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Abstract
Background and Aims: Peroxisome proliferator-activated receptor (PPAR)-γ agonists 
decrease hepatic/visceral fat (VF) and improve necroinflammation despite subcu-
taneous (SC) fat weight-gain. Understanding the impact of changes in VF, VF-to-SC 
fat distribution (VF/SC) and adiponectin (ADPN) levels in relation to histological im-
provement after weight-loss or pioglitazone is relevant as novel PPAR-γ agonists are 
being developed for treating non-alcoholic steatohepatitis (NASH).
Methods: Fifty-five patients with NASH received a −500 kcal/d hypocaloric diet and 
were randomized (double-blind) to pioglitazone (45 mg/d) or placebo for 6-months. 
Before and after treatment patients underwent a liver biopsy and measurement of 
hepatic/peripheral glucose fluxes, hepatic/adipose tissue-IR and, in 35 patients, he-
patic and VF/SC-fat was measured by magnetic resonance spectroscopy/imaging. 
Data were examined by multivariable statistical analyses combined with machine-
learning techniques (partial least square discriminant analysis [PLS-DA]).
Results: Both pioglitazone (despite weight-gain) and placebo (if weight-loss) reduced 
steatosis but only pioglitazone ameliorated necroinflammation. Using machine-learning 

www.wileyonlinelibrary.com/journal/liv
mailto:﻿
https://orcid.org/0000-0003-2594-1651
https://orcid.org/0000-0003-3251-4412
https://orcid.org/0000-0003-2540-1110
https://orcid.org/0000-0002-6311-502X
https://orcid.org/0000-0001-5570-4396
https://orcid.org/0000-0002-4357-0447
https://orcid.org/0000-0001-6955-9572
https://orcid.org/0000-0001-5208-6828
https://orcid.org/0000-0001-8285-2204
mailto:﻿
https://orcid.org/0000-0002-8629-418X
http://creativecommons.org/licenses/by/4.0/
mailto:amalia@ifc.cnr.it
mailto:cusi@medicine.ufl.edu


2660  |     GASTALDELLI et al.

1  | INTRODUC TION

The incidence of obesity and non-alcoholic fatty liver disease 
(NAFLD), which includes both hepatic steatosis and non-alcoholic 
steatohepatitis (NASH), is rapidly increasing.1 Excessive intrahepatic 
triglyceride content (“liver fat”) and visceral fat (VF), more than total 
amount of fat, have been suggested as the major determinants of 
metabolic dysregulation,2-6 but clinical longitudinal data are lacking.

It is well-established that increased waist circumference is a 
major risk factor for NASH, especially in lean NAFLD,7 that have 
been reported to have also increased VF compared to subjects with-
out NAFLD.8 Several groups have shown that VF is strongly cor-
related with liver fat9-11 and with increased hepatic gluconeogenesis 
and hepatic insulin resistance (IR).9,12,13 Moreover, both obesity and 
diabetes are conditions associated to increased VF, hepatic fat, IR 
and steatohepatitis.4-6,8,9,11,14,15

NAFLD is also associated with IR in tissues other than liver, like 
muscle and adipose tissue.9,15,16 Bril et al16 have shown that even 
low accumulation of hepatic TG (between 2% and 5%) is associ-
ated with reduced insulin sensitivity in liver, muscle and adipose 
tissue. On the other side, there is no linear increase in inflamma-
tion, ballooning or fibrosis with intrahepatic triglyceride content.16 
Adipose tissue IR is a major risk factor for both severity of liver 
disease,17,18 as well as for type 2 diabetes (T2D),19 at least in part 
as excess lipolysis associated with adipose tissue IR cause an over-
flow of fatty acids from the periphery to the liver that can worsen 
disease activity (ballooning and lobular inflammation). We have 
shown that the accumulation of intrahepatic triglycerides and of 
VF increase the risk of metabolic derangements in patients with 
or without NAFLD.15 This occurs in a step-wise manner and is as-
sociated with an increase in hepatic, muscle and adipose tissue 
IR starting with the least metabolic harm in the group with “low 

Liver Fat/low VF” followed by the group with “low Liver Fat/high 
VF”, “high Liver Fat/low VF” and with most severe IR in the “high 
Liver Fat/high VF” group, suggesting a potential greater role for VF 
than previously appreciated.10 A recent study by White et al20 has 
renewed the interest on the role of VF during pioglitazone, as they 
reported that improved insulin sensitivity in non-diabetic healthy 
women was associated with a significant decrease in VF and a 
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PLS-DA showed that the treatment differences induced by a PPAR-γ agonist vs pla-
cebo on metabolic variables and liver histology could be best explained by the in-
crease in ADPN and a decrease in VF/SC, and to a lesser degree, improvement in 
oral glucose tolerance test-glucose concentrations and ALT. Decrease in steatosis and 
disease activity score (ballooning plus lobular inflammation) kept a close relationship 
with an increase in ADPN (r = −.71 and r = −.44, P < .007, respectively) and reduction 
in VF/SC fat (r = .41 and r = .37, P < .03 respectively).
Conclusions: Reduction in VF and improved VF/SC-distribution, combined with an 
increase in ADPN, mediate the histological benefits of PPAR-γ action, highlighting the 
central role of fat metabolism and its distribution on steatohepatitis disease activity 
in patients with NASH.

