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Comprehensive understanding of the precise mode of action/adverse outcome pathway (MoA/AOP) of chemicals becomes a
key step towards superseding the current repeated dose toxicity testing methodology with new generation predictive toxicology
tools. The description and characterization of the toxicological MoA leading to non-alcoholic fatty liver disease (NAFLD) are of
specific interest, due to its increasing incidence in the modern society. Growing evidence stresses on the PPAR𝛾 ligand-dependent
dysregulation as a key molecular initiating event (MIE) for this adverse effect. The aim of this work was to analyze and systematize
the numerous scientific data about the steatogenic role of PPAR𝛾. Over 300 papers were ranked according to preliminary defined
criteria and used as reliable and significant sources of data about the PPAR𝛾-dependent prosteatotic MoA. A detailed analysis
was performed regarding proteins which PPAR𝛾-mediated expression changes had been confirmed to be prosteatotic by most
experimental evidence. Two probable toxicological MoAs from PPAR𝛾 ligand binding to NAFLD were described according to the
Organisation for Economic Cooperation and Development (OECD) concepts: (i) PPAR𝛾 activation in hepatocytes and (ii) PPAR𝛾
inhibition in adipocytes.Thepossible events at different levels of biological organization starting from theMIE to the organ response
and the connections between them were described in details.

1. Introduction

Multiple or repeated administration of many chemicals may
not produce immediate toxic effects but due to their accumul-
ation in tissues or other mechanisms of homeostasis pertur-
bation, results in delayed effects [1]. Repeated dose toxicity
comprises these adverse general toxicological effects which
occur as a result of repeated daily dosingwith or exposure to a
substance for a specified period up to the expected lifespan of
the test species [2].The traditional in vivo repeated dose toxi-
city tests, although still widely used, have a number of limita-
tions [3].Themodern toxicology concepts are based on com-
prehensive knowledge about biological pathways and their
relationship to adverse effects at the organ and higher levels.
These concepts allowbuilding alternativemodels (in vitro and
computational) to describe the adverse effects [4].They are at
the heart of initiatives such as SEURAT-1 (http://www.seurat-
1.eu) and TOX21 (http://www.epa.gov/ncct/Tox21/) and are

based on the methodology of the Adverse Outcome Pathway
(AOP). The AOP regulatory assessment framework has been
provided to collect, organize, and evaluate relevant informa-
tion about chemical, biological, and toxicological effect of
chemicals [5]. It supports the use of a mode-of-action (MoA)
basis involving description and characterization of the key
cytological and biochemical events that are both measurable
and necessary to the observed effect.

Liver is one of the organs that are highly exposed to many
potentially toxic substances and therefore a frequent target for
toxicity. It has a central role in the lipid homeostasis and
its primary function is fat redistribution instead of storage,
the latter being typical for adipose tissue (Figure 1). The liver
damage can be a result of direct hepatocyte damage, hepatic
tumor, and/or accumulation of lipids or phospholipids (fatty
liver disorder). The nonalcoholic fatty liver disease (NAFLD)
is a medical condition characterized by significant lipid de-
position in the hepatocytes [6]. NAFLD is a common cause of
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Figure 1: A simplified presentation of the fatty acids transport, metabolism, and fate in the human organism. FAT/CD36: fatty acid
translocase/cluster determinant 36; FABPpm: plasma membrane fatty acid binding protein; SLC 27A2: solute carrier family 27 (fatty acid
transporter), member 2; SLC 27A5: solute carrier family 27 (fatty acid transporter), member 5; FA: fatty acids; TG: triglycerides; VLDL: very
low-density lipoprotein; LPL: lipoprotein lipase; LD: lipid droplet.

chronic liver injury; thus, in viewof repeated-dose hepatotox-
icity, its pathogenesis is of particular interest, with emphasis
on themode and site of action of potential chemical inducers.
Different molecular initiating events (MIEs) influence the
onset and progression of these toxic effects [7].

Peroxisome proliferator-activated receptor gamma
(PPAR𝛾) has been recently proposed as one of the receptors
involved in theMIE for liver steatosis (the earlymanifestation
of NAFLD) [7]. PPAR𝛾 is responsible for the regulation of
adipogenesis (adipocyte proliferation and differentiation),
lipid and glucose homeostasis, inflammatory responses,
vascular functions, and placental development [8–10]. The
modulation of PPAR𝛾 function by ligand binding reflects on
its genomic activity (transactivation and transrepression).
The up-regulated genes are associated with lipid transport,
metabolism, storage, and adipogenesis [11, 12]. The down-
regulated genes typically include those involved in adaptive
inflammatory responses. Several transrepression mecha-
nisms have been reported [12].

PPAR𝛾 has two isoforms, PPAR𝛾1 and PPAR𝛾2, differing
by a thirty amino acid N-terminal extension present in
PPAR𝛾2. While PPAR𝛾1 is expressed in multiple tissues
including liver, adipocytes are the most likely site of PPAR𝛾2
expression [13, 14].

