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Abstract Decreased insulin sensitivity plays a major role in various human diseases,
particularly type 2 diabetes mellitus, and is associated with a higher risk of athero-
sclerosis and cardiovascular complications. Thiazolidinediones, more commonly
termed glitazones, are the first drugs to specifically target muscular insulin resis-
tance. They have proven efficacy for reducing plasma glucose levels in patients
with type 2 diabetes mellitus treated with diet alone, sulphonylureas, metformin
or insulin. In addition, they are associated with some improvement of the cardio-
vascular risk profile. However, troglitazone, the first compound approved by the
Food and Drug Administration in the US, proved to be hepatotoxic and was
withdrawn from the market after the report of several dozen deaths or cases of
severe hepatic failure requiring liver transplantation.

It remains unclear whether or not hepatotoxicity is a class effect or is related
to unique properties of troglitazone. Rosiglitazone and pioglitazone, two other glit-
azones, appear to have similar efficacy with regard to blood glucose control in
patients with type 2 diabetes mellitus as compared with troglitazone. In controlled
clinical trials, the incidence of significant (≥3 × upper limit of normal) increases
in liver enzyme levels (ALT in particular) was similar with rosiglitazone or pio-
glitazone as compared with placebo, whereas troglitazone was associated with a
3-fold greater incidence. In contrast to the numerous case reports of acute liver
failure in patients receiving troglitzone, only a few case reports of hepatotoxicity
have been reported in patients treated with rosiglitazone until now, with a causal
relationship remaining uncertain. Furthermore, no single case of severe hepato-
toxicity has been reported yet with pioglitazone. It should be mentioned that
troglitazone, unlike pioglitazone and rosiglitazone, induces the cytochrome P450
isoform 3A4, which is partly responsible for its metabolism, and may be prone
to drug interactions. Importantly enough, obesity, insulin resistance and type 2
diabetes mellitus are associated with liver abnormalities, especially non-alcoholic
steatohepatitis, independent of any pharmacological treatment. This association ob-
viously complicates the selection of patients who are good candidates for a treat-
ment with glitazones as well as the monitoring of liver tests after initiation of
therapy with any thiazolidinedione compound. While regular monitoring of liver
enzymes is still recommended and more long term data are desirable, current
evidence from clinical trials and postmarketing experience in the US supports the
conclusion that rosiglitazone and pioglitazone do not share the hepatotoxic profile
of troglitazone.
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Type 2 diabetes mellitus is a chronic, progres-
sive disease that is associated to a high rate of com-
plications, including cardiovascular disease, renal
failure and blindness. It is characterised by reduced
insulin sensitivity (better known as insulin resis-
tance), initial compensatory hypersecretion of in-
sulin by pancreatic beta cells, and late beta-cell ex-
haustion leading to progressive insulin deficiency
and a state of chronic hyperglycaemia.[1] Decreas-
ed insulin sensitivity is a key defect in patients with
type 2 diabetes mellitus, but is also present in many
individuals who do not have diabetes mellitus. In-
sulin resistance (together with compensatory hyper-
insulinaemia) is associated with various metabolic
disturbances (for example, arterial hypertension and
dyslipidaemias). They are important components
of the so-called metabolic syndrome or syndrome X,
and all contribute to accelerate atherosclerosis and
worsen the cardiovascular prognosis of these people.[2]

The cornerstone of therapy for type 2 diabetes
mellitus remains diet and exercise, in order to pro-
mote bodyweight reduction and improve insulin
sensitivity.[3] Oral drug therapy has improved little
since the 1950s with the introduction of the sul-
phonylureas (which act as insulin secretagogues,
but cause hypoglycaemia) and biguanides (which
have multiple effects, among which is a reduction
of hepatic glucose production, but which are asso-
ciated with lactic acidosis when they are used in-
appropriately).[4,5] The availability of thiazolidine-
diones, more commonly termed the glitazones, is
therefore an important event, particularly as target-
ing muscular insulin resistance is a valuable ap-
proach to the treatment of type 2 diabetes melli-
tus.[6-12] Indeed, these new insulin sensitisers may
not only improve blood glucose control in patients
with type 2 diabetes mellitus,[13] but also reduce
other cardiovascular risk factors and possibly im-
prove cardiovascular outcome.[14]

The thiazolidinediones are a new class of oral
antidiabetic agents that directly target insulin resis-
tance in the skeletal muscle, one of the principal
underlying metabolic defect in type 2 diabetes mel-
litus.[1,6] Drugs of this class act as ligands for the
γ-subtype of the peroxisome proliferator-activated

receptor (PPAR-γ), which is directly involved in the
regulation of genes controlling glucose homeosta-
sis and lipid metabolism.[6,15] Troglitazone, the first
thiazolidinedione to be approved for clinical use,
has proven effective in reducing glycaemia in pa-
tients with type 2 diabetes mellitus.[15-19] Unfortu-
nately, it has also been associated with hepatotox-
icity and the report of several dozen cases of severe
liver failure and death[20,21] led to its withdrawal
from the US market in March 2000. Rosiglitazone[22]

and pioglitazone[23] are two other members of the
thiazolidinedione family commercialised in the
US in 1999 and approved for use by the European
Agency for the Evaluation of Medicinal Products
in 2000.[24] Even if no obvious hepatotoxicity has
been demonstrated with these two compounds so
far,[25,26] careful monitoring of liver tests is recom-
mended at least during the first year of therapy.

The aim of this review is to compare the liver
effects of the three main agents of the glitazone
family, troglitazone, rosiglitazone and pioglitazone,
in order to answer the important question: is hepa-
totoxicity a class effect concerning all thiazo-
lidinediones or is it specifically related to trogli-
tazone?[27,28] However, before focusing on this key
question, a brief overview on the relationship bet-
ween type 2 diabetes mellitus and liver disease will
be presented. Liver abnormalities are indeed more
common in patients with type 2 diabetes mellitus,[29]

a finding which may make more complex the as-
sessment of drug-related liver toxicity in this pop-
ulation.