K E Y W O R D S

adiponectin, fatty liver, insulin resistance, NASH, pioglitazone, PPAR-y, type 2 diabetes 
mellitus, visceral fat

Key points

•	 The mechanisms leading to a reduction of liver fat ac-
cumulation and amelioration of steatohepatitis disease 
activity (ballooning and inflammation) with the peroxi-
some proliferator-activated receptor (PPAR)-γ agonist 
pioglitazone remain unclear.

•	 By using a machine learning approach and partial least 
square discriminant analysis (PLS-DA) to discriminate 
the effect of pioglitazone treatment, we were able to 
link improvement in hepatic metabolism and in stea-
tohepatitis disease activity to the increase in plasma 
adiponectin (ADPN) levels and the decrease in the 
visceral-to-subcutaneous fat ratio (VF/SC), and to a 
lesser degree, improvement in plasma glucose during an 
oral glucose tolerance test and ALT levels.

•	 These findings provide provocative new knowledge that 
the significant reversal of “lipotoxicity” by PPAR-y ago-
nist treatment in patients with non-alcoholic steatohep-
atitis is strongly linked to adipose tissue re-distribution 
(VF/SC) and improvement in adipose tissue function (ie 
increase in plasma ADPN).
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predominant increase in the formation of new adipocytes from 
metabolically protective lower-body fat depots (gluteal and femo-
ral), rather than from metabolically harmful abdominal fat depots.

While peroxisome proliferator-activated receptor-gamma 
(PPAR-γ) agonists promote weight gain (mainly as subcutaneous [SC] 
fat tissue), they also decrease both hepatic steatosis and VF13,21-23 
and improve peripheral,13,24 adipose tissue25-27 and liver22,28 insulin 
sensitivity. A decrease in liver IR with pioglitazone is associated with 
lower rates of hepatic gluconeogenesis driven, at least in part, by a 
reduction in the VF depot.28,29 Although no drug has been approved 
yet for the treatment of NASH, there is clearly a role for PPAR-γ 
agonists given the positive effect of pioglitazone in patients with 
biopsy-proven NASH21-23,30-32 and its incorporation into several 
guidelines,33-35 as well as novel PPAR-γ agonists being tested in pa-
tients with NASH.36 Therefore, it is of critical clinical relevance to 
understand the precise mechanism of action of PPAR-γ agonists in 
NASH.

We hypothesized that a reduction of VF (or the VF/SC distribution 
ratio) together with the improvement in adipose tissue metabolism, 
play a significant role in the reduction in liver fat and amelioration 
of ballooning and lobular inflammation during either weight loss or 
PPAR-γ agonist treatment. However, it has been difficult to sepa-
rate the tangled web of metabolic factors at play associated with 
treatment. To this end, we used a novel machine learning approach 
with partial least square discriminant analysis (PLS-DA),37 a meth-
odology that can manage simultaneously a large number of highly 
intercorrelated predictors. With this more in-depth novel approach 
we conducted a post-hoc analysis of subjects with biopsy-proven 
NASH randomized to either pioglitazone or placebo treatment for 
6 months to study the individual and combined impact of changes in 
fat distribution (SC vs VF), adipose tissue IR, and plasma adiponectin 
(ADPN) concentration, relative to the improvement in disease activ-
ity on histology in patients with NASH.

2  | METHODS

This is a post-hoc analysis of a previously published study22 (clinical 
trial registration number NCT00227110) that examined the role of 
pioglitazone (45 mg/d for 6 months) vs placebo with dietary inter-
vention in the treatment of NASH in patients with glucose intoler-
ance (IGT) or T2D. The CONSORT 2010 Flow Diagram is included 
under supplemental data. The data on body fat distribution are new 
and never published. All subjects gave written informed consent 
prior to participation. All authors had full access to all of the data in 
this study and I take responsibility for the integrity of the data and 
the accuracy of the data analysis.

