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Background: The metabolic defects of nonalcoholic steatohepatitis (NASH) and prediabetes or type 2 diabetes mellitus
(T2DM) seem to be speciﬁcally targeted by pioglitazone. However, information about its long-term use in this population is
limited.
Objective: To determine the efﬁcacy and safety of long-term
pioglitazone treatment in patients with NASH and prediabetes or
T2DM.
Design: Randomized, double-blind, placebo-controlled trial.
(ClinicalTrials.gov: NCT00994682)
Setting: University hospital.
Participants: Patients (n = 101) with prediabetes or T2DM and
biopsy-proven NASH were recruited from the general population and outpatient clinics.
Intervention: All patients were prescribed a hypocaloric diet
(500 – kcal/d deﬁcit from weight-maintaining caloric intake) and
then randomly assigned to pioglitazone, 45 mg/d, or placebo for
18 months, followed by an 18-month open-label phase with
pioglitazone treatment.
Measurements: The primary outcome was a reduction of at
least 2 points in the nonalcoholic fatty liver disease activity score
in 2 histologic categories without worsening of ﬁbrosis. Secondary outcomes included other histologic outcomes, hepatic triglyceride content measured by magnetic resonance and proton
spectroscopy, and metabolic parameters.

N

onalcoholic fatty liver disease (NAFLD) is reaching
epidemic proportions worldwide (1) and is the
most common chronic liver condition in obese patients
with prediabetes or type 2 diabetes mellitus (T2DM).
Histologic ﬁndings range from isolated steatosis (with
no or minimal inﬂammation) to severe nonalcoholic
steatohepatitis (NASH) and variable perisinusoidal or
perivenular ﬁbrosis (2). Patients with T2DM and NASH
have the highest risk for cirrhosis and hepatocellular
carcinoma (3, 4), and the presence of NAFLD seems to
worsen microvascular and macrovascular complications of diabetes (5–7).
Given that most patients with T2DM have NAFLD
(8 –12) and many are at risk for NASH even if they have
normal liver aminotransferase levels (6, 9, 13, 14), it is
surprising that few trials have focused on this population. This distinction (patients with NASH with vs. without T2DM) is relevant because additional metabolic
factors, such as hyperglycemia (15, 16), lower adiponectin levels (17, 18), worse dyslipidemia (19, 20),
and more severe insulin resistance and hepatic steato-

Results: Among patients randomly assigned to pioglitazone,
58% achieved the primary outcome (treatment difference, 41
percentage points [95% CI, 23 to 59 percentage points]) and
51% had resolution of NASH (treatment difference, 32 percentage points [CI, 13 to 51 percentage points]) (P < 0.001 for each).
Pioglitazone treatment also was associated with improvement in
individual histologic scores, including the ﬁbrosis score (treatment difference, ⫺0.5 [CI, ⫺0.9 to 0.0]; P = 0.039); reduced hepatic triglyceride content from 19% to 7% (treatment difference,
⫺7 percentage points [CI, ⫺10 to ⫺4 percentage points]; P <
0.001); and improved adipose tissue, hepatic, and muscle insulin
sensitivity (P < 0.001 vs. placebo for all). All 18-month metabolic
and histologic improvements persisted over 36 months of therapy. The overall rate of adverse events did not differ between
groups, although weight gain was greater with pioglitazone (2.5
kg vs. placebo).
Limitation: Single-center study.
Conclusion: Long-term pioglitazone treatment is safe and effective in patients with prediabetes or T2DM and NASH.
Primary Funding Source: Burroughs Wellcome Fund and
American Diabetes Association.
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sis (10, 16, 18 –21), may account for the higher rates of
severe liver disease observed in patients with T2DM
(22).
Although the cause of NASH is multifactorial and
treatment remains challenging (23), a major factor is
the increase in liver triglyceride content caused by
chronic release of free fatty acids (FFAs) from insulinresistant dysfunctional adipose tissue (7, 24 –27). Because thiazolidinediones target insulin resistance and
adipose tissue dysfunction or inﬂammation that promotes hepatic “lipotoxicity” in NASH (7, 22, 28) (which
is also a prominent feature of T2DM [15]), they may be
more helpful for treating steatohepatitis in this population. In predominantly nondiabetic patients with NASH,
several studies have reported variable degrees of his-
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tologic beneﬁt with thiazolidinediones (29 –33). In the
largest study to date in patients without T2DM (34), pioglitazone was no better than placebo for the primary
outcome but was beneﬁcial for secondary outcomes,
such as resolution of NASH. However, in patients with
prediabetes or T2DM, the only available randomized,
controlled trial is a relatively small proof-of-concept
study (35). This is disappointing given that there are
29.1 million adults with diabetes (>90% with T2DM)
and 86 million with prediabetes (36) in the United
States, many of whom are at risk for cirrhosis from
NASH. Moreover, because pioglitazone may also halt
the progression of prediabetes to T2DM (37), deﬁning
its role in patients with prediabetes and NASH is critical. Finally, safety concerns about the long-term use of
thiazolidinediones remain (38, 39); therefore, studies
with extended thiazolidinedione exposure are needed
before a pioglitazone-based approach can be embraced in this population.
The aim of our study was to assess the efﬁcacy and
safety of long-term pioglitazone treatment in improving
liver histologic outcomes in patients with NASH and
prediabetes or T2DM.

METHODS
Design Overview
This was a single-center, parallel-group, randomized (1:1 allocation), placebo-controlled study, conducted between December 2008 (ﬁrst patient enrolled)
and December 2014 (ﬁnal data collection). Participants,
investigators, and health care providers were blinded
to treatment assignment throughout the study. The Institutional Review Board at the University of Texas
Health Science Center at San Antonio (UTHSCSA) approved the study, and all participants provided written
informed consent before enrollment.
In October 2009, while updating registry data for
another study, investigators discovered that this trial,
which they thought had been registered by other study
personnel, was not registered. At the time of registration (ClinicalTrials.gov: NCT00994682), 29 patients (of
97 anticipated) were enrolled in the study. None of
these patients had had the follow-up metabolic measurements or liver biopsies (primary outcome) that
were to be performed at 18 months, and no interim
analyses were done before the trial was registered. A
recent review of ClinicalTrials.gov (November 2015) revealed that the initial trial registration data erroneously
stated that patients with normal glucose tolerance
would be randomly assigned to treatment or placebo.
Given that the trial's eligibility criteria required patients
to have an abnormal oral glucose tolerance test (OGTT)
result (that is, prediabetes or T2DM), the investigators
never planned to enroll patients with normal glucose
tolerance. This error in trial registration was corrected
by the principal investigator. The trial registry states
that the primary end point is liver histologic outcomes
(Kleiner criteria [40]) at 18 months, and these data are
presented in Appendix Table 1 (available at www
.annals.org). In this article, the primary end point is de306 Annals of Internal Medicine • Vol. 165 No. 5 • 6 September 2016
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ﬁned as a reduction of at least 2 points in 2 categories
of the NAFLD activity score (NAS) without worsening of
ﬁbrosis, an outcome that was not speciﬁed in the original registration. This end point has been accepted by
investigators in this ﬁeld as representing signiﬁcant
change in liver histologic outcomes in clinical trials involving patients with NASH (34, 41– 43). Some secondary outcomes that were assessed, such as insulin secretion, prevention of the onset of T2DM or reversal of
glucose intolerance, measurement of visceral fat by
magnetic resonance imaging, bone density measurement via dual-energy x-ray absorptiometry (DXA),
plasma measurements of bone metabolism, and molecular metabolic pathways, are not reported in this
article.
Setting and Participants
Participants were recruited from the general population of San Antonio, Texas, via newspaper advertisements and from the endocrinology and hepatology
clinics at UTHSCSA and the Veterans Affairs Medical
Center. Persons were eligible for the trial if they had
histologically conﬁrmed NASH and either prediabetes
or T2DM. All patients had a screening 2-hour OGTT to
diagnose or conﬁrm a diagnosis of prediabetes or
T2DM. Prediabetes was deﬁned as impaired fasting
glucose (5.6 to 6.9 mmol/L [100 to 125 mg/dL]), impaired glucose tolerance (7.8 to 11.1 mmol/L [140 to
199 mg/dL] on an OGTT), or a hemoglobin A1c level of
5.7% to 6.4%. Exclusion criteria included use of thiazolidinediones or vitamin E; other causes of liver disease
(22) or abnormal laboratory results (such as an aspartate aminotransferase [AST] or alanine aminotransferase [ALT] level ≥3 times the upper limit of normal
[ULN]); type 1 diabetes mellitus; or severe heart, hepatic, or renal disease. Detailed inclusion and exclusion
criteria are provided in the Appendix (available at
www.annals.org).
Randomization and Interventions
After initial screening (medical history, physical examination, laboratory tests, and 75-g OGTT), patients
began receiving placebo and were instructed by the
research dietician (C.D.) to keep physical activity and
diet constant during the run-in phase (mean duration, 1
month). After completion of baseline metabolic measurements, participants were prescribed a hypocaloric
diet (500 – kcal/d deﬁcit from the calculated weightmaintaining diet) and were randomly assigned in a 1:1
ratio to either pioglitazone (Actos [Takeda Pharmaceuticals]), 30 mg/d (titrated after 2 months to 45 mg/d), or
placebo. Randomization (computer-generated) and patient allocation were performed by the research pharmacist without stratiﬁcation and using a block factor of
4, which was unknown to investigators. Takeda Pharmaceuticals provided pioglitazone and placebo pills with
identical physical characteristics, which were stored at
the research pharmacy and dispensed in identical
bottles.
www.annals.org
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Figure 1. Study ﬂow diagram.
Patients assessed for
eligibility (n = 176)