1. Diabetes Mellitus and Liver Disease

Non-alcoholic steatohepatitis (NASH) is a dis-
ease of increasing recognition, and is now consid-
ered as one of the most common liver diseases in
the western world.[30-33] It is frequently associated
with obesity, especially abdominal adiposity, and
is intimately related to various clinical and biolog-
ical markers of the insulin resistance syndrome.[34]

In particular, both the prevalence and the severity
of liver steatosis are related to male gender, body
mass index, waist circumference, hyperinsulinae-
mia, hypertriglyceridaemia and impaired glucose
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tolerance or type 2 diabetes mellitus. In patients
with type 2 diabetes mellitus who are over 60 years
old, the prevalence of fatty liver has been reported
to be about 45%,[35,36] whereas fatty liver is rare in
patients with type 1 diabetes mellitus. Elevated
liver enzyme levels, especially levels of ALT, have
been found in 20 to 30% of patients with type 2
diabetes mellitus and in 5% of patients with type 1
diabetes mellitus.[37] Using data from the Third Na-
tional Health and Nutrition Examination Survey
(NHANES III) in the US,[38] it has been recently
shown that the prevalence of elevations of ALT was
2-fold higher in patients with type 2 diabetes mel-
litus than in patients without diabetes mellitus. Ac-
cording to several studies, no clear correlation seems
to exist between the degree of glucose control or
duration of the disease and the fatty infiltration of
the liver.[35,36,39] However, in all cases, patients with
diabetes mellitus and a fatty liver are remarkably
insensitive to insulin, as already suggested by a pio-
neering work conducted as early as 1950.[40] The
role of diabetes mellitus in producing liver pathol-
ogy has been controversial although ‘diabetic hep-
atitis’ has been recognised as a pathological en-
tity.[41] An autopsy study noted a trend toward a
higher prevalence of NASH in patients with type 2
diabetes mellitus requiring insulin.[42] Another
study reported that the distribution of fatty meta-
morphosis and fibrosis in the morbidly obese pa-
tient correlates in severity with the degree of im-
paired glycaemic status.[43] However, in a recent
series, the presence of diabetes mellitus did not
differ among patients with either simple fatty liver
or more severe lesions such as steatohepatitis,
steatonecrosis or fibrosis.[44] Finally, a higher inci-
dence of hepatitis C has been observed in patients
with diabetes mellitus when compared with the
general population[45] and type 2 diabetes mellitus
occurs more often in persons with hepatitis C virus
infection who are older than 40 years.[46]

Most of patients with fatty liver, NASH or hep-
atitis C typically have mildly elevated aminotrans-
ferase enzyme levels which frequently oscillate in
and out of the normal range. Consequently, as thia-
zolidinediones are essentially prescribed in pa-

tients with insulin-resistant type 2 diabetes melli-
tus, it is crucial to have pre-treatment liver tests in
order to be able to interpret later liver enzyme ab-
normalities observed after the initiation of drug
treatment. In addition, the observation of a higher
prevalence of liver abnormalities in patients with
type 2 diabetes mellitus highlights the difficulties
in: (i) selecting patients who may safely receive drugs
with potential hepatotoxicity such as the glitazones
[according to current recommendations, patients
with a pre-treatment ALT level of >1.5 × the upper
limit of normal (ULN) should be excluded]; and
(ii) interpreting minor elevations in ALT levels
during treatment, especially when the 3 × ULN
threshold is used as a measure of liver toxicity.

A follow-up study evaluating liver disease in
patients treated conventionally for type 2 diabetes
mellitus was performed to provide a reference
against which reports of liver disease related to
novel oral antidiabetic treatments, i.e. glitazones,
could be compared.[47] Among 44 406 patients with
type 2 diabetes mellitus identified from the UK-
based General Practice Research Database, 605
had a computer diagnosis of liver disease with an
incidence rate of 53.2/10 000 person-years. Of the
605 patients, a total of 57 cases had liver distur-
bances that were possibly induced by antidiabetic
drugs, with an incidence rate of 5.0/10 000 person-
years. Of these 57 cases, 11 were attributed to non-
antidiabetic drugs, 8 cases were attributed to fatty
liver disease related to diabetes mellitus, and 36
cases were attributed to uncertain causes, mainly
transient illness (n = 29). Oral antidiabetic agents
as a cause of liver disease could not be ruled out in
only 2 cases with an incidence of 0.2/10 000 per-
son-years. Thus, in this particular population, the
background incidence of liver disease was high
enough to potentially confuse other causes with
drug-induced hepatotoxicity secondary to oral
antidiabetic agents.

2. Liver Effects of the Thiazolidinediones

The problem of drug-induced hepatic disorders
is a major concern in pharmacovigilance stud-
ies.[48,49] However, as liver abnormalities are com-
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mon in people who are obese, especially in patients
with type 2 diabetes mellitus,[29] it is important to
use strict criteria for drug-induced liver disorders[50]

and to be cautious before considering a causal re-
lationship between abnormal liver tests and pre-
vious drug administration.[51] Clinical development
of the thiazolidinediones was initially delayed be-
cause of insufficient efficacy and/or unacceptable
toxicity which led to the discontinuation of cigli-
tazone and englitazone after the phase II clinical
trial.[9] However, three compounds, troglitazone,
rosiglitazone, and pioglitazone, appeared to have
good efficacy and acceptable toxicity profiles in
the clinical trials and were subsequently approved
by the Food and Drug Administration (FDA) in the
US. The thiazolidine-2-4-dione structure is common
to all drugs of this class, the differences lie in their
side chains which may modify their pharmacolog-
ical activity and adverse effect profiles (fig. 1).

