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Abstract

Peroxisome proliferator-activated receptor -y (PPAR~y) belongs to a family of nuclear receptors
that could serve as lipid sensors. PPARy is the target of a group of insulin sensitizers called
thiazolidinediones (TZD) which regulate the expression of genes involved in glucose and lipid
metabolism, as well as adipokines that regulate metabolic function in other tissues. Non-alcoholic
fatty liver disease (NAFLD) has a high prevalence worldwide and is even higher in patients with
obesity and insulin resistance. TZD-mediated activation of PPAR+y could serve as a good treatment
for NAFLD because TZD have shown anti-fibrogenic and anti-inflammatory effects /in vitro,

and increase insulin sensitivity in peripheral tissues which improves liver pathology. However,
mechanistic studies in mouse models suggest that the activation of PPARy in hepatocytes might
reduce or limit the therapeutic potential of TZD against NAFLD. In this review, we briefly
describe the short history of PPAR isoforms, the relevance of their expression in different tissues,
as well as the pathogenesis and potential therapeutics for NAFLD. We also discuss some evidence
derived from mouse models that could be useful for endocrinologists to assess tissue-specific

roles of PPARs, complement reverse endocrinology approaches, and understand the direct role that
PPARy has in hepatocytes and non-parenchymal cells.

Introduction.

Peroxisome proliferator-activated receptors (PPAR) are a group of nuclear receptors that
were initially identified as targets of compounds that increase peroxisome proliferation.
Three PPAR genes have been identified: NR1C1, NR1C2, and NR1C3 which are commonly
named PPARa, PPARP/S, and PPARy, respectively. These receptors are widely expressed
throughout the organism at different levels, could serve as lipid sensors, and are the

targets of drugs with positive effects on metabolism. As such, extensive research has

been performed on them to develop pharmacological therapies to treat diseases such as
non-alcoholic fatty liver disease (NAFLD). The activation of these receptors with exogenous
ligands, however, may evoke side effects that reduce their use in clinic. In this review,
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we discuss the cell-specific contribution of PPARY in in hepatic pathophysiology by using
mechanistic mouse studies.

PPAR were identified as orphan receptors and tested with reverse
endocrinology.

The first PPAR was identified in 1990 from a cDNA library from mouse liver, and was
described as a target of hepatocarcinogens that increase the number of peroxisomes, fatty
acid oxidation, and reduce plasma lipid levels (Issemann et al. 1990). The highest expression
of this mouse PPAR (mPPAR) was detected in the liver, kidney, and heart with lower
expression in other tissues. Later, three sequences with high similarity to mPPAR were
identified from a cDNA library of the ovary of Xanepous laevis (African clawed toad)
(Dreyer et al. 1992). Xanepous PPARa (XPPARa) showed the highest similarity to mPPAR
(77% in amino acid sequence), whereas XPPARB and XPPARy had reduced similarity with
MPPAR (50-60%). In humans, the first sequence with 62% similarity to mPPAR was
isolated using a cDNA library from osteosarcoma cells (Schmidt et al. 1992) and would later
be identified as PPARS. Finally, the three genes of PPARa, PPARB/S, and PPAR-y were
identified in mouse and humans (Issemann et al. 1990, Schmidt et al. 1992, Zhu et al. 1993,
Kliewer et al. 1994, Mukherjee et al. 1994, Greene et al. 1995). Of note, the PPARy gene
produces two isoforms: PPAR-y1 and PPAR~y2, where PPARy2 has 30 additional amino
acids on the N-terminal domain as compared to PPARy1 (Zhu et al. 1995).

The proteins encoded by PPARa, PPARB/S, and PPARy genes in mice and humans

show a high interspecies similarity (93-98%) suggesting similar structures and functions
(Table 1). Although each PPAR isoforms have a high similarity in their ligand-binding
domain (60-70%), the 3D structural analysis indicates that each PPAR could hold different
hydrophobic compounds (Xu et al. 2001). The PPARs are orphan receptors, but analyses
of the hydrophobic ligand-binding pocket suggests that fatty acids and their derivates are
potent activators of PPARs (Lemberger et al. 1996, Kliewer et al. 1999, Grygiel-Gorniak
2014). To date, it remains unclear which primary endogenous ligands activate PPARs,

but their activation (endogenously or exogenously) causes their dimerization with retinoid
X receptor (RXR) which then binds to the PPAR response elements in the DNA. The
heterodimer complex of PPARS/RXR binds the DNA and controls a diverse range of genes
(Lemberger et al. 1996, Scholtes et al. 2022), by acting as direct activator (ligand-dependent
transactivation) or inhibitor of gene expression with ligand-dependent transrepression or
ligand-independent repression (Ricote et al. 2007).

To determine the functional roles of PPARSs, reverse endocrinology was used with potential
agonists (Kliewer et al. 1999). To date, the functional role of PPARs are widely known
thanks to the use of exogenous ligands rather than by their endogenous activation.
However, using reverse endocrinology to assess PPAR functions has risks because these
compounds may not recapitulate the same response triggered by endogenous ligands.
Additionally, administration of these exogenous ligands could activate PPARs in multiple
tissues simultaneously, thus offsetting some of the physiological effects of PPAR activation
in a specific tissue of interest. For instance, fibrates are exogenous ligands of PPARa that
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lower triglyceride levels and regulate genes involved in lipoprotein and fatty acid oxidation
(Lemberger et al. 1996, Grygiel-Gorniak 2014). While it would be expected that fibrate-
mediated activation of PPARa in the liver reduces fat accumulation, PPARa activation with
fibrates increases liver weight, the expression of genes involved in fatty acid oxidation and
synthesis, and failed to reduce hepatic fat accumulation in mice (Rajamoorthi et al. 2017).
In a pilot trial, 48 weeks of fenofibrate had minimal effects on liver histology (including
steatosis) in patients with NAFLD (Fernandez-Miranda et al. 2008). Other examples would
be thiazolidinediones (TZD), a class of drugs that are exogenous ligands of PPAR~y. TZD
activate PPAR-y in adipose tissue, muscle, and liver. In adipose tissue, TZD increase the
expression of genes involved in insulin signaling, glucose uptake, and the lipid and fatty
acid metabolism. This is sufficient for a complete insulin sensitization and control of glucose
levels (Sugii et al. 2009, Soccio et al. 2014). Moreover, TZD increase the expression of
adiponectin in adipocytes (lwaki et al. 2003) that could indirectly control glucose and

