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Abstract

A sequence variation (I148M) in the patatin-like phospholipase domain-
containing protein 3 (PNPLA3) gene has been linked to metabolic dysfunction-
associated steatotic liver disease (MASLD) and the progression of MASLD and
other chronic liver diseases towards fibrosis and cancer. To elucidate the role of
PNPLA3 in metabolic liver injury, cholestasis or liver fibrosis, we utilized
Pnpla3 knockout (KO) mice and investigated the impact of PNPLA3 deficiency
on the inflammatory, cholestatic, and fibrotic phenotypes induced by MCD diet,
bile duct ligation (BDL), 3,5-diethoxycarbonyl-1,4-dihydrocollidin (DDC) diet
and carbon tetrachloride (CCl4), respectively. Upon MCD feeding, Pnpla3 KO
and WT mice lost comparable amounts of white adipose tissue and showed simi-
lar degrees of liver injury. In addition, a down-regulation of genes regulating
fatty acid oxidation was observed in Pnpla3 KO mice under chow diet, while no
differences between experimental groups were seen in the expression of genes
regulating fatty acid import, export, oxidation and de novo lipogenesis upon
MCD feeding. Liver serum enzyme levels, fibrosis or cholestatic markers and
inflammatory genes were not different between Pnpla3KO and WT mice after
BDL. Markers of fibrosis, inflammation and biliary damage increased at the
mRNA levels in response to DDC-induced cholestatic injury, without differ-
ences between WT and KO mice. Collagen deposition and hepatic fibrotic mark-
er expression were similarly increased in CCl4 treated WT and Pnpla3 KO mice.
Serum liver enzymes also increased upon CCL4 treatment without differences
between WT and KO mice. In summary absence of Pnpla3 has no impact on the
development of fatty liver, inflammation, cholestatic liver and bile duct injury,

or hepatic fibrosis in mice.

© 2026 Robert McMahon, et al. License: This is an open-access article distributed under the terms

of the Creative Commons Attribution License, which permits unrestricted use, distribution, and 40

reproduction in any medium, provided the original author and source are credited.


http://www.openaccesspub.org/
https://doi.org/10.14302/issn.2641-9181.ijnr-25-5844

D
International Journal of Negative Results (jpen

Introduction

The patatin like phospholipase domain containing 3 (PNPLA3, also known as adiponutrin or calcium-
independent phospholipase A2 epsilon) belongs to a group of lipid metabolizing enzymes known as the
patatin-like phospholipase domain-containing (PNPLA) family [1-5]. Gene expression analysis indi-
cates that human PNPLA3 is present in a multitude of tissues where it localizes to membranes and lipid
droplets. Its highest expression is found in the liver, followed by adipose tissue, muscle, kidney and
intestine [6,7]. PNPLA3 expression is under nutritional control in both the liver and adipose tissue [8§]
where it has been reported to possess triglyceride hydrolase [9] and/or lysophosphatidic acid acyltrans-
ferase activities [10], indicating that PNPLA3 directly promotes either triglyceride catabolism or syn-
thesis [7,8]. Importantly, PNPLA3 variants have also been linked to the pathogenesis of non-alcoholic
fatty liver disease (NAFLD) — recently renamed as metabolic dysfunction-associated steatotic liver
disease (MASLD) [11]- and progression towards advanced fibrosis and hepatocarcinoma (HCC) across
various liver disease etiologies [1,12,13]. Although much progress has been made in understanding
how PNPLA3 variants are linked to steatosis [14-16], the mechanisms by which PNPLA3 may be
linked to progression of liver injury and fibrogenesis remain less well understood. Interestingly,
PNPLA3 may act as a lipase responsible for retinyl-palmitate hydrolysis in hepatic stellate cells (HSC)
as cellular source of fibrosis in humans, providing a potential novel link between HSCs, retinoid me-
tabolism and PNPLA3 [17]. Expression of the PNPLA3 variant [148M activated primary and immor-
talized HSC and induced pro-inflammatory cytokine release, lipid accumulation, as well as JNK phos-
phorylation of PPARY therefore lowering its anti-fibrotic activity [18]. In HSC, PNPLA3 1148M also
lowered cholesterol efflux, while decreasing oxysterol synthesis, a source of ligands for liver X recep-
tor (LXR) [19]. PNPLA3 1148M promoted hedgehog signaling and its downstream target Yap thus
increasing HSC fibrogenesis, when PPARy impairment favored anaerobic metabolism, increasing
AMPK phosphorylation and decreasing de novo lipogenesis [20]. Additionally, data indicate that the
[148M variant may reduce survival in primary sclerosing cholangitis (PSC) male patients with bile duct
stenosis [12] although this is controversial [21]. Nevertheless, the pathophysiological function of
PNPLA3 remains unclear, and the mechanistic linkage between PNPLA3 and the aforementioned liver

pathologies and their progression to fibrosis has not been clarified in vivo.