We will review the evidence supporting hepato-
toxicity of troglitazone and the almost absence of

evidence supporting liver toxicity of rosiglitazone
and pioglitazone in humans. Another word of cau-
tion concerns drug metabolism and potential drug
interactions. Troglitazone and pioglitazone, but not
rosiglitazone, are partly metabolised by the cyto-
chrome P450 (CYP) isoform 3A4. However, of the
three agents, only troglitazone induce the CYP3A4
pathway. Consequently, safety and efficacy could
be affected when troglitazone was coadministered
with other drugs metabolised via this enzyme or
was prescribed in combination with inhibitors of
CYP3A4.[52,53]

2.1 Troglitazone

Troglitazone was approved in the US by the
FDA in January 1997 for use in combination with
insulin, for the treatment of type 2 diabetes mellitus.
Subsequently, approval was given for monother-
apy and other combination therapies, with sulpho-
nylureas or metformin.[16-19,54] However, severe, and
sometimes fatal, hepatotoxicity was observed with
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Fig. 1. Structures of troglitazone, rosiglitazone and pioglitazone. There is a thiazolidine-2-4-dione structure common to all, but each
has different side-chains.
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troglitazone.[20,21] As a result, troglitazone was with-
drawn from the market in the UK (in late 1997), only
a few weeks after its launch,[55] and this was fol-
lowed by the abandonment of the overall approval
process and all clinical trials in Europe.[56,57] In the
US and in Japan, the manufacturer introduced a
series of labelling changes for troglitazone recom-
mending close monitoring of liver enzyme levels
and for clinical signs of liver dysfunction.[58] Fi-
nally, and almost two years after call to ban tro-
glitazone,[59,60] hepatotoxicity led to the withdrawal
of the drug from markets in the US and in Japan in
March 2000.[61]

2.1.1 Observations from Clinical Trials
In early clinical trials with troglitazone, eleva-

tions in serum aminotransferase levels were noted
(table I). During the combined US trials of trogli-
tazone, 2510 patients received troglitazone [1134
patients (45%) took the drug for at least 6 months]
and 475 received placebo. Serum ALT levels were
elevated to ≥3 × ULN in 1.9% of patients (48 of 2510)
receiving troglitazone compared with 0.6% of those
receiving placebo (3 of 475).[20,28] Increased ALT
levels led to discontinuation of treatment in 0.8% of
troglitazone-treated patients (20 of 2510) and in no
placebo-treated patients. Of these 20 patients, 12 had
peak serum ALT levels of ≥10 × ULN while five had
levels of ≥20 × ULN. Overall, 18 of these patients
were judged by investigators to have significant
hepatocellular injury. Liver biopsy performed on
two of these patients was consistent with a hepato-
cellular drug reaction and two other patients had
additional cholestatic features. Most of the patients
with ALT levels of ≥3 × ULN did not experience
symptoms of liver dysfunction and thus were only
detected by monitoring during the clinical trials.
Two of 2510 patients (0.08%), i.e. two of the 12
patients with ALT levels >10 × ULN, experienced
jaundice.[28] The onset of the serum ALT elevations
was typically delayed, with only one patient hav-
ing an elevation during the first month of therapy.
In most patients, the peak values occurred between
the third and seventh months (mean 147 days; range
1 to 287). In the 20 patients in whom therapy was
discontinued, serum ALT levels returned to base-

line (mean 55 days; range 8 to 142).[20] In the other
20 patients in whom therapy was continued despite
serum ALT levels of ≥3 × ULN (5 of whom had
ALT levels of ≥10 × ULN), ALT values also re-
turned to baseline, indicating that in some patients
the liver is able to adapt to injury associated with
troglitazone.[20]

2.1.2 Case Reports of Severe Hepatotoxicity
The first cases of acute liver failure due to tro-

glitazone were reported to the FDA within a few
months of its approval in the US, and later numer-
ous reports appeared in the literature.[20,21,62-77] By
June 1998, the FDA had received 560 reports of tro-
glitazone-related hepatotoxicity, including 24 cases
of acute liver failure. At the time of the FDA Ad-
visory Committee Meeting in March 1999, 43
cases of acute liver failure were reported. Nine of
these patients received liver transplantation and 28
had died.[28] On average, they had been receiving
troglitazone for 116 days (range 4 to 236 days);
69% were taking troglitazone 400 mg/day, 20%
were taking 200 mg/day and 11% were taking 600
mg/day. This reflects the usual therapeutic dosage
distribution and does not suggest a dose-related ef-
fect. At the time of diagnosis, 89% of the patients
had jaundice and in 62% of cases it was the first
symptom. Histological material was available for
several of the patients and showed a consistent pat-

Table I. Comparison of the incidence of elevated ALT levels in
placebo-controlled clinical trials of troglitazone (n = 2510),
rosiglitazone (n = 3314) and pioglitazone (n = 1526)

Treatment ALT level (% of patients)

>3 x ULN >10 x ULN >30 x ULN

Troglitazone trials
Placebo 0.6 0 0

Troglitazone 1.9 0.48 0.20

Rosiglitazone trials
Placebo 0.25 0 0

Rosiglitazone 0.25 0.02 0

Pioglitazone trials
Placebo 0.25 0 0

Pioglitazone 0.26 0 0

ULN = upper limit of normal range.
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tern of hepatocellular necrosis with bridging necro-
sis and fibrosis or collapse.[28]

In a systematic analysis of adverse events re-
ported to the FDA, Kohlroser et al.[21] reviewed 46
MedWatch reports considered suspicious for hepa-
titis. Striking results include the greater than 2 : 1
female to male ratio (suggesting that women may
be more susceptible, though it could be that more
women than men had taken troglitazone), the
marked variability in cumulative drug dose (1200
to 78 000mg), and duration of therapy (6 to 195 days).
Most patients had predominantly hepatocellular or
mixed heptocellular-cholestatic-type injury, and
severity was substantial (it is likely, however, that,
among cases reported to the FDA, there was a great-
er than average severity).[21]

