlier. The Akaike Information Criterion (AIC) was reported to
determine the best fitting model. The model with the smallest AIC was
chosen as best fit.

Analyses were conducted using SAS version 9.2, and graphics
were generated using JMP version 11 (SAS Institute, Cary, NC).

RESULTS

Subject characteristics. In STABILITY, 83% of the 4264
placebo-treated subjects were men, and 38% had T2D requir-
ing glucose-lowering pharmacotherapy, 13% had an eGFR
�60 ml·min�1·1.73 m�2, and 93% reported taking less �14
units of alcohol per week (mean, 4 units/week) at baseline
(Tables 5 and 6). Most subjects were on statins at baseline, and
96.8% were still on statins at completion of the trial (34). In the
DIA trials, all of the 308 placebo-treated subjects had T2D,

56% were men and 28% had an eGFR � 60 ml·min�1·1.73
m�2 at baseline; alcohol consumption was not recorded.

Liver enzyme concentrations: baseline characteristics and
time-dependent changes. Figures 1 and 2 show the frequency
distributions of ALT and AST concentrations at baseline (Figs.
1, A and C, and 2, A and B) and at 36 mo (Figs. 1, B and D, and
2, C and D) in STABILITY. The deviations from the straight
lines in the normal quantal plots (Figs. 1, C and D, and 2, B and
D) indicate that the concentration values are not normally
distributed.

In the 4,264 placebo-treated subjects in STABILITY, the
maximum ALT concentration at baseline was 226 IU/l and 443
IU/l at 36 mo, before exclusion of the “outlier” values shown
in Table 4. At baseline, only two ALT values were �3�
ULRR (�144 IU/l) and none were �5� ULRR (� 240 IU/l),
while five ALT values were �3� ULRR and only one of these
was �5� ULRR at 36 mo. There were no ALT concentrations
�10� ULRR at any visit.

All further analyses of the STABILITY data excluded the
outlier values shown in Table 4. The mean (SD) concentrations
of ALT, AST, GGT (for the DIA trials only), and the AST/
ALT ratio at baseline and at 36 (STABILITY) or 12 mo (DIA
trials) are shown in Table 7.

The baseline and time-dependent changes in ALT and AST
in STABILITY are shown in Table 8 and Fig. 3 according to

Table 5. Characteristics at baseline and at end-of-observation of the subjects included in the STABILITY and pooled DIA
data sets

STABILITYa DIA Trials

Baseline 36 mo Baseline 12 mo

n 4,264 308
Age, yr 64.2 (9.1) 67.2 (9.1) 62.4 (7.8) 63.4 (7.8)
BMI, kg/m2 28.8 (4.9) 28.9 (5.0) 31.9 (5.6) 31.7 (5.5)
Men, n (%) 3,525 (83) 3,525 (83) 172 (56) 172 (56)
T2D, n (%) 1,605 (38)b 1,605 (38)b 308 (100) 308 (100)
HbA1c % 7.3 (1.4)b 7.4 (1.5)b 7.8 (0.8) 7.5 (0.9)
eGFR �60 ml·min�1·1.73 m�2, n (%) 566 (13) 611 (14) 86 (28) 89 (29)
Current smoker, n (%) 1,257 (29)c 630 (14.8)c 26 (8.4)d 26 (8.4)d,e

Values are means (SD), unless stated otherwise. BMI, body mass index; eGFR, estimated glomerular filtration rate; T2D, type 2 diabetes; STABILITY,
Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy trial; DIA, identifier for Janssen T2D trials. aIn STABILITY, 97 individuals had
“outlier” values of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and/or AST/ALT ratio at �1 time-point and were excluded from the
analyses, as shown in Table 4. bIn STABILITY, T2D was defined by the use of glucose-lowering pharmacotherapy and HbA1c was measured only in these
subjects. cIn STABILITY, at baseline, “Current smoker” was defined as those who currently smoked or had stopped within the past 3 mo. At the 36 mo visit,
participants were considered smokers if they currently smoked or had stopped since the previous visit (i.e., between months 30 and 36). In STABILITY, there
was a significant difference in smoking status between baseline and 36 mo (P � 0.05). dAt baseline. e26 Subjects who were smokers at baseline completed the
DIA trials.

Table 6. Baseline values of the subjects included in the STABILITY and DIA trials

NCT ID (Sponsor Identifier) Ranges for the Baseline Values

n Age, yr BMI, kg/m2 HbA1c, %
FPG,

mmol/l
T2DM �10 yr,

n (%)
eGFR,

ml·min�1·1.73 m�2 AST, IU/l ALT, IU/l
AST/ALT

Ratio GGT, IU/l

NCT00799903 (STABILITY) 4,264 29–87 15–58 4.9–15.5† 2.8–27.6‡ ND 6–174* 7–72 5–106 0.33–4.67 ND
NCT01106625 (DIA3002) 84 40–71 19.8–54.6 6.7–12.5 4.9–14.3 38 (45%) 47–132 9–52 10–69 0.44–1.70 12–261
NCT01064414 (DIA3004) 59 45–96 18.2–48.8 6.1–10.5 3.8–13.7 43 (73%) 26–57 13–108 8–87 0.62–2.19 9–144
NCT01106651 (DIA3010) 165 55–80 20.4–40.1 6.2–9.8 3.7–16.0 82 (50%) 37–153 9–116 9–83 0.38–2.83 5–591