Therefore, we endeavored to investigate the extent to which lack of Pnpla3 modulates (a) steatohepati-
tis inflammation and fibrosis induced by methionine-choline deficient (MCD) diet, (b) cholestatic liver,
bile duct injury and biliary fibrosis induced by bile duct ligation (BDL) or by 3,5-diethoxycarbonyl-1,4
-dihydrocollidine (DDC) and (c) liver fibrosis upon carbon tetrachloride (CCl4) treatment.

Methods

Mice

Pnpla3 deficient mice were generated by targeted homologous recombination as previously described
[22] and are now available at the Jackson laboratory under the reference B6N.129S6-Pnpla3™
Stock number 020621. All animals were housed under a 12:12-hour light/dark cycle and permitted ad
libitum consumption of water and diet using a chow A04 diet from SAFE-diets (Augy, France) unless
specified (see below). Animals were euthanized by cervical dislocation under isofuran anesthesia. All
experimental protocols were approved by the local Animal Care and Use Committees
(Tierversuchsgesetz 2012, BGBI. I Nr. 114/2012) according to criteria outlined in the Guide for the
Care and Use of Laboratory Animals prepared by the U.S. National Academy of Sciences (National
Institutes of Health publication 86-23, revised 1985).
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MCD Diet feeding

MCD and its corresponding control diet was obtained from SAFE-diets (Augy, France) The diets were
identical in all nutrients except methionine (2.8g/kg) and choline (1,6/kg), which were present in the
control diet only. Both diets provided 64.2% kcal as carbohydrate, 25.8% kcal as protein, and 10% kcal
as fat. Mice (n=5 per group) were fed either MCD or control diet for a four-week period and body

weights and food intake were monitored every day.
Bile duct ligation

Cholestasis was induced by ligating the common bile duct, sham mice were used for comparison as
previously described (n=3 per group) [23]. The mice undergoing CBDL receive anesthesia by intraperi-
toneal injection composed as follows: 0.3 mg/kg medetomidine, 1.0 mg/kg midazolam, 0.03 mg/kg
fentanyl and 10 mg/kg ketamine. Immediately after surgery, 1 mL (regardless of body weight) of glu-
cose mix (3 mL 5% glucose ad 10 mL NacCl) is administered s.c. and a mixture consisting of 1 mg/kg
atipamezole and 0.1 mg/kg flumazenil for antagonization at the earliest 30 min after administration of
the last anaesthetic (to prevent catalepsy and associated muscle damage due to tonic muscle spasms).
For pain relief, the animals were given s.c. a Temgesic mix (0.3 mg buprenorphine /mL; of which 0.2
mL ad 10 mL NaCl and 0.1 mL mix/10g body weight) and a piritramide mix in the drinking water (7.5
mg/mL piritramide; 1 ampoule (2mL) + 200 mL H20 + 20 mL glucose 5%) ad libitum and, if neces-

sary, a heat lamp, which only irradiates a small part of the cage, as support during the awakening phase.
DDC Diet feeding

3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) is a mouse model of sclerosing cholangitis charac-
terized by bile duct injury and biliary fibrosis [24]. Pnpla3 Knockout (KO) and control mice (WT) (n=5
per group) were fed either normal chow (A04 diet, SAFE-diets, Augy, France) or 0.1% DDC chow for
12 days.

Hepatic fibrogenesis CCIl4 experiment

To assess liver fibrosis, 6 mice received CCl4 injections (2 ml/’kg body weight of 1:4 diluted CCl4)
(total injection volume 240 ul) twice a week for a 4 week period. Control groups (n=6) were treated
with vehicle (100% olive oil, 2 ml/kg) [25]. The CCl4 dose was adjusted weekly according to body
weight, while controls received olive oil only. Weighing was done before every injection and used to

calculate the dose for every animal.
Histological examination

5-um-thick sections of formalin-fixed and paraffin-embedded liver samples were processed for hema-
toxylin and eosin (H&E) staining. Sirius red staining and alpha smooth muscle actin staining immune-
histology were performed to estimate the degree fibrosis. Frozen sections processed for Oil Red O

staining assessed the degree of lipid droplet accumulation post MCD feeding.
Triglyceride measurements