2.1 | Study subjects

The analyses were performed on patients with biopsy-proven 
NASH that completed the trial with a biopsy and with complete data 

on liver fat and VF measured by MRI/MRS before and after treat-
ment, that is, 35 of the 47 subjects (74%) from the initial cohort,22 
see Consort-flow diagram in Supplementary Material. After base-
line metabolic measurements, patients were randomized to either 
oral placebo or pioglitazone (ACTOS®; Takeda Pharmaceuticals) 
30 mg/d, titrated after 2 months to 45 mg/d until the end of the 
6-month study. The cohort included both patients with T2D or IGT 
diagnosed by an oral glucose tolerance test (OGTT) performed prior 
to enrolment and end of study. Liver biopsies were scored accord-
ing to Kleiner et al.38

Patients on placebo were divided into two groups: the first 
group included those that after six months showed a reduction in 
body weight (BW) of at least 3% of the initial BW (n = 8; “BW-loss”; 
Table 1) and those in whom weight did not change (ie, weight loss 
<3%) or increased their weight (n = 10; “Diet-Fail”). The 3% cut-off 
was decided based on previously published analyses.39

2.2 | Study protocol

During the 4-week run-in period, subjects were instructed by the re-
search dietician not to change their caloric intake or physical activ-
ity and then educated to reduce their intake by −500 kcal/d that was 
monitored during follow-up visits.22 Baseline and end-of-treatment 
metabolic measurements included: (a) fasting plasma glucose, HbA1c, 
lipid profile, insulin, free fatty acid (FFA), ADPN, tumour necrosis fac-
tor alpha (TNF-α), Interleukin-6 (IL-6), Transforming growth factor 
beta (TGF-β), C-reactive protein (CRP, available for n = 7 Pioglitazone 
and n = 4 placebo treated subjects) concentrations; (b) liver fat con-
tent by magnetic resonance spectroscopy (1H-MRS) and visceral and 
SC fat by MR-Imaging; (c) Liver biopsy; (d) OGTT (75g+[1-14C]-glucose) 
with [3-3H]-glucose infusion for the determination of glucose fluxes.22

2.3 | Body fat distribution

1H-MR spectra of the liver and visceral and SC fat images were ac-
quired using a 1.9T MR scanner (Elscint Prestige Ltd.). VF and SC 
were measured as published previously40: briefly, 32 transverse, T1-
weighted images centred through the space between L4 and L5 were 
acquired in breath hold. Visceral and SC fat volumes were measured 
from MRI images using the Hippo Fat software, and a factor of 0.92 
was used to convert adipose tissue volume into adipose tissue mass.40

2.4 | Modelling and statistical analysis

Analysis of metabolic fluxes (Fluxomics)9,41 included the measure-
ment of endogenous glucose production (EGP, µmol·min−1·kg−1), 
peripheral glucose clearance, hepatic insulin sensitivity index 
(Hep-ISI), as the inverse of (EGP  ×  Ins), peripheral insulin sen-
sitadipose tissue IR index (Adipo-IR) calculated as (FFA  ×  Ins, 
mM·pM).9,19
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We used a machine learning approach to discriminate between 
pioglitazone vs placebo, considering also the effect of weight 
loss that occurred during placebo intervention (PIO vs “BW-loss” 
or “Diet fail”) and to evaluate the predictive power of metabolic 
changes on the improvements in histology, in particular on steato-
sis, activity score (AS = ballooning +  lobular inflammation42), and 
NAFLD activity score (NAS), that is a combination of the two. Data 
were analysed using PLS-DA37 a classification method widely ad-
opted in chemometrics based on linear transformations of features 
that can manage simultaneously a large number of predictors, even 
with a small number of subjects. PLS-DA is also able to determine 
the discriminative power of each variable; this is particularly useful 
when predictors are highly intercorrelated and it is hard to iden-
tify the features primarily associated to the classification factor. 
PLS-DA’s performance and accuracy in prediction can be assessed 
with statistical measurements, ensuring its goodness with respect 
to random classifications. We used as predictors metabolic and 
anthropometric data previously transformed as log2(post/pre), in-
dicating fold changes above baseline, and then mean-centred and 
scaled to unit variance. Simple differences (post–pre) of the histo-
logical parameters were added (and scaled) to the models on treat-
ment, whereas treatment was used as a covariate in models based 
on histological differences (Tables S3 and S4). PLS-DA method is 
also able to rank the resulting statistical models based on accu-
racy in prediction evaluated through the mean misclassification 
error rate (obtained by seven-folds cross-validation which was re-
peated fifty times in order to manage random anomalies because of 
particular splits). Accuracy was also used to tune the best number 
of components of each model. Accordingly, final PLS-DA models 
were built on the entire dataset and the Variable Importance in 
Projection (VIP) score used as measure to assess the discriminatory 
power of features with the cut-off >1. Random permutation tests 
were finally run with 1000 permutation to assess the statistical sig-
nificance of our models.

Multivariable linear regression analysis was used to estimate 
associations among changes in continuous variables first in single 
groups and then in the whole dataset (Spearman rank test).

Data in tables and figures are given as the mean  ±  SE if nor-
mally distributed, as median and interquartile range (in square brack-
ets) if skewed distribution. Group differences were analysed by 
Mann-Whitney test and Kruskal-Wallis test for binary and multiple 
comparison respectively. A two-tailed P < .05 was considered statis-
tically significant.