In this study, we present a comprehensive analysis of the
data reported in the scientific literature about the role of
PPAR𝛾 in the pathogenesis of NAFLD. Based on these data
and according to the OECD guidelines [5], the main possible
MoAs starting from xenobiotic interaction with PPAR𝛾 as a
MIE, passing through downstream transcriptional dysregula-
tion, and resulting in the first two stages of NAFLD, namely,
liver steatosis and nonalcoholic steatohepatitis (NASH), are
outlined.

2. Methodology of the Analysis

In order to clarify the role of PPAR𝛾 ligand binding in
the MoA of NAFLD, we have summarized and analyzed
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Figure 2: Major categories of subjects (a) and experimental approaches (b) in the selected papers.

the experimental data from studies on hepatocytes, as well as
adipocytes.

Over 300 papers retrieved from NIH PubMed system
(http://www.ncbi.nlm.nih.gov/pubmed) were screened and
ranked according to the following general criteria:

(i) completeness of the model description: type of exper-
iment (in vivo or in vitro), species or cell line used,
and genetic properties of the studied subjects which
could support a causal link between the MIE and the
adverse outcome;

(ii) relevance of the presented experimental evidence to
studiedMoA: availability of results from biochemical,
histological, or other assays that are qualitatively or
quantitatively associated with commonly accepted
markers of NAFLD;

(iii) availability of sufficient data for categorization of the
experimental observations as key molecular events
(initiating or intermediate) of studied MoA: experi-
mentally-induced (by diet, pharmacological treat-
ment, or genetic techniques) changes in PPAR𝛾 activ-
ity and/or expression accompanied by changes in the
expression of PPAR𝛾 target proteins.

The analysis of the collected papers was done in several
steps. First, the initial poolwas filtered for availability of infor-
mation about potential toxicity pathways and target proteins
related to them and all papers containing such data were
scored.Next, scores were given depending on the investigated
subjects (humans or animals) with a higher score for papers
reporting human data.The papers that met at least one of the
following criteria were selected for further evaluation: evi-
dence for PPAR𝛾 dysregulation, relation to the selected end-
points (steatosis or steatohepatitis), or intermediate events
preceding these endpoints. The selected papers consti-
tuted the core set, which was further extended by addi-
tional more specific literature search on PPAR𝛾, the target
protein, and the toxicity pathway. The final set con-
tained 72 papers, among them 26 reviews. Supplemen-
tary Table 1 in Supplementary Material (available online at

http://dx.doi.org/10.1155/2014/432647) classifies the available
data in all 72 papers in relation to: the studied subjects
(human patients, human cell cultures, animals in vivo, and
animal cell cultures), the experimental approaches (PPAR𝛾
overexpression, PPAR𝛾 overexpression and pharmacological
treatment; PPAR𝛾 knockout/knockdown; PPAR𝛾 knockout/
knockdown and pharmacological treatment; pharmacolog-
ical treatment; diet manipulation; gene manipulation of
PPAR𝛾 upstream proteins; gene manipulation of PPAR𝛾
upstream proteins and pharmacological treatment). The
papers dealing with the AOP methodology, reviews, and
research articles containing background information (recep-
tor structure, up- and downstream proteins’ functions, etc.)
are given in the last two columns. Figure 2 summarizes the
data in Supplementary Table 1.

The analysis of the selected papers served as a basis for
building the blocks in the proposedMoA. Table 1 exemplifies
a summary of themain findings in these papers related to one
of the most studied PPAR𝛾 target proteins CD36.

3. Results and Discussion

The coordinated cellular regulation of the lipid metabolism
pathways and the dynamic balance of the intertissue lipid
exchange are crucial for the whole-body lipid homeostasis.
NAFLD stems from abnormalities such as increased fatty acid
(FA) uptake; increased de novo FA synthesis; decreased FA
oxidation; or impaired VLDL secretion [15, 25, 26].

The effects of PPAR𝛾 dysregulation on the liver remain
under debate, with some studies showing that it promotes
hepatic steatosis through up-regulation of genes involved in
lipid uptake and storage and others showing that it prevents
hepatic steatosis and fibrosis, possibly by sequestering FAs in
adipose tissue and preventing hepatic stellate cell activation
[13, 14]. However, growing evidence stresses on the impor-
tance of PPAR𝛾 in pathogenesis of NAFLD [16, 25, 27–30]. In
vitro and in vivo experiments on animal models have con-
firmed that hepatic overexpression and/or activation of the
receptor by an agonist triggers undesirable up-regulation of



4 PPAR Research

Ta
bl
e
1:
M
ai
n
fin

di
ng

se
xt
ra
ct
ed

fro
m

se
le
ct
ed

sc
ie
nt
ifi
cp

ap
er
ss
up

po
rt
in
g
th
ep

ro
ste

at
og
en
ic
ro
le
of

FA
T/
CD

36
in

th
eM

oA
fro

m
PP

A
R𝛾

dy
sr
eg
ul
at
io
n
to

N
A
FL

D
.