Liver samples were washed in phosphate-buffered saline, weighed and frozen. Total lipid was extracted
by Folch extraction [26]. Lipids were subsequently dried and reconstituted by sonication in 1% Triton

X 100. The TG content was measured with a commercial kit from Diagnostic Systems International.
Serum Biochemistry

Blood was collected by retro-orbital puncture under anaesthesia and centrifuged for 15 min at 4500

rpm. Serum was stored at -20°C until analysis. ALT, AST, AP, cholesterol, triglycerides, bile acids and

bilirubin were analyzed on a Hitachi 917 analyzer (Boehringer Mannheim, Mannheim, Germany). Se-
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rum FFAs were determined using commercial kit (Wako Chemicals, Neuss, Germany) on an Olympus

AU640 analyzer (Olympus Diagnostika, Hamburg, Germany).
Real-time RT-PCR for quantitative assessment of mRNA expression

Total RNA was extracted using Trizol reagent according to the manufacturer’s protocol (Life Technol-
ogies, Grand Island, NY). RNA extracts were reverse transcribed with random nonamers and murine
reverse transcriptase. Real-time reverse-transcription polymerase chain reaction (RT-PCR) was per-
formed for quantitative assessment of mRNA expression using according to the manufacturer’s proto-

col. Relative expression of target mRNAs was normalized to the amount of 36B4.
Hepatic TG determination

50-70mg of liver samples were homogenized in methanol in MagNA Lyser (Roche). Lipids were ex-
tracted with chloroform/methanol/glacial acetic acid (66/33/1 v/v/v) and phase separation was achieved
by the addition of water. The lower organic phase was evaporated and reconstituted by brief sonication
in 0.1% Triton-X 100. For protein measurement, the tissue homogenates were solubilized in 0,3N
NAOH/0, 1% (w/v) sodium dodecylsulfate at 65°C for several hours and the protein content was deter-
mined using Bio-Rad Protein Assay (Lowry). TG content was measured with a commercial kit from

Diagnostic Systems International (Holzheim, Germany).
Hydroxyproline measurement

100 mg of frozen mouse liver tissue was taken and mixed with 900ul ddH20 and blended with a ho-
mogenizer on ice. Samples were incubated with 125 pl trichloro-acetic acid (TCA) on ice and subse-
quently centrifuged at 6000 rpm in a tabletop centrifuge for 10 min. The supernatant was discarded and
Iml of ice-cold EtOH was added to the pellet and vortexed. Samples were again centrifuged at 4°C at
6000 rpm for 10 minutes and the supernatant discarded. This step was repeated 3 times. The remaining
pellet was incubated with 800 ul 6M HCL overnight at 99°C. The next day the supernatant from each
sample was transferred to a fresh tube and exact pl volume was noted. 50ul of this supernatant was
mixed with 450ul Chloramine T solution and 10l 10M NaOH and incubated at room temperature for
30 minutes. The same was done with standards (50ul from either 0, 15.625, 31.25, 62.5, 125, 250pg/ml
hydroxyproline). 500ul of Ehrlich’s reagent was added to samples and standards and incubated for 20
minutes as 65°C. After probes cooled down to room temperature, 200ul of each sample and standard
was pipetted on a 96-well plate. The intensity of the color change was assessed by measuring the opti-
cal density at the corresponding wavelength using a Nano Quant Infinite M200Pro absorbent reader
(Tecan, Austria). The exact hydroxyproline content in each sample was determined by using a corre-

sponding standard curve.
Measurement of bile flow and composition

Bile flow and biliary BA profile measurements were performed as described previously [2]. The com-
mon bile duct was ligated and the gallbladder was cannulated in Pnpla3-/- and WT mice. After a 10
min equilibration period, bile was collected in pre-weighted tubes for 30 min. Bile flow was deter-
mined gravimetrically and normalized to liver weight. Biliary bicarbonate concentrations were meas-

ured in a routine laboratory.
Statistical Analysis

Data are presented as mean +/- SD of reported animals in each group. Statistical analysis was per-
formed using GraphPad Prism. Data were analyzed with a nonparametric Mann-Whitney U test and
presented as ***p<0.001 **p<0.01 **p<0.05.
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Results

Pnpla3/Adiponutrin deficiency does not affect hepatic steatosis, inflammation and fibrosis in response
to MCD diet.