Patients randomly
assigned (n = 101)

Patients excluded (n = 75)
Absence of NASH: 38
Consent withdrawn: 12
Lost to follow-up: 9
PI decision: 4
Other reason: 12

Patients receiving
placebo (n = 51)

Patients receiving
pioglitazone (n = 50)

Patients included in analysis
of primary outcome (n = 51)

Patients included in analysis
of primary outcome (n = 50)

Patients who did not reach
month 18 (n = 9)
Consent withdrawn*: 5
Lost to follow-up: 3
Adverse event: 1

Consent withdrawn*: 4
Lost to follow-up: 3
Resolution of NASH
(patient withdrawn by PI): 6

Patients who did not reach
month 18 (n = 9)
Consent withdrawn*: 6
Lost to follow-up: 3

Consent withdrawn*: 4
Lost to follow-up: 2
Pl decision: 1

Patients who completed
Patients who completed 18 mo of
18 mo of open-label
open-label pioglitazone (for a total of
pioglitazone (n = 29)
36 mo receiving medication (n = 34)

NASH = nonalcoholic steatohepatitis; PI = principal investigator.
* Withdrew after being informed of the U.S. Food and Drug Administration's Drug Safety Communication in 2011 about the potential association
between pioglitazone and bladder cancer.

Outcomes and Follow-up
The primary outcome was a reduction of at least 2
points in 2 histologic categories of the NAS without
worsening of ﬁbrosis after 18 months of therapy. Secondary liver histologic outcomes included resolution of
NASH; improvement in individual histologic scores; or
improvement in a combined histologic outcome, deﬁned as a reduction in ballooning with at least a 2-point
improvement in the NAS or an absolute NAS of 3 or
lower (with improvement in steatosis or inﬂammation)
without worsening of ﬁbrosis.
Baseline liver biopsy specimens were read by a
team of experienced clinical pathologists to establish
or rule out the presence of NASH and thus determine
whether patients were included or excluded. At the
end of the study, all biopsy specimens were reread by
an experienced research pathologist (F.T.), who was
blinded to patient identity, intervention assignment,
and pretreatment or posttreatment sequence (0, 18, or
36 months). Biopsy specimens were read by the research pathologist 2 times, with good to excellent intraobserver variability (agreement >75% for all histologic parameters). Diagnosis of deﬁnite NASH was
deﬁned as zone 3 accentuation of macrovesicular steatosis (any grade), hepatocellular ballooning (any degree), and lobular inﬂammatory inﬁltrates (any amount).
The NAS was calculated as the sum of the steatosis,
inﬂammation, and ballooning grades from the liver biopsy, and histopathologic changes were determined
by using standard criteria (44).
www.annals.org
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Additional secondary outcomes included the following: 1) fasting plasma glucose, fasting plasma insulin, FFA, hemoglobin A1c, fasting plasma lipid proﬁle,
adiponectin, and cytokeratin-18 concentrations; 2) total
body fat percentage, measured by DXA; 3) hepatic triglyceride content, measured by magnetic resonance
and proton spectroscopy (1H-MRS) as previously described (14, 16, 35, 45) (baseline and 18 months only);
4) glucose tolerance and insulin secretion on an OGTT;
5) endogenous glucose production (EGP), rate of glucose disappearance (Rd), and insulin-induced suppression of EGP and plasma FFA concentration, all measured during a euglycemic insulin clamp with tritiated
glucose and indirect calorimetry (baseline and 18
months only) as previously reported (16) (Appendix);
and 6) several indexes of fasting insulin resistance, such
as the homeostatic model assessment of insulin resistance (HOMA-IR) score, hepatic insulin resistance index
(calculated as fasting plasma insulin level × EGP), and
adipose tissue insulin resistance index (calculated as
fasting plasma insulin level × FFA), as previously validated (14, 16 –19, 35) (Appendix).
Follow-up visits were scheduled every month for
the ﬁrst 4 months and then every other month and included measurement of vital signs, physical examination, review of self-monitoring of blood glucose results,
and laboratory tests to assess safety. At each visit, presence of adverse events and study drug adherence were
assessed, the latter by pill counting (percentage of pills
taken in relation to the number that should have been
Annals of Internal Medicine • Vol. 165 No. 5 • 6 September 2016 307
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Table 1. Baseline Patient Characteristics*
Characteristic
Mean age (SD), y
Male, n (%)
T2DM, n (%)
Ethnicity, n (%)
White
Hispanic
Other
Mean weight (SD), kg
Mean body mass index (SD), kg/m2
Mean total body fat by DXA (SD), %
Mean fasting plasma glucose level (SD)
mmol/L
mg/dL
Mean 2-h plasma glucose level (SD)
mmol/L
mg/dL
Mean hemoglobin A1c level (SD), %
Patients without T2DM
Patients with T2DM
Mean fasting plasma insulin level (SD)
pmol/L
μU/mL
Mean free fatty acid level (SD), mmol/L
Use of T2DM medications, n (%)
Metformin
Sulfonylureas
Insulin
Use of statins, n (%)
Mean triglyceride level (SD)
mmol/L
mg/dL
Mean total cholesterol level (SD)
mmol/L
mg/dL
Mean LDL cholesterol level (SD)
mmol/L
mg/dL
Mean HDL cholesterol level (SD)
mmol/L
mg/dL
Mean aspartate aminotransferase
level (SD), U/L
Mean alanine aminotransferase
level (SD), U/L
Mean NAS (SD)
Steatosis grade
Inﬂammation grade
Ballooning grade
Mean ﬁbrosis stage (SD)
Diagnosis of deﬁnite NASH based
on ﬁnal biopsy reading, n (%)

Placebo
(n ⴝ 51)

Pioglitazone
(n ⴝ 50)

49 (11)
35 (69)
28 (55)

52 (10)
36 (72)
24 (48)

11 (22)
37 (73)
3 (6)
99.2 (17.0)
34.5 (4.8)
34 (8)

14 (28)
31 (62)
5 (10)
98.2 (16.5)
34.3 (4.8)
33 (7)

6.7 (1.5)
121 (27)

6.9 (1.6)
124 (29)

11.3 (3.6)
203 (64)

11.7 (4.3)
211 (78)

5.7 (0.5)
6.8 (1.0)

5.7 (0.5)
7.1 (0.9)

96 (72)
16 (12)
0.54 (0.19)

90 (66)
15 (11)
0.49 (0.18)

17 (33)
16 (31)
6 (12)
19 (37)

19 (38)
12 (24)
5 (10)
19 (38)

2.0 (1.2)
179 (109)

2.5 (1.9)
224 (171)

4.7 (1.1)
182 (42)

4.8 (1.2)
187 (46)

2.8 (0.9)
109 (33)

2.8 (1.1)
109 (44)

1.0 (0.2)
37 (9)
43 (22)

0.9 (0.2)
36 (9)
47 (21)

57 (33)

62 (33)

4.5 (1.2)
1.9 (0.8)
1.7 (0.5)
0.9 (0.4)
0.9 (0.9)
45 (88)

4.5 (1.5)
2.0 (0.8)
1.7 (0.6)
0.8 (0.4)
1.1 (1.1)
42 (84)

DXA = dual-energy x-ray absorptiometry; HDL = high-density lipoprotein; LDL = low-density lipoprotein; NAS = nonalcoholic fatty liver disease activity score; NASH = nonalcoholic steatohepatitis; T2DM = type
2 diabetes mellitus.
* Percentages may not sum to 100 due to rounding.