Sp
ec
ie
s

PP
A
R𝛾

re
la
te
d
str

ai
n

ch
ar
ac
te
ris

tic
s

D
ie
t

Ex
pe
rim

en
t

ty
pe

G
en
em

an
ip
ul
at
io
n

Ph
ar
m
ac
ol
og
ic
al
tre

at
m
en
t

En
dp

oi
nt
s

Re
fe
re
nc
e

A
ge
nt

Ty
pe

PP
A
R𝛾

CD
36

N
A
FL

D
bi
om

ar
ke
rs

H
um

an
N
A
SH

pa
tie
nt
s

+
+

[1
5]

M
ou

se

W
ild

ty
pe

H
FD

+
+

[1
6]

Li
ve
rP

PA
R𝛾

de
fic
ie
nt

lin
e

H
FD

0
0

W
ild

ty
pe

CD
PP

A
R𝛾

tr
an
sfe

ct
ed

+
+

+
Li
ve
rP

PA
R𝛾

de
fic
ie
nt

lin
e

CD
PP

A
R𝛾

tr
an
sfe

ct
ed

+
+

+

M
ou

se
H
ep
at
oc
yt
es

PP
A
R𝛾

tr
an

sf
ec
te
d

+
+

+
Ro

sig
lit
az
on

e
Sy
nt
he
tic

ag
on

ist
+

+
+

+
+

Pa
lm

ita
te

En
do

ge
no

us
m
et
ab

ol
ite

+
+
+

+
+

M
ou

se
Fu

nc
tio

na
lP

PA
R𝛾

H
FD

+
+

+

[1
7]

PP
A
R𝛾

kn
oc
ko
ut

H
FD

0
/
+

0
/
+

0
/
+

M
ou

se

Fu
nc
tio

na
lP

PA
R𝛾

Ti
ss
ue

sli
ce
s

O
le
ic
ac
id

En
do

ge
no

us
ag
on

ist
+

Fu
nc
tio

na
lP

PA
R𝛾

Ro
sig

lit
az
on

e
Sy
nt
he
tic

ag
on

ist
+

PP
A
R𝛾

kn
oc
ko

ut
O
le
ic
ac
id

En
do

ge
no

us
ag
on

ist
0

PP
A
R𝛾

kn
oc
ko

ut
Ro

sig
lit
az
on

e
Sy
nt
he
tic

ag
on

ist
0

Fu
nc
tio

na
lP

PA
R𝛾

H
ep
at
oc
yt
es

BA
D
G
E

Sy
nt
he
tic

an
ta
go

ni
st

−

Fu
nc
tio

na
lP

PA
R𝛾

O
le
ic
ac
id

+
BA

D
G
E

En
do

ge
no

us
ag
on

ist
+S

yn
th
et
ic

an
ta
go

ni
st

0/
+

M
ou

se
In
su
lin

-r
es
ist
an
tm

ic
e

CD
+

+
+

[1
8]

C
on

tro
lm

ic
e

CD
Pi
og
lit
az
on

e
Sy
nt
he
tic

ag
on

ist
0

In
su
lin

-r
es
ist
an
tm

ic
e

CD
Pi
og
lit
az
on

e
Sy
nt
he
tic

ag
on

ist
0

+
+
+



PPAR Research 5

Ta
bl
e
1:
C
on

tin
ue
d.

Sp
ec
ie
s

PP
A
R𝛾

re
la
te
d
str

ai
n

ch
ar
ac
te
ris

tic
s

D
ie
t

Ex
pe
rim

en
t

ty
pe

G
en
em

an
ip
ul
at
io
n

Ph
ar
m
ac
ol
og
ic
al
tre

at
m
en
t

En
dp

oi
nt
s

Re
fe
re
nc
e

A
ge
nt

Ty
pe

PP
A
R𝛾

CD
36

N
A
FL

D
bi
om

ar
ke
rs

M
ou

se

W
ild

ty
pe

H
FD

-
sa
ffl
ow

er
oi
l

0
/
+

0
0
/
+

[19
]

W
ild

ty
pe

H
FD

-b
ut
te
r

+
+

+

W
ild

ty
pe

H
FD

-
sa
ffl
ow

er
oi
l

PP
A
R𝛾

2
kn

oc
kd

ow
n

+
0
/
+

0
/
+

W
ild

ty
pe

H
FD

-b
ut
te
r

PP
A
R𝛾

2
kn

oc
kd

ow
n

+
0
/
+

0
/
+

W
ild

ty
pe

CD
PP

A
R𝛾

tr
an
sfe

ct
ed

+
+

+

M
ou

se

JA
K2

L-
ty
ro
sin

e
ki
na
se

de
fic
ie
nt

CD
+

+
+

+
+

[2
0]