lipid metabolism in liver and muscle by the regulation of AMP-activated protein kinase
(AMPK) signaling (Nawrocki et al. 2006). Furthermore, TZD directly activate PPARy in
liver and muscle to reduce insulin resistance (Chao et al. 2000, Hevener et al. 2003, Norris
et al. 2003). This insulin sensitizing effect of TZD is used to reduce hepatic fat content in
humans with NASH and insulin resistance. Indeed, three major clinical trials have shown
the anti-steatogenic effects of TZD (Ratziu et al. 2010, Sanyal et al. 2010, Cusi et al. 2016),
as we will briefly describe in this review. However, when TZD are used in mice, model-

or study-dependent differences in the anti-steatogenic effects of TZD arise. In fact, TZD
enhance liver steatosis in mouse models with NAFLD: diet-induced obese wild-type mice
(Gao et al. 2016, Lee et al. 2021a), lipodystrophic mice (Gavrilova et al. 2003), and ob/ob
mice (Matsusue et al. 2003). These potential steatogenic effects of TZD in mouse liver
have been proved to be hepatocyte-specific PPAR-y-dependent as we will describe below

in more detail. In addition, TZD evoke undesired effects potentially due to the activation

of PPARy in multiple tissues simultaneously (Ahmadian et al. 2013). Overall, the use of
reverse endocrinology is highly informative and helps to describe major roles of orphan
receptors. However, it may not reveal all the insights and functions of PPARs in different
tissues. Therefore, it is important to use additional methods to study the tissue-specific
actions of these PPAR isoforms, and their activation by their respective endogenous ligands
to reveal the physiological relevance of PPARs.

Lessons from tissue-specific knock out of PPARa and PPARYy.

PPARa is abundantly expressed in the liver, PPARy in adipose tissue, and PPARB/S in
nearly all tissues (Lemberger et al. 1996, Kliewer et al. 1999). Certainly, new RNA-seq data
from mouse and human tissues confirms the differential expression of PPARs in different
tissues. As shown by Figure 1, the liver predominantly expresses PPARa., while the heart
and kidney express high levels of both PPARa and PPARB/S. The lung, brain, stomach,
spleen, adrenal, testis, and ovary express high levels of PPARB/S while the bladder and
placenta express high levels of PPARB/8& and PPARy. Finally, adipose tissue expresses high
levels of PPAR-y. Figure 1 does not include all the tissues analyzed in these RNA-seq
studies (Bioprojects #PRINA66167 and #PRJEB4337) (Fagerberg et al. 2014), and we
chose the tissues that were included in both mouse and human analyses. Nonetheless, this
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figure clearly indicates that PPAR isoforms are ubiquitously expressed throughout multiple
tissues in basal conditions in mice and humans where they may regulate physiological
functions. From a simplistic point of view, it could be assumed that each isoform would have
physiological effects only in tissues where they have high expression, and where exogenous
ligands easily activate them. However, low expression of each PPAR isoform may have

a significant contribution to the tissue physiology as well. To define the tissue-specific

roles of these receptors, animal models need to be used to knock out the expression of
PPARSs in specific tissues. This tissue- or cell-specific knockout of a gene can be achieved
with the cell-specific promoter-driven Cre-LoxP recombination system (Kim et al. 2018).
Below, we will briefly review some examples of these models to study tissue-specific PPAR

physiology.

Hepatocyte-specific PPARa knockout mice have been generated by crossbreeding PPARa-
floxed mice with albumin (Alb) promoter-driven Cre recombinase mice (Montagner et al.
2016, Regnier et al. 2020). These mice show that PPARa serves as a hepatocyte-specific
lipid sensor during fasting, it can be activated by increased lipolytic activity of adipose
tissue and increases the expression of genes involved in fatty acid oxidation to prevent

fat accumulation in hepatocytes (Montagner et al. 2016). Interestingly, when hepatocyte-
specific PPARa knockout mice are challenged with a high-fat diet (60% Kcal from fat) they
show evidence of non-alcoholic steatohepatitis (NASH) as shown by increased steatosis,
inflammation, and plasma alanine transaminase (ALT) levels that were not developed in
wild-type mice (Regnier et al. 2020). This suggests that high expression of PPARa in
hepatocytes prevents lipid accumulation and the development of inflammation, thereby
reducing NAFLD.

Adipocyte-specific PPARy knockout mice show that PPARy serves as an essential gene
involved in the differentiation and maintenance of adipose tissue. Two interesting studies
knocked out the expression of PPARYy in adipocytes by crossbreeding PPAR-y-floxed mice
with the fatty acid binding protein 4 (aP2) promoter-driven Cre mouse model (He et

al. 2003) or with the adiponectin promoter-driven Cre mouse model (Wang et al. 2013).
Although these mouse lines are specifically selected to target adipose tissue, the phenotype
of the adipose tissue-specific PPARy knockout mice significantly differs. Specifically, He et
al. showed a modest effect on lipodystrophy in the adipose-tissue specific PPARy knockout
mice (aP2-driven Cre) which was associated with a reduced effect on glucose homeostasis
when the mice were fed a high fat diet (He et al. 2003). By contrast, Wang et a/. showed
severe lipodystrophy in the adipose-tissue specific PPARy knockout mice (adiponectin-
driven Cre) associated with fatty liver, glucose intolerance and severe insulin resistance
(Wang et al. 2013). In both studies, loxP sites were located upstream and downstream the
exons 1 and 2 of the gene, and thereby the adipose tissue-specific PPARy knockout mice
lose both PPARy isoforms. However, it should be known that aP2 is not only expressed

in adipocytes but also in macrophages (Furuhashi et al. 2008). The non-specificity of the
aP2-Cre line, together with the high expression of PPAR~y in macrophages, might explain
the differences in the phenotype of adipose tissue-specific PPARy knockout mice. These
differences highlight the importance of selecting the appropriate method to knockout the
gene to be studied as the model may impact the phenotype obtained in the knockout mouse
model, and the understanding of the physiological relevance of the gene studied. Therefore,
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it should be necessary to assess the tissue-specific effects of PPARs with several Cre-LoxP-
based methods (ie. different Cre lines, congenital vs inducible Cre-mediated recombination)
to dissect out the real function of PPARs in a specific tissue.

The previous two examples highlight the importance of highly expressed PPARs in the liver
or adipose tissue. However, it is also important to consider the relevance of PPAR isoforms
with low expression which are presumed to have a reduced physiological relevance. Adipose
tissue-specific PPARa knock out mice obtained by crossbreeding PPARa-floxed mice with
adiponectin promoter-driven Cre mice show that PPARa controls adipocyte metabolism by
reducing lipogenesis, inflammation, and cholesterol ester accumulation to prevent adiposity
(Hinds et al. 2021). Another example would be the cardiomyocyte-specific PPARy knockout
mice obtained by crossbreeding PPAR-y floxed mice with a-myosin heavy-chain promoter-
driven Cre mouse model. These mice show that cardiomyocyte PPAR-y suppresses cardiac
growth and embryonic gene expression and inhibits nuclear factor kB (Duan et al. 2005).
Importantly, this study shows that the effect of rosiglitazone (a U.S Food and Drug
Administration-approved TZD) on cardiac hypertrophy was independent of cardiomyocyte-
specific PPARy expression and may be due to the actions of the rosiglitazone on other cell
types or tissues.