In a series of 35 cases of liver dysfunction from
Japan, elevation of ALT levels typically occurred
within 2 to 5 months of starting troglitazone ther-
apy.[78] Upon discontinuation of the drug, ALT lev-
els generally declined rapidly, usually to less than
half of the ALT peak level within 4 weeks. Inter-
estingly, total bilirubin levels at the time of discon-
tinuation of troglitazone might be a possible prog-
nostic indicator as the levels were less than 85.5
µmol/L (5 mg/dl) in the 31 patients who recovered,
but were greater than 136.8 µmol/L (8 mg/dl) in the
four patients who subsequently died from liver fail-
ure. An investigation by the Ministry of Health and
Welfare in Japan on the adverse effects of trogli-
tazone showed that there had been 110 cases of
liver dysfunction, seven of which resulted in death
by March 1998.[79] In all cases, the symptoms of
liver dysfunction developed 2 to 5 months after the
patients had first been given troglitazone. A char-
acteristic typical of the patients who died was a rise
in the bilirubin level. In a recent paper, it was stated
that in Japan 153 patients with diabetes mellitus treat-
ed with troglitazone developed severe hepatitis and
eight of them died from adverse drug effects.[80]

There is disagreement as to the exact number of
‘validated’ deaths associated with troglitazone in
the US. The incidence of liver-related death or trans-
plant appears to average approximately one case in
50 000 to 60 000 patients.[19,60] Focusing specific-

ally on liver-related deaths, the risk associated with
troglitazone appears to have steadily declined from
1 in about 40 000 prior to the inclusion of liver en-
zyme monitoring in the product labelling (before
October 1997) to approximately 1 in 100 000 among
patients beginning therapy in 1998, i.e. after the in-
corporation of a boxed warning and increased mon-
itoring requirements in the product labelling.[19]

Thus, even if learning how to more safely use tro-
glitazone was helpful,[81] reason for concern still
remained,[82,83] and finally the drug was withdrawn
from the US market.[61] By this time, the FDA had
received 61 reports of fatal hepatotoxicity ‘possi-
bly or probably’associated with the drug and seven
cases requiring liver transplantation.

There have been a few reports of fulminant he-
patic failure in which pathological examination of
the entire liver were made.[63,64,71] Extensive histo-
logical studies may be informative about the mech-
anism of the liver failure attributable to trogli-
tazone. The mechanism of drug-induced liver injury
can be classified as intrinsic (direct toxic) and idi-
osyncratic.[49,84] In less severe cases of troglitazone-
induced hepatitis, liver biopsies were performed in
two patients (including one with jaundice) and de-
monstrated the hepatocellular nature of the injury,
which was consistent with an idiosyncratic drug
reaction.[20] However, the mechanism of troglitazone-
induced fulminant hepatitis remains obscure. The
first autopsy case of a Japanese patient with diabe-
tes mellitus treated with troglitazone who died from
fulminant hepatitis indicated that hypersensitivity
may have played an important role in the develop-
ment of liver damage.[64] This assumption was based
upon the positive results of a drug-induced lym-
phocyte stimulation in vitro test and the presence
of eosinophilic infiltration. In another autopsy case
of fatal subacute hepatic failure after administra-
tion of troglitazone, the Japanese authors came to
the conclusion that the causative mechanism of
liver dysfunction may be ‘metabolite aberration, as
a result of accumulation of hepatotoxic metabolite(s),
in a category of idiosyncratic liver injury’.[71] The
idiosyncratic nature of troglitazone-induced hepa-
totoxicity was a main hurdle to continued use of the
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drug. In a recent letter, successful treatment with cor-
ticosteroids has been reported (prednisone 20mg
twice daily) in a case referred to a transplantation
clinic with progressive severe liver dysfunction as-
sociated with troglitazone.[76] As a spontaneous re-
covery has also been described after drug cessation,
such improvement should be confirmed in prospec-
tive trials before drawing any definite conclusion.

2.1.3 Pharmacokinetics and Metabolism
Troglitazone is an equal mixture of four stereo-

isomers, as the molecule contains two asymmetric
chiral sites. It is not known whether, by separation
of these isomers, it would be possible to dissociate
the desirable (improvement of insulin sensitivity)
from the undesirable (hepatotoxicity) effects of the
drug.

Troglitazone undergoes extensive metabolism to
three main metabolites: the sulphate conjugate (pre-
sent at a plasma concentration of approximately 7
to 10 times that of the parent drug), the quinone
metabolite (plasma concentration approximately
equal to that of troglitazone) and the glucuronide
metabolite (low or negligible plasma concentra-
tions).[19,85,86] In patients with moderate to severe
hepatic impairment (Pugh-Child score ≥7), the for-
mation of metabolites of troglitazone following a
single 400mg dose was not impaired although the
capacity to eliminate the metabolites was altered.[87]

Because troglitazone and paracetamol (acetamino-
phen), a widely used proprietary analgesic, have com-
mon metabolic pathways and because both of them
have been associated with severe hepatic dysfunc-
tion, a pharmacokinetics and safety study was per-
formed which showed that the two compounds could
be coadministered without adverse clinical conse-
quences.[88]

In animals, a small fraction of troglitazone is me-
tabolised, probably by the CYP system, to a quinone,
which then undergoes further phase II conjugation
reactions, chiefly sulphation.[89,90] In humans, stu-
dies in liver microsomes recently brought evidence
for oxidation of troglitazone to a quinone-type me-
tabolite, catalysed by CYP2C8 and 3A4.[91]

Although troglitazone is not extensively meta-
bolised by the CYP3A4 coenzyme pathway (table

II), it appears to be a potent inducer of CYP3A4
and to induce drug metabolism by CYP3A4.[92,93]

This effect should be considered when troglitazone
is prescribed concomitantly with other CYP3A4 sub-
strates [for example, cyclosporin and tacrolimus,
ethinylestradiol and norethindrone, some 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase inhibitors].[19,53]