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; FPG, fasting plasma glucose; GGT, �-glutamyl transferase; NCT
ID, https://clinicaltrials.gov/ identifier; ND, not done; T2DM, type 2 diabetes mellitus; STABILITY, Stabilisation of Atherosclerotic Plaque by Initiation of
Darapladib Therapy trial; DIA, identifier for Janssen T2D trials. †For the 1,612 placebo-treated T2D subjects in STABILITY. ‡STABILITY: an FPG value of
1.0 mmol/l was excluded because it was considered to be a laboratory error. *STABILITY: an eGFR value of 6 may be an error in the locked database but was
not excluded.
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sex, age, T2D status, and eGFR category, while the baseline
and time-dependent changes of the AST/ALT ratio are shown
graphically in Fig. 4, A–C. Similar results were observed in the
DIA trials, although the GGT differences between the age
groups at baseline were greater than the ALT differences
(Table 9).

After adjustment for sex, age, T2D status, eGFR category,
and smoking at baseline and incident cardiovascular events
over the 36 mo in STABILITY, ALT, and AST remained
significantly higher in men, younger subjects, and subjects with
baseline eGFR �60 ml·min�1·1.73 m�2, while AST, but not
ALT, was significantly lower in T2D subjects (Tables 10 and 11).
Of note, ALT levels were affected more by baseline eGFR
category than by the baseline T2D status (Table 10 and Fig.
3C). The data for the AST/ALT ratio are shown in Fig. 4 and
Table 12. In subjects with T2D in STABILITY, we observed a
positive association between HbA1c and ALT, but a nonsignif-
icant association with AST after adjustment for covariates
(Table 13), in contrast to the relationships of ALT and AST to
T2D itself.

BMI and circulating liver enzymes: time-dependent changes.
In STABILITY, ALT concentrations were significantly higher
in obese individuals (BMI: �30 kg/m2) compared with over-
weight (BMI: 25–29.9 kg/m2) or normal weight (BMI: �24.9
kg/m2) subjects at all time points (Fig. 5A). AST values were
significantly higher in obese subjects compared with the nor-
mal weight group, but the differences were smaller than for
ALT (Fig. 5B). There was an inverse relationship between

AST/ALT ratio and BMI category (Fig. 4D). Similar results
were observed in the pooled DIA data (Fig. 6); GGT levels
were also greater in obese subjects compared with overweight
and normal weight subjects at all time points.

In the STABILITY models adjusting for baseline age, sex,
T2D status, eGFR category, smoking status, and incident
cardiovascular events, ALT concentrations were significantly
higher in obese than in normal weight subjects and decreased
slightly over time independently of BMI category (Fig. 5C).
AST concentrations were also significantly greater in the high-
est BMI category, but they increased slightly over the 36-mo
observation period, especially in the subjects who started with
a with BMI � 24.9 kg/m2 at baseline (Fig. 5D).

STABILITY models that used BMI values contemporaneous
with ALT and AST values had a better fit than those using BMI
values collected 3, 6, or 12 mo earlier, as indicated by lower
AIC statistics (Table 14), suggesting that liver enzyme con-
centrations are more strongly associated with contemporaneous
than past BMI values.

Change in BMI from baseline to 36 mo in STABILITY and
the effect on liver enzymes. Subjects in the BMI Gainer tertile
(n � 1446) had a lower BMI at baseline (28.8 	 4.8 kg/m2)
compared with the BMI Loser group, and their BMI increased
by ~1.6 kg/m2 (4–6 kg) over the 36 mo (Fig. 7). Subjects in the
BMI Loser tertile (n � 1455) had the highest average BMI at
baseline (29.7 	 5.2 kg/m2), and their BMI decreased by ~1.6
kg/m2 (~4 kg). Mean BMI in the BMI Stable tertile (27.9 	 4.4
kg/m2; n � 1431) changed little over the 36 mo. In the DIA

Fig. 1. Frequency distribution (A and B) and normal quantal plots (C and D) of the alanine aminotransferase (ALT) concentrations at baseline and 36 mo in the
placebo-treated subjects in Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy (STABILITY) trial. The frequency distribution and normal
quantal plots indicate that the raw ALT concentrations are not normally distributed. Therefore, they were log10 transformed for analyses and then back
transformed for display.
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trials, the BMI Gainer and BMI Loser tertiles changed BMI by
~1 kg/m2 over 12 mo. In STABILITY, ALT fell over time in
the BMI Loser group irrespective of T2D status, whereas there
was no significant change in the BMI Gainer group (Fig. 8A).

AST values changed little whether subjects lost or gained
weight (Fig. 8B). Figure 8, C and D, shows that in general these
relationships persisted after adjustment for baseline covariates
and incident cardiovascular events. The AST/ALT ratio was

Fig. 2. Frequency distribution (A and C) and normal quantal plots (B and D) of the aspartate aminotransferase (AST) concentrations at baseline and 36 mo in
the placebo-treated subjects in Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy (STABILITY) trial. The frequency distribution and
normal quantal plots indicate that the raw AST concentrations are not normally distributed. Therefore, they were log10-transformed for analyses and then
back-transformed for display.