Pnpla3/Adiponutrin deficiency in mice does not contribute to fatty liver disease or metabolic syndrome
[22], but its role in progression to NASH has not yet been studied in mice. To delineate the role of
PNPLA3 in the development of steatohepatitis and fibrosis, age matched Pnpla3 KO or littermate con-
trols (WT) (n =5 per group) were fed MCD or control diet for a four-week period (Supplemental Fig.1).
H&E and Oil red O staining demonstrated a massive increase in lipid droplet formation following
MCD feeding (Figl A). However, MCD diet-induced increase in liver fat content was the same in WT-
and KO-fed mice as shown in representative images (Figl A). MCD feeding also increased serum liver
enzymes encompassing ALT, AST and AP to similar extents compared to chow-fed mice (FiglB).
MCD diet increased liver to body weight ratio, while decreasing perirenal and gonadal white adipose
tissue (WAT) to body weight ratio (FiglB) in a similar way in WT- and KO-MCD fed mice. These
changes are a hallmark for lipolysis induction in WAT leading to increased hepatic FA supply and he-
patic fat accumulation [27]. In line, hepatic triglyceride measurements revealed a profound increase,
but to the same magnitude, in both WT- and KO-MCD fed mice (Figl C). MCD diet-induced decreased

Liver/bady weight Perirenal WAT/body weight Gonadal WAT/body weight
o

—

Serum cholesterol Serum triglycerides D Collat Tnfo F4/80

0.
180,
18
.
120

T

i
ie
LK
L
e
§s
£
53
L
]
LE]
L1

Figure 1. Pnpla3/Adiponutrin deficiency does not affect hepatic steatosis, inflammation and fibrosis in re-
sponse to MCD diet.

A: H&E and Oil red O staining demonstrated a similar increase in lipid droplet following MCD feeding in WT
- and KO-MCD fed mice (n=5). B: MCD feeding increased serum liver enzymes ALT, AST, AP and liver
weight to body weight ratio to similar extent compared to chow-fed mice. MCD diet decreased perirenal and
gonadal white adipose tissue to body weight ratio, in a similar way in WT- and KO-MCD fed mice. C: hepatic
triglycerides increased to the same magnitude in both WT- and KO-MCD fed mice, while MCD diet de-
creased to the same extent serum cholesterol and triglycerides in WT and Pnpla3 KO. D: Collal and TNFa
expression increased upon MCD feeding to the same extent in WT and Pnpla3 KO. F4/80 expression was un-
changed.
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Figure 2. PNPLA3 does not affect liver gene expression involved in de novo lipogenesis, fatty acid oxidation
and uptake.

A: MCD diet reduced the expression of SREBP1c, SCD-1 and FASN in WT and Pnpla3 KO. FASN and SCD-1
expressions were statistically reduced in Pnpla3 KO mice fed with MCD but not in WT. PPARa expression was
reduced by MCD diet in WT but not in KO mice, while its expression was lowered at baseline in KO compared
to WT chow-fed. B: CPT1a expression was reduced in Pnpla3 KO compared to WT fed with chow diet.
CYP4A14 expression was reduced in WT mice upon MCD feeding. AOX gene expression was repressed by
MCD feeding in WT and Pnpla3 KO, while WT mice on chow diet had significantly higher AOX expression
than KO. MCD diet reduced FATPS expression in a similar way in WT and Pnpla3 KO, but FATPS expression
was lowered in KO under chow diet compared to WT. C: The gene expression of CD36, PPARy1, PPARy2 and
PPARGS remained unchanged by MCD diet in WT and Pnpla3 KO (n=5 per group).

in serum cholesterol and triglycerides were the same in WT and Pnpla3 KO (FiglC). The MCD diet is
known to increase inflammatory cytokine production and signalling by Kupffer cells (KC) with subse-
quent HSC activation leading to fibrotic deposition of extracellular matrix proteins [28]. Tumor necro-
sis factor alpha (TNFa) expression increased upon MCD feeding as compared to chow groups but with-
out significant differences between the WT and Pnpla3 KO groups (FiglD). Inflammatory markers
such as F4/80 (FiglD) and interleukin 1 beta (I11B) (Supplemental Figl) were unchanged. To deter-
mine if Pnpla3 KO mice were more susceptible to MCD induced fibrosis we quantified mRNA levels
of collagenlal (Collal), which increased upon MCD feeding to the same extent in WT and Pnpla3 KO
(FiglD). Together these data suggest that PNPLA3 deficiency did not impact the liver response to the

MCD challenge and led to similar hepatic lipid accumulation, inflammation and fibrosis.

Absence of PNPLA3 does not affect liver gene expression involved in de novo lipogenesis, fatty acid

oxidation and uptake.