taken). Adverse events were classiﬁed by the principal
investigator as mild (asymptomatic or mild symptoms,
with no intervention required), moderate (not fulﬁlling
criteria for mild or severe), or severe (medically signiﬁcant and requiring hospitalization or prolongation of
hospitalization). After 18 months of treatment, metabolic measurements (OGTT and euglycemic insulin
clamp), DXA, 1H-MRS, and liver biopsy were repeated,
at which point the medication code was disclosed to
investigators and patients. Patients initially assigned to
308 Annals of Internal Medicine • Vol. 165 No. 5 • 6 September 2016
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pioglitazone were asked to continue at the same dose.
In the placebo group, patients whose NASH resolved
after 18 months were instructed to discontinue the
study because pioglitazone treatment or a repeated
liver biopsy were considered unethical and were not
indicated, whereas those with persistent disease were
invited to start pioglitazone therapy, titrated as described earlier. Patients had follow-up visits every 2
months, and the aforementioned metabolic measurements, DXA, 1H-MRS, and liver biopsy were repeated at
36 months.
Statistical Analysis
Given expected histologic improvements of 15%
and 50% in the placebo and pioglitazone groups, respectively; an ␣ error of 0.05; a power of 0.90; and a
dropout rate of 15%, we calculated that 97 patients
were needed for this study. All randomly assigned patients were included in the ﬁnal analysis. For histologic
outcomes, multiple imputation was used to impute values for missing data (Appendix). Analyses were also
done restricting the sample to patients with deﬁnite
NASH at baseline (based on ﬁnal biopsy readings) and
counting patients who did not reach month 18 as not
having histologic improvement (prespeciﬁed data analysis). Histologic outcomes and other categorical and dichotomous data were analyzed using the chi-square
test or the Fisher exact test. Continuous variables were
analyzed using mixed-effects linear regression under
the assumption that data were missing at random. For
the randomized phase, both 0- and 18-month data
were considered for outcomes. The interaction term for
time and treatment group was used as an independent
variable to determine whether the change from 0 to 18
months differed between groups (ﬁxed effect), and we
included intercepts for participants as random effects.
A similar approach (mixed-effects linear regression)
was performed for within-group comparisons for the
18- to 36-month data, with assessment of only the effect of time on secondary outcomes (all patients received pioglitazone during this phase). Analyses were
performed using Stata 11.0 (StataCorp).
Role of the Funding Source
This work was an investigator-initiated study that
was ﬁnancially supported by the Burroughs Wellcome
Fund and the American Diabetes Association. Takeda
Pharmaceuticals provided pioglitazone and placebo
tablets. The funding sources had no role in the study
design; the collection, analysis, or interpretation of data; or the writing of the manuscript.

RESULTS
Baseline Clinical Characteristics, Adherence to
Treatment, and Adverse Events
A total of 101 patients with prediabetes or T2DM
and NASH were randomly assigned to pioglitazone or
placebo (Figure 1). Baseline clinical characteristics
were similar between groups, as shown in Table 1.
Eighteen patients (9 in each group) did not complete the ﬁrst 18 months of the study (Figure 1), mainly
www.annals.org
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Table 2. Effect of 18 mo of Pioglitazone Treatment on Primary and Secondary Liver Histologic Outcomes*
Outcome
Primary outcome
≥2-point reduction in NAS (in 2 categories)
without worsening of ﬁbrosis, n (%)
Secondary outcomes
Resolution of NASH, n (%)†
Steatosis
≥1-point improvement, n (%)
Mean change in score (SD)
Inﬂammation
≥1-point improvement, n (%)
Mean change in score (SD)
Ballooning
≥1-point improvement, n (%)
Mean change in score (SD)
Fibrosis
≥1-point improvement, n (%)
Mean change in score (SD)

Placebo (n ⴝ 51)

Pioglitazone (n ⴝ 50)

Treatment Difference (95% CI)

P Value

9 (17)

29 (58)

41 (23 to 59)

<0.001

10 (19)

26 (51)

32 (13 to 51)

<0.001

13 (26)
−0.2 (0.8)

35 (71)
−1.1 (1.0)

44 (25 to 63)
−0.9 (−1.3 to −0.5)

<0.001
<0.001

11 (22)
−0.1 (0.8)

25 (49)
−0.6 (0.9)

27 (8 to 46)
−0.6 (−0.9 to −0.2)

0.004
<0.001

12 (24)
−0.2 (0.7)

25 (51)
−0.6 (0.6)

27 (7 to 47)
−0.4 (−0.7 to −0.2)

0.004
0.001

13 (25)
0 (1.2)

20 (39)
−0.5 (1.0)

14 (−6 to 34)
−0.5 (−0.9 to 0)

0.130
0.039

NAS = nonalcoholic fatty liver disease activity score; NASH = nonalcoholic steatohepatitis.
* Multiple imputation was used to impute missing histologic data for patients who did not complete 18 mo of therapy (Appendix). Numbers of
patients may not always seem to match the proportion because they were estimated from the combination of 40 imputed data sets.
† Deﬁned as absence of NASH after 18 mo of therapy in patients with deﬁnite NASH at baseline.

due to withdrawal of their consent (6 in the pioglitazone group and 5 in the placebo group) after being
informed in 2011 about a potential risk for bladder cancer with pioglitazone (46). Of the 77 eligible patients
for the 18- to 36-month open-label phase, 4 in each
group withdrew their consent for similar reasons
(46).
Overall adherence to study medication during the
ﬁrst 18 months was 95.3%. There were no severe adverse events associated with pioglitazone requiring
study discontinuation. One patient discontinued placebo use because of an increase in liver enzyme levels
to more than 2.5 times the ULN. Hypoglycemia in both
groups was usually associated with the use of sulfonylureas, insulin, or both. No patient developed bladder
cancer, osteoporosis, or osteoporotic bone fractures.
Appendix Table 2 (available at www.annals.org) provides a detailed description of adverse events.
Liver Histologic Outcomes
Primary Outcome

Both groups had similar severity of liver disease at
baseline (Table 1). Appendix Table 1 summarizes the
observed histologic scores at baseline and month 18.
Results for the primary histologic outcome (≥2-point reduction in NAS without worsening of ﬁbrosis) are provided in Table 2. In the multiple-imputation analysis,
more patients in the pioglitazone group (58%)
achieved the primary outcome than in the placebo
group (17%) (treatment difference, 41 percentage
points [95% CI, 23 to 59 percentage points]; P < 0.001).
When the same analysis was limited to patients with
deﬁnite NASH at baseline, 67% achieved the primary
outcome with pioglitazone versus 17% with placebo
(treatment difference, 50 percentage points [CI, 30 to
69 percentage points]; P < 0.001). When patients who
did not have a second liver biopsy were labeled as
treatment failures, more patients in the pioglitazone
group achieved the primary outcome than in the plawww.annals.org

Downloaded From: http://annals.org/ by Kevin Rosteing on 09/14/2016

cebo group (52% vs. 16%; treatment difference, 36 percentage points [CI, 19 to 53 percentage points]; P <
0.001). Appendix Figure 1 (available at www.annals
.org) gives information on patients with paired
biopsies.
Secondary Outcomes

Resolution of NASH occurred in 51% of
pioglitazone-treated patients versus 19% of those receiving placebo (treatment difference, 32 percentage
points [CI, 13 to 51 percentage points]; P < 0.001) (Table 2). Similar results were obtained when patients who
did not reach month 18 were considered to be treatment failures (46% vs. 18%; treatment difference, 28
percentage points [CI, 11 to 46 percentage points]; P =
0.002). More patients in the pioglitazone group had improvements in steatosis (P < 0.001), inﬂammation (P =
0.004), and ballooning necrosis (P = 0.004), with the
overall NAS improving in 66% versus 21% of those in
the placebo group (P < 0.001). The mean histologic
scores (Appendix Figure 2, available at www.annals
.org; P ≤ 0.001 for all) and the ﬁbrosis score (P = 0.039)
also improved signiﬁcantly with pioglitazone (Table 2).
Progression of any ﬁbrosis over 18 months occurred in
only 12% of pioglitazone-treated patients compared
with 28% of those receiving placebo (treatment difference, ⫺16 percentage points [CI, ⫺34 to 0 percentage
points]; P = 0.039).
Liver Fat and Insulin Sensitivity
Pioglitazone markedly reduced hepatic triglyceride
content from 19% to 7% versus from 15% to 11% in the
placebo group (treatment difference, ⫺7 percentage
points [CI, ⫺10 to ⫺4 percentage points]; P < 0.001)
(Figure 2, A). Fasting and OGTT levels of plasma glucose and insulin decreased with pioglitazone (Table 3).
Pioglitazone improved hepatic, muscle, and adipose
tissue insulin action, measured as improvement in fastAnnals of Internal Medicine • Vol. 165 No. 5 • 6 September 2016 309
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Figure 2. Liver fat and insulin sensitivity before and after 18 mo of pioglitazone or placebo in patients with nonalcoholic
steatohepatitis and prediabetes or type 2 diabetes mellitus.
A. Liver Triglyceride Content