W
ild

ty
pe

CD
G
W
96
62

Sy
nt
he
tic

an
ta
go
ni
st

0
0

0
JA
K2

L-
ty
ro
sin

e
ki
na
se

de
fic
ie
nt

CD
G
W
96
62

Sy
nt
he
tic

an
ta
go
ni
st

+
+

+

M
ou

se

Li
ve
r

SM
S2
-o
ve
re
xp
re
ss
in
g

tr
an
sg
en
ic
lin

e
CD

+
0
/
+

[2
1]

lS
M
S2
-d
efi
ci
en
t

kn
oc
ko
ut

lin
e

CD
−

0
/
−

W
ild

ty
pe

H
FD

1
1

+
Li
ve
r

SM
S2
-o
ve
re
xp
re
ss
in
g

tr
an
sg
en
ic
lin

e
H
FD

+
+

+
+

lS
M
S2
-d
efi
ci
en
t

kn
oc
ko
ut

lin
e

H
FD

−
−

−

Li
ve
r

SM
S2
-o
ve
re
xp
re
ss
in
g

tr
an
sg
en
ic
lin

e
H
FD

G
W
96
62

Sy
nt
he
tic

an
ta
go
ni
st

−

H
um

an
H
uh

7
he
pa

to
m
a

ce
lls

C
er
am

id
e

En
do

ge
no

us
su
pp

re
ss
or

−
−



6 PPAR Research

Ta
bl
e
1:
C
on

tin
ue
d.

Sp
ec
ie
s

PP
A
R𝛾

re
la
te
d
str

ai
n

ch
ar
ac
te
ris

tic
s

D
ie
t

Ex
pe
rim

en
t

ty
pe

G
en
em

an
ip
ul
at
io
n

Ph
ar
m
ac
ol
og
ic
al
tre

at
m
en
t

En
dp

oi
nt
s

Re
fe
re
nc
e

A
ge
nt

Ty
pe

PP
A
R𝛾

CD
36

N
A
FL

D
bi
om

ar
ke
rs

M
ou

se
W
ild

ty
pe

CD
Fb

w
7
kn

oc
kd

ow
n

+
+

+
+

[2
2]

W
ild

ty
pe

CD
Fb

w
7/
PP

A
R𝛾

2
do

ub
le

kn
oc
kd

ow
n

0
/
−

0
/
+

+

W
ild

ty
pe

CD
Fb

w
7
tr
an
sfe

ct
ed

−
−

0
/
−

M
ou

se
W
ild

ty
pe

H
ep
at
oc
yt
es

Fb
w7

kn
oc
kd

ow
n

+
+

+

M
ou

se
W
ild

ty
pe

H
FD

+
+

+
[2
3]

W
ild

ty
pe

H
FD

,l
iq
ui
d,

ov
er
fe
ed
in
g

+
+

+
+

+
+

M
ou

se

W
ild

ty
pe

H
FD

0
/
+

0
/
+

0
/
+

[2
4]

O
be
se
,

hy
pe
rc
ho

le
ste

ro
le
m
ic
,

di
ab
et
ic
fo
z/
fo
zm

ic
e

CD
+

+
0
/
+

O
be
se
,

hy
pe
rc
ho

le
ste

ro
le
m
ic
,

di
ab
et
ic
fo
z/
fo
zm

ic
e

H
FD

+
+
+

+

Le
ge
nd

:B
ol
d:

in
vi
tro

ex
pe
rim

en
ts;

CD
:c
on

tro
ld

ie
t,
H
FD

:h
ig
h-
fa
td

ie
t;
en
dp

oi
nt
s:
em

pt
y
ce
lls
:e
nd

po
in
tn

ot
de
te
rm

in
ed
,+

:i
nc
re
as
e,
−
:d
ec
re
as
e,
0:
no

eff
ec
t,
1:
co
nt
ro
ls
ta
ke
n
fo
r1
00
%
;0
/+

an
d
0/
−
ar
eu

se
d
in

ca
se
sw

he
re

ac
le
ar
-c
ut

de
ci
sio

n
ab
ou

tt
he

re
po

rt
ed

eff
ec
ts
co
ul
d
no

tb
ed

on
e.



PPAR Research 7

various lipogenic target genes [16–18]. Recently, it has been
demonstrated that liver-specific knockout of PPAR𝛾 could
prevent fatty liver down-regulating genes coding for lipogenic
and fatty acid transport proteins [17]. PPAR𝛾 knockdown
by interfering RNA also reduces the liver concentration of
triglycerides (TG) [19]. Detrimental hepatic PPAR𝛾 expres-
sion as a consequence of genetic alterations has been
reported, where receptor activation was shown to initiate
massive liver steatosis and hepatocyte proliferation [31].
PPAR𝛾 gene nucleotide variations have also been reported to
affect hepatic steatosis, often in relation to partial lipodystro-
phy [11, 32].

In the ideal scenario, theMIE as a primary anchor or “the
foundation” of the AOP should be well-defined. However, not
only the potential of a chemical to elicit that event should
be recognized but also the likely site of action (in terms of
the receptor tissue localization) should be noted [5]. In this
particular case, PPAR𝛾 dysregulation by ligand-dependent
activation or inhibition may result in the same adverse
outcome but the site of action could be different (hepatocyte
versus adipocyte).