The sterol regulatory element binding protein 1c (SREBPIc) is a key regulator of PNPLA3 [29] and
regulates de novo lipogenesis, which accounts for 26% of the liver triglycerides in NAFLD [30].
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Therefore, we measured SREBP1c expression and its target genes stearoyl coA desaturase 1 (SCD-1)
and fatty acid synthase (FASN) in MCD-fed WT and Pnpla3 KO mice. Generally, MCD diet reduced
the expression of SREBP1c, SCD-1 and FASN in WT and Pnpla3 KO (Fig2A). Interestingly, FASN
and SCD-1 expressions were statistically reduced in Pnpla3 KO mice fed with MCD but not in WT
(Fig2A). Peroxisome proliferator activated receptor alpha (PPARa) is a nuclear receptor that senses
fatty acids (FA) and directs them to b and w oxidation [31]. PPARa expression was reduced by MCD
diet in WT but not in Pnpla3 KO mice (Fig2A), while PPARa expression was lowered at baseline in
Pnpla3 KO compared to WT fed with chow. In line, the expression of the PPARa target gene carnitine
palmitoyltransferase 1 alpha (CPT1a), involved in long chain fatty acid oxidation in mitochondria, was
reduced in Pnpla3 KO compared to WT fed with chow diet, whereas MCD feeding did not influence its
expression (Fig2B). Another target of PPARa, the cytochrome P450 omega hydroxylase Al4
(CYP4A14) catalyzes omega oxidation of medium chain FA and arachidonic acid and its liver deletion
attenuates steatosis and fibrosis [32]. CYP4A14 expression was reduced in WT mice upon MCD feed-
ing, whereas Pnpla3 deletion did not affect its expression (Fig2B). The peroxisomal acyl CoA oxidase
(AOX) is the first enzyme involved in FA oxidation and a PPARa target [33]. AOX gene expression
was repressed by MCD feeding in WT and Pnpla3 KO (Fig2B), while WT mice on chow diet had sig-
nificantly higher AOX expression than Pnpla3 KO mice (Fig2B). The fatty acid transporter 5 (FATPS/
SLC27A5) is exclusively expressed in the liver and imports long chain fatty acids [34]. MCD diet re-
duced FATPS expression in a similar way in WT and Pnpla3 KO mice, respectively (Fig2B). Moreo-
ver, FATPS expression was lowered in KO mice under chow diet compared to WT (Fig2B). The gene
expression of the FA transporter CD36, a target of the peroxisome proliferator activated receptor gam-

ma (PPARY), along with the expression of PPARy1 and PPARYy2 were unchanged by MCD diet in WT

and Pnpla3 KO mice (Fig2C). PPARS, a nuclear receptor sensing non esterified FA obtained after li-
polysis was similarly expressed upon MCD diet (Fig2C). Finally, CYP7A1 expression, the rate limiting
gene controlling bile acid synthesis, was unaffected by MCD in WT and Pnpla3 KO, in line with serum
bile acids levels (Supplemental Figl). Taken together, these results established that Pnpla3 deficiency
did not influence FA synthesis, FA oxidation or bile acid synthesis in the MCD mouse model of steato-

hepatitis.

Pnpla3/Adiponutrin deficiency does not affect liver injury, biliary fibrosis or damage in a BDL mouse

model.

Next, we investigated whether Pnpla3/Adiponutrin deficiency affects mice subjected to bile duct liga-
tion as a model for cholestasis (n= 3 per group) (Supplemental Fig.2). H&E staining and liver enzyme
measurements in serum did not show any difference between WT- and Pnpla3-KO mice (Fig3A,
3B&3C), despite a strong increase in ALT, AST, AP and bile acids levels in BDL-subjected mice irre-
spective of the genotype (Fig3B&C). Sirius red staining (Fig3A) and Collal (Fig3D) gene expression
and protein levels (Supplemental Fig2) were comparable in WT and Pnpla3-KO mice upon BDL. In
line, CK19 staining and gene expression (Fig3A&3D) were unchanged between the genotypes. Moreo-
ver, inflammatory genes such as interleukin 6, Vcaml, desmin and Mcpl had unchanged gene expres-
sion as shown by real time QPCR (Supplemental Fig2). Altogether, these data suggest that PNPLA3
deletion does not interfere with liver injury, fibrosis or cholangiocyte proliferation, inflammation and
damage after BDL.

Pnpla3/Adiponutrin deficiency does not affect biliary fibrosis or cholangitis in a DDC mouse model
diet.
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Coltat CK19

Figure 3. Pnpla3 deficiency does not affect liver injury, biliary fibrosis or damage in a BDL mouse model.