Overall, these examples show us that alteration (cell-specific knockout) of PPAR isoforms,
independent of their expression level, may reveal novel actions regulated by these nuclear
receptors. Moreover, it should be considered that certain physiological (ie. fasting) or
pathological (i.e obesity and insulin resistance) conditions may alter the tissue-specific
expression of PPAR isoforms thereby altering their potential tissue-specific relevance.
Finally, the combination of cell-specific PPARs knockout mouse models and the treatment
with exogenous ligands in normal and pathophysiological conditions will help to reveal the
true nature of the tissue-specific actions of each PPAR isoform.

NAFLD onset and potential therapeutics.

Non-alcoholic fatty liver disease (NAFLD) has emerged as the leading global cause of
chronic liver disease with a worldwide prevalence of 33% which increases to 70% in
overweight individuals (Younossi et al. 2016, Quek et al. 2022). The hallmark of this
disease is the accumulation of fat in >5% of hepatic parenchyma (in hepatocytes), which

is known as steatosis. Hepatocytes are the main cell type of the liver accounting for

~60% of the hepatic cell population and ~80% of hepatic volume. The non-parenchymal
cells represent ~40% of hepatic cells but account for a reduced amount of hepatic mass:
endothelial cells (~3% volume), Kupffer cells (~2% volume), and hepatic stellate cells
(HSCs) (~1.5% volume). Cholangiocytes are also an important cell type of the liver and
account for 1-5% of liver cells (Blouin et al. 1977, Nagy et al. 2020). The development

of steatosis is largely attributed to obesity and type 2 diabetes, where insulin resistance
increases lipolysis in adipose tissue and allows the mobilization of fatty acids to hepatocytes.
Furthermore, increased insulin levels and availability of glucose in insulin resistant
individuals promotes de novo lipogenesis (DNL) in hepatocytes. Also, excess dietary fat
and recycled lipoproteins in obese and insulin resistant individuals increase the availability
of fatty acids to hepatocytes (Figure 2). The hepatocytes use the fatty acids as source of
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energy in the mitochondrial g-oxidation or mostly re-esterify them with glycerol to generate
phospholipids and triglycerides (TG). These re-esterified fatty acids can be exported to the
circulation as very-low density lipoproteins (VLDL) or stored as lipid droplets in the cytosol
of hepatocytes (Figure 2). The imbalance between synthesis, uptake, re-esterification of fatty
acids, storage of TG, and lipid oxidation and export can lead to the development of steatosis.
Livers with steatosis can then progress to NASH which is characterized by enhanced
steatosis, hepatocyte ballooning, and inflammation with the possibility of developing fibrosis
(Figure 2) (Takahashi et al. 2014, Friedman et al. 2018). This progression to NASH could
be accelerated by enhanced DNL, and reduction in lipid oxidation after short periods of
fructose consumption (Schwarz et al. 2015). Furthermore, the type of dietary fat influences
NASH, as saturated fatty acids, cholesterol, and trans fats all increase oxidative stress, lipid
peroxidation and the production of ceramides (Luukkonen et al. 2016, Luukkonen et al.
2018, Rosqvist et al. 2019). The accumulation of lipids, combined with oxidative and lipid
peroxidative stress, promotes hepatocyte ballooning and triggers cell death. Consequently,
endogenous proteins and lipids known as damaged associated molecular patterns (DAMPS)
are released into the extracellular environment and activate non-parenchymal cells: Kupffer
cells, immune cells, HSC, and endothelial cells (An et al. 2020) (Figure 2). In addition,
these DAMPs and the chemokines released by non-parenchymal cells attract circulating
inflammatory cells such as lymphocytes, neutrophils, and eosinophils to the liver. The
combination of activated immune/inflammatory cells and HSC promote inflammation and
fibrosis, respectively, that is observed in the progression of NASH (Figure 2). Specifically,
both activated immune cells and HSC play a pivotal role in the inflammatory and fibrogenic
phenotype of NAFLD (Carter et al. 2022, Huby et al. 2022).

Lifestyle modifications such as diet and exercise, improve systemic insulin sensitivity and
liver histology. In fact, as little as a 10% weight loss leads to significant improvement of
liver histology in NAFLD patients (Vilar-Gomez et al. 2015, Babu et al. 2021). However,
since lifestyle interventions have proven to be difficult to sustain, clinical trials are testing
multiple drugs to treat NAFLD. Some potential candidates could directly target hepatocyte
fat and carbohydrate metabolism to reduce NAFLD. Thyroid hormone receptor beta
agonists (Resmestriom) could promote fatty acid oxidation and reduce steatosis (Harrison
et al. 2019). Also, inhibitors of DNL enzymes (GS-0976, PF-05221304, aramchol), and
ketohexokinase (PF-06835919) may reduce the levels of hepatic lipids (Loomba et al.
2018, Calle et al. 2021, Kazierad et al. 2021, Ratziu et al. 2021). Other drugs could target
non-parenchymal cells to reduce inflammation and fibrosis such as the inhibitors of galectin
3 (Belapectin) or CCR2/CCRS5 (Cenicriviroc) (Chalasani et al. 2020, Ratziu et al. 2020).
As indicated above, improved systemic insulin sensitivity could indirectly improve liver
histology. Thus, TZD reduce steatosis and inflammation but they increase body weight
(Ratziu et al. 2010, Sanyal et al. 2010, Cusi et al. 2016), whereas GLP-1 receptor agonists
(liraglutide or semaglutide) reduce steatosis and inflammation associated with body weight
loss (Armstrong et al. 2016, Newsome et al. 2021). Agonists of FXR (obeticholic acid)
improve insulin sensitivity and reduce NASH and fibrosis (Younossi et al. 2019). These
are only a few of the drugs and therapeutic mechanisms being explored to reduce NAFLD.
To date, we do not have a specific pharmacological treatment for NAFLD. Although many
clinical trials have tested multiple drugs, they cannot reduce NAFLD/NASH efficiently
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(Vuppalanchi et al. 2021), and it is possible that some of these drugs are excellent candidates
but they evoke unknown functions in specific cell-types that reduce or limit their therapeutic
effects.