B. Hepatic Insulin Sensitivity
75

P < 0.001

20

EGP Suppression, %

Triglyceride Content, %

25

15

10

Worse

50

Better
25

P = 0.002

5

Better

Worse

0

0
0

18

0

D. Adipose Tissue Insulin Sensitivity

C. Muscle Insulin Sensitivity
12

75

10

FFA Suppression, %

Rd, mg/kg LBM per min

18

8
6
4

Better
P < 0.001

50

Better
25

P < 0.001

2

Worse

Worse
0

0
0

0

18

Placebo

18

Pioglitazone

Data include 101 observations at baseline (51 in the placebo group and 50 in the pioglitazone group) and 83 at month 18 (42 and 41, respectively).
Bars represent 95% CIs. EGP = endogenous glucose production; FFA = free fatty acid; LBM = lean body mass; Rd = rate of glucose disappearance.
A. Liver triglyceride content, measured by magnetic resonance and proton spectroscopy. The dotted line represents the threshold for a diagnosis
of nonalcoholic fatty liver disease. B. Hepatic insulin sensitivity, representing suppression of EGP during the low-dose insulin infusion in a euglycemic insulin clamp. C. Muscle insulin sensitivity, representing whole-body insulin-stimulated Rd during the high-dose insulin infusion in a euglycemic
insulin clamp. D. Adipose tissue insulin sensitivity, representing suppression of plasma FFA concentration during the low-dose insulin infusion in a
euglycemic insulin clamp. The dotted lines in panels B, C, and D represent values based on previous studies (18, 19) for obese control participants
without type 2 diabetes mellitus or nonalcoholic fatty liver disease.

ing hepatic insulin resistance index (⫺58% vs. 7% in the
placebo group), insulin-induced suppression of EGP
(Figure 2, B), Rd (Figure 2, C), fasting adipose tissue
insulin resistance index (Figure 3, D), low-dose insulin–
induced suppression of FFA (Figure 2, D) (P ≤ 0.001 for
all vs. placebo), and FFA suppression during the OGTT
(approximately 11% [P = 0.016]).
Effects on Weight, Plasma Aminotransferase
Levels, and Other Biomarkers
Compared with placebo, pioglitazone treatment
was associated with signiﬁcant weight gain (2.5 kg [CI,
0.4 to 4.5 kg]; P = 0.020) and a signiﬁcant decrease in
hemoglobin A1c level in patients with T2DM (Table 3).
Mean aminotransferase levels normalized with pioglitazone versus placebo by month 3 (35 vs. 56 IU/L; P =
0.005), reaching a plateau by month 5 and remaining
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normal thereafter (Figure 3, A and B). In contrast, patients receiving placebo had a modest decrease in aminotransferase levels. After patients switched from placebo to pioglitazone at month 18, AST and ALT levels
normalized within 2 months.
Patients were insulin-resistant at the level of liver,
muscle, and adipose tissue. Compared with placebo,
pioglitazone signiﬁcantly improved the HOMA-IR score
(predominantly an indicator of hepatic insulin resistance) (Figure 3, C) and adipose tissue insulin resistance (Figure 3, D) at 18 months, an effect that persisted at 36 months. Mean plasma adiponectin levels
increased 2.6-fold with pioglitazone (from 8.7 to 22.8
μg/mL; P < 0.001), consistent with the improvement
in adipose tissue function (Figure 3, E). Plasma
cytokeratin-18 levels were elevated in patients with
www.annals.org
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NASH and decreased signiﬁcantly with pioglitazone
treatment (Figure 3, F).
Long-Term Liver Histologic and Metabolic
Effects
The histologic beneﬁt of pioglitazone treatment, as
measured by mean individual histologic scores (Appendix Figure 1) or expressed as a reduction of at least
2 points in the NAS without worsening of ﬁbrosis (69%)
or resolution of NASH (59%) (Appendix Table 3, available at www.annals.org), was maintained after 36
months of therapy. The same was true for normalization
of plasma concentrations of AST and ALT (Figure 3, A
and B), glucose, lipid proﬁle, adiponectin (Figure 3, E),
and cytokeratin-18 (Figure 3, F). These results were
similar when all patients who completed 18 months of
thiazolidinedione treatment were analyzed together
(that is, those who received pioglitazone during months
0 to 18 plus those who received placebo from months
0 to 18 and switched to pioglitazone after 18 months)
(n = 70) (Appendix Table 4, available at www.annals
.org).

DISCUSSION
Nonalcoholic steatohepatitis is a frequently overlooked and undertreated condition among patients

ORIGINAL RESEARCH

with T2DM. Recent work from our laboratory (14, 21)
and others (8 –12) indicates that most obese patients
with T2DM have NAFLD on imaging. Moreover, in studies involving liver biopsy, about 30% to 50% of patients
have steatohepatitis even in the presence of normal
plasma aminotransferase levels (9, 14, 21, 48). Given
this background, by using gold standard metabolic and
imaging techniques and serial liver biopsies, our study
offered a unique opportunity to evaluate the effect of
prolonged thiazolidinedione therapy in this population.
Because the intervention proved to be safe and effective, these results may encourage early diagnosis and
treatment of patients with prediabetes or T2DM and
NASH.
Treatment led to marked improvements in steatosis, inﬂammation, and ballooning, with 58% of patients
in the pioglitazone group achieving the primary outcome after 18 months (Table 2). The beneﬁt was even
more evident in patients with deﬁnite NASH at baseline, with 67% achieving the primary outcome (P <
0.001 vs. placebo for each). This histologic beneﬁt,
combined with improvement in the mean ﬁbrosis
score, suggests that pioglitazone may alter the natural
history of the disease. Evidence of this was the reduction in ﬁbrosis progression over 18 months in patients
treated with pioglitazone compared with those receiv-

Table 3. Metabolic and Hepatic Characteristics After 18 mo of Pioglitazone Treatment
Characteristic

Weight, kg
Body mass index, kg/m2
Total body fat by DXA, %
Fasting plasma glucose level
mmol/L
mg/dL
2-h plasma glucose level
mmol/L
mg/dL
Hemoglobin A1c level, %
Patients without T2DM
Patients with T2DM
Fasting plasma insulin level
pmol/L
μU/mL
Free fatty acid level, mmol/L
Liver fat content, %
Aspartate aminotransferase level, U/L
Alanine aminotransferase level, U/L
Triglyceride level
mmol/L
mg/dL
Total cholesterol level
mmol/L
mg/dL
LDL cholesterol level
mmol/L
mg/dL
HDL cholesterol level
mmol/L
mg/dL

Mean Value After 18 mo (SD)

Treatment Difference
(95% CI)*

Placebo

Pioglitazone

99.5 (16.7)
34.6 (5.0)
36 (8)

99.4 (16.6)
34.6 (4.8)
36 (7)

6.6 (1.3)
119 (24)

6.1 (0.8)
110 (14)

−0.6 (−1.1 to −0.1)
−11 (−19 to −2)

12.0 (3.8)
216 (69)

9.6 (3.9)
173 (70)

−2.7 (−3.8 to −1.6)
−48 (−69 to −28)

5.8 (0.3)
6.5 (0.7)

5.6 (0.3)
6.2 (0.7)

−0.1 (−0.3 to 0.0)
−0.6 (−1.1 to −0.2)

102 (96)
17 (16)
0.46 (0.17)
11 (7)
38 (31)
44 (33)

48 (90)
8 (15)
0.36 (0.16)
7 (5)
29 (10)
27 (12)

−36 (−72 to 0)
−6 (−12 to 0)
−0.04 (−0.14 to 0.05)
−7 (−10 to −4)
−14 (−22 to −6)
−24 (−35 to −12)

1.7 (0.8)
149 (72)

1.4 (0.7)
127 (63)

−0.6 (−1.0 to −0.1)
−50 (−92 to −9)

3.9 (0.9)
149 (36)

4.0 (0.9)
153 (34)

0.0 (−0.5 to 0.5)
1 (−18 to 19)

2.0 (0.7)
79 (28)

2.2 (0.7)
84 (28)

0.1 (−0.3 to 0.6)
5 (−13 to 22)

1.0 (0.2)
40 (9)

1.1 (0.3)
44 (10)

0.1 (0.1 to 0.2)
5 (3 to 8)

2.5 (0.4 to 4.5)
0.9 (0.1 to 1.6)
2 (1 to 3)