3.1. PPAR𝛾 Ligand-Dependent Activation in Hepatocytes. The
relevance of the PPAR𝛾 ligand-dependent activation as aMIE
in NAFLD-related toxicity pathways has been supported by
data about prosteatogenic effects of PPAR𝛾 agonists (syn-
thetic: rosiglitazone and pioglitazone; endogenous: palmitate
and oleate) and/or overexpression of PPAR𝛾 in the liver [16,
17, 27, 30] as well as by the observed protective effect against
hepatic steatosis of PPAR𝛾 antagonists (BADGE, GW9662)
or hepatocyte-specific PPAR𝛾 knockout or knockdown [20,
30].

On the basis of the literature data reviewed, four main
toxicity pathways from hepatic PPAR𝛾 ligand-dependent
activation to NAFLD were outlined for inclusion in MoA:
uptake of FA, de novo synthesis of FA, TG synthesis, and lipid
storage. The results of the literature analysis are summarized
in Figure 3.

The lipogenic PPAR𝛾 target proteins include enzymes
involved in different rate limiting stages of the synthesis of
FAs (FAS, ACC, SCD1) and TGs (MGAT1, DGAT1, DGAT2)
[16, 17, 21, 22, 24]. Among the lipid droplet-associated pro-
teins (LD proteins) considered to be prosteatotic are FSP27/
CIDE-C, Plin 1, 2, 4, Caveolin 1 [21, 25, 29, 33–35]. The group
of lipid transport/binding proteins includes ApoCIV, aP2,
Caveolin 1, and FAT/CD36 [15–24, 35–37]. The analysis of
the studies regarding the target proteins that could be up-
regulated in response to this MIE points to CD36, aP2, and
FSP27 as the most completely characterized prosteatotic
factors.

The FAT/CD36 (FA translocase/cluster determinant 36)
protein is amember of the class B scavenger receptor family. It
is known for its role in the uptake of oxidized low-density
lipoprotein bymacrophages and uptake of FAs by adipose tis-
sues, skeletal muscle, and heart. Equally important function
of CD36 in the uptake of FAs in the liver and the pathogenesis
of fatty liver disease has recently been outlined [25]. Thus,
CD36 and its transcriptional regulators can represent novel

therapeutic targets for the prevention and management of
fatty liver disease. Additionally, plasma soluble CD36 has
recently been proposed as a new biomarker of a phenotype of
insulin resistance, carotid atherosclerosis, and fatty liver in a
study of healthy nondiabetic subjects [38].

CD36 localizes on the cell surface caveolae, as well as on
intracellular vesicles and mitochondria, where it interacts
with carnitine palmitoyl transferase 1, the key mitochondrial
enzyme regulating FA transport, and oxidation in mitochon-
dria. Mitochondrial CD36 content correlates with mitochon-
drial FA oxidation in human muscle and is increased by
treatment with rosiglitazone [39–41]. To date, several tran-
scriptional regulators of CD36 are reported, including ligand-
sensing and lipogenic transcriptional factors, such as cytoso-
lic aryl hydrocarbon receptor (AhR), and several nuclear hor-
mone receptors such as pregnane X receptor (PXR), liver X
receptor (LXR), and PPAR𝛾 [25]. In particular, adipogenic
transformation of liver and exacerbation of steatosis have
been strongly associated with the PPAR𝛾-mediated elevation
of CD36 mRNA and protein levels [15, 19, 37].

A model describing the CD36 mediated toxicity pathway
from hepatic PPAR𝛾 ligand-dependent activation to in-
creased TG accumulation is presented in Figure 4 as follows:
(1) in the absence of ligands (agonists), the heterodimer of
PPAR𝛾 with retinoid X receptor alpha (RXR𝛼) is associated
with corepressors turning off gene transcription; (2) the ago-
nist binding induces conformational changes in the receptor
followed by replacement of corepressors by coactivators that
triggers gene transcription; (3–6) the overexpression and
translocation of CD36 to the plasma membrane markedly
increase the hepatic uptake of FAs from the circulation; (7)
the enhanced esterification of these fatty acids results in
increased TG storage in LDs.

An early hypothesis about the mechanism of long-chain
FAs transmembrane passage emphasized the interactions of
FAT/CD36 and FABPpm (plasma membrane fatty acid bind-
ing protein).The latter has been suggested to act as a receptor
for long-chain FAs, facilitating the diffusion of the fatty acid-
albumin complex through the unstirred fluid layer, while
FAT/CD36 was supposed to facilitate FAs flip-flop across the
bilayer [42]. The concept about CD36 being a simple trans-
porterwas recently questioned as real-timefluorescencemea-
surements revealed a CD36-dependent enhancement of
intracellular FA metabolism (e.g., esterification). Thus, a rate
increase of FAs uptakemediated by their extensive incorpora-
tion intoTGs instead of catalyzing the FA translocation across
the plasma membrane has been proposed. Although the
precise molecular mechanism of the long-chain FAs uptake
is still under debate, there is no doubt that CD36 is central to
the TG accumulation as HEK293 cells overexpressing CD36
have been shown to accumulate more and larger LDs [43].