Missing data were imputed using K-nearest neighbours’ method 
(KNN).

3  | RESULTS

Patients were divided into three groups: those randomized to piogl-
itazone, those on placebo who showed a decrease in BW from base-
line (“BW-loss”), and those that failed to succeed in losing weight 
or increased their BW (“Diet-Fail”). Patients had similar clinical and 

laboratory variables at baseline (Table 1), except for a slightly lower, 
fasting plasma glucose concentration in the BW-loss vs Diet-Fail 
(P = .002) and pioglitazone groups (P = ns). Patients under pioglita-
zone treatment gained on average 4.8 ± 0.7 kg (+5%; P = .04 vs base-
line; P < .0001 vs BW-loss; ns vs Diet-Fail). Patients in the placebo 
in the BW-loss group lost on average −3.6 ± 0.6 kg (−4%; P = .001 
vs baseline) compared to dietary intervention failures (Diet-Fail) that 
gained 1.9 ± 0.9 kg (+2%; P = ns vs baseline) (Figure 1A).

Compared to baseline (week 0), only patients treated with piogl-
itazone had a reduction in plasma ALT levels, (P <  .0001) and AST 
(P  <  .001), with no significant change in placebo groups (Table  1). 
Also as shown in Table 1, the placebo groups had no significant im-
provement in metabolic parameters, although the BW-loss group 
showed a trend towards improvement. On the other hand, piogli-
tazone led to an improvement in all indexes of IR, particularly in the 
adipose tissue showing a reduction in Adipo-IR and an increase in 
ADPN concentrations. Hepatic-ISI and peripheral insulin sensitivity 
index (Periph-ISI) significantly increased in the pioglitazone group 
compared to both BW-loss and Diet-Fail. Among inflammation 
markers, TGF-β was significantly reduced (P = .02) and TFN-α, IL-6 
showed a trend towards improvement in pioglitazone group, while 
no significant changes were observed in the placebo group (Table 1). 
Although CRP was measured only in a small subgroup, we observed 
a significant decrease in PIO vs placebo at 6  months (post-pre 
−3.1 ± 1.6 vs +1.0 ± 0.5 mg/L, P = .01).

In agreement with previous studies, weight gain with pioglitazone 
was largely because of an increase in abdominal SC fat (pioglitazone: 
+10%, P = .004 vs baseline; vs −8% in BW-loss, P = .001) (Figure 1B); 
despite weight gain, patients receiving pioglitazone had a reduction 
in VF of 11%, which was greater than in the BW-loss (0%, Figure 1C). 
Compared to baseline, Diet-Fail patients gained liver fat while both 
pioglitazone (−50% P  <  .0001) and BW-loss (−29% P  =  .01) had a 
significant decrease in liver fat (Figure 1D). Figure 1E,F are the MRI 
abdominal images of one of the subjects treated with PIO where it 
is evident the increase in SC fat and the decrease in VF. In contrast, 
Diet-Fail group gained VF, consistent with the overall weight gain.

3.1 | Selection of variables that better explained the 
effect of treatment

As shown in Table 1, treatment with dietary intervention plus pla-
cebo vs pioglitazone induced several and different changes on glu-
cose and lipid metabolism and liver histology. These also included 
the improvements in adipose tissue function and IR as shown by the 
increase in ADPN and the decrease in TGF-β and TNF-α, although 
IL-6 did not change. However, most of the changes were highly in-
tercorrelated. Thus, to identify which changes are mainly associated 
with treatment, we adopted a machine learning approach combined 
with PLS-DA analysis. Compared to traditional approaches, this 
method has the advantages of evaluating the metabolic differences 
between the overall effects of treatments while selecting the fea-
tures that better explained those differences.
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F I G U R E  1   Changes in clinical 
parameters in patients with NASH after 
pioglitazone (“PIO”; blue bars), weight loss 
following dietary counselling (“BW-loss”; 
red bars), or dietary failure to nutritional 
counselling (“Diet-fail”; green bars). 
Panel A: body weight (BW); Panel B: 
Subcutaneous adipose tissue; Panel C: 
Visceral fat; Panel D: Liver fat *P < .05 
vs pretreatment. MRI scan of a study 
patient before (Panel E) and after (Panel 
F) treatment with pioglitazone. Clinical 
characteristics: 39 year old male with 
type 2 diabetes: Fasting plasma glucose 
decreased from 8.8 to 7.0 mM and HbA1c 
from 7.9% to 6.2%; BMI increased from 
35.6 to 37.3 kg/m2. The ratio of visceral-
to-subcutaneous fat distribution (VF/SC) 
decreased from 0.54 to 0.36, while liver 
fat decreased from 8.4% to 2.5%