A: H&E, Sirius red and CK19 staining did not show any differences between WT- and Pnpla3-KO BDL mice.
B&C: ALT, AST, AP and bile acids levels increased in BDL-subjected mice irrespective of the genotype. D:
Collal and CK19 gene expression were unaffected by BDL between the genotypes (n=3 per group).

Male PSC patients encoding the 1148M PNPLA3 variant may be at risk for reduced survival upon se-
vere disease progression and bile duct stenosis requiring intervention who have [35]. Therefore, and to
test whether the absence of PNPLA3 influences bile duct injury and biliary fibrosis, WT and Pnpla3
KO mice (n= 5 per group) were fed with 0.1% of the xenobiotic DDC in normal chow diet for 12 days
to induce sclerosing cholangitis and biliary fibrosis (Supplemental Fig.3) [24]. H&E and cytokeratin 19
(CK19) staining showed similar bile duct injury and increased ductular reaction between WT and
Pnpla3 KO (Fig4A). Real time QPCR also demonstrated a similar increase in CK19 expression in WT
and Pnpla3 KO (Fig4B). In line, the liver enzymes ALT, AST and AP as well as serum bile acid levels
increased upon DDC feeding but to the same degree in WT and Pnpla3 KO (FigdB). Liver weight to
body weight as well as kidney weight to body weight ratios were unchanged between genotypes
(Supplemental Fig3). Serum total cholesterol increased, when serum triglycerides levels decreased up-
on DDC feeding in a genotype independent manner (Supplemental Fig 3). Sirius Red staining showed a
similar increase in fibrosis in WT and Pnpla3 KO mice (FigdA). In line, collagen 1al (Collal) expres-
sion measured by real time QPCR demonstrated the same gene induction in DDC-fed WT and KO
(Fig4B). Furthermore, spleen weight to body weight ratio decreased in DDC fed WT and KO to similar
extent (Supplemental Fig3). We then studied the inflammatory response in the DDC model. F4/80 ex-
pression by real time QPCR was unchanged, whereas CD11b expression increased upon DDC in WT
and Pnpla3 KO to the same degree (Fig5). TNFa was only mildly increased in WT mice fed with DDC
whereas Vcam-1, Timpl and osteopontin expression was similarly increased by DDC feeding in WT
and Pnpla3 KO (Fig5). Taken together our data show that PNPLA3 deficiency does not affect ductular
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Figure 4. Pnpla3 deficiency does not affect biliary fibrosis or cholangitis in a DDC mouse model diet.

A: H&E, CK19 and Sirius red staining showed similar bile duct injury and increased ductular reaction be-
tween WT and Pnpla3 KO. FigdB: ALT, AST, AP and serum bile acid levels increased upon DDC feeding to
the same degree in WT and Pnpla3 KO. CK19 gene expression increased significantly between WT-chow and
WT-DDC fed mice but not in Pnpla3 KO. Collal had similar gene induction in DDC-fed WT and KO (n=5).
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Figure 5. Pnpla3 deficiency does not affect inflammatory parameters associated with biliary fibrosis or
cholangitis in a DDC mouse model diet.

F4/80 expression was unchanged, whereas CD11b expression increased upon DDC in WT and Pnpla3 KO
to the same degree. TNFa expression increased in WT mice fed with DDC, when Vcam-1, Timp1 and oste-
opontin expression increased by DDC feeding to the same level in WT and Pnpla3 KO.
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proliferation, inflammation or fibrosis in the DDC model.
PNPLA3 does not mitigate nor worsen CCI4 induced inflammation and fibrosis.

Carbon tetrachloride (CCl4) intoxication in rodents is a commonly used model of both acute and chron-
ic liver fibrosis [36]. To explore if lack of PNPLAS3 alters the hepatic fibrotic response to chronic CCl4
intoxication, we injected WT and Pnpla3 KO mice (n= 6 per group) with CCl4 (2 ml/kg body weight of
1:4 diluted CCl4) (total injection volume 240 pl) twice a week for 4 weeks (Supplemental Fig.4). Con-
trol groups were treated with vehicle (100% olive oil, 2 ml/kg). First, H&E staining revealed a pro-
found increase in fibrotic areas in the liver of both WT and Pnpla3 KO (Fig 6). Accordingly, the serum
levels of liver enzyme ALT, but not of AST and AP, increased similarly after CCl4 injection in WT
and KO (Fig6). Serum bile acid levels also increased after CCl4 treatment but significantly more in
Pnpla3 KO (Fig6). Liver to body weight ratio increased significantly in Pnpla3 KO only after CCl4,
while spleen to body weight ratio was unchanged and kidney to body weight ratio increased after CCl4
injection only in Pnpla3 KO compared to WT (Fig6). Importantly, both Sirius Red staining and hydrox-
yproline determination, revealed that WT and PnplaA3 KO mice displayed similar degrees of fibrosis
upon CCl4 injection (Fig7). In line, real time QPCR measurement of collagen lal and 1a2 showed a