2.1.4 Cause of Troglitazone Hepatotoxicity
The proximate cause of troglitazone hepatotox-

icity is not known yet, nor have clinical observa-
tions so far revealed any clear ways to predict which
patients are at increased risk for the development
of such toxicity.[20,81,82] The patients with elevated
ALT values did not have fever, rash, or eosinophilia,
making a classic immune mechanism unlikely.[20]

An analysis of treatment modalities in all cases of
hepatic failure related to troglitazone does not sug-
gest a dose-related effect, considering either the daily
dosage (200, 400 or 600 mg/day) or the total dura-
tion exposure (from a few days to several months).
In a retrospective study among 291 patients with
type 2 diabetes mellitus receiving troglitazone, age
and concurrent therapy with HMG-CoA reductase
inhibitors were the only significant predictors of
3-fold ULN elevations in liver enzymes.[94]

There appeared to be two patterns in the devel-
opment of liver failure in troglitazone-treated pa-
tients: ‘rapid ALT risers’ in whom the course from
onset of symptoms to liver failure took only a few
days and another group in which the course was
more prolonged and largely unknown.[28] Whether

Table II. Liver metabolism via cytochrome P450 (CYP) system for
troglitazone, rosiglitazone and pioglitazone

Troglitazonea

Quinone-type metabolite catalysed by cytochromes CYP2C8
and 3A4

Rosiglitazone
Primary pathway via CYP2C8

Secondary pathway via CYP2C9

Pioglitazone
Primary pathway via CYP2C8

Secondary pathways via CYP3A4, CYP2C9, CYP1A1/2

a Troglitazone can also induce CYP3A4.
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these two clinical and biological patterns corres-
pond to different underlying mechanisms respon-
sible for hepatotoxicity remains unknown.

The hepatotoxicity observed with troglitazone
might be related to its α-tocopherol side chain, al-
though this remains controversial.[95] The α-toco-
pherol moiety has been shown to scavenge free rad-
icals in vitro and may have protective properties
against oxidant stress.[96] It is known that the basic
quinone structure of α-tocopherol is common to
other drugs (such paracetamol) which are subject
to CYP2E1-mediated oxidation reactions forming
free radicals which are hepatotoxic.[28] It is not
known whether patients at risk for troglitazone
hepatotoxicity have a polymorphism in CYP or
other metabolising enzyme expression that pro-
duces more of a toxic, highly reactive intermediate.
It has been suggested that patients receiving drugs
interfering with the CYP pathway (such as the
HMG-CoA reductase inhibitors) might be at
greater risk of troglitazone-associated liver abnor-
malities.[97]

Use of hepatocyte cultures may be helpful for
studying the hepatotoxicity of compounds.[98] Stu-
dies in human and porcine hepatocyte cultures sug-
gested that inhibition of troglitazone sulphation
may result in increased hepatotoxicity due to expo-
sure to parent drug, or increased metabolism by alter-
nate pathways.[99] Interestingly, studies in rat hepa-
tocyte cultures showed that troglitazone, but not
rosiglitazone, is hepatotoxic, an observation which
is in accordance with clinical experience in hu-
mans.[100] Troglitazone metabolites were concentra-
ted in the liver manyfold compared with rosigli-
tazone.

The cholestatic potential of troglitazone as a pos-
sible factor contributing to troglitazone-induced
hepatotoxicity was tested in animals.[101] The results
suggested that mainly the high concentrations of tro-
glitazone sulfate, a conjugated metabolite, were res-
ponsible for an interaction with the hepatobiliary
export of bile acids at the level of the canalicular
bile salt export pump in rats. According to theauthors,
such an interaction might lead to troglitazone-
induced intrahepatic cholestasis in humans as well,

contributing to the formation of troglitazone-
induced liver toxicity.

Finally, recent information suggested that
PPAR-γ receptors may be important in controlling
the activation state of hepatic stellate cells (HSCs),
and their repression or inactivation may predispose
to hepatic fibrosis.[102] Indeed, HSCs represent the
key cellular elements in liver wound healing and
the development of hepatic fibrosis. Upon liver in-
jury, HSCs acquire the ability to proliferate and
migrate toward the damaged areas and increase the
production of extracellular matrix components. In
addition, activated HSCs regulate the recruitment
of inflammatory cells via secretion of chemotactic
factors, including chemokines, and immunomodu-
latory cytokines such as interleukin (IL)-10. Acti-
vation of PPAR-γ such as is obtained with troglita-
zone has been shown to modulate the profibrinogenic
and proinflammatory actions in HSCs.[103] Although
troglitazone-associated hepatotoxicity is likely to
represent an idiosyncratic reaction in most cases,
the medical community will need to be alert to the
possibility that interference with these receptors may
cause hepatic dysfunction.[102]

2.1.5 Troglitazone and 
Non-Alcoholic Steatohepatitis
A recent study showed that troglitazone pre-

vents fatty changes of the liver in obese diabetic
rats, presumably by reducing insulin resistance and
improving the metabolic profile.[104] These results
in an animal model are in agreement with the ob-
servation that the average ALT level in the glita-
zone clinical trial data set was lowered with ther-
apy.[28,105]

However, in a pilot study involving 10 women
(all but two of whom were obese) with nonalco-
holic steatohepatitis, normal ALT levels were seen
in 70% of patients at the end of a treatment with tro-
glitazone at a dose of 400 mg/day for ≥6 months.[106]

Nevertheless, this biochemical response was asso-
ciated with only mild histological improvement.
Therefore, the authors concluded that normalisa-
tion of the liver enzymes in patients with NASH
who are treated with thiazolidinediones should be
viewed with reservation and that follow-up biop-

880 Scheen

 Adis International Limited. All rights reserved. Drug Safety 2001; 24 (12)



sies are essential to evaluate the efficacy of these
agents.