Along with the FAs uptake, other key intermediate events
are included in the toxicity pathways (Figure 3). They are
associated with increased FA synthesis, TG synthesis, and TG
storage, all together leading to microvesicular (increased
number of LD) ormacrovesicular (increased size of LD) stea-
tosis [16, 18–20]. However, LDs are not considered merely
as storage depots for superfluous intracellular lipids in times
of hyperlipidemic stress, but they are metabolically active
organelles involved in cellular homeostasis [44, 45].
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Figure 3: ProbableMoAs leading from tissue-specific ligand-dependent PPAR𝛾 dysregulation toNAFLD. FSP27/CIDE-C: fat-specific protein
27/cell death-inducing DFF45-like effector; Plin 1, 2, 4: Perilipins 1, 2, and 4; ApoCIV: apolipoprotein C IV; aP2: adipose fatty acid binding
protein; FAT/CD36 (or just CD36): fatty acid translocase/cluster determinant 36; FAS: fatty acid synthase; ACC: acetyl-CoA carboxylase;
SCD1: stearoyl-CoA desaturase1; MGAT1: monoacylglycerol O-acyltransferase 1; DGAT1: diglyceride acyltransferase 1; DGAT2: diglyceride
acyltransferase 2.

Following excessive fat deposition at tissue level, liver
steatosis with significant hepatomegaly [20–22] was under-
lined as one possible organ response, while NASH was
incorporated in the MoA as combination of hepatic steatosis
and inflammation, the latter stemming from lipotoxicity [20,
23].

3.2. PPAR𝛾 Ligand-Dependent Inhibition in Adipocytes.
PPAR𝛾2 isoform is expressed predominantly in the adipo-
cytes. Its role in fatty acid uptake into adipocytes and adipo-
cyte differentiation has beenwell defined in experiments with
thiazolidinediones and other insulin-sensitizing agents that
are potent PPAR𝛾 agonists. Activation of PPAR𝛾 promotes
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Figure 4: Model of ligand-dependent PPAR𝛾 activation as a potential MIE for liver steatosis through CD36 mediated excessive FA uptake
and consequent hepatic TG accumulation. (1): PPAR𝛾-RXR𝛼-heterodimer interacting with the PPAR𝛾 response elements (PPRE-N-PPRE)
and transcriptional corepressor complex; (2): ligand-activated PPAR𝛾-RXR𝛼 heterodimer with transcriptional coactivator complex and RNA
pol II; (3): rough endoplasmic reticulum; (4): Golgi complex; (5): FAT/CD36 (fatty acid translocase); (6): plasma fatty acid binding protein (in
blue) carrying fatty acid (in orange); (7): growing lipid droplet storing triglycerides and coated with LD associated proteins; (8): mitochondria;
(9): bile canaliculus.

sequestration of lipids into adipose tissue that has been rec-
ognized to affect circulating levels of triglyceride and free FA,
with secondary decrease of hepatic lipid uptake and lipotox-
icity in the liver [46–48].

Natural occurrence of mutant PPAR𝛾 alleles that impair
its native function has been considered extremely informative
for the consequences of PPAR𝛾 loss of function.Mutations in
human PPAR𝛾-coding sequence have been found to cause
lipodystrophy (an underdevelopment of adipose tissue). The
substantial reductions in adipose tissue mass have been
associated with severe insulin resistance and often with hep-
atosteatosis [8, 32]. An insufficient adipose tissue capacity to
buffer dietary FAs, with consequent lipotoxicity due to depo-
sition of TG and acyl-CoA in insulin-sensitive tissues, has
been underlined as causative factor for insulin resistance [32].
Moreover, adipose tissue loss has been considered critical for
the development of hepatic steatosis in JAK2L mice [20] and
in mouse models of severe lipodystrophy [49, 50]. A number
of reviewed studies support the correlation between general
PPAR𝛾-deficiency and severe lipodystrophy accompanied
by insulin resistance and hypotension. Insulin resistance,
impaired adipogenesis, elevated levels of plasma free FAs and
TGs, and decreased levels of both plasma leptin and

adiponectin have been observed also in different mouse
models of adipocyte-specific PPAR𝛾-knockout [9].

Targeting drosophila tribbles homologue 3 (Trib3), which
in vitro prevents PPAR𝛾 activation, by antisense oligonu-
cleotide (ASO) has been shown to increase white adipose tis-
sue mass by 70%, improving insulin sensitivity primarily in a
PPAR𝛾-dependent manner. Cotreatment with the PPAR𝛾
antagonist BADGE blunted the expansion of white adipose
tissue and abrogated the insulin-sensitizing effects of Trib3
ASO [51]. Recently, Tsukahara et al. connected the reduced
adipogenesis and lipid accumulation in 3T3-L1 cells with the
inhibition of PPAR𝛾-mediated reporter gene expression by
the endogenous PPAR𝛾 antagonist cyclic phosphatidic acid
(CPA) that binds to the nuclear receptor with nanomolar
affinity and high specificity [52]. Moreover, scoparone which
decreased TG accumulation in the mature adipocytes has
been reported to suppress the differentiation of 3T3-L1 pre-
adipocytes through down-regulation of adipogenic genes by
PPAR𝛾 inhibition. It has been shown also to inhibit the
rosiglitazone-mediated overexpression of PPAR𝛾 target genes
to near that observed in cells treated with GW9662 [53].