P Value*

0.020
0.019
<0.001
0.020

<0.001

0.124
0.009
0.041

0.38
<0.001
0.001
<0.001
0.018

0.92

0.59

<0.001

DXA = dual-energy x-ray absorptiometry; HDL = high-density lipoprotein; LDL = low-density lipoprotein; T2DM = type 2 diabetes mellitus.
* All randomly assigned patients were included in analyses (n = 101). Data were analyzed using mixed-effects linear regression, assuming that data
were missing at random.
www.annals.org
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Figure 3. Plasma aminotransferase levels and other biomarkers at baseline, after 18 mo of pioglitazone or placebo, and after
18 or 36 mo of pioglitazone.
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Data include 101 observations at baseline (51 in the placebo group and 50 in the pioglitazone group), 83 at month 18 (42 and 41, respectively), and
63 at month 36 (29 and 34, respectively). Bars represent 95% CIs. Adipo-IR = adipose tissue insulin resistance; ALT = alanine aminotransferase;
AST = aspartate aminotransferase; CK-18 = cytokeratin-18; HOMA-IR = homeostatic model assessment of insulin resistance. A. Plasma AST level
during run-in (month ⫺1 to 0 [shaded area]) and treatment (month 0 to 36) periods. B. Plasma ALT concentration during run-in [shaded area] and
treatment periods. All plasma AST and ALT concentrations normalized with pioglitazone treatment by month 3, differed signiﬁcantly compared with
placebo (P < 0.001 to 0.010), and remained within the normal range thereafter during treatment. In contrast, levels decreased only modestly among
patients receiving placebo but normalized within 2 mo after patients switched from placebo to pioglitazone after month 18. C. HOMA-IR score. D.
Adipose tissue insulin resistance. E. Plasma adiponectin level. F. CK-18 fragment concentration. Dotted lines in panels C through F represent values
based on previous studies (18, 19, 47) for obese control participants without type 2 diabetes mellitus or nonalcoholic fatty liver disease.
* P ≤ 0.042 for change in placebo group after starting open-label pioglitazone therapy.
† P ≤ 0.026 for effect of pioglitazone vs. placebo.
‡ P < 0.001 for effect of pioglitazone vs. placebo.
§ P < 0.001 for change in placebo group after starting open-label pioglitazone therapy.
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ing placebo (12% vs. 28%; treatment difference, ⫺16
percentage points [CI, ⫺34 to 0 percentage points];
P = 0.039). Of note, the relatively high rate of ﬁbrosis
progression without pharmacologic intervention in
the placebo group conﬁrms recent observational studies of ﬁbrosis progression within relatively short periods in diabetes (49, 50) and adds signiﬁcance to our
study. In contrast, treatment discontinuation was associated with a progressive return of plasma aminotransferase levels to the elevated baseline levels over the
following 12 months (data not shown), which suggests
recurrence of steatohepatitis (51).
This study also has implications for patients with
prediabetes and NASH (about half of our participants)
because hepatic steatosis is a risk factor for T2DM, even
in nonobese patients (52). Pioglitazone halts the progression from prediabetes to diabetes (37). Future
studies may test whether reversal of hepatic steatosis or
NASH with pioglitazone in patients with prediabetes
may be a predictor of success in halting the development of T2DM. This is important to address at a time
when 37.2% of U.S. adults (86 million) have prediabetes
(36). The single-center nature of this study is a limitation
that calls for additional work from a larger, longer-term
(>3 years), multicenter trial. Future work should be
done to compare the effects of pioglitazone in patients
with prediabetes versus those with T2DM and to examine its effects in patients with more advanced liver
ﬁbrosis.
Although the role of lipotoxicity in the development of NASH is well-established (7, 25–27), the molecular mechanisms by which thiazolidinediones may improve insulin sensitivity or liver histologic outcomes
remain elusive (24, 39, 53). From a clinical perspective,
we aimed to deﬁne the proﬁle of treatment “responders.” However, no single clinical or metabolic parameter at baseline unequivocally predicted histologic response, such as overall adiposity; AST, ALT, or
cytokeratin-18 level; severity of hepatic or muscle insulin resistance; or degree of steatosis on 1H-MRS. Although treatment enhanced insulin sensitivity across
hepatic, muscle, and adipose tissue to levels similar to
those in well-matched control participants without
NAFLD (Figure 2), the correlation between metabolic
change and histologic response was modest overall.
This suggests that intrinsic cellular mechanisms trigger
steatohepatitis beyond the permissive role of systemic
insulin resistance. Consistent with the role of dysfunctional adipose tissue in NASH, an increase in plasma
adiponectin level was the best metabolic predictor of
histologic response. As shown in previous studies by
our group, adiponectin levels increase within 1 to 3
months (17, 35) and remain elevated during pioglitazone treatment in patients with NASH (Figure 3, E, and
Appendix Table 3). Patients receiving placebo had
minimal, if any, increases in plasma adiponectin level,
and nonresponders had a blunted response compared
with responders who had at least a 2.5-fold increase in
adiponectin level (54). We envision that better identiﬁcation of potential thiazolidinedione responders will be
possible with the combination of genetic polymorwww.annals.org
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phisms, existence of certain high-risk clinical proﬁles
(elevated NAS or ﬁbrosis at baseline), and improved
imaging techniques or plasma biomarkers. This will allow better tailoring of treatment to limit long-term therapy to patients who are more likely to beneﬁt.
Pioglitazone was well-tolerated, and there were no
major drug-related adverse events. Recent prospective
data suggest that pioglitazone does not increase the
risk for bladder cancer (55, 56) and are encouraging in
terms of the long-term safety of the drug. Close monitoring is necessary to identify patients with undiagnosed diastolic dysfunction who are at risk for congestive heart failure with pioglitazone treatment and to
assess long-term effects on bone metabolism, particularly in women (38, 39, 55, 56). Pioglitazone treatment
induced only modest weight gain (2.5 kg over 18
months) versus placebo (3.1 kg at 36 months vs. baseline). To our knowledge, this is the only study in patients with biopsy-proven NASH in which active dietary
advice extended beyond 12 months. The limited effect
of a prescribed diet with a deﬁcit of 500 kcal/d was
consistent with prior lifestyle studies and highlights the
need for trials to determine more efﬁcacious long-term
dietary interventions (22).
In summary, 3 years of pioglitazone treatment was
associated with long-term metabolic and histologic improvement in patients with prediabetes or T2DM and
NASH. These results suggest that NASH progression
may be halted and the natural history of the disease
may be modiﬁed with the use of pioglitazone in patients with prediabetes or T2DM.
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APPENDIX: METHODS
Inclusion and Exclusion Criteria
A total of 176 patients were recruited, and 101
were randomly assigned after initial screening. Inclusion and exclusion criteria were evaluated by the
investigators.
Patients had to meet the following inclusion
criteria:
1. Able to communicate meaningfully with the investigator and legally competent to provide written informed consent.
2. Aged 18 to 70 years.
3. Diagnosis of prediabetes or T2DM based on results from a fasting plasma glucose, hemoglobin A1c, or
oral glucose tolerance test, according to American Diabetes Association guidelines.
4. Diagnosis of NASH based on results from a liver
biopsy.
5. Female patients were eligible if they were postmenopausal for at least 1 year, were using adequate
mechanical contraceptive precautions (for example, intrauterine device, diaphragm with spermicide, or condom with spermicide), had a history of surgical sterilization (bilateral tubal ligation or bilateral oophorectomy),
or had undergone a hysterectomy.
6. Female patients who had not undergone a hysterectomy or a bilateral oophorectomy were eligible if
they had negative pregnancy test results throughout
the study period.
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7. Hemoglobin level of at least 120 g/L (men) or at
least 110 g/L (women), leukocyte count of at least
3.0 × 109 cells/L, neutrophil count of at least 1.5 × 109
cells/L, platelet count of at least 100 × 109 cells/L, albumin level of at least 30 g/L, serum creatinine level of
159.1 μmol/L (1.8 mg/dL) or less, and AST and ALT
levels no more than 3 times the ULN (patients were not
deﬁnitively excluded if either level [but not both] was
>3 times the ULN, but plasma aminotransferase measurement was repeated within 1 to 8 weeks to conﬁrm
that both levels were ≤3 times the ULN).
Exclusion criteria were as follows:
1. Past or current history of alcohol abuse (>20 g of
ethanol consumed per day). Alcohol abuse was ruled
out on the basis of physicians' judgment, self-reported
alcohol use, and family members' report of the patient's alcohol use. In addition, the Alcohol Use Disorders Identiﬁcation Test was used to assess alcohol use.
2. Receipt of long-term therapy with medications
known to have adverse effects on glucose tolerance,
unless the patient had been receiving a stable dose of
such agents for 4 weeks before study entry.
3. Use of medications that could induce steatosis,
such as estrogen or other hormonal replacement therapy, tamoxifen, raloxifene, oral glucocorticoids, or
chloroquine.
4. Any cause of chronic liver disease other than
NASH (including but not restricted to alcohol or drug
abuse, medication, chronic hepatitis B or C virus infection, autoimmune liver disease, hemochromatosis, Wilson disease, or ␣1-antitrypsin deﬁciency). The following
tests were done to rule out these differential
diagnoses:
Y Hepatitis B virus infection: positive result on a
hepatitis B surface antigen test.
Y Hepatitis C virus infection: positive result on a
hepatitis C antibody test.
Y Autoimmune liver disease: positive result on an
antinuclear antibody, anti–smooth-muscle antibody, antimitochondrial antibody, or anti–liver-kidney microsomal antibody test or previous histologic features consistent with autoimmune hepatitis.
Y Wilson disease: ceruloplasmin levels below the
limits of normal.
Y ␣1-Antitrypsin deﬁciency: ␣1-antitrypsin level below normal.
Y Hemochromatosis or history of iron overload:
presence of 3+ or 4+ stainable iron on liver biopsy or
history of iron overload.
Y Drug-induced liver disease: history of exposure.
Y History of primary or metastatic liver cancer.
5. Presence of other medical conditions known to
cause fatty liver disease.
6. Any clinical evidence of hepatic decompensation, such as history of ascites, esophageal bleeding
varices, or spontaneous encephalopathy.
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7. Prior or scheduled surgical procedures, including gastroplasty or jejunoileal or jejunocolic bypass.
8. Prior exposure to organic solvents, such as carbon tetrachloride.
9. Total parenteral nutrition within the past 6
months.
10. Presence of type 1 diabetes mellitus.
11. History of clinically signiﬁcant heart disease
(New York Heart Association Classiﬁcation greater than
grade II), peripheral vascular disease (history of claudication), or diagnosed pulmonary disease (dyspnea on
exertion of ≤1 ﬂight; abnormal breath sounds on
auscultation).
12. Presence of severe osteoporosis (T-score of
⫺3.0 at the level of the spine and hip).
13. Pregnancy or lactation in women.
Measurement of Liver, Muscle, and Adipose
Tissue Insulin Sensitivity During the Euglycemic
Insulin Clamp
After an overnight fast, hepatic, muscle, and adipose tissue insulin sensitivity were measured at the
Clinical Research Center as previously reported by our
group (21, 57– 60). In brief, a primed (25 μCi/min × fasting plasma glucose/100), continuous (0.25 μCi/min) [33
H] glucose infusion was started and continued until
the end of the study to measure glucose turnover. After
a 3-hour isotopic equilibration, insulin was administered as a primed continuous infusion at 10 mU/m2 per
minute for 120 minutes to assess suppression of EGP
and lipolysis (plasma FFA levels), followed by another
primed continuous 120-minute insulin infusion at 80
mU/m2 per minute to assess whole-body insulinstimulated Rd. A variable 20% glucose infusion maintained plasma glucose at approximately 5.0 to 5.6
mmol/L (90 to 100 mg/dL) (coefﬁcient of variation
<5%). Blood was drawn every 5 to 10 minutes at baseline and for the next 4 hours to measure plasma [3-3H]
glucose radioactivity and plasma glucose, insulin, and
FFA concentrations.
Calculations
During the insulin clamp, a 2-hour low-dose insulin
infusion was used to assess adipose tissue insulin sensitivity (represented as insulin-induced suppression of
plasma FFA concentration) and hepatic insulin sensitivity (represented as insulin-induced suppression of
EGP). During the 2-hour high-dose insulin infusion,
skeletal muscle insulin sensitivity was measured as
insulin-stimulated whole-body Rd per kilogram of lean
body mass. Both EGP and Rd were calculated as previously reported (57). Indexes of fasting insulin resistance
in hepatic tissue (fasting plasma insulin × EGP) and adipose tissue (fasting plasma insulin × FFA) were calculated as previously reported (21, 35, 57– 60).
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Analytic Determinations
Plasma glucose level was measured in the Clinical
Research Center by the glucose oxidase method
(Analox Glucose Analyzer [Analox Instruments]). Other
samples were placed on ice at the bedside, processed
within 15 to 20 minutes, and frozen at ⫺80 °C until ﬁnal
analysis. Plasma insulin level was determined by radioimmunoassay, FFA concentration by standard colorimetric methods, hemoglobin A1c level by highperformance liquid chromatography (Tosoh G7),
adiponectin level by magnetic bead MILLIPLEX technology (Luminex xMAP), and cytokeratin-18 concentration by enzyme-linked immunosorbent assay (M30
Apoptosense [Diapharma]). Tritiated plasma glucose–
speciﬁc activity was measured from barium hydroxide/
zinc sulfate– deproteinized plasma extracts (14, 16, 35).
Statistical Methods
For the primary analyses, missing values were considered to be missing at random because most discontinuations occurred after patients were warned about
the possibility of bladder cancer with pioglitazone; the
number of patients discontinuing for this reason was
similar between treatment groups. We used multiple
imputation to predict the histologic outcomes of patients not having a second liver biopsy. Treatment
group, age, sex, presence of diabetes, and baseline
histologic parameters were used to impute missing histologic parameters at month 18; 40 data sets were created. Calculated proportions for the different histologic
outcomes in each data set were combined according to
Rubin's rules.
Sensitivity analyses were done for the analyses of
the primary outcome and resolution of NASH to examine the effect of assumptions about the missing data
(Appendix Table 5). First, as prespeciﬁed in the protocol and based on previous approaches in the ﬁeld (34,
40 – 42), for the analysis of histologic outcomes, patients
not reaching month 18 were considered to be treatment failures (lack of improvement). Second, an analysis of only those completing 18 months of therapy was
performed, followed by an analysis of only completers
who had a baseline diagnosis of deﬁnite NASH based
on the ﬁnal biopsy specimen. Finally, worst- and bestcase scenarios were calculated. For the worst-case scenario, patients not reaching month 18 were considered
to have failed to achieve the primary outcome if they
were randomly assigned to pioglitazone and to have
achieved this outcome if they were randomly assigned
to placebo. The opposite assumption was made for the
best-case scenario. Analyses based on the outcome
used in the PIVENS (Pioglitazone vs. Vitamin E vs. Placebo for Treatment of Non-Diabetic Patients With Nonalcoholic Steatohepatitis) study were also performed
(Appendix Figure 3). This outcome was deﬁned as improvement in ballooning, with a reduction of at least 2
points in the NAS or an absolute NAS of 3 or lower
www.annals.org