2.2 Rosiglitazone

Rosiglitazone was approved by the FDA and
launched in the US in May 1999. The European
Agency for the Evaluation of Medicinal Products
gave its approval in March 2000, although with
severe restrictions of clinical use: monotherapy
and combination with insulin were excluded and
only the combination with sulphonylurea or
metformin was approved.[24,107] The pharmacolog-
ical and clinical characteristics of rosiglitazone
have recently been extensively reviewed.[22,24,108,109]

Controlled clinical trials have proven its efficacy
in improving blood glucose control in patients with
type 2 diabetes mellitus treated with diet alone,[110-112]

sulphonylurea,[113] metformin[114] or insulin.[22]

2.2.1 Observations from Clinical Trials
In a total of 4598 patients with diabetes mellitus

who have received rosiglitazone in clinical trials
(3314 of them for 6 months or more, for a total of
3673 patient-years of exposure), the incidence of
liver abnormalities (defined as any ALT level el-
evation of ≥3 × ULN) was low (0.25%), and similar to
that observed in placebo-treated patients (0.25%)[115]

(table I). Only one patient receiving rosiglitazone
(0.02%) had a ≥10 × ULN elevation in ALT level.[28]

In November 1999, exposure to rosiglitazone in
clinical trials had substantially increased and com-
prised over 5000 patient years including more than
1000 patients treated for ≥2 years.[116] For all rosi-
glitazone-treated patients (including monotherapy
and in combination with sulphonylurea or met-
formin), the rate of ALT level elevations of ≥3 ×
ULN is 0.30 cases per 100 patient years, compared
to 0.59 cases per 100 patient years for placebo-
treated patients and 0.73 cases per 100 patient
years for sulphonylurea- or metformin-treated pa-
tients. Thus, the current clinical trial experience
with rosiglitazone indicates no evidence of tro-
glitazone-like hepatotoxicity. On the contrary, re-
cent data showed a trend to lower incidence of el-
evated ALT levels in patients with type 2 diabetes
mellitus receiving rosiglitazone than in those treat-

ed with placebo or other oral antidiabetic agents.
This favourable tendency should be confirmed in
further studies, but may be explained by the rosi-
glitazone-induced reduction of insulin resistance,
a metabolic state which has been shown to be as-
sociated with fatty liver and NASH (see section 1).
Indeed, rosiglitazone was shown to rapidly and du-
rably reverse hepatic steatosis and hepatomegaly
in Zucker fatty rats. This effect occurred with im-
proved hyperinsulinaemia but was seemingly inde-
pendent of plasma lipids, perhaps suggesting a di-
rect mobilising effect of rosiglitazone on liver
fat.[117]

2.2.2 Case Reports of Hepatotoxicity
Three reports of acute hepatotoxicity attributed to

rosiglitazone have appeared in the literature,[118,119]

one of which was challenged by the manufacturer.[120]

As these three reports are unique, they deserve fur-
ther consideration.

In the first report, a 69-year-old man developed
severe hepatic failure after 21 days of rosiglitazone
therapy at a daily dose of 4mg, and the patient be-
came comatose.[118] The authors reported that the
patient developed nonspecific symptoms during
rosiglitazone treatment that in retrospect probably
reflected acute liver injury within 1 week of the
start of rosiglitazone therapy. The patient was man-
aged with intensive medical care and he gradually
improved over the subsequent 2 weeks after rosi-
glitazone cessation. Other causes of hepatic fail-
ure, such as viruses and toxins, were excluded.
This patient was also taking verapamil and
pravastatin, both of which can cause hepatitis, but
he had been receiving these drugs for more than 1
year without any problem. A liver biopsy was not
performed. It was possible that ischaemic hepatitis
(‘shock liver’) played a superimposed role in this
patient’s hepatic dysfunction. However, according
to the authors, ischaemia alone was unlikely to ex-
plain the patient’s initial clinical picture and the
decrease in the serum albumin level which was as-
sociated with the patient’s illness is not typically as-
sociated with shock liver.[118] However, this inter-
pretation was challenged by three independent
hepatologists whose opinion was solicited by
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SmithKline Beecham Pharmaceuticals.[120] They
concluded that this patient’s liver injury was prob-
ably the result of ischaemia and not rosiglitazone.
Indeed, the pattern and time course of biochemical
abnormalities were characteristic of ischaemic
hepatitis, particularly the decrease in serum aspart-
ate aminotransferase from greater than 11 000 U/L
to normal within 9 days. Such high and rapidly
normalising serum aminotransferase levels are un-
usual for most cases of drug-induced liver disease
and were not characteristic of troglitazone-induced
liver dysfunction.[20]

In a second report, a 61-year-old man receiving
rosiglitazone 4 mg/day for 2 weeks presented with
anorexia, vomiting, and abdominal pain.[119] The
patient noted the onset of his symptoms 8 days after
starting rosiglitazone therapy. On admission, liver
function tests revealed severe hepatocellular in-
jury. ALT levels peaked at day 1 (1706 U/L; normal
range 0 to 40). Total bilirubin levels remained
within the normal range while direct bilirubin lev-
els were mildly and transiently elevated. Serum al-
bumin levels were markedly decreased (minimum
value: 2.3 g/L). However, at no time were signs or
symptoms of hepatic failure observed. Discontinu-
ation of rosiglitazone led to rapid improvement of
liver function (ALT levels were 1251 U/L on day
8, 558 U/L on day 14, 133 U/L on day 21 and 41
U/L on day 52) and resolution of symptoms. Sero-
logical tests excluded viral hepatitis. The patient’s
medical history included chronic obstructive pul-
monary disease, a remote history of alcoholism and
intermittent headache. He reported no recent alco-
hol intake, but he regularly used paracetamol at a
dose of three to four tablets daily before admission.
However, his paracetamol concentration on admis-
sion was within the therapeutic range, which made
the diagnosis of paracetamol toxicity unlikely. The
authors concluded that liver injury was caused by
rosiglitazone in this patient and probably involved
an idiosyncratic process. They proposed that pa-
tients receiving rosiglitazone should have liver en-
zyme levels monitored earlier and more frequently
than initially recommended. However, as pointed
out later on, this case was not only clouded by a

history of alcohol abuse and paracetamol use, but
also by concomitant administration of zafirlukast,
a compound which may provoke hepatitis and
hyperbilirubinemia and, in rare cases, hepatic fail-
ure and inhibits one of the metabolic pathways for
the clearance of rosiglitazone, the CYP2C9 path-
way.[121]