Table 7. Liver parameters at baseline and end-of-observation in subjects randomized to receive placebo in STABILITY and
pooled DIA trials

Liver Parameter

STABILITY* DIA Trials‡

Baseline n Month 36 n Baseline n Month 12 n

ALT, IU/l
All 22.4 (11.13) 4,261 21.1 (11.1) 4,258 27.7 (13.5) 308 26.9 (12.2) 308
Men 23.2 (11.4) 3,523 21.7 (11.3) 3,519 28.9 (14.3) 172 27.7 (12.5) 172
Women 18.3 (8.7) 738 17.8 (9.8) 734 26.2 (12.3) 136 25.9 (11.7) 136

AST, IU/l
All 22.6 (7.5) 4,252 22.9 (8.1) 4,243 24.5 (12.1) 308 23.7 (9.8) 308
Men 22.9 (7.5) 3,516 23.1 (8.2) 3,509 24.7 (11.1) 172 23.6 (7.8) 172
Women 21.0 (7.0) 736 21.5 (7.7) 734 24.1 (13.3) 136 23.9 (10.0) 136

AST/ALT ratio
All 1.12 (0.37) 4,251 1.22 (0.43) 4,242 0.94 (0.29) 308 0.94 (0.27) 308
Men 1.09 (0.36) 3,515 1.19 (0.43) 3,508 0.92 (0.28) 172 0.93 (0.28) 172
Women 1.26 (0.40) 736 1.35 (0.43) 734 0.97 (0.30) 136 0.96 (0.27) 136

GGT, IU/l
All ND ND 43.0 (52.5) 308 43.5 (58.2) 308
Men ND ND 44.4 (61.1) 172 43.6 (56.8) 172
Women ND ND 41.2 (39.0) 136 43.4 (60.1) 136

Values are means (SD). ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, �-glutamyl transferase; ND, not done; ULRR, upper limit of
reference range; STABILITY, Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy trial; DIA, identifier for Janssen T2D trials. *ULRR
for STABILITY: ALT 48 IU/l, AST for age �64 yr 42 IU/l, and AST for age �64 yr 55 IU/l. ‡ULRR for the DIA trials: ALT 32–43 IU/l, AST 34–36 IU/l,
and GGT 49–61 IU/l.
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similar at baseline in the BMI Loser group and in the BMI
Gainer group, but it increased more rapidly over time in the
BMI Loser group, especially in non-T2D subjects (Fig. 4F).

DISCUSSION

We have used longitudinal data collected in the STABILITY
and DIA trials to study the time-dependent behavior of liver
enzyme concentrations and the impact of covariates (17, 21,

31) to understand better the epidemiology of these biomarkers
in clinical trials. The US Food and Drug Administration has
pointed out (35a) that covert hepatotoxins with the potential to
cause idiosyncratic severe liver injury may cause only mild
elevations of liver enzyme concentrations in clinical trials
during the drug development phase that can be difficult to
distinguish from “benign” elevations. Therefore, we focused
our analyses on the behavior of these enzymes in subjects
randomized to placebo to provide new insights on the factors
that can affect these biomarkers and that need to be considered
in clinical trials that enroll subjects with NAFLD and in the
assessment of causality of a potential drug-related hepatotox-
icity signal.

We used the STABILITY data to examine the distribution of
ALT concentrations at baseline and 36 mo before exclusion of
outlier values (�4 SDs above or below the mean at a given
visit). The criteria at screening for the STABILITY trial
excluded subjects with ALT �2.5� ULRR, and, as expected,
we found very low numbers of subjects with elevated ALT
concentrations at the baseline visit resulting from perturbations
occurring in the period after the screening visit. In these
subjects, most of whom remained on statins during the trial,
only two samples were �3� ULRR and none were �5�
ULRR at baseline, while five samples were �3� ULRR and
only one was �5� ULRR, but �10� ULRR, at 36 mo.

In general, our analyses of baseline data on the effects of
age, sex, BMI, and T2D status on ALT, AST, and GGT concur
with previous cross-sectional studies using blood-donor sam-
ples (26) or National Health and Nutrition Examination Survey
study data (14, 28), but we provide novel insights by combin-

Table 8. Baseline liver enzyme parameters according to age,
sex, T2D, and eGFR in subjects randomized to receive
placebo in STABILITY

Baseline Characteristic n ALT† AST† AST/ALT Ratio

Age group*
�65 yr 2,110 24.8 (12.3) 23.1 (9.4) 1.02 (0.33)
65–74.9 yr 1,613 21.0 (11.4) 22.7 (8.8) 1.18 (0.38)
�75 yr 541 17.7 (7.6) 21.8 (6.6) 1.33 (0.41)

Sex*
Men 3,525 23.2 (11.4) 22.8 (7.5) 1.09 (0.36)
Women 739 18.3 (8.7) 21.0 (7.0) 1.26 (0.40)

T2D*
Yes 1,605 22.9 (12.2) 21.9 (8.0) 1.07 (0.35)
No 2,659 22.1 (10.4) 23.0 (7.1) 1.15 (0.38)

eGFR,* ml·min�1·1.73 m�2

�60 3,698 22.9 (11.2) 22.7 (7.5) 1.10 (0.37)
�60 566 19.3 (10.1) 21.7 (7.4) 1.24 (0.39)

Values are means (SD). ALT, alanine aminotransferase; AST, aspartate
aminotransferase; eGFR, estimated glomerular filtration rate; T2D, type 2
diabetes; ULRR, upper limit of reference range; STABILITY, Stabilisation of
Atherosclerotic Plaque by Initiation of Darapladib Therapy trial. *P � 0.05 for
ALT, AST and AST/ALT ratio. †IU/l, ULRR for STABILITY: ALT 48 IU/l,
AST for age �64 yr 42 IU/l, and AST for age �64 yr 55 IU/l.