more pronounced increase of Collal in Pnpla3KO, while conversely Colla2 was reduced (Fig7). In
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Figure 6. PNPLA3 does not mitigate nor worsen CCl4 induced inflammation and fibrosis.
Fig6A. H&E staining revealed an increase in fibrotic areas in the liver of both WT and Pnpla3 KO. Fig6B: Se-
rum levels of ALT, but not of AST and AP, increased similarly after CCl4 injection in WT and KO. Serum bile
acids levels significantly increased after CCl4 treatment in Pnpla3 KO. Fig6C: Liver to body weight ratio in-
creased significantly in Pnpla3 KO only after CCl4, while spleen to body weight ratio was unchanged and kid-
ney to body weight ratio increased after CCl4 injection only compared to WT control (n=6 per group).
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Figure 7. PNPLA3 does not mitigate nor worsen CCl4 induced hydroxyproline and collagen gene ex-
pression.

Fig7A&B. Sirius Red staining and hydroxyproline measurement showed that WT and PnplaA3 KO mice
had similar degrees of fibrosis upon CCl4 injection. Fig7C: Collal expression increased more in
Pnpla3KO upon CCl4, when Colla2 expression was reduced compared to WT mice.

addition, alpha-SMA quantification by real time QPCR and staining desmin and MMP2 gene expres-
sion were also unchanged irrespective of the genotype. Finally, Timp1 expression increased to the same
level in WT and Pnpla3 KO (Supplemental Fig4). Together our data suggest a role of Pnpla3 deficien-

cy in fibrosis development in mice.
Discussion

Previous studies have demonstrated that mice lacking Pnpla3 do not show differences in the develop-
ment of steatosis when challenged by chow diet, fasting/refeeding, LXR agonists, high sucrose, high fat
diet, or bred with leptin deficient mice [22] [37]. Knock-in models containing the [148M human muta-
tion inserted into the Pnpla3 mouse locus required extreme dietary challenges with high fat, high cho-
lesterol and fructose for 25 [38] to 52 weeks [39] to obtain a liver disease and the addition of ethanol to
achieve HCC development in 25 weeks [40]. This lack of metabolic phenotype in the Pnpla3 deficient
mouse and the requirement of long dietary challenges in the knock-in model was puzzling when com-
pared to the human data showing a key role for the loss of function gene variant in the pathogenesis of
NAFLD [13] and progression of liver diseases irrespective of their aetiologies [1-5]. Therefore, our
study aimed to address whether Pnpla3 deficiency in mice interferes with the degree of inflammation
and fibrosis in models of more pronounced liver injury. Our data revealed that lack of Pnpla3 in mice
does not further impact the development of steatohepatitis or fibrosis induced by MCD diet. Moreover,
minor signaling differences in the PPARa pathway were only found under chow diet feeding between
WT and Pnpla3 KO mice. Bile duct ligation and DDC feeding as model for sclerosing cholangitis and

biliary fibrosis did not reveal any differences in cholestatic injury and biliary fibrosis between WT and
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Pnpla3 KO mice. Finally, fibrosis induced by CCl4 as more general fibrosis model also did not show

phenotypic differences in Pnpla3 KO mice compared to WT.