Based on experimental studies reflecting the importance
of PPAR𝛾 inhibition for the reduced lipid storage capacity of
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the adipose tissue, we have developed also a toxicity pathway
emphasizing the linkage between this MIE and NAFLD
(Figure 3). Among the possible intermediate effects is the
decreased expression of adiponectin.The regulation of adipo-
nectin, a hormone exclusively expressed in adipose tissue and
recognized by hepatic adiponectin receptors 1 and 2, is under
PPAR𝛾 control. Besides the improvement of insulin signaling
via IRS-1 (insulin receptor substrate 1), adiponectin exerts its
effect by enhanced 𝛽-oxidation of fatty acids through acti-
vation of PPAR𝛼 and phosphorylation of AMPK (5󸀠-adeno-
sine monophosphate-activated protein kinase). The last has
been implicated both in reduction of malonyl-CoA-medi-
ated inhibition of 𝛽-oxidation and in lowering of triglyc-
eride and cholesterol synthesis via suppression of SREBP-1
(Sterol regulatory element-binding protein-1) and ChREBP
(Carbohydrate-responsive element-binding protein) [54].
Adiponectin-dependent activation of the AMPK signaling
pathway and its role for the lipid metabolism have been con-
firmed to promote lipid oxidation, suppress lipid synthesis,
and reduce hepatic lipid accumulation also in bovine hepato-
cytes cultured in vitro [55]. More importantly, hepatic steato-
sis has been associated with hypoadiponectinemia. In a study
on obese adolescents, hypoadiponectinemia and significantly
decreased expression of PPAR𝛾2 in the subcutaneous adipose
tissue were associated with high liver fat content, as well
as with insulin resistance. An inverse relationship was
observed between plasma adiponectin or PPAR𝛾2 expression
and hepatic fat content. Adiponectin expressionwas also pos-
itively related to PPAR𝛾2 expression [56]. Shrinkage and
reduced secretion of adiponectin by adipose tissue have been
shown to initiate a dramatic partitioning of lipid into livers of
foz/foz mice [24]. Treatment with 4-hydroxynonenal has
been reported to increase adiponectin gene expression, which
paralleled elevated PPAR𝛾 gene expression and transactivity.
As T0070907 (PPAR𝛾 antagonist) has been shown to reverse
both effects, a critical role of the receptor in this process has
been proposed [57]. Recently, it has been reported that eicos-
apentaenoic acid (EPA) and its metabolite 15d-PGJ

3

could
increase adiponectin secretion in 3T3-L1 adipocytes, partially
mediated by PPAR𝛾 [58].

In addition to impaired adiponectin secretion, other
toxicity pathways in adipocytes have been outlinedwithin the
proposedMoA. As already discussed, LD proteins are known
to play important regulatory roles in the remodeling (frag-
mentation, shrinkage, expansion, and/or fusion) of LDs.
Reduced expression of LD proteins, transcriptionally regu-
lated by PPAR𝛾 (FSP27/CIDEC, Plin1), has been linked to
increased adipocyte lipolysis leading to elevated concentra-
tion of circulating FAs, insulin resistance, and ectopic lipid
deposition in hepatocytes [44, 59].

Gaemers et al. [23] reported the role of the compromised
metabolic function of inflamed white adipose tissue in over-
feedingmousemodels of NAFLDwith significant decrease in
the expression of PPAR𝛾 and its target proteins involved in
lipid uptake: CD36 and aP2. Recently, various plant-derived
agents (scoparone and extracts from Zanthoxylum piperitum
DC and Petalonia binghamiae thalli) have been shown to
inhibit in vitro adipocyte differentiation as well as TG accum-
ulation in themature adipocytes by decreasing the expression

of PPAR𝛾 [60] and its adipocyte-specific target genes (aP2,
CD36/FAT) [53, 61]. Lactic acid bacteria isolated fromKorean
pickled fish markedly decreased the expression level of
PPAR𝛾, aP2, and CD36 and significantly decreased intracel-
lular TG storage [62]. Nuclear factor erythroid 2-related fac-
tor 2 has been shown to decrease PPAR𝛾 and aP2 expression
in mouse embryonic fibroblasts, while in Lep (ob/ob) mice,
it inhibited the lipid accumulation in white adipose tissue,
suppressed adipogenesis, induced insulin resistance, and
increased hepatic steatosis [63].