F I G U R E  2   Machine learning approach with partial least square discriminant analysis (PLS-DA) to discriminate the effect of pioglitazone 
(PIO) vs placebo (either “BW-loss” or “Diet fail”), using all metabolic (log2 post/pre) and histological (post-pre) variables. PLS-DA is able to 
determine the discriminative power of each variable, improving model prediction. Panel A: Scores plot of PLS-DA in PIO (red points) vs 
placebo (grey points) subjects’ classification. Panel B: Variables contribution to the PLS-DA model, measured through VIP index. The red 
box features variable with VIP > 1 that are considered relevant in the discrimination. Adipo-IR, adipose tissue IR index; ADPN, adiponectin; 
ALT, alanine transaminase; ballooning, Ballooning score in liver biopsy; OGTT-glu, mean glucose concentration during OGTT; Periph ISI, 
peripheral insulin sensitivity index calculated as OGIS
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We applied PLS-DA to discriminate subjects treated with dietary 
intervention plus placebo vs pioglitazone (Figure  2), and the sub-
group that lost weight in the placebo group (“BW-loss”) vs pioglita-
zone (Figure S1). The classification models had good performances 
with significant P-values (P < .01 by permutation test) and high accu-
racy (detailed in Tables S1 and S2).

We found that the variables that better discriminate (by machine 
learning with PLS-DA) pioglitazone compared to placebo treatment 
were the increase in plasma ADPN concentration and the VF/SC fat 
ratio (an index of abdominal fat distribution), the mean glucose con-
centrations during an OGTT, plasma aminotransferases (ALT) and 
liver fat content (41% of variability explained, VIP  >  1) (Figure 3B 
and Figure S2A).

Although with lower accuracy, PLS-DA was also able to discrimi-
nate well the pioglitazone vs “BW-loss” groups (Figure S1A, Table S1), 
with the same parameters (a decrease in plasma ADPN concentra-
tion, ALT, mean OGTT glucose concentration and the VF/SC fat ratio, 
Figure S2B) being the variables with the highest discriminative power 
but of note changes in liver fat did not predict response (VIP  <  1, 
Figure S1B and P = ns, Mann-Whitney test).

3.2 | Effect of treatment on liver histology

Pioglitazone-treated patients showed a significant improvement in 
several histological parameters compared to the placebo-diet in-
tervention groups. While pioglitazone reduced NAS (P <  .007) and 
fibrosis (P  <  .05), the “BW-loss” group only reduced steatosis vs 
baseline, and no significant change was observed in the “Diet-fail” 
group (Figure 3).

To evaluate the predictive power of changes in metabolic pa-
rameters and VF/SC fat on any change/improvement in liver his-
tology we used PLS-DA to discriminate subjects according to their 
improvements in steatosis, AS and NAS. Despite the small cohort, 
PLS-DA was able to discriminate subjects that decreased hepatic 
fat from those without improvements in steatosis (Figure S3) with 
a high predictive power and statistical significance (Table S3). From 
this analysis the variables most relevant for the classification were 
the increase in plasma ADPN concentration and Periph-ISI (calcu-
lated as OGIS), the decrease in VF/SC fat ratio and ALT concentra-
tions (Figures S3 and S4). Although with less accuracy in prediction, 
PLS-DA was also able to classify subjects that reduced disease AS 
(Figure S3, Table S3). Among the variables with the highest discrim-
inative power, we found the same parameters of the model about 
steatosis (changes in ALT and ADPN concentration, VF/SC fat ratio 
and Periph-ISI), but of note, also the reduction of TGF-β concentra-
tion (Figure S4).

Regardless of treatment, improvements in liver histology 
were associated with the improvements in adipose tissue func-
tion (eg ADPN) and the most relevant metabolic variables of the 
PLS-DA model. Figure 3E shows key variables, such as changes 
in ADPN, VF/SC, glucose during the OGTT, ALT and liver fat by 
MRI, that were organized based on their relative importance from 

the machine learning approach (VIP score, Figure 2B). Reduction 
in steatosis and disease AS showed a strong association with 
increased plasma ADPN levels (r = −.71 and r = −.44, P <  .007, 
respectively) and with the reduction in VF/SC fat (r  =  .41 and 
r  =  .37, P  <  .03 respectively). Beyond these two parameters, 
the degree of improvement in hepatic lobular inflammation was 
also related with improvement in peripheral (liver and muscle) 
insulin resistance (PERIPH-ISI) and with plasma ALT (r  =  −.38, 
P = .02 and r = .33, P < .05, respectively), while amelioration of 
ballooning also showed a significant correlation a reduction in 
mean plasma glucose during the OGTT (r = .37, P = .02), associ-
ations also proved by multivariable analysis (ie adjusted for key 
variables).

3.3 | Effect of treatment on adipose tissue 
function and distribution and IR

We found that not only VF and liver fat were highly correlated be-
fore treatment (r = .45, P = .009) but also changes in liver fat were 
strongly correlated with changes in VF (r = .68, P < .0001) in all pa-
tients regardless of treatment (Figure 4). However, patients treated 
with pioglitazone (“PIO” red squares) were those with the strongest 
decrease in both hepatic and VF while among patients in the placebo 
groups, those that did not lose weight (“Diet-fail”; green triangles) 
increased both VF and hepatic fat, and among those that lost weight 
(“BW-loss”; blue circles) only those that decreased VF had a reduc-
tion in hepatic fat.