(with improvement in steatosis or inﬂammation) without
worsening of ﬁbrosis.
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Appendix Table 1. Liver Histologic Variables at Baseline and After 18 mo, Based on Observed Data*
Variable

Placebo

Pioglitazone

Baseline
(n ⴝ 51)

18 mo
(n ⴝ 42)

Baseline
(n ⴝ 50)

18 mo
(n ⴝ 40)

Steatosis, n (%)
Patients with grade 0 (<5%)
Patients with grade 1 (5%–33%)
Patients with grade 2 (>33%–66%)
Patients with grade 3 (>66%)

0 (0)
17 (33)
20 (39)
14 (28)

2 (5)
18 (43)
10 (24)
12 (29)

2 (4)
11 (22)
21 (42)
16 (32)

13 (32)
19 (48)
6 (15)
2 (5)

Inﬂammation, n (%)
Patients with grade 0 (no foci)
Patients with grade 1 (<2 foci per 200 × ﬁeld)
Patients with grade 2 (2–4 foci per 200 × ﬁeld)
Patients with grade 3 (>4 foci per 200 × ﬁeld)

0 (0)
16 (31)
34 (67)
1 (2)

1 (2)
15 (36)
25 (60)
1 (2)

1 (2)
16 (32)
32 (64)
1 (2)

8 (20)
24 (60)
8 (20)
0 (0)

Ballooning, n (%)
Patients with grade 0 (none)
Patients with grade 1 (few balloon cells)
Patients with grade 2 (many balloon cells)

8 (16)
42 (82)
1 (2)

14 (33)
27 (64)
1 (2)

9 (18)
40 (80)
1 (2)

30 (75)
10 (25)
0 (0)

Fibrosis, n (%)
Patients with stage 0 (none)
Patients with stage 1 (perisinusoidal or periportal)
Patients with stage 2 (perisinusoidal and portal or periportal)
Patients with stages 3–4 (bridging ﬁbrosis or cirrhosis)

20 (39)
22 (43)
4 (8)
5 (10)

18 (43)
16 (38)
3 (7)
5 (12)

15 (30)
22 (44)
6 (12)
7 (14)