PNPLA3 was first identified as a gene involved in white adipocyte differentiation in vitro [6]. PNPLA3
is the closest homolog of PNPLA2, also known as adipose triglyceride lipase (ATGL), which plays a
key role in NAFLD development [28]. These enzymes share a similar structure with three trans-
membrane domains in the N-terminus and a fourth in the C-terminus, however their catalytic site with a
dyad Ser-Asp is different from other lipases [41]. Remarkably, human and mouse PNPLA3 expression
pattern diverge significantly with the human gene being highly expressed in liver, retina, kidney, white
adipose tissue and brain, while the mouse gene is mostly expressed in white adipose tissue and only to
low extent in hepatocytes and HSC [6,8]. In addition, when human hepatocytes are all expressing
PNPLAS3 at high rate, only a fraction of mouse hepatocytes do so [8,42]. Despite these gene expression
differences and a relatively low homology between the mouse and human protein with only 53% of
amino-acids conservation [6], human and mouse proteins showed a similar structure especially around
the catalytic site using Alphafold [43]. The 1148M polymorphism in PNPLA3 was identified as a key
factor in multiple liver etiologies, conferring risk for NAFLD development, inflammation [13,44], in
HCC progression [45] and in fibrosis progression after liver transplantation in hepatitis C [46], but also
in hepatic insulin resistance [47]. Since this polymorphism is located in the vicinity of the active cata-
Iytic site, it could affect the enzyme activity. Several studies generated conflicting results about the role
of PNPLA3 being an acyl transferase [10], or a retinol hydrolase in HSC [17], or affecting VLDL se-
cretion in human hepatocytes in vitro [48]. Thus, the real biochemical function of PNPLA3 is still un-
clear and whether the I1148M mutation is a gain or loss of function is also still far from evident. At the
molecular level PNPLA3 regulation is under the control of SREBPIc and LXR signaling, two tran-
scription factors involved in de novo lipogenesis, therefore pointing toward a role for PNPLA3 in lipid
catabolism [8]. It is however important to consider that lipogenesis differs substantially between spe-
cies, while human lipogenesis takes place mainly in liver, mouse lipogenesis is more adipocyte mediat-
ed [49,50] and hence the expression levels of SREBPlc and LXR and PNPLA3 [8,51]. Recently, in
human HSC our group showed that PNPLA3 [148M mutation resulted into dysregulated LXR and

PPARYy signaling due to abnormal phosphorylation and accumulation of cholesterol leading to exacer-

bated pro-fibrogenic and inflammatory response [18,19].

PNPLA3 1148M was found to accumulate at lipid droplets [14] and evade ubiquitylation [15], thereby
disrupting triglyceride hydrolysis due to a competition between PNPLA3 1148M and CGI-58 as main
cofactor required by PNPLA2/ATGL to hydrolyze triglycerides from the lipid droplet [52] [16]. ATGL
activity on lipid droplets leads to the release of linoleic acid, an essential fatty acid and PPAR« ligand
in heart [53] and liver [28]. Therefore, we might expect that Pnpla3 knock-out mice by allowing a sta-
ble Cgi-58 interaction with Atgl, would increase Atgl activity and linoleic acid release thereby stimu-
lating PPARa and its target gene expression. However, our data revealed that PPARa expression and
its target genes Aox and Cptla were only reduced in Pnpla3 KO mice fed with a chow diet, an effect
lost under MCD, DDC or CCl4 challenge. (Fig2). PPARa KO mice displayed a fatty liver phenotype at
baseline and do not respond to synthetic agonists fibrates [33] and have disrupted fatty acid oxidation
[54]. As such the reduction of PPARa signaling and key genes involved in fatty acid oxidation in
Pnpla3 KO could at least in part contribute to the key role of PNPLA3 in fatty liver development. How-
ever, Pnpla3 KO mice did not develop more severe steatohepatitis upon MCD challenge. This apparent
contradiction, together with the conflicting results obtained between human and mouse, could be due to

the fact that humans express very low levels of PPARa compared to mouse [55] and as such a 20%
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reduction in PPARa signaling in mouse would not be expected to translate into pathophysiological con-
sequences. Therefore, insights from mouse models over-expressing the PNPLA3 1148M variant and the
WT protein at similar rates obtained under the control of the apoE promoter [56] are of interest. These
mice did not display changes neither in PPARa expression nor in its target genes Cptla and Aox, [56]
thus questioning the existence of a PNPLA3/ATGL/CGI-58 regulatory loop in mice. It is thus tempting
to speculate that mouse and human PNPLA3 having different expression patterns and not displaying
the same polymorphisms evolved to adapt to different stress conditions and have different roles, which
are not redundant. Due to all these differences the PNLA3 KO mouse model is limited in terms of
mimicking the human situation, a problem exacerbated by the short time of the challenges applied and

the extreme metabolic turn-over seen in mice.
Conclusion

Overall, the limitations of mouse models studying the role of PNPLA3 variants seem to require ex-
treme dietary challenges in knock-in models for a long time period, or in the case of chimeric mice,
having human hepatocytes integrated in their livers, the use of mouse allowing human cells engraft-
ment lacking B, T and NK cells [57]. Since the expression pattern of PNPLA3 is different between
species [51] and is controlled in a species-specific manner by different transcription factors, it seems
that knocking in the human PNPLA3 gene with its entire regulating sequences would be a more rele-
vant, yet ambitious model to unravel the role(s) of PNPLA3 in lipid metabolism and become a valid

preclinical model.
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