Fig. 3. Alanine aminotransferase (ALT; A, B, and C) and aspartate aminotransferase (AST; D, E, and F) (means 	 95% confidence interval) in the placebo-treated
subjects in Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy (STABILITY) trial separated by sex (A and D), age (B and E), and type
2 diabetes (T2D)/estimated glomerular filtration rate (eGFR) status at baseline (C and F). Females and older subjects had lower values of ALT and AST. ALT
concentrations were slightly, but not significantly, higher in T2D compared with non-T2D subjects; AST values were significantly lower in the T2D group.
Subjects with an eGFR �60 ml·min�1·1.73 m�2 had lower ALT and AST concentrations compared with subjects with eGFR �60 ml·min�1·1.73 m�2. eGFR
had a greater impact on ALT that T2D. Over time, there were small downward trends in the ALT concentrations, but AST was stable.
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ing longitudinal analysis of time-dependent trends with assess-
ment of the impact of individual and aggregated covariates
using linear mixed models. After adjustment for multiple
covariates, men had higher ALT and AST concentrations than
women, as reported previously (10), and T2D subjects had
slightly higher concentrations of ALT and GGT compared with
non-T2D, as noted before (2, 16); elevated ALT concentrations
are reported to occur in T2D patients with hepatic steatosis (8).
Interestingly, while the ALT difference in T2D in STABILITY
was not significant after correcting for covariates, we note the
persistent significant relationship between HbA1c and ALT,
suggesting that ALT concentrations are positively associated
with glycemic control in T2D, rather than the presence or
absence of T2D. AST was significantly lower in T2D com-
pared with non-T2D subjects, perhaps reflecting compromised
muscle physiology in T2D (36) as a substantial amount of
circulating AST comes from skeletal muscle (3). As in prior

Fig. 4. Aspartate aminotransferase (AST)/alanine aminotransferase (ALT) ratio (means 	 95% confidence interval) in the placebo-treated subjects in Stabilisation
of Atherosclerotic Plaque by Initiation of Darapladib Therapy (STABILITY) trial separated by sex (A), age (B), and type 2 diabetes (T2D)/estimated glomerular
filtration rate (eGFR) status at baseline (C), body mass index (BMI) category (obese: BMI �30 kg/m2; overweight: 25–29.9 kg/m2; normal weight: BMI �25
kg/m2) (D), and BMI change between baseline and 36 mo in T2D and non-T2D subjects (F). Model adjusted AST/ALT ratio separated by BMI category (E)
and BMI change (G) are shown. Female, older, and non-T2D subjects had higher values of AST/ALT ratio. Subjects with an eGFR �60 had higher AST/ALT
ratios compared with subjects with eGFR �60. Over time, there were small downward trends in the ALT concentrations, but AST was stable, resulting in a
progressive increase of the AST/ALT ratio in all these subgroups.

Table 9. Liver enzyme concentrations at baseline according
to age, sex, and eGFR in the pooled DIA data from T2D
subjects randomized to receive placebo

n ALT, IU/l AST, IU/l GGT, IU/l
AST/ALT

Ratio

Age group, yr
�65 193 29.2 (13.5) 24.5 (11.9) 48.6 (62.1) 0.89 (0.27)
65–74.9 98 25.5 (12.3) 24.0 (10.2) 34.0 (28.3) 1.00 (0.25)
�75 17 22.4 (17.6) 26.3 (21.7) 31.0 (25.5) 1.24 (0.41)

Sex
Men 172 28.9 (14.3) 24.7 (11.1) 44.4 (61.1) 0.92 (0.28)
Women 136 26.2 (12.3) 24.1 (13.3) 41.2 (39.0) 0.97 (0.30)

eGFR, ml·min�1·1.73 m�2

�60 222 28.9 (13.7) 24.4 (12.2) 42.6 (46.2) 0.90 (0.27)
�60 86 24.5 (12.3) 24.5 (11.9) 43.9 (66.3) 1.06 (0.29)

Values are means (SD). ALT, alanine aminotransferase; AST, aspartate
aminotransferase; eGFR, estimated glomerular filtration rate; GGT, �-glutamyl
transferase; DIA, identifier for Janssen T2D trials.
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studies (28, 30), we found that ALT and AST were higher
when baseline BMI was higher.