We then explored if changes in liver fat or VF/SC were related 
to each other and to changes in adipose tissue function and tissue 
insulin sensitivity. Figure 5A shows the univariate correlation matrix 
between liver, and VF/SC fat ratio with a broad spectrum of meta-
bolic variables, ordered in accordance with their relative importance 
from PLS-DA model (Figure 2). Of note decrease in liver fat was as-
sociated with the decrease in VF/SC fat, adipo-IR and the increase 
in ADPN and peripheral IR. No significant association was found be-
tween the changes in liver fat and changes in total SC fat or changes 
in BW or changes in TGF-β and TNF-α (Figure 5A).

Changes in both VF/SC fat ratio and liver fat were correlated 
with the increase in ADPN (r = −.70 and r = −.63, P < .0001, respec-
tively), the decrease in Adipo-IR (r = .44 and r = .48, P < .008, respec-
tively), HOMA-IR and mean glucose during OGTT and the decrease 
in liver enzymes levels and the decrease in TNF-α was associated 
to the decrease in VF/SC fat and VF (r = .38, P = .009, and r = .32, 
P = .02, respectively), while the decrease in TGF-β was associated to 
the increase in SC fat (r = −.35, P = .02, Figure 5A).

The univariate associations of the improvements in lipid and glu-
cose metabolism and the reduction in liver enzymes with both he-
patic and VF/SC fat ratio were also confirmed by multivariable linear 
regression models (Figure 5B-D), regardless of treatment.

Modest weight loss in the BW-loss group (~3%-4%) was insuf-
ficient to either decrease fasting FFA, improve adipose tissue insu-
lin resistance (Adipo-IR) or increase plasma ADPN concentration 
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(Table  1). Similar results were observed in the Diet-Fail group. In 
contrast, patients treated with pioglitazone showed a significant im-
provement in both parameters of adipose tissue function (Table 1). 
ADPN concentrations increased only with pioglitazone but not after 
weight loss (Table 1).

Regardless of treatment, we found that an increase in plasma 
ADPN concentration was associated to the decrease in Adipo-IR 
(r = −.70, P = .0002) as well as increase in Hep-ISI (r = .53, P = .003). 

Changes in TNF-α were negatively associated with ADPN (r = −.35, 
P = .02).

The Hep-ISI was similar in all groups at baseline (Table 1). In the 
“BW-loss” group Hepatic-IS increased but it did not reach signifi-
cance, while in the pioglitazone group we observed a significant in-
crease (P < .02 vs baseline and Diet-fail). Consistent with the above 
results, Periph-ISI was unchanged by diet only, but improved sig-
nificantly in the pioglitazone group (Table  1). The improvement in 

F I G U R E  3   Changes (post-pre values) in liver histological parameters in patients with NASH after pioglitazone (“PIO”; red bars), weight 
loss following dietary counselling (“BW-loss”; blue bars), or dietary failure to nutritional counselling (“Diet-fail”; green bars). Panel A: 
steatosis; Panel B: disease activity score (as hepatocyte ballooning and lobular inflammation); Panel C: fibrosis; and Panel D: NAS. *P < .05 
vs pretreatment. Panel E: correlation matrix between changes in metabolic variables and individual liver histological parameters (steatosis, 
ballooning, lobular inflammation, their combined activity score or fibrosis). The size and intensity of the colour indicate the value of the 
Spearman correlation coefficient (according to the colour bar on the right, that is, red circles indicate a positive correlation while blue circles 
a negative correlation). * indicates a correlation coefficient with P < .05. Key variables (changes in adiponectin, VF/SC, glucose during 
the OGTT, ALT and liver fat by MRS; as well as weight and other metabolic parameters) have been organized from left to right based on 
their relative importance from the machine learning approach with PLS-DA. Of note, PLS-DA discriminated well the treatment effect of 
pioglitazone on necroinflammation, while changes in steatosis (and NAS) were less discriminatory for the effect between pioglitazone and 
placebo. NAS, NAFLD Activity Score; NASH, non-alcoholic steatohepatitis; OGTT, oral glucose tolerance test; PLS-DA, partial least square 
discriminant analysis; VF/SC, visceral-to-subcutaneous fat ratio
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Hep-ISI was correlated with the decrease in VF (r = −.42, P =  .01) 
and liver fat (r = −.37, P < .03), but not with changes in SC fat (r = .07, 
P = ns).