A third case was briefly described in a letter.[122]

A 58-year-old woman with long-standing type 2 dia-
betes mellitus received, in addition to previously
prescribed glibenclamide (glyburide), rosiglitazone
at a dosage of 4 mg/day. Two weeks after the initi-
ation of rosiglitazone, she felt ill and 1 week later,
she was jaundiced and admitted to hospital. Al-
though liver function tests were normal before
rosiglitazone, her AST and ALT levels peaked at
5.23 µkat/L and 4183 nkat/L, respectively. Her bi-
lirubin level peaked at 41 µmol/L (2.4 mg/dL).
There was no evidence of liver failure. Three days
after rosiglitazone therapy was discontinued, her
AST and ALT levels decreased to 1.96 µkat/L and
1083 nkat/L, respectively, and 4 weeks later they
returned to normal. Viral serologic studies and ultra-
sonography of the liver revealed no other cause for
the liver injury. The woman did not take any other
medications, except lisinopril and hydrochlorothi-
azide whose doses had remained unchanged for at
least 1 year. After having applied the criteria for de-
termining the likelihood of a drug being responsi-
ble for the adverse reaction, the authors considered
that rosiglitazone was a highly likely cause of the
patient’s hepatocellular injury.

Finally, a Canadian report briefly mentioned the
case of a 51-year-old man, who was positive for hepa-
titis B surface antigen (but had relatively normal
baseline liver enzymes before taking rosiglitazone)
who showed a marked increase in liver enzymes
after a 6-month treatment period with rosiglita-
zone.[123] The drug was discontinued, but the pa-
tient later died from liver failure. In 10 cases of
liver and biliary disorders cited in the same report,
all of the patients, who were on treatment with rosi-
glitazone for between a few weeks and 6 months,
showed elevated liver enzymes. However, in most
of these cases, there were not enough data to pro-
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vide a meaningful assessment of causality and at
least three patients had known hepatic disorders be-
fore receiving rosiglitazone.[123]

These few reports, even if alternative causes for
hepatic failure have been suggested[120,121] under-
line the need for further investigations into the po-
tential hepatotoxicity of rosiglitazone and other drugs
of the glitazone family. However, after more than 2
years of commercialisation of rosiglitazone in the
US, the number of case reports of rosiglitazone-
related hepatotoxicity remains extremely low, and
indeed much lower than the corresponding one of
troglitazone-induced cases of liver dysfunction af-
ter the same time interval following launch. It re-
mains unclear whether rosiglitazone per se may be
hepatotoxic in very rare cases or not. However, if
anorexia, fatigue, abdominal pain, nausea, or jaun-
dice occur with rosiglitazone (especially during the
first few weeks after the initiation of treatment), it
is wise to stop therapy with this agent and to mon-
itor for hepatic dysfunction. Of course, rosiglitazone
therapy should be discontinued immediately if
liver enzyme levels become elevated.

2.2.3 Pharmacokinetics and Metabolism
The major routes of rosiglitazone metabolism

were N-demethylation and hydroxylation with
subsequent conjugation. The major metabolites,
those of intermediate importance, and nearly all of
the trace metabolites in human have been identi-
fied.[124] Unlike troglitazone, rosiglitazone is not
metabolised by the CYP3A4 metabolic enzyme
system, and has shown only negligible effects on
this system in vitro (table II).[125,126] Unlike trogli-
tazone, in healthy adults rosiglitazone has no sig-
nificant effect on the pharmacokinetics of drugs
that are metabolised via liver CYP enzymes, espe-
cially CYP3A4, such as nifedipine and oral contra-
ceptives.[108,127]

Although rosiglitazone is contraindicated in pa-
tients with clinical or biological evidence of active
liver disease, acute pharmacokinetics has been stu-
died in patients with hepatic impairment (Child-
Pugh class B/C).[128] Unbound oral clearance of
rosiglitazone was significantly lower, resulting in
2-fold higher maximum plasma concentrations and

an elimination half-life approximately 2 hours
longer than in healthy individuals.

2.3 Pioglitazone

Pioglitazone was approved by the FDA and com-
mercialised in the US in July 1999. The European
Agency for the Evaluation of Medicinal Products
gave its approval in October 2000 with the same
limitations as for rosiglitazone.[23,24,107,129] Well-
controlled studies demonstrated that pioglitazone
improves blood glucose profile of patients with
type 2 diabetes mellitus receiving only diet ther-
apy[130] and of patients already receiving sulpho-
nylurea,[23] metformin[131] or insulin.[23,24]

2.3.1 Observations from Clinical Trials
Results from the US placebo-controlled study

programme showed a total of 4 reports of elevated
(≥3 × ULN) serum levels of ALT after pioglitazone
treatment in 1526 evaluable patients (table I).[132]

This 0.26% incidence was similar to that observed
with placebo, as two of 793 placebo-treated patients
(0.25%) also had elevated serum ALT levels. The
proportion of patients withdrawn from US clinical
studies because of abnormal liver function test re-
sults was below 0.12%.[23] All patients with fol-
low-up values had reversible elevations of ALT.
No patient receiving pioglitazone had a ≥10 ×
ULN elevation in ALT level (table I).