PPAR𝛾 has been recently shown to play a regulatory role
in inflammatory and immune responses. Luconi et al. [12]
reviewed different mechanisms of action of PPAR𝛾 some of
which included repression ofNFkB pathway. PPAR𝛾 has been
shown to interfere with transcription of target genes either by
direct interaction with NFkB preventing its binding to spe-
cific responsive elements on target genes, or by competing for
common coactivators. PPAR𝛾 maintained inflammation-
related genes in a repressed state through blocking the
pro-inflammatory stimulus-induced clearance of corepressor
complexes on target genes. Ligand-dependent SUMOylation
of PPAR𝛾 has been reported to induce the expression of
IKB𝛼 (the inhibitory subunit of the NF-𝜅B complex in the
cytoplasm) [12, 46]. PPAR𝛾-dependent down-regulation of
NF-𝜅B pathway explained the anti-inflammatory action of
the PPAR𝛾 activator resolvin D1 in lung, partially reversed by
GW9662 [64]. Recently, PPAR𝛾 activation by bezafibrate has
been implicated in the reduction of white adipose tissue
inflammatory state [65].

All these data support the prosteatotic role of PPAR𝛾
inhibition in adipose tissue, as a possible MIE leading to
NAFLD.The decreased adipogenesis and the resulting unde-
sirable changes in adipose lipid-buffering capacity result in
changes of plasma free FA and adiponectin levels. These
changes were underlined as causative factors for decreased
hepatic FA oxidation, increased FA synthesis, and elevated
flow of FA into the liver. As already discussed, excessive liver
triglyceride accumulation could be a consequence of elevated
FA uptake.The latter could also increase the cytosolic free FA
pool—an intermediate event preceding the generation of
multiple fatty acids—derived mediators of lipotoxicity [54,
66].The resulting oxidative stress and inflammation comprise
a manifestation of the lipotoxic hepatocellular injury associ-
ated with NASH [67].

4. Concluding Remarks and Perspectives

The concerns about the safety profile of PPAR𝛾-targeting
xenobiotics of either synthetic or natural origin are rooted
in the risk of developing adverse outcomes upon prolonged
treatment. Both agonists and antagonists could reinforce
improper and/or ectopic induction/suppression of PPAR𝛾-
responsive genes related to lipid metabolism and inflamma-
tion with consequent development of NAFLD. The better
understanding of the MIE would allow for the definition of
the properties of chemicals inducing the perturbation, such as
bioavailability, structural requirements (especially for recep-
tor binding), andmetabolic transformation [5]. In this regard,
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an important question to deal with is to identify the primary
site of action of toxicants at a tissue level. We propose two
probable toxicological MoAs from PPAR𝛾 ligand binding to
nonalcoholic fatty liver disease: (1) PPAR𝛾 activation in hep-
atocytes and (2) PPAR𝛾 inhibition in adipocytes. Increased
cellular free FA uptake, exceeding the adaptive pathways of
hepatic lipid export and catabolism, could be a prerequisite
for adipogenic transformation of hepatocytes. Among the
PPAR𝛾 target proteins, CD36 is outlined as an essential
prosteatotic factor confirmed bymost experimental evidence.
In adipocytes, PPAR𝛾 ligand-dependent inhibition may
decrease FA storage capacity of adipose tissue with secondary
effects on hepatic FA uptake, synthesis, and 𝛽-oxidation,
facilitating development of NAFLD. The activity of PPAR𝛾
apart from its transcriptional regulation, cell-specific expres-
sion pattern of its cofactors and their insufficiently under-
stood interactions, depends also on the posttranslational
modifications of the receptor, availability of RXR𝛼 (forming
a heterodimer with PPAR𝛾), status of the target genes’
promoters, presence of endogenous ligands, regulation of the
receptor degradation, and its cellular localization [13, 68–71].
Combination of all these dependencies with the complex
cross-talk between different signal transduction pathways
makes the evaluation of PPAR𝛾-mediated toxicity pathways
within the established MoAs a challenging task. Developing
of MoA/AOP as dynamic entities that can be continually
updated and refined [5] is the first step towards the building
of new generation predictive models of liver toxicity. Devel-
opment of such models and their application to chemicals
lacking extensive in vivo testing regarding NAFLD strongly
depends on the presence of test results from in vitro and/or in
silico assays as well as of datasets that detail the effects of these
chemicals on the whole organisms [72]. Collectively, the
reviewed in vivo and in vitro studies suggest that until a
critical evaluation of potential adverse health hazards is
performed, extreme caution should be exerted in long-term
application of PPAR𝛾 modulators. The transcriptional net-
works and the affected metabolic and signaling pathways in
pathological conditions, such as NAFLD, deserve to be
further addressed in order to improve risk assessment by the
PPAR𝛾 targeting strategies. Other major tasks would be the
description of pathways from additional transcriptional reg-
ulators controlling PPAR𝛾 expression or activity as well as
gaining insights into the molecular basis and the pathophys-
iological relevance of different coactivator recruitment fol-
lowing the ligand-binding.
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