22 (55)
13 (32)
2 (5)
3 (8)

* Percentages may not sum to 100 due to rounding.
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Appendix Table 2. Adverse Events
Adverse Events

Mild adverse events, n
Cardiovascular
Respiratory/otolaryngologic
Gastrointestinal
Endocrinologic
Neurologic
Gynecologic
Urologic
Hematologic
Dermatologic
Musculoskeletal
Asthenia
Other
Moderate to severe adverse events, n
Cardiovascular
Atypical chest pain
Pulmonary thromboembolism
Palpitations/arrhythmia
Hypertension/hypotension
Chronic lower limb edema
Gastrointestinal
Pancreatitis
Cholelithiasis
Diverticulitis
Gastritis
Alanine/aspartate aminotransferase level elevations
Endocrinologic
Hypoglycemic episodes
Osteoporotic fractures
≥0.5-point reduction in T-score in femoral neck
Diagnosis of adrenal carcinoma
Neurologic
Dissociative amnesia
Newly diagnosed peripheric neuropathy
Cephalea/migraine
Dizziness
Insomnia
Gynecologic
Ovarian cyst rupture
Uterine bleeding
Vaginal yeast infection
Urologic
Diagnosis of bladder cancer
Diagnosis of prostate cancer
Urinary tract infection
Urine retention
Kidney stones
Hematologic
Anemia
Thrombocytopenia
Other
Biopsy-related
Motor vehicle accident
Perforation secondary to diverticulosis
Concussion

First 18 mo

Open-Label Phase

Placebo
(n ⴝ 51)

Pioglitazone
(n ⴝ 50)

Patients Starting
Pioglitazone
Therapy (n ⴝ 36)

Pioglitazone
(months 18–36)
(n ⴝ 40)

6
12
17
0
6
2
3
3
6
21
8
11

2
14
13
0
6
1
6
7
6
23
5
8

10
15
12
0
8
0
6
7
3
22
0
4

6
14
14
1
5
0
7
5
7
26
3
7

1
0
1
0
3

1
0
0
0
11

0
1
1
1
5

2
0
0
2
0

0
0
0
1
1

1
0
0
0
0

0
1
2
1
0

0
2
0
2
1

8*
0
2
0

4
0
1
0

16†
0
2
1

10
0
3
0

0
1
2
1
0

1
1
0
0
1

0
2
1
0
0

0
1
0
0
0

0
0
0

0
1
0

0
0
1

1
0
0

0
0
1
0
0

0
0
1
0
0

0
0
1
2
0

0
1
1
0
2

0
1

2
0

2
0

0
0

3
0
0
0

1
1
0
0

1
0
1
1

1
0
0
0

* 2 patients (both receiving glipizide and 1 also receiving insulin) had 3 episodes each.
† 1 patient (also receiving glipizide) had 7 episodes, whereas another (also receiving glyburide and insulin) had 4.
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Appendix Figure 1. Histologic changes after 18 and 36 mo of pioglitazone treatment.
Steatosis
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Pioglitazone vs. placebo
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(all patients)

Pioglitazone vs. placebo
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†

2.0

1.5

*

*
1.0

0.5

0.5

0

†

1.5

1.0

0
0

36

18

0

18
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Pioglitazone vs. placebo

Fibrosis

Open-label pioglitazone
(all patients)

1.5

Pioglitazone vs. placebo

Stage

†

Open-label pioglitazone
(all patients)

‡

1.0
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1.0

0.5

36
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1.5

Open-label pioglitazone
(all patients)
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Grade
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Inflammation

0.5

*

0

0
0

18
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0
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18
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Month
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Pioglitazone

Data include 101 observations at baseline (51 in the placebo group and 50 in the pioglitazone group), 82 at month 18 (42 and 40, respectively), and
63 at month 36 (29 and 34, respectively). Bars represent 95% CIs.
* P < 0.001 for effect of pioglitazone vs. placebo.
† P ≤ 0.007 for change in placebo group after starting open-label pioglitazone.
‡ P < 0.05 for effect of pioglitazone vs. placebo.
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Appendix Figure 2. Histologic changes after 18 mo of
pioglitazone (n = 40) or placebo (n = 42).
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NAS = nonalcoholic fatty liver disease activity score; NASH = nonalcoholic steatohepatitis.
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101.1 (16.2)
34.9 (4.8)
6.2 (0.8)
111 (14)
6.0 (0.6)
30 (24)
5 (4)
0.39 (0.10)
23.0 (10.6)
1.4 (0.7)
121 (64)
3.9 (0.9)
149 (34)
2.1 (0.7)
81 (28)
1.1 (0.3)
44 (11)
28 (10)
27 (12)
166 (155)

7.0 (1.7)
126 (30)
6.5 (1.0)
84 (66)
14 (11)
0.50 (0.19)
6.7 (2.8)
2.2 (1.6)
194 (144)
4.6 (1.1)
178 (42)
2.7 (1.0)
104 (38)
0.9 (0.2)
36 (9)
52 (29)
72 (42)
417 (375)

23 (68)
20 (59)
1.9 (1.4)
0.8 (0.7)
0.9 (0.6)
0.2 (0.4)
0.6 (0.8)

After 18
mo of
Therapy

99.0 (15.6)
34.1 (4.4)

–
–
4.5 (1.5)
2.0 (0.9)
1.7 (0.5)
0.8 (0.4)
1.0 (1.1)

Before
Therapy

0.2 (0.2 to 0.3)
8 (6 to 10)
−24 (−35 to −14)
−45 (−58 to −31)
−251 (−401 to −102)

−0.6 (−0.9 to −0.3)
−22 (−35 to −10)

−0.7 (−1.1 to −0.4)
−29 (−41 to −17)

−0.8 (−1.2 to −0.4)
−73 (−109 to −36)

−54 (−78 to −30)
−9 (−13 to −5)
−0.11 (−0.18 to −0.04)
16.3 (12.3 to 20.3)

−0.8 (−1.3 to −0.4)
−15 (−23 to −8)
−0.5 (−0.8 to −0.2)

2.2 (0.2 to 4.1)
0.8 (0.1 to 1.5)

68 (49 to 83)
59 (41 to 75)
−2.6 (−3.2 to −2.0)
−1.2 (−1.5 to −0.9)
−0.8 (−1.0 to −0.5)
−0.6 (−0.8 to −0.4)
−0.4 (−0.7 to −0.1)

Pioglitazone Effect:
0 vs. 18 mo (95% CI)

<0.001
<0.001
0.002

<0.001

0.001

<0.001

0.005
<0.001
<0.001

0.002
<0.001

0.029
0.024
<0.001

–
–
<0.001
<0.001
<0.001
<0.001
0.007

P Value
(0 vs. 18
mo)

1.1 (0.3)
44 (10)
27 (8)
27 (13)
163 (108)

2.0 (0.7)
78 (26)

3.7 (0.7)
143 (29)

1.2 (0.5)
105 (43)

36 (30)
6 (5)
0.45 (0.16)
22.0 (11.3)

6.1 (0.8)
110 (14)
6.0 (0.7)

102.1 (16.6)
35.2 (4.8)

22 (69)
19 (59)
2.0 (1.5)
1.0 (0.8)
0.8 (0.6)
0.2 (0.4)
0.7 (0.9)

After 36
mo of
Therapy

Patients Who Completed 36 mo of Pioglitazone (n ⴝ 34)

HDL = high-density lipoprotein; LDL = low-density lipoprotein; NAS = nonalcoholic fatty liver disease activity score; NASH = nonalcoholic steatohepatitis.
* Patients originally randomly assigned to pioglitazone who continued its use during the open-label phase for a total of 36 mo of therapy.