We provide new data on the impact of renal function on liver
enzyme concentrations that help to clarify the conflicting data
that have been reported on the influence of mild-moderate renal
impairment on liver enzyme concentrations (35, 46). We found
that ALT concentrations were significantly higher in the
STABILITY subjects with baseline eGFR �60 ml·min�1·1.73
m�2. We expected the opposite relationship because worse
diabetic kidney disease is associated with poorer glycemic
control (elevated HbA1c) and greater HbA1c was associated
with higher ALT. We note that elevation of GGT, and presum-
ably ALT, in NAFLD has been associated with an increase in
risk of chronic kidney disease (22). The effect of GFR status on
AST was not significant after adjustment for covariates. When
we examined the interaction between GFR status and T2D, we
found that GFR status at baseline (� versus �60 ml·min�1·
1.73 m�2) was associated with larger ALT differences than
those associated with T2D status (T2D versus non-T2D).

These novel observations need to be confirmed and extended
to include the effect on ALT of the interaction between
GFR, measured as a quantitative biomarker of renal func-
tion, and HbA1c as a measure of long-term glycemic control
in T2D.

Dong and colleagues (9) reported ALT reduction in a lon-
gitudinal study with two to three observations spanning up to
16 yr. It is remarkable that we detected a similar time-depen-
dent reduction in ALT over only 36 mo in STABILITY in our
adjusted model, perhaps because of the large sample size and
the more frequent sampling and procedural rigor in the setting
of a clinical trial (no ALT reduction was detected in the smaller
DIA data set over the 12-mo observation period).

The STABILITY trial was large enough to allow us to
identify subjects who gained or lost weight over 36 mo. ALT
levels were positively associated not only with obesity (defined
by BMI category) but also with weight gain, although with
some attenuation of the effect. We found a significant relation-
ship between the reduction in BMI and the reduction in ALT or

Table 10. Linear mixed models of ALT concentrations in subjects randomized to receive placebo in STABILITY

Log10 ALT (Model 1†) Log10 ALT (Model 2†) Log10 ALT (Model 3†)

Estimate P Estimate P Estimate P

Intercept 1.5903 	 0.0204 �0.0001 1.628 	 0.0209 �0.0001 1.557 	 0.0212 �0.0001
Age, yr �0.006 	 0.0003 �0.0001 �0.006 	 0.0002 �0.0001 �0.0058 	 0.0003 �0.0001
Men vs. women 0.0839 	 0.0061 �0.0001 0.0840 	 0.0062 �0.0001 0.0840 	 0.0061 �0.0001
Month of visit �0.0004 	 0.0001 �0.0001 �0.0003 	 0.0001 �0.0001 �0.0003 	 0.0001 �0.0001
T2D �0.0058 	 0.0048 0.223 0.0014 	 0.0049 0.776 �0.0050 	 0.0048 0.296
eGFR �60 ml·min�1·1.73 m�2 0.0124 	 0.0030 �0.0001 0.0119 	 0.0030 �0.0001 0.0121 	 0.0030 �0.0001
Smoking vs. nonsmoking �0.0330 	 0.0055 �0.0001 �0.0382 	 0.0056 �0.0001 �0.0320 	 0.0055 �0.0001
BMI visit (overweight vs. normal) 0.0266 	 0.0031 �0.0001 0.0342 	 0.0052 �0.0001
BMI visit (obese vs. normal) 0.0596 	 0.0039 �0.0001 0.0847 	 0.0065 �0.0001
BMI change (stable vs. losers) 0.0097 	 0.0057 0.0860 0.0241 	 0.0082 0.0034
BMI change (gainers vs. losers) 0.0197 	 0.0057 0.0006 0.0515 	 0.0086 �0.0001
BMI (overweight vs. normal) � (stable vs. losers) �0.0018 	 0.0076 0.8081
BMI (obese vs. normal) � (gainers vs. losers) �0.0221 	 0.0077 0.0040
BMI (overweight vs. normal) � (stable vs. losers) �0.0209 	 0.0096 0.0298
BMI (obese vs. normal) � (gainers vs. losers) �0.0560 	 0.0095 �0.0001

Values are estimates 	 SE. ALT, alanine aminotransferase; BMI, body mass index; eGFR, estimated glomerular filtration rate; T2D, type 2 diabetes;
STABILITY, Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy trial. †Model 1 evaluates visit BMI by category, model 2 evaluates BMI
change from baseline, and model 3 evaluates both BMI category and change from baseline and includes the interaction between them.

Table 11. Linear mixed models of AST concentrations in subjects randomized to receive placebo in STABILITY

Log10 AST (Model 1†) Log10 AST (Model 2†) Log10 AST (Model 3†)