Thiazolidinediones as a therapy for NAFLD

TZD are a group of drugs with strong insulin sensitizing properties that were developed

in the 1980s and later were found to be agonists for PPARy (Fujita et al. 1983, Lehmann
et al. 1995). Rosiglitazone (Avandia, 4-8 mg/day) and Pioglitazone (Actos, 15-30 mg/day)
are the current U.S Food and Drug Administration-approved TZD that can be used as a
second-line treatment for diabetes due to their potent insulin-sensitizing effects (Soccio

et al. 2014). However, side-effects of TZD such as weight gain, edema, bone loss, and
heart problems have reduced and limited their use in clinic (Soccio et al. 2014). Briefly,
TZD activate PPARy in white adipose tissue to increase insulin sensitivity and promote
adipogenesis allowing the safe storage of plasma lipids into newly formed adipocytes,

thus reducing hyperglycemia, insulin levels, and dyslipidemia (Soccio et al. 2014). Of
note, TZD increase the release of adiponectin (lwaki et al. 2003), an adipokine known to
be reduced in obese and diabetic patients (Bugianesi et al. 2005), that improves glucose
and lipid metabolism in liver and skeletal muscle. Adiponectin signaling activates AMPK
signaling which phosphorylates acetyl-CoA carboxylase to reduce DNL and promote fatty
acid oxidation (Yu et al. 2002, LeBrasseur et al. 2006). Therefore, TZD could reduce insulin
resistance, dyslipidemia, hepatic lipid synthesis and increase fatty acid oxidation indirectly
in patients with NAFLD to reduce liver steatosis.

TZD have shown anti-fibrogenic and anti-inflammatory properties /n vitro as well. TZDs
suppress the activation of isolated human HSC and prevent the release of transforming
growth factor p1 (Galli et al. 2000, Galli et al. 2002). Furthermore, it has been previously
observed that oral administration of TZD reduced fibrosis in various rodent models of
liver fibrosis (Galli et al. 2002). Moreover, TZD switch the pro-inflammatory M1 to an
anti-inflammatory M2 phenotype in macrophages of adipose tissue (Prieur et al. 2011).
Interestingly, pioglitazone increased the expression of M2 macrophages markers in obese
patients (Satoh et al. 2010) while rosiglitazone reduced inflammatory markers in blood
(Mohanty et al. 2004). Based on these strong anti-NAFLD/NASH properties of TZD, these
drugs must be excellent therapeutic tools to reduce inflammation, and fibrosis in patients
with NASH.

The effects of TZD on humans with NASH were recently reviewed (Ferguson et al.

2021, Lange et al. 2022). Three long-term major clinical trials have described the positive
effects of TZD (Rosiglitazone and Pioglitazone) on NASH, but some effects on histological
improvement slightly differ between studies (Ratziu et al. 2010, Sanyal et al. 2010, Cusi et
al. 2016). Nonetheless, it is well appreciated that TZD therapies increase insulin sensitivity
which improves liver histology, and have been recommended for NASH patients. In fact,
the positive effects of TZD on NAFLD are currently being tested in another clinical trial
that uses pioglitazone (Clinical Trial # NCT04501406). Nonetheless, pioglitazone but not
rosiglitazone improves fibrosis (Musso et al. 2017), and TZD “therapy beyond 18 months
aoes not offer significant additional histological benefit” (Musso et al. 2017) for both
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rosiglitazone (Ratziu et al. 2010), and pioglitazone ((Cusi et al. 2016), appendix figure

1 - 36 months results). It should be noted that pioglitazone is a weaker PPAR~y agonist
than rosiglitazone, and activates PPARa to a lesser extent which could promote fatty acid
oxidation in hepatocytes (Orasanu et al. 2008). Therefore, the stronger positive effects of
pioglitazone might in part be due to a weak PPARy agonism, or to its PPARy-independent
activity. Thus, it is not unusual to find that additional PPAR agonists with ability to

bind PPARa and PPARP/S, (elafibranor), PPARa, PPARB/S, and PPARYy (lanifibranor),

or the second generation TZD (MSDC-0620K) with reduced ability to activate PPARy are
potential therapeutics to treat NAFLD (Ratziu et al. 2016, Harrison et al. 2020, Francque
et al. 2021). In addition, the limitation of continued improvements in liver histology in

the long-term treatment with TZD, and specifically the “exhaustion” of the anti-steatogenic
effect of rosiglitazone, may be suggesting an incomplete understanding about the potential
therapeutic effects of TZD in liver histology. Whether a direct PPAR-y agonism with
exogenous ligands on hepatic cells compromises the significant benefits of TZD-mediated
insulin sensitization remains to be determined. To unveil the effects of PPAR-y agonism in
the liver, that cannot be deciphered in descriptive clinical trials, mouse models can be used
where we can tease apart the cell-specific actions of PPARy and their impact on the effects
of TZD therapies on the liver.

Cell-specific expression of PPARy and potential cell-specific effect of TZD in the liver of
mouse models

PPARY is expressed in both hepatocytes and non-parenchymal cells (Kupffer cells, immune
cells, and HSC) in the liver. As indicated above, low-level expression of a PPAR isoform
could be important in the control of tissue physiology, and the cells could be sensitive

to TZD-mediated PPARy activation. Also, the expression level of PPARy in pathological
conditions may differ from that at basal stage (Figure 1) and alter the cell-specific actions of
TZD. Liver diseases activate HSC, which is associated with reduced expression of PPARy
(likely PPARYy1) in isolated HSC (Marra et al. 2000, Miyahara et al. 2000). However,

since the percentage of HSC in the liver is reduced as compared to other cell types,

the activation of HSC may not account for significant changes in total hepatic PPARy
expression. Furthermore, liver diseases increase the activation and infiltration of immune
cells (including macrophages) that express PPARy which can also be activated with TZD
(Gautier et al. 2012). The development of fatty liver disease alters these immune cells that
develop an inflammatory phenotype, but the percentage of immune cells in the liver may
not account for a significant change of total PPAR-y expression. The accumulation of lipids
in hepatocytes in different liver diseases may increase the expression and/or activity of
PPARY because this could serve as a sensor for hydrophobic molecules (Figure 2). It is well
known that mice fed a high fat diet show increased expression of hepatic PPARy (Inoue

et al. 2005), and the activator protein 1 (AP-1, Fos/Jun) complex activate the expression of
PPARY2 in hepatocytes of mice fed a high fat diet (Hasenfuss et al. 2014). This would be