Metabolic
Mean weight (SD), kg
Mean body mass index (SD), kg/m2
Mean fasting plasma glucose level (SD)
mmol/L
mg/dL
Mean hemoglobin A1c level (SD), %
Mean fasting plasma insulin level (SD)
pmol/L
μU/mL
Mean fasting free fatty acid level (SD), mmol/L
Mean adiponectin level (SD), μg/mL
Mean triglyceride level (SD)
mmol/L
mg/dL
Mean total cholesterol level (SD)
mmol/L
mg/dL
Mean LDL cholesterol level (SD)
mmol/L
mg/dL
Mean HDL cholesterol level (SD)
mmol/L
mg/dL
Mean aspartate aminotransferase level (SD), U/L
Mean alanine aminotransferase level (SD), U/L
Mean cytokeratin-18 fragment level (SD), U/L

Histologic
Primary outcome, n (%)
Resolution of NASH, n (%)
Mean NAS (SD)
Mean steatosis grade (SD)
Mean inﬂammation grade (SD)
Mean ballooning grade (SD)
Mean ﬁbrosis stage (SD)

Outcome

Appendix Table 3. Response to Pioglitazone in Patients Who Completed 36 mo of Treatment*

0 (−0.1 to 0.1)
0 (−2 to 2)
−1 (−5 to 3)
0 (−5 to 4)
−3 (−73 to 67)

−0.1 (−0.3 to 0.2)
−3 (−12 to 7)

−0.2 (−0.4 to 0.1)
−6 (−17 to 5)

−0.2 (−0.3 to 0)
−15 (−31 to 1)

6 (−6 to 18)
1 (−1 to 3)
0.06 (−0.01 to 0.13)
−1.0 (−5.3 to 3.3)

−0.1 (−0.4 to 0.3)
−1 (−7 to 5)
0 (−0.1 to 0.2)

0.9 (−1.2 to 3.1)
0.3 (−0.4 to 1.0)

−1 (−24 to 21)
0 (−24 to 23)
0.1 (−0.4 to 0.6)
0.2 (−0.1 to 0.5)
−0.1 (−0.3 to 0.2)
0 (−0.2 to 0.2)
0 (−0.2 to 0.3)

Pioglitazone
Effect: 18 vs. 36
mo (95% CI)

0.63
0.97
0.93

0.83

0.57

0.30

0.066
0.64
0.068

0.63
0.71

0.38
0.40
0.72

0.92
0.96
0.70
0.184
0.45
0.99
0.80

P Value (18
vs. 36 mo)

Appendix Table 4. Response to Pioglitazone in Patients Who Completed 18 mo of Treatment*
Patients Who Completed 18 mo of Pioglitazone (n ⴝ 70)

Outcome
Before Therapy
Histologic
Primary outcome, n (%)
Resolution of NASH, n (%)
Mean NAS (SD)
Mean steatosis grade (SD)
Mean inﬂammation grade (SD)
Mean ballooning grade (SD)
Mean ﬁbrosis stage (SD)
Metabolic
Mean weight (SD), kg
Mean body mass index (SD), kg/m2
Mean fasting plasma glucose level (SD)
mmol/L
mg/dL
Mean plasma hemoglobin A1c level (SD), %
Mean fasting plasma insulin level (SD)
pmol/L
μU/mL
Mean fasting free fatty acid level (SD), mmol/L
Mean plasma adiponectin level (SD), μg/mL
Mean triglyceride level (SD)
mmol/L
mg/dL
Mean total cholesterol level (SD)
mmol/L
mg/dL
Mean LDL cholesterol level (SD)
mmol/L
mg/dL
Mean HDL cholesterol level (SD)
mmol/L
mg/dL
Mean plasma aspartate aminotransferase level (SD), U/L
Mean plasma alanine aminotransferase level (SD), U/L
Mean cytokeratin-18 fragment level (SD), U/L

After 18 mo of Therapy

Pioglitazone Effect (95% CI)

–
–
4.5 (1.4)
2.0 (0.9)
1.7 (0.5)
0.8 (0.4)
1.1 (1.1)

40 (60)
37 (55)
2.6 (1.6)
1.2 (0.9)
1.1 (0.6)
0.3 (0.5)
0.7 (0.9)

60 (47 to 72)
55 (43 to 67)
−1.9 (−2.3 to −1.5)
−0.8 (−1.0 to −0.6)
−0.6 (−0.7 to −0.4)
−0.6 (−0.7 to −0.4)
−0.4 (−0.6 to −0.2)

99.3 (16.8)
34.2 (4.8)

102.8 (17.2)
35.4 (5.3)

6.8 (1.5)
123 (27)
6.3 (0.9)

6.1 (0.7)
109 (13)
5.9 (0.5)

−0.8 (−1.1 to −0.4)
−14 (−19 to −8)
−0.4 (−0.5 to −0.2)

102 (84)
17 (14)
0.46 (0.17)
7.5 (4.4)

60 (108)
10 (18)
0.41 (0.12)
21.8 (13.0)

−42 (−66 to −12)
−7 (−11 to −2)
0.05 (0 to 0.10)
14.4 (11.2 to 17.5)

2.0 (1.3)
178 (118)

1.6 (0.9)
140 (77)

−0.4 (−0.7 to −0.1)
−39 (−64 to −14)

4.3 (1.1)
165 (43)

3.9 (0.7)
151 (29)

−0.3 (−0.6 to −0.1)
−13 (−23 to −3)

2.4 (1.0)
93 (38)

2.1 (0.6)
80 (25)

−0.3 (−0.6 to −0.1)
−13 (−22 to −4)

1.0 (0.2)
37 (9)
48 (32)
62 (39)
342 (288)

1.1 (0.3)
44 (10)
29 (10)
29 (14)
206 (153)

0.2 (0.1 to 0.2)
6 (5 to 8)
−19 (−26 to −11)
−32 (−41 to −23)
−136 (−201 to −70)

3.4 (2.1 to 4.7)
1.2 (0.8 to 1.7)

P Value
–
–
<0.001
<0.001
<0.001
<0.001
0.001

<0.001
<0.001
<0.001

<0.001
0.004

0.048
<0.001
0.003

0.011

0.004

<0.001

<0.001
<0.001
<0.001

HDL = high-density lipoprotein; LDL = low-density lipoprotein; NAS = nonalcoholic fatty liver disease activity score; NASH = nonalcoholic
steatohepatitis.
* Patients treated with pioglitazone when ﬁrst randomly assigned (from 0 –18 mo; n = 41) or after being initially assigned to placebo and later
switched to pioglitazone during the open-label 18-to-36 –mo period (n = 29).
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Appendix Table 5. Sensitivity Analysis for the Effect of 18 mo of Pioglitazone Versus Placebo on the Primary Histologic
Outcome, Using Various Scenarios
Variable

Placebo, n/N (%)

Pioglitazone, n/N (%)

Treatment Difference (95% CI),
percentage points

P Value

Primary outcome
Multiple imputation for missing data*
Considering dropouts as treatment failures†
Including only patients with complete data‡
Only completers with deﬁnite NASH at baseline
Worst-case scenario§
Best-case scenario兩兩

9/51 (17)
8/51 (16)
8/42 (19)
7/36 (19)
17/51 (33)
8/51 (16)

29/50 (58)
26/50 (52)
26/40 (65)
25/33 (76)
26/50 (52)
36/50 (72)

41 (23 to 59)
36 (19 to 53)
46 (27 to 65)
56 (37 to 76)
19 (0 to 38)
56 (40 to 72)

<0.001
<0.001
<0.001
<0.001
0.058
<0.001

Resolution of NASH
Multiple imputation for missing data*
Considering dropouts as treatment failures†
Including only patients with complete data‡
Only completers with deﬁnite NASH at baseline
Worst-case scenario§
Best-case scenario兩兩

10/51 (19)
9/51 (18)
9/42 (21)
9/36 (25)
18/51 (35)
9/51 (18)

26/50 (51)
23/50 (46)
23/40 (58)
23/33 (70)
23/50 (46)
33/50 (66)

32 (13 to 51)
28 (11 to 46)
36 (16 to 56)
45 (24 to 66)
11 (−8 to 30)
48 (32 to 65)

<0.001
0.002
<0.001
<0.001
0.27
<0.001

NASH = nonalcoholic steatohepatitis.
* Primary analysis, with missing data on histologic outcomes imputed using a multiple imputation model (described in detail in the Appendix), was
included for comparisons.
† Patients who did not complete 18 mo were imputed as "no improvement".
‡ Only completers were included (with biopsy performed before and after treatment).
§ Missing data were imputed as "no improvement" for patients randomly assigned to pioglitazone and as "improvement" for the placebo group.
兩兩 Missing data were imputed as "improvement" for patients randomly assigned to pioglitazone and as "no improvement" for the placebo group.

Patients With Improvement, %

Appendix Figure 3. Response to pioglitazone or placebo
at 18 mo, as deﬁned in a prior trial of pioglitazone in
nondiabetic patients (34).
100

P < 0.001

80
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20
0

44%
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12%
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Treatment Failures
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Completers With
Definite NASH
at Baseline

Pioglitazone

“Response” was deﬁned as improvement of ≥1 point in ballooning
score, reduction of ≥2 points in NAS (with ≥1-point reduction in either
steatosis or inﬂammation) or absolute NAS ≤3, and no worsening of
ﬁbrosis. Data include 101 observations for the complete data set and
with noncompleters labeled as treatment failures (51 in the placebo
group and 50 in the pioglitazone group) and 69 observations for completers with deﬁnite NASH at baseline (36 and 33, respectively). NAS =
nonalcoholic fatty liver disease activity score; NASH = nonalcoholic
steatohepatitis.
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