4  | DISCUSSION

The mechanisms responsible for the decrease in liver fat and overall 
improvement in steatohepatitis are unclear. NAFLD is often associ-
ated with obesity and IR.15,43 However, it is not the amount of BW 
and overall fat, but the severity of adipose tissue dysfunction/IR,9,17 
and its distribution,2,4,44 that appear to be more important determi-
nants of the alterations of glucose and lipid metabolism and respon-
sible of end-organ lipotoxicity. VF is more metabolically harmful than 
SC fat2-4,15,43,44 and quantification of VF is important not only be-
cause it can promote NAFLD, but also because VF may play a role in 
the progression to NASH and cirrhosis,7 and is directly implicated in 
the risk and progression of several gastrointestinal cancers.45 Prior 
studies in patients treated with PPAR-γ agonists have shown that, 
despite an increase in SC fat and BW, their metabolic status was im-
proved by treatment and more in the treatment group achieved res-
olution of NASH.20,22,23,30,31 By using a machine learning approach 
based on PLS-DA analysis, we investigated if the improvement in 
adipose tissue function (eg by increase in ADPN and changes in in-
flammatory markers), the changes in body fat distribution and the 
reduction in VF, by either weight loss or a PPAR-γ agonist (piogl-
itazone), could explain the improvement in liver histology in NASH.

A key finding is that VF and liver fat were highly correlated at 
baseline, in agreement with previous studies,9-11 and that a PPAR-γ 
agonist can decrease VF, liver fat and steatohepatitis disease activity 
despite a general increase in total body fat. In contrast, in the BW-
loss group only liver fat decreased, but not necroinflammation, and 
its failure was associated with no change in VF while in the Diet-fail 

group a slightly BW increase was related with a disproportionate ex-
pansion of VF.

In our cohort of subjects with prediabetes or diabetes the de-
crease in liver fat, either by pioglitazone or placebo with weight loss 
(Figure 1D), was positively correlated with the decrease in VF inde-
pendent of a small, but significant, increase in BW and total body fat 
in the pioglitazone group (Figure 1A). This is in agreement with the 
"portal hypothesis" and enhanced portal fatty acids delivery to the 
liver.46 Our data confirmed that it is not total fat but rather changing 
the biology of fat (ie improving adipose tissue IR) and its location 
(Figure 1) that is important. Thus, weight gain by pioglitazone, lim-
ited largely to gain in SC fat but with a reduction in VF, lacks the neg-
ative impact on hepatic fat and necroinflammation observed from 
weight gain under conditions of chronic overnutrition.

Another important result of this study is regarding the changes 
in liver histology observed after placebo plus dietary intervention vs 
pioglitazone. In the BW-loss group, steatosis on imaging was signifi-
cantly improved (Figure 1D), but less than in the pioglitazone treated 
group (Figure 1A), while the disease activity and NAS were changed 
only in the pioglitazone group (Figure 3B,D respectively). On the other 
hand, the dietary counselling even when successful for weight-loss, 
was modest in this group and not sufficient to improve necroinflam-
mation or fibrosis as much as pioglitazone (Figure 3B,C, respectively), 
in agreement with previous studies.31,39 This is not surprising since 
many factors, beside weight loss, contribute to the improvement of 
liver fibrosis, as also shown by the recent 72-weeks trial with semaglu-
tide that did not improve fibrosis despite a 13% weight loss.47

The decrease in VF/SC distribution and the increase in ADPN 
play an important role in mediating the histological effect of piogl-
itazone and were strongly associated with the decrease in AS and 
NAS (Figure  3E). VF is a major source of pro-inflammatory cyto-
kines like IL-66,46 and ADPN concentrations are usually decreased in 
subjects with high VF and in relation to reduced insulin sensitivity.6 
Pioglitazone is associated both with fat re-distribution from visceral 
to SC tissue and with a reduction in pro-inflammatory (eg IL-6) and 
an increase in anti-inflammatory (eg ADPN) adipokines.

It has been suggested that hepatic steatosis in NAFLD is the re-
sult of the increased lipolysis (mainly from SC adipose tissue) and 
delivery of FFAs to the liver.5,15,43 One of the mechanisms for the 
improvement in liver fat and liver histology after PPAR-γ agonists is 
the reduction of IR in particular in the adipose tissue.25,26 Treatment 
with PPAR-y agonists improves both peripheral13,24 and adipose 
tissue25-27 IR. Circulating FFA and Adipo-IR were decreased only in 
the pioglitazone group (Table 1), in agreement with previous stud-
ies that showed decreased peripheral lipolysis and improvement in 
the antilipolytic effect of insulin after pioglitazone treatment.25,27 
Although the contribution of VF lipolysis to systemic FFA is proba-
bly minimal46 the great majority of FFA secreted by VF are released 
into the portal vein and thus taken up by the liver on their first pass. 
Both the decrease in VF and liver fat correlated with the improve-
ment in Hep-ISI (Figure  5A), in agreement with data previously 
published showing that increased VF is associated with increased 
gluconeogenesis and IR1,9,12 and that after treatment with PPAR-γ 