Estimate P Estimate P Estimate P

Intercept 1.396 	 0.0145 �0.0001 1.4155 	 0.0147 �0.0001 1.388 	 0.0151 �0.0001
Age, yr �0.0013 	 0.0002 �0.0001 �0.0014 	 0.0002 �0.0001 �0.0012 	 0.0002 �0.0001
Men vs. women 0.0317 	 0.0043 �0.0001 0.0317 	 0.0044 �0.0001 0.0317 	 0.0043 �0.0001
Month of visit 0.0002 	 0.0001 0.0012 0.0002 	 0.0001 0.0005 0.0002 	 0.0001 0.0002
T2D �0.0319 	 0.0034 �0.0001 �0.0296 	 0.0034 �0.0001 �0.0319 	 0.0034 �0.0001
eGFR �60 ml·min�1·1.73 m�2 0.0019 	 0.0022 0.3884 0.0017 	 0.0022 0.4336 0.0017 	 0.0022 0.4317
Smoking vs. nonsmoking �0.0267 	 0.0039 �0.0001 �0.0288 	 0.0039 �0.0001 �0.0265 	 0.0039 �0.0001
BMI visit (overweight vs. normal) 0.0093 	 0.0022 �0.0001 0.0132 	 0.0037 �0.0001
BMI visit (obese vs. normal) 0.0216 	 0.0028 �0.0001 0.0337 	 0.0047 �0.0001
BMI change (stable vs. losers) 0.0004 	 0.0040 0.9265 0.0074 	 0.0059 0.2077
BMI change (gainers vs. losers) �0.0012 	 0.0040 0.7755 0.0138 	 0.0061 0.0251
BMI (overweight vs. normal) � (stable vs. losers) �0.0016 	 0.0054 0.7672
BMI (obese vs. normal) � (gainers vs. losers) �0.0101 	 0.0055 0.0540
BMI (overweight vs. normal) � (stable vs. losers) �0.0112 	 0.0069 0.1045
BMI (obese vs. normal) � (gainers vs. losers) �0.0258 	 0.0068 0.0001

Values are estimates 	 SE. AST, aspartate aminotransferase; BMI, body mass index; eGFR, estimated glomerular filtration rate; T2D, type 2 diabetes;
STABILITY, Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy trial. †Model 1 evaluates visit BMI by category, model 2 evaluates BMI
change from baseline, and model 3 evaluates both BMI category and change from baseline and includes the interaction between them.
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GGT, as seen in studies following diet and exercise interven-
tion (15) or after bariatric surgery (5). Our data show that
modest weight loss (~4–6 kg) can lead to a reduction of ALT
even when the concentrations are below the ULRR. However,
baseline AST was positively associated with obesity but not
with weight gain. Reductions of ALT and AST have been
reported after bariatric surgery that produced a much larger
BMI reduction of ~15 kg/m2 (5, 24, 43). It is interesting to note
that weight loss of 8.5 kg was not associated with changes in
ALT, AST, or GGT in a small substudy of the Look-AHEAD
trial with T2D subjects, perhaps because the sample size was
too small (18). In contrast, our data show that modest weight
loss in STABILITY is associated with a reduction of ALT both
in the T2D and non-T2D subjects. Our data are compatible
with the concept that circulating ALT is a biomarker of liver
fat, and the concordance between GGT and ALT in the DIA
data set supports this. We show that the strongest association is
between contemporaneous BMI and ALT, rather than past
BMI, suggesting that variations in ALT occur rapidly and
within �3 mo after a change in BMI, as has been seen

post-bariatric surgery (24, 43). Nevertheless, it is important to
emphasize that our adjusted model shows that in STABILITY
the ALT concentrations decreased over time, independent of
any change in BMI. This suggests that there are other factors
that need to be considered when assessing the significance of
liver enzyme concentration changes in a clinical trial where
perturbations need to be evaluated relative to a time-dependent
decrease.

The AST/ALT ratio has been studied extensively as a
predictor of worsening liver disease (19) or metabolic abnor-
malities (13), but usually in the context of preexisting liver
disease. However, the ratio may have value when considered
from a metabolic perspective because muscle pathophysiology
is thought to play an important role in glucose control and AST
may be a surrogate for the “quantity” of muscle (12), while
ALT may provide a readout on the extent of hepatic steatosis
(31). In other words, the AST/ALT ratio may be a sensitive
“composite” end point for the extent of metabolic dysfunction
in conditions such as diabetes and obesity. In this context, we
note that in the STABILITY subjects, most of whom had

Table 12. Linear mixed models of AST/ALT ratio in subjects randomized to receive placebo in STABILITY

AST/ALT Ratio (Model 1†) AST/ALT Ratio (Model 2†) AST/ALT Ratio (Model 3†)

Estimate P Estimate P Estimate P

Intercept 0.5679 	 0.0409 �0.0001 0.5132 	 0.0419 �0.0001 0.6411 	 0.0425 �0.0001
Age, yr 0.0120 	 0.0006 �0.0001 0.0123 	 0.0006 �0.0001 0.0118 	 0.0006 �0.0001
Men vs. women �0.1451 	 0.0123 �0.0001 �0.1462 	 0.0125 �0.0001 �0.1457 	 0.0123 �0.0001
Month of visit 0.0016 	 0.0001 �0.0001 0.0015 	 0.0001 �0.0001 0.0015 	 0.0001 �0.0001
T2D �0.0684 	 0.0097 �0.0001 �0.0818 	 0.0098 �0.0001 �0.0705 	 0.0096 �0.0001
eGFR �60 ml·min�1·1.73 m�2 �0.0317 	 0.0058 �0.0001 �0.0309 	 0.0059 �0.0001 �0.0312 	 0.0058 �0.0001
Smoking vs. nonsmoking 0.0224 	 0.0111 0.0439 0.0311 	 0.0112 0.0567 0.0205 	 0.0111 0.0639
BMI visit (overweight vs. normal) �0.0520 	 0.0061 �0.0001 �0.0685 	 0.0101 �0.0001
BMI visit (obese vs. normal) �0.1061 	 0.0076 �0.0001 �0.1519 	 0.0127 �0.0001
BMI change (stable vs. losers) �0.0197 	 0.0114 0.0849 �0.0551 	 0.0164 0.0008
BMI change (gainers vs. losers) �0.0486 	 0.0116 �0.0001 �0.1036 	 0.0169 �0.0001
BMI (overweight vs. normal) � (stable vs. losers) 0.0015 	 0.0147 0.3034
BMI (obese vs. normal) � (gainers vs. losers) 0.0352 	 0.0149 0.1763
BMI (overweight vs. normal) � (stable vs. losers) 0.0452 	 0.0188 0.0165
BMI (obese vs. normal) � (gainers vs. losers) 0.0924 	 0.0184 �0.0001