in line with early studies by Vidal-Puig et a/that showed a dietary (high-fat diet)-mediated
upregulation of PPAR~y2 in adipose tissue (Vidal-Puig et al. 1996, Vidal-Puig et al. 1997),
as well as our recent study that shows how high-fat diet increases PPARy2 levels in male
and female mice (Lee et al. 2023). Thereby, although PPARYy is expressed at low levels in
the livers of lean patients (Vidal-Puig et al. 1997), its expression (or the pathways controlled
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by PPARYy in the liver) is significantly increased in patients with NAFLD/NASH (Nakamuta
et al. 2005, Lima-Cabello et al. 2011, Pettinelli et al. 2011, Jia et al. 2019, Namjou et al.
2019, Frohlich et al. 2020, Lee et al. 2023). Specifically, we have measured the expression
of PPARy in a cohort of 102 patients with severe obesity and found that obese patients with
NAFLD/NASH (70% of the cohort) have increased expression of PPARy and PPARy-target
genes in the liver (Lee et al. 2023). Similarly, the expression of PPARy is also increased

in the livers of mouse models with NAFLD, suggesting that PPARYy is a steatogenic factor
that contributes to the progression of this disease (Gavrilova et al. 2003, Matsusue et al.
2003, Inoue et al. 2005, Moran-Salvador et al. 2011, Gao et al. 2016, Wolf Greenstein et al.
2017, de Conti et al. 2020, Lee et al. 2021a, Lee et al. 2021b). To assess the cell-specific
relevance of PPAR~y expression in NAFLD/NASH, different mouse models were used to
knockout PPARYy in specific cell types with the cell-specific promoter-driven Cre-LoxP
recombination. Below, we will describe some of these studies, and assess the potential effect
of PPAR~y in macrophages, HSC, and hepatocytes in the progression of NAFLD.

Contribution of myeloid cell-specific PPARy to the phenotype of the liver

in NAFLD.—To test the actions regulated by PPARy in Kupffer and other immune (ie.
infiltrating macrophages) cells, macrophage (myeloid)-specific PPARy knockout mice have
been generated using the myeloid cell-specific lysozyme 2 (LysM)-promoter driven Cre
recombinase mouse model (Greenhalgh et al. 2015) (Table 2). The knockout of PPARy

in macrophages (Pparg®Mac) of Balb/c mice reveals a critical role of PPARYy in the
regulation of macrophage phenotype and in the reversion of the anti-inflammatory response.
Furthermore, Pparg®Mac increases adiposity, glucose intolerance and insulin resistance in
Balb/c mice fed a high fat diet (Odegaard et al. 2007). Similarly, in a different study,
Pparg®Mac increased glucose intolerance in chow-fed mice, and increased dyslipidemia

and ALT in C57BI/6J mice fed a high-fat diet. However, in this latter study Pparg®Mac

did not impact obesity, glucose homeostasis, nor inflammation (Moran-Salvador et al.
2011). The differences in the effect of Pparg®Mac could be due to the PPARy floxed

lines (Akiyama et al. 2002, He et al. 2003) and/or the different strains (Balb/c vs C57BI/
6J). In addition, Pparg®Mac increases inflammatory damage in mice fed a methionine and
choline-deficient diet (Ni et al. 2022), and makes the liver more susceptible to liver damage
and fibrosis in a model of hepatoxicity induced by carbon tetrachloride (Moran-Salvador et
al. 2013). In mice, rosiglitazone reduces the pro-inflammatory phenotype associated with
liver steatosis in PPAR-y-intact mice fed a high-fat diet (Luo et al. 2017), and promotes

the anti-inflammatory M2 phenotype of adipose-tissue macrophages (Prieur et al. 2011).
Therefore, expression and/or activation of PPARy in macrophages may prevent steatosis
and inflammation directly or indirectly when associated with improved systemic insulin
sensitivity. In fact, these anti-inflammatory effects are also described in humans (Mohanty
et al. 2004, Satoh et al. 2010). However, most of these mouse studies used a model of
high-fat diet that resembles early stages of NAFLD where hepatic inflammation is not
dramatically increased as in advance stages of NASH. Additional studies using Pparg2Mac
mice reinforce the role of PPARy as an anti-inflammatory factor in macrophages but
question the role of PPARYy in the glucocorticoid-mediated suppression of pro-inflammatory
cytokine production (Heming et al. 2018). Of note, long-term treatment of rosiglitazone

in patients with NASH resulted in increased expression of pro-inflammatory genes such
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as suppressor of cytokine signaling 3, toll like receptor 4 and monocyte chemoattractant
protein-1 (Lemoine et al. 2014), and it is possible that this adverse effect is due to a
pro-inflammatory role of rosiglitazone in hepatocytes (Rogue et al. 2011). Although TZD
have clear anti-inflammatory properties (Figure 2), their actions may be limited in the liver
when inflammation is already developed and/or is derived from myeloid and parenchymal
cells.

Contribution of HSC-specific PPARY to the phenotype of the liver in NAFLD
—To test the contribution of PPARYy in HSC, PPARy has been knocked out using

the aP2 promoter-driven Cre recombinase model (Moran-Salvador et al. 2013). The cell-
specific deletion of PPARy using this model is questionable because aP2 is expressed

in parenchymal and non-parenchymal cells of the liver, as well as in the adipose tissue.
Regardless, aP2-Cre/PPARy-floxed mice show increased liver damage and fibrogenesis
induced by carbon tetrachloride-mediated hepatoxicity (Moran-Salvador et al. 2013) (Table
2). A recent study used the lecithin:retinol acyltransferase (Lrat) promoter-driven Cre mouse
model (Greenhalgh et al. 2015) to knock out PPARy in HSC (Pparg®HSC). PpargAHSC
increases the susceptibility to develop fibrosis induced by carbon tetrachloride and impairs
the resolution of fibrosis (Liu et al. 2020) (Table 2). These studies support the well-known
effect of TZD as anti-fibrogenic agents and support that expression of PPARy in the HSC is
required to maintain a quiescent phenotype (Galli et al. 2000, Galli et al. 2002) (Figure 2).
However, these studies did not explore the role of PPARy in the activation of HSC in models
of NAFLD/NASH. In fact, the effect of TZD in the reversion of fibrosis in patients with
NASH did not achieve a clear and significant result (Ratziu et al. 2010, Sanyal et al. 2010,
Cusi et al. 2016). Therefore, it is possible that in NASH, DAMPs and cytokines released

by parenchymal and non-parenchymal cells reduce the efficiency of TZD in the reversion of
fibrosis.