F I G U R E  4   Univariate regression analysis in the entire cohort 
of NASH patients showed strong association between changes 
in liver fat with respect to VF. Patients treated with pioglitazone 
(“PIO” red squares) were those with the strongest decrease in both 
VF and hepatic fat. In placebo group those that did not lose weight 
(“Diet-fail”; green triangles) and those that lost weight (“BW-loss”; 
blue circles) showed the same association between changes in VF 
and liver fat. NASH, non-alcoholic steatohepatitis; VF, visceral fat
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agonists the decrease in gluconeogenesis was proportional to the 
decrease in VF content despite the increase in BW.28,29 In this study, 
we also evaluated the association between changes in both liver fat 
and VF and changes in hepatic and peripheral insulin sensitivity, in 
the whole cohort and separately in the pioglitazone and placebo 
groups. In the whole cohort we found that the improvement in Hep-
ISI was proportional only to the reduction in both hepatic and VF 
(Figure 5A), but not changes in SC or total fat. Peripheral insulin sen-
sitivity during the OGTT (OGIS) was unchanged by diet and only 
improved significantly in the pioglitazone treated group (Table 1).

Adiponectin is one of the most important adipose tissue released 
anti-inflammatory adipokine that can signal in the liver. ADPN affects 
hepatic glucose and lipid metabolism, since it stimulates fatty acid 
oxidation and inhibit hepatic fatty acid synthesis via activation of 
AMP-activated protein kinase. Patients with NAFLD usually display 
low plasma ADPN concentrations compared to matched-patients 
without NAFLD or with isolated steatosis.22,48-50 PPAR-γ agonists 
improve Adipo-IR by reducing lipolysis and increasing ADPN25-28 
and it has been suggested that ADPN may play an important role in 

mediating the beneficial effects of pioglitazone.22,28,50 In this study, 
ADPN was increased by 2- to 3-fold above baseline values, but only 
after pioglitazone and not after weight loss (Table 1). Weight loss by 
lifestyle intervention has a modest effect on ADPN in patients with 
T2D as illustrated in the Look AHEAD study, where a ~10% weight 
loss increased plasma ADPN by only 12%.51 A significant (≥1.5-fold) 
increase in plasma ADPN requires a much larger weight loss, as ob-
served after bariatric surgery,52 but still the change is less than that 
observed with PPAR-γ agonists in patients with NAFLD.22,31,49,50 
A significant correlation was observed between the increase in 
plasma ADPN levels and the reduction of both liver and VF con-
tent (Figure  5B), independently of type of treatment. The changes 
in plasma ADPN levels observed in this study were associated with 
improvement in both hepatic and adipose tissue IR, in agreement 
with previous results also from our group that showed that changes 
in ADPN after pioglitazone were followed by a reduction in both he-
patic IR and gluconeogenesis.13,28 More recently, we have reported 
that an increase in plasma ADPN concentration is likely to play an im-
portant role for the long-term histological benefit of pioglitazone.31

F I G U R E  5   Panel A: Correlation 
matrix showing the univariate 
correlation between changes (post- 
pre) in intrahepatic TG (liver fat) and 
VF/SC ratio and changes in metabolic 
parameters in the entire cohort. The 
size and intensity of the colour indicate 
the value of the Spearman correlation 
coefficient (according to the colour bar 
on the right, that is, red circles indicate 
a positive correlation while blue circles 
a negative correlation). *P < .05. Key 
variables (changes in adiponectin, VF/SC 
fat, glucose during the OGTT, ALT and 
liver fat by MRS; as well as weight and 
other metabolic parameters) have been 
organized from left to right based on their 
relative importance from the machine 
learning approach with PLS-DA showed 
in Figure 2. Multiple regression analysis 
for changes in plasma adiponectin and 
adipose tissue insulin resistance (Adipo-
IR) (Panel B); HOMA and mean glucose 
excursions during an OGTT (Panel C); 
plasma ALT and plasma AST (Panel 
D), with respect to change in liver fat 
and VF/SC fat ratio, in patients with 
NASH that lost weight following dietary 
counselling (“BW-loss”; blue circles), fail 
the diet (“Diet-fail”; green triangles) or 
were treated with pioglitazone (“PIO” red 
squares). OGTT, oral glucose tolerance 
test; PLS-DA, partial least square 
discriminant analysis; VF/SC, visceral-to-
subcutaneous fat ratio
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In summary, these data show that VF accumulation is strongly asso-
ciated to liver fat, ballooning and lobular inflammation and that most of 
the improvements in metabolic/histological parameters observed after 
pioglitazone are strongly associated with changes in adipose tissue dis-
tribution and biology (ie ADPN, lipolysis and IR). In conclusion, changes 
in both VF and plasma ADPN release play an important role in mediating 
the beneficial effects of PPAR-γ agonist treatment in patients with NASH.
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