Values are estimates 	 SE. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; eGFR, estimated glomerular filtration
rate; T2D, type 2 diabetes; STABILITY, Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy trial. †Model 1 evaluates visit BMI by
category, model 2 evaluates BMI change-from-baseline, and model 3 evaluates both BMI category and change-from-baseline and includes the interaction between
them.

Table 13. Linear mixed models of liver enzyme parameters in the T2D subjects randomized to receive placebo in
STABILITY†

ALT AST AST/ALT Ratio

Estimate P Estimate P Estimate P

Intercept 1.495 	 0.036 �0.0001 1.400 	 0.027 �0.0001 0.817 	 0.065 �0.0001
Age, yr �0.006 	 0.0005 �0.0001 �0.002 	 0.0004 �0.0001 0.010 	 0.001 �0.0001
Men vs. women 0.080 	 0.010 �0.0001 0.034 	 0.007 �0.0001 �0.119 	 0.018 �0.0001
Month of visit �0.001 	 0.0002 0.042 0.0003 	 0.0002 0.105 0.002 	 0.001 �0.0001
Visit BMI by category (overweight vs. normal) 0.022 	 0.008 0.007 0.012 	 0.006 0.046 �0.034 	 0.015 0.024
Visit BMI by category (obese vs. normal) 0.050 	 0.009 �0.0001 0.027 	 0.007 �0.0001 �0.067 	 0.016 �0.0001
Month � visit BMI by category (overweight vs. normal) 0.0001 	 0.0003 0.650 0.0001 	 0.0002 0.663 �0.001 	 0.001 0.351
Month � visit BMI by category (obese vs. normal) 0.0002 	 0.0003 0.603 0.0001 	 0.0002 0.593 �0.001 	 0.001 0.267
HbA1c, % 0.016 	 0.001 �0.0001 0.001 	 0.001 0.502 �0.036 	 0.003 �0.0001
eGFR �60 ml·min�1·1.73 m�2 �0.014 	 0.005 0.002 0.003 	 0.0004 0.908 0.042 	 0.009 �0.0001
Smoking vs. nonsmoking �0.028 	 0.010 0.005 �0.028 	 0.007 0.0002 0.003 	 0.018 0.852

Values are estimates 	 SE. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; eGFR, estimated glomerular filtration
rate; STABILITY, Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy trial. †n � 1,594 Type 2 diabetes subjects with all the covariate
values.
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concentrations below the ULRR, the relative magnitude of the
changes in ALT and AST associated with weight loss meant
that the AST/ALT ratio rose substantially in the BMI Loser
group, a situation in which both hepatic steatosis and skeletal
muscle mass would be expected to decrease. This increase in
the AST/ALT ratio suggests that the 4 – 6 kg weight loss
(~1.6 kg/m2) seen in the STABILITY trial produced liver fat
mobilization that was greater than the reduction in skeletal
muscle mass, consistent with earlier reports of the effects of
weight loss on liver enzyme concentrations (38). However,
caution is required when interpreting this ratio in the ab-
sence of preexisting liver disease because circulating ALT
and AST may emanate from multiple sources, both hepatic
and nonhepatic (25).

Our study has many strengths but also a number of limita-
tions. From a clinical viewpoint, the magnitudes of the con-
centration changes we report are relatively small and well
within the reference range for these liver enzymes. Neverthe-
less, these changes are consistent, statistically significant, and
persist after adjustment for other variables, suggesting that they
represent differences in physiology. Data for our analyses

came from studies that were not designed to investigate liver
disease and did not include specific diagnostic techniques to
establish and quantify NAFLD. However, it is reasonable to
assume that a significant proportion of the obese and T2D
subjects had some degree of hepatic steatosis (2, 27). While the
largest data set came from the STABILITY trial, a cardiovas-
cular outcomes trial, our conclusions based primarily on these
data remained unchanged after adjusting for incident cardio-
vascular events during the 36-mo period. We focused on
subjects randomized to placebo to exclude any confounding by
the investigational drugs, but we acknowledge that these pa-
tients may not be representative of the general population
because of the enrollment criteria for these trials. However, it
is reassuring that some of our results are in line with previous
reports, although many of our observations are novel and
require further investigation. We did not adjust for alcohol
intake in the STABILITY trial because of the absence of
longitudinal data, but we note that 93% of subjects with data at
baseline (n � 4,054) reported an average intake of 4 U/wk and
it is unlikely that alcohol intake would have increased suffi-