Contribution of hepatocyte-specific PPARYy to the phenotype of the liver in
NAFLD.—To test the contribution of PPARy in hepatocytes, PPAR-y has been mostly
knocked out using the Alb promoter-driven Cre recombinase: Pparg®HeP (Gavrilova et al.
2003, Matsusue et al. 2003, Moran-Salvador et al. 2011, Moran-Salvador et al. 2013,
Zhang et al. 2016, Wang et al. 2017, Kulkarni et al. 2020). Our research group has used
adeno-associated virus serotype 8 to deliver a thyroxin binding globulin (TBG) promoter-
driven Cre recombinase (AAV8-TBG-Cre) to generate Pparg®HeP in adult mice (Wolf
Greenstein et al. 2017, Cordoba-Chacon 2020, Lee et al. 20214, Lee et al. 2021b, Lee et

al. 2023) (Table 2). The generation of Pparg®HeP mice clearly shows that PPARYy serves

as a steatogenic factor in hepatocytes. PPARy controls the expression of genes involved in
lipid metabolism: DNL, fatty acid re-esterification, and lipid storage (Gavrilova et al. 2003,
Matsusue et al. 2003, Moran-Salvador et al. 2011, Wolf Greenstein et al. 2017, Lee et al.
2021a). Of note, the steatogenic genes are upregulated in the liver of mice that overexpress
PPARYy1 or PPARY2 (Yu et al. 2003, Lee et al. 2012). Moreover, the development of

liver steatosis associated with hyperphagia and obesity in 0b/0b mice, with lipodystrophy
in A/ZIP mice, with high-fat diet-induced obesity, or with alcohol-mediated steatosis

or carbon tetrachloride-mediated hepatoxicity is associated with increased expression of
hepatic PPARy (Table 2). In fact, PPARy2 is mostly induced in these models (Table 2), and

J Endocrinol. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 11

Pparg2HeP mice show that this isoform is hepatocyte-specific and regulated by high-fat diets
(Gavrilova et al. 2003, Matsusue et al. 2003, Moran-Salvador et al. 2011, Wolf Greenstein
etal. 2017, Lee et al. 20214, Lee et al. 2023), as previously described in adipose tissue
(Vidal-Puig et al. 1996, Vidal-Puig et al. 1997).

Rosiglitazone or pioglitazone treatments in PPAR-y-intact mice result in an TZD-mediated
increase of liver steatosis (Table 2, Figure 2) (Gavrilova et al. 2003, Matsusue et al. 2003,
Moran-Salvador et al. 2011, Gao et al. 2016, Kulkarni et al. 2020, Lee et al. 2021a).
However, this steatogenic effect of TZD is not commonly observed in mice with mild or
reduced obesity, nor in low-fat fed mice where TZD decreases hepatic fat accumulation
(Gao et al. 2016, Lee et al. 2021a). Pioglitazone may activate PPARa as well and directly
increase fatty acid oxidation, whereas rosiglitazone is a powerful and selective agonist of
PPARYy. Therefore, it is common to see that rosiglitazone, rather than pioglitazone, increases
hepatic fat accumulation in a hepatocyte-PPARy dependent manner in obese mice (Table

2). Overall, these results indicate that if TZD are provided to mice with obesity and insulin
resistance, they will likely increase liver steatosis in a hepatocyte-specific PPAR-y dependent
manner despite the increase in whole-body insulin sensitivity. Of course, when compared to
human studies, it is important to understand that TZD-treated mice do not follow lifestyle
modifications (diet and exercise) and mice are kept in the same obesogenic diet while
treated with TZD. Also, it should be noted that the studies included in this review mostly
provide the TZD treatment (in diet, Table 2) after liver steatosis has developed by the
genetic background or diet-induced obesity. Therefore, increased expression of PPARy in
the liver (that likely is derived from increased fat accumulation in hepatocytes) may limit the
therapeutic effects of TZD on liver steatosis which mostly is the consequence of their insulin
sensitizing properties in peripheral tissues.

As described above, TZD show PPARy-dependent anti-fibrotic and anti-inflammatory
properties. However, the anti-inflammatory effects of TZD in NASH patients are unclear,
and the anti-fibrotic effects of TZD on NASH patients are questionable. Our lab has
performed the first studies that assess the role of hepatocyte-specific PPARy in the
progression of diet-induced NASH and in the response to rosiglitazone treatment (initiated
after development of NASH). Male Pparg®HeP mice showed reduced progression of NASH
induced with a high fat, cholesterol, and fructose diet (Lee et al. 2021b). This PpargAHep-
mediated protection was associated with reduced expression of inflammatory and fibrogenic
genes in the liver and with reduced progression liver histology: steatosis, inflammation,

and fibrosis. This Pparg®HeP-mediated improvement in liver histology is independent of
improved peripheral metabolism or adiposity of male mice (Lee et al. 2021b). Furthermore,
these results suggest that the protection against diet-induced NASH by Pparg®HeP mice is
due to biological processes regulated by PPARy in hepatocytes. In addition, the induction
of PpargHeP after the development of diet-induced NASH increased the therapeutic effect
of TZD in the liver. Specifically, rosiglitazone reduced steatosis, liver injury, and expression
of hepatic genes involved in fibrosis in Pparg2HeP mice but not in PPARy-intact mice

when these mice were maintained in a high fat, cholesterol and fructose diet (Lee et al.
2021b). This dramatic effect of rosiglitazone in the liver of Pparg®HeP mice with NASH

was associated with an enhanced effects of TZD on adipose tissue: increased TZD-mediated
adiposity, adiponectin production, and phosphorylation of hepatic AMPK (Lee et al. 2021b).
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The enhanced effect of rosiglitazone on adipose tissue was also found in severe obese mice
where Pparg®HeP was induced after the development of obesity (Lee et al. 2021a). This
suggests that hepatocyte-specific PPARy may reduce effects of TZD on the adipose tissue
and the indirect benefits on the liver.

Although the protective effect of Pparg®HeP on fibrosis and inflammation is not expected,
it has been previously shown that increased expression of PPARy in the liver (likely
hepatocyte-specific) could be associated with development of inflammation and fibrosis
(Lemoine et al. 2014, Bhushan et al. 2019, Cordoba-Chacon 2020). Our latest study
further supports the role of hepatocyte-specific PPARy in the development of fibrosis,
where Pparg®HeP was induced after the development of diet-induced obesity and before
diet-induced NASH. This study suggests that PPAR~y expression in hepatocytes contributes
to the development of fibrosis in male mice, and that effect could be due to a negative
effect of PPARy in the metabolism of methionine. Specifically, we observed that PPARy
expression was positively associated with the levels of homocysteine which could serve
as a DAMP, promote NASH (Tripathi et al. 2022) (Figure 2), and activate HSC and the
development of fibrosis (Lee et al. 2021b, Lee et al. 2023).

Role of hepatic PPARy in NAFLD beyond expression.