The uncertainty about relationship between
ALT level increases and fatty liver or NASH in
patients with type 2 diabetes mellitus is under-
scored by more detailed examination of what hap-
pened to patients in all pioglitazone trials who had
elevations ≥3 × ULN.[28] Among 10 patients with
ALT ≥3 × ULN, five had definite causes other than
drug-associated liver disturbances and two were
probably due to drugs other than pioglitazone and
indeterminate causes (in one the temporal relation-
ship was unknown, in another there was a chronic
elevation of alkaline phosphatase). So, it is not yet
known if any hepatotoxicity occurs with pioglita-
zone.
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2.3.2 Case Reports of Hepatotoxicity
To date, no single case of severe liver toxicity

has been reported in the literature with pioglitazone
despite extensive use in the US for over 2 years.[133]

The findings of one animal study suggested that
pioglitazone acts as an insulin sensitiser in rat hepa-
toma cells, increasing basal and insulin-stimulated
DNA synthesis, and stimulating fat synthesis and
liver hypertrophy in diabetic KKAy mice.[134] In-
deed, the hepatocytes of the pioglitazone-treated
KKAy mice were markedly distended with evidence
of severe lipid generation, but without any signs of
hepatocellular necrosis. The possible physiologi-
cal or toxicological significance of this finding re-
mains to be determined.

2.3.3 Pharmacokinetics and Metabolism
Pioglitazone undergoes extensive hepatic me-

tabolism, predominantly via the CYP2C8 sys-
tem (39%).[53,135,136] Secondary pathways include
CYP3A4 (17%), CYP2C9 and CYP1A1/2 (table 2).
Since multiple CYP isozymes are involved in the
metabolism of pioglitazone, the potential for other
drugs to inhibit the metabolism of pioglitazone to a
clinically significant extent must be very small.[135,137]

Lack of induction or inhibition of hepatic en-
zyme systems (CYP3A4, 1A1/2 or 2C9) was indi-
cated by data showing no statistically or clinically
significant effect of pioglitazone on the pharmaco-
kinetics of warfarin, oral contraceptives or hor-
mone replacement therapy.[127,135,138] These in vivo
results confirm in vitro observations which showed
that pioglitazone, in contrast to troglitazone, does
not inhibit the CYP isozymes involved in drug me-
tabolism.[23] In addition, a study comparing the ef-
fects of troglitazone and pioglitazone in corticoste-
roid-induced diabetes in humans demonstrated that
troglitazone, but not pioglitazone, reduces the
elimination half life of prednisolone and increases
urinary excretion of 6-beta-hydroxycortisol. These
observations were confirmed in healthy volunteers
in whom pioglitazone does not modify the 6-beta-
hydroxycortisol : free cortisol urinary ratio, commonly
used as a specific marker of CYP3A4 induction. Thus,
there is no evidence to date that pioglitazone in-
duces the hepatic CYP3A4 system.[136]

The single-dose pharmacokinetics of an oral dose
of 30mg pioglitazone were evaluated in a study of
patients with chronic liver insufficiency (Child-
Pugh class B or C) compared with healthy individ-
uals.[135] The mean area under the curve serum con-
centrations and total clearance were similar in the
two groups. However, volume of distribution of pio-
glitazone was increased by 55% in the patients with
hepatic insufficiency, and mean maximum plasma
drug concentration of pioglitazone in these patients
was approximately 57% of that reported in controls.
This is consistent with a decreased degree of plas-
ma protein binding, a condition which should re-
sult in a significant increase in the free fraction of
pioglitazone. Finally, the comparison of various me-
tabolite serum concentrations suggests impaired
oxidative biotransformation of pioglitazone in pa-
tients with hepatic insufficiency.[135]

3. Conclusions

By offering a new mechanism to improve insulin
sensitivity, glitazones raised expectations for ther-
apy directed against the underlying insulin resis-
tance of type 2 diabetes mellitus. However, a major
issue is whether hepatotoxicity is a characteristic
of all thiazolidinediones related at least partly to
the activation of PPAR-γ receptors or whether it is
unique to troglitazone. The three glitazones do not
share the same metabolic pathways and only tro-
glitazone can induce CYP3A4. In the case of trogli-
tazone, the incidence of an ALT level of ≥3 × ULN
in controlled clinical trials was approximately 3-
times greater than that of placebo, while in the case
of rosiglitazone and pioglitazone it was equal to pla-
cebo. Furthermore, a 10-fold elevation of ALT was
exceptional with rosiglitazone (1 patient) or was
never observed with pioglitazone, contrasting with
the 12 cases reported with troglitazone.[28] From data
on troglitazone- and other drug-induced hepato-
cellular disease, approximately 10% of those pa-
tients with an ALT level of >10 × ULN will develop
jaundice, and about 10% of those developing jaun-
dice could be expected to die from hepatic insuffi-
ciency. If this is true, acute liver failure would be
very rare with pioglitazone and rosiglitazone. This
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is confirmed by the clinical observations available
for over 2 years of commercialisation of these two
glitazones in the US. Only a few case reports of
hepatotoxicity with rosiglitazone (with controver-
sial causal relationship) and none with pioglita-
zone have been reported in the literature while more
than 1 million of patients have been treated with
each of these new glitazones. Thus, several convin-
cing arguments suggest that hepatotoxicity report-
ed with troglitazone, which led to the withdrawal
of this compound from the market, is probably spe-
cifically related to specific properties of the mole-
cule rather than to the common thiazolidine-2-4-dione
structure shared by rosiglitazone and pioglitazone.
However, pre-existing liver disease should be a
contraindication and liver enzyme monitoring is
recommended before initiation of therapy with ei-
ther new glitazone, and periodically thereafter. While
more long term data are desirable, current evidence
from clinical trials and post-marketing experience
supports the conclusion that rosiglitazone and
pioglitazone do not share the hepatotoxic profile of
troglitazone, which may indicate that hepatotoxic-
ity is not a class effect of the thiazolidinediones.
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