Fig. 5. Alanine aminotransferase (ALT; A and C) and aspartate aminotransferase (AST; B and D) (means 	 95% confidence interval) in the placebo-treated
subjects in Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy (STABILITY) trial separated by body mass index (BMI) category (obese:
BMI �30 kg/m2; overweight: 25–29.9 kg/m2; normal weight: BMI �25 kg/m2). ALT concentrations (A) were higher in obese individuals compared with
overweight or normal weight subjects. The differences in AST concentrations between BMI categories was smaller (B). Linear mixed models of the association
of ALT (C) and AST (D) to visit BMI show similar relationships after correcting for baseline age, sex, type 2 diabetes status, estimated glomerular filtration rate
category, smoking, and incident cardiovascular events.
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Fig. 6. Relationship between alanine aminotransferase (ALT; A), aspartate aminotransferase (AST; B), �-glutamyl transferase (GGT; C), and the AST/ALT ratio
(D) (means 	 95% confidence interval) and body mass index (BMI) category (obese: BMI �30 kg/m2; overweight: 25–29.9 kg/m2; normal weight: BMI �25
kg/m2) in the pooled data from the DIA trials. ALT (A) and GGT (C) were slightly higher in obese individuals compared with overweight or normal weight
subjects. The differences in AST concentrations between BMI categories was smaller (B). AST/ALT ratios were somewhat higher in normal weight compared
with obese subjects.

Table 14. Akaike Information Criteria statistics of the linear mixed models to examine the relationship between liver
parameters and BMI at different time points in STABILITY

AST ALT AST/ALT Ratio

Concomitant BMI models (model 1) versus models with BMI measured 3 mo earlier (model 2)
No. of observations 8,495 8,518 8,492
AIC of model 1 �14017.1 �8216.5 3244.8
AIC of model 2 �14007.2 �8186.2 3263.0

Concomitant BMI models (model 1) versus models with BMI measured 6 mo earlier (model 2)
No. of observations 25,454 25,544 25,449
AIC of model 1 �47700.5 �30795.2 3404.0
AIC of model 2 �47620.2 �30609.2 3514.0

Concomitant BMI models (model 1) versus models with BMI measured 12 mo earlier (model 2)
No. of observations 21,211 21,285 21,207
AIC of model 1 �38787.4 �24813.0 4298.5
AIC of model 2 �38719.1 �24640.8 4393.0

AIC, Akaike Information Criteria; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; STABILITY, Stabilisation of
Atherosclerotic Plaque by Initiation of Darapladib Therapy trial.
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ciently during the course of the clinical trial to affect our
conclusions (alcohol consumption was not recorded in the DIA
trials). Although we did not adjust for the presence of chronic
viral hepatitis, this is unlikely to be a confounder in a mean-

ingful number of subjects because subjects with hepatitis B and
C were excluded at screening and the subsequent changes in
liver enzyme concentrations are not typical of new viral infec-
tions. Also, we did not adjust for diurnal variation of enzyme

Fig. 7. Subjects in Stabilisation of Atherosclerotic
Plaque by Initiation of Darapladib Therapy (STABIL-
ITY) trial grouped into tertiles of “BMI Change” be-
tween baseline and 36 mo (means 	 95% confidence
interval). Body mass index (BMI) increased by ~1.6
kg/m2 (~4–6 kg) in the “BMI Gainer” group and
decreased by ~1.6 kg/m2 (~4 kg) in the “BMI Loser”
group. BMI in the “BMI Stable” group changed little
over 36 mo.

Fig. 8. The effect on alanine aminotransferase (ALT; A and C) and aspartate aminotransferase (AST; B and D) (means 	 95% confidence interval) of changing body
mass index (BMI) in type 2 diabetes (T2D) and non-T2D subjects in Stabilisation of Atherosclerotic Plaque by Initiation of Darapladib Therapy (STABILITY) trail.
In the “BMI Loser” group (baseline BMI: 29.7 	 5.2 kg/m2; BMI reduction: ~1.6 kg/m2; weight reduction: ~4 kg) ALT concentrations (A) fell over time, but there was
little change in the “BMI Gainer” group (baseline BMI: 28.8 	 4.8 kg/m2; BMI increase: ~1.6 kg/m2; weight increase: 4–6 kg). There were no significant changes of
AST (B) whether subjects lost or gained weight. The BMI Gainer, BMI Loser, and “BMI Stable” tertiles show similar relationships after correcting for baseline age,
sex, smoking, T2D status, and estimated glomerular filtration rate category and incident cardiovascular events in the linear mixed models (C and D).
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concentrations (29) because blood samples were consistently
drawn in the morning after an overnight fast. Genotypic vari-
ants known to impact circulating liver enzyme levels (37, 45)
should be considered in future studies.

In conclusion, we have analyzed the impact of a number of
factors on ALT and AST in subjects randomized to placebo in
four clinical trials. We provide new insights on time-dependent
changes and the influence of GFR and HbA1c on ALT concen-
trations and confirm the relationships to sex, age, T2D, renal
function, weight, and weight change. These variables need to
be considered when conducting trials that enroll subjects with
NAFLD and in the assessment of the probability of drug-
induced hepatotoxicity in clinical trials.
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