The regulation of hepatic PPAR-y expression, activity, and protein stability has been reported
by multiple studies that describe a multilayer and complex regulatory network which
regulates hepatic PPARy actions. This section will briefly cover novel mechanisms that
could regulate hepatic PPARy activity. For instance, long non-coding RNA (IncRNA)

H19 has been reported to control hepatic metabolism by epigenetic mechanisms, and it

is upregulated by fatty acids and diet-induced steatosis. IncRNA-H19 increases hepatic
lipogenesis by upregulating the expression of PPARYy in hepatocytes via downregulation

of miR-130a, which negatively regulates PPARYy through binding onto the 3’-UTR region
of PPARy mRNA (Liu et al. 2019). Another example, carbohydrate response element
binding protein promotes the secretion of hepatocyte growth factor activator (a protease)
from hepatocytes which subsequently activates hepatocyte growth factor (HGF). Then, HGF
activates c-Met receptor tyrosine kinase in hepatocytes and increases PPARy expression and
steatogenic genes (Sargsyan et al. 2022). Over nutrition reduces the expression and activity
of DNA 6mA demethylase AIkB homolog 1 (ALKBH1) which is an epigenetic regulator

in hepatocytes. As a consequence, ALKBH1 cannot demethylate 6mA in intergenic regions
and introns of PPAR-y and its target genes (i.e Cd36) which favors the expression of
PPARy-regulated steatogenic program (Luo et al. 2022). Another important consideration

is whether post-translation modification of PPARy influences its activity. For example,
PPAR-y is acetylated in multiple sites, and TZD deacetylate lysine 268 and 293 in a
SIRT1-dependent manner to promote browning of white adipose tissue. A mouse model
bearing deacetylation-mimetic mutations of lysine 268 and 293 to arginine showed enhanced
effects of rosiglitazone in diet-induced obese mice where rosiglitazone was able to reduce
liver weight and steatosis (Kraakman et al. 2018). This suggests that acetylation may also
promote the steatogenic effects of PPAR-y. Furthermore, the activity of PPARYy in the liver
may be negatively regulated by high mobility group box 1 (HMGB1) which may suppress
direct PPARYy transcriptional activity to prevent the development of NAFLD (Personnaz et
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al. 2022). Also, a synthetic derivate of xanthohumol named tetrahydroxanthohumol could
directly bind to PPAR~y and work as an antagonist of PPARy to reduce fat accumulation in
hepatocytes of mice fed a high fat diet (Zhang et al. 2021). Moreover, nutrition-mediated
suppression of AMPK-TBC1D1 signaling increases the levels of GTP-bound Rab2A and
the stability of PPARy in hepatocytes that promotes NAFLD. Of note, GTP-bound Rab2A
binds the AF-2 domain of PPARy and inhibits its proteasomal degradation (Chen et

al. 2022). Furthermore, ubiquitin-specific protease 22 (USP22) stabilizes PPARy via K48-
linked deubiquitination. USP22 may interact with the DNA-binding domain of PPAR~y and
stabilizes its function and transcriptional activity to promote NAFLD (Ning et al. 2022).
These are recent examples that highlight the critical role of hepatic PPARy as a steatogenic
factor. Further research needs to be performed in preclinical mouse models of diet-induced
NASH to assess the cell-specific contribution of these mechanisms that regulate PPARy
activity in hepatocytes to the development and progression of NAFLD.

Conclusions.

PPARY belongs to a family of nuclear receptors that serve as lipid sensors and contribute to
multiple functions in several tissues. Since PPARy is the target of TZD, massive attention to
the therapeutic effects of TZD have been drawn in the last decades. Cell-specific knockout
mouse models have become a valuable tool to decipher the contribution of PPARYy in liver
pathology. Most of these studies indicate that hepatocyte-specific expression of PPARy
alters hepatic metabolism and the activation of non-parenchymal cells. Also, these studies
show that while TZD increase steatosis in a hepatocyte-PPARy-dependent manner, they can
also reduce inflammation and fibrosis by activating PPARy in non-parenchymal cells. The
cell-specific effects of TZD on the liver might limit the therapeutic benefits derived from
TZD treatments in mouse models with obesity/insulin resistance and diet-induced NASH.
Therefore, in obese and insulin resistant individuals, the cell-specific activation of PPARy:
hepatocytes vs non-parenchymal hepatic cells, should be considered to enhance the positive
effects of TZD on NASH, and to design future therapeutical approaches to treat NAFLD and
NASH.
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Figure 1. Tissue-specific expression level of PPARa, PPARPB/S, and PPARYy.

A) Normalized gene expression data: reads per kilobase of transcripts, per million mapped
reads (RPKM) of PPARa, PPARB/S, and PPARYy in mouse (M) and human (H) tissues.
Values were obtained from Gene database of the National Center for Biotechnology
Information: Gene IDs 19013, 19015, 19016, 5465, 5467, 5468, using expression data

of Bioproject #PRINA66167 (RNA profiling data sets generated by the Mouse ENCODE
project) and #PRJEB4337 (RNA-seq of tissue samples from 95 human individuals). B)
Representation of percentage expression level of mouse and human PPAR isoforms by
tissue.
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Figure 2. Representation of the changes in the hepatic phenotype during the progression of
obesity-related nonalcoholic fatty liver disease (NAFLD).

In obese individuals, insulin resistance increases adipose tissue lipolysis resulting in
increased availability of non-esterified fatty acids (1, green), and recycled lipoproteins

(2, green). In addition, increased food intake and content of carbohydrates and fat in the
diet, increases availability of chylomicrons remnants (3, green) and carbohydrates that will
fuel de novo lipogenesis (DNL, 4, green). These mechanisms increase the production of
triglycerides (TG) and store of fat as lipid droplets in the cytosol. Also, increased fat
accumulation in hepatocytes could be associated with impaired fatty acid B-oxidation (1,
red) and reduced production of very low density lipoprotein release (VLDL, 2, red). Excess
accumulation of fat in hepatocytes leads to steatosis, and promotes lipid-related stress that
promotes the generation of damage-associated molecular patterns (DAMPS). These DAMP
will be released by hepatocytes to activate the non-parenchymal cells: Kupffer cells and
hepatic stellate cells (HSC), which promote the development of inflammation and fibrosis,
respectively, and the progression of NAFLD to non-alcoholic steatohepatitis (NASH). TZD
activate PPARy in hepatocytes, Kupffer cells, and HSC. In hepatocytes, PPARY is also
activated by incoming fatty acids and accumulated lipids. PPAR-y activates steatogenic
mechanisms (green circles 1-4), and may increase the production of DAMPSs to activate
non-parenchymal cells. In Kupffer cells, PPARy acts as an anti-inflammatory agent. In
HSC, PPARYy acts as an anti-fibrogenic agent.
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Table 1.
Similarity of mouse and human PPARa (NR1C1), PPAR/S, (NR1C2), and PPARy (NR1C3) proteins.

PPARa | PPARB/6 | PPARyl | PPARYy2

Gene ID 19013 19015 19016 19016
Mouse

#AA 468 440 475 505

Gene ID 5465 5467 5468 5468
Human

#AA 468 441 475 505
Similarity between mouse and human | 97% 93% 98% 96%

Similarity was calculated by comparing mouse and human protein sequences in BLAST protein of the National Center for Biotechnology
Information.
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Table 2.

Summary of studies that used cell-specific PPARy knockout mouse models to assess the contribution of
PPARY in macrophages, HSC and hepatocytes in different models of fatty liver disease.
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Hepatic Cre. mouse Results of TZD
Year [Ref] Model PPARYy line Results of Pparg? Mac treatment (Macrophage-
expression ’ PPARYy dependent)
2007 (Oggg%lrd etal. Balb\llgelglfsl)D (1s ns LysM-Cre, 1 Insulin resistance NA
, Glucose intolerance
2011 (Moran- f
HFD (12 weeks) | * PPARy1 and 2 LysM-Cre, 2 (chow) and | steatosis NA
Salvador et al. 2011) (HFD)
2013 (Moran- 1 Liver damage and
Salvador et al. 2013) CCl, (8 weeks) T PPARy2 LysM-Cre, 2 fibrosis NA
2018 (Heming et al. Bone marrow } Pro-inflammatory
2018) cells ns LysM-Cre, ns phenotype. NA
2022 (Nietal. 2022) | MCD (4weeks) ns LysM-Cre, 3 f '”ﬂaf%Tofi':” and NA
Hepatic Cre. mouse Results of TZD treatment
Ref. Model PPARYy line Results of Pparg”HsCc (HSC-PPARfy dependent),
expression ' dose
2013 (Moran- 1 Liver damage and
Salvador et al. 2013) CCly (8 weeks) T PPARY2 aP2-Cre, 2 fibrosis NA
. . . Accelerated regression of
2020 (Liu et al. 2020) | CCly + recovery ns Lrat-Cre, 2 1 fibrosis liver fibrosis.
Hepatic Cre. mouse Results of TZD treatment
Ref. Model PPARy line Results of Pparg®Hep [dose] (Hepatocyte-PPARy
expression ' dependent)
| steatosis. Impaired . P
. 1 steatosis by rosiglitazone
2003 (Mzag(s)giue etal. ob/ob * PPARY Alb-Cre, 1 géﬁ;?g;?&?ﬁg?gﬁﬁéﬁgd [~3 mg/kg/day, 3 weeks] in
clearance. PPARy-intact ob/ob mice.
2003 (Gavrilova et al | steatosis. Impaired 1 steatosis by rosiglitazone
2003 : AIZIP T PPARY2 Alb-Cre, 1 f A [~3 mg/kg/day, 5 weeks] in
) triglyceride clearance. PPARy-intact A/ZIP mice.
2011 (Moran- HFD (12 weeks) | * PPARyland2 |  Alb-Cre, 2 ¢ steatosis. Improved ?[itgamiisnbzg,gﬂgljfﬁf;cqe
Salvador et al. 2011) v ' glucose homeostasis. H PCLS ¥
2013 (Moran- 1 hepatic IL1B, TIMP1
Salvador et al. 2013) CCly (8 weeks) t PPARy2 Alb-Cre, 2 expression. NA
2016 (Zhang et al. Alcohol (8 | steatosis and
2016) weeks) Tt PARy2 Alb-Cre, 2 inflammation NA
| steatosis and fibrosis,
2017 (Z\Q)Ii;)g etal HFDrr_]ﬁr:iﬁ?)OI @ T PPARYy Alb-Cre, 2 but 1 neutrophil NA
infiltration
2017 (Wolf
Greenstein et al. HFD (14 weeks) * PPARYy AA\C/?‘;TZB G- | steatosis NA
2017) '
20 C(ocnogg‘;’gg MCD (3 weeks) 1 PPARy AAVB TBG- L fibrosis NA
. 1 steatosis by pioglitazone
2020 (l%llz(g)m' etal. HFD (3 months) * PPARY Alb-Cre | steatosis [100 mg/Kg diet, 3 months]
in PPARy-intact mice.
| steatosis in severe : "
2021 (Lee et al. AAVS-TBG- p 1 steatosis by rosiglitazone
2021a) HFD (23 weeks) t PPARy2 Cre, 2 obes;drinplggi,tsnd ! [70 mg/Kg diet, 6 weeks] in
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PPARy-intact severe obese
mice.

Rosiglitazone [50 mg/Kg

2021 (Lee et al. HFCF (24/34 T PPARY in AAVS-TBG- | steatosis and NASH in diet, 8 weeks] efficiently
2021b) weeks) male mice Cre, 2 male mice decreases NASH in
Pparg®HePmice
| steatosis in HFD-fed
2022 (Lee et al. 2023) (1'251'36;':\,';%'2) * PPARy2 AAVETEG- | and NASH in HFCF-fed NA

male and female mice

Models: ob/ob, leptin-deficient hyperphagic mouse model with severe obesity; A/ZIP, lipodystrophie mouse model; HFD, high-fat diet-induced
obese mouse model; CCI4, carbon tetrachloride-induced hepatoxicity; MCD: methionine and choline-deficient diet; Alcohol, alcoholic liver
disease- induced by Lieber-deCarli diet; HFD-Alcohol, high-fat diet plus binge ethanol mouse model; MCD, methionine and choline-deficient
diet-induced steatohepatitis; HFCF, high-fat, cholesterol, and fructose diet-induced non-alcoholic steatohepatitis. 1, increased; |, decreased. Ns, not
shown or described. NA, not applicable to this study. IL1B: Interleukin 1B, TIMP1: Tissue inhibitor of metalloproteinase 1. PCLS: Precision-cut
liver slices. PPARy floxed mouse line: 1, mouse line developed by Akiyama et al (Akiyama et al. 2002); 2, mouse line developed by He et al (He et
al. 2003) (Jackson Laboratories Strain #:004584); 3, mouse line obtained in GemPharmatech (Nanjing, China).

J Endocrinol. Author manuscript; available in PMC 2024 April 01.



	Abstract
	Introduction.
	PPAR were identified as orphan receptors and tested with reverse endocrinology.
	Lessons from tissue-specific knock out of PPARα and PPARγ.
	NAFLD onset and potential therapeutics.
	Thiazolidinediones as a therapy for NAFLD
	Cell-specific expression of PPARγ and potential cell-specific effect of TZD in the liver of mouse models
	Contribution of myeloid cell-specific PPARγ to the phenotype of the liver in NAFLD.
	Contribution of HSC-specific PPARγ to the phenotype of the liver in NAFLD
	Contribution of hepatocyte-specific PPARγ to the phenotype of the liver in NAFLD.

	Role of hepatic PPARγ in NAFLD beyond expression.
	Conclusions.

	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.

