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Abstract

Background and Aims: NASH, characterized by inflammation and fibrosis,

is emerging as a leading etiology of HCC. Lipidomics analyses in the liver

have shown that the levels of polyunsaturated phosphatidylcholine (PC) are

decreased in patients with NASH, but the roles of membrane PC

composition in the pathogenesis of NASH have not been investigated.

Lysophosphatidylcholine acyltransferase 3 (LPCAT3), a phospholipid (PL)

remodeling enzyme that produces polyunsaturated PLs, is a major

determinant of membrane PC content in the liver.

Approach and Results: The expression of LPCAT3 and the correlation

between its expression and NASH severity were analyzed in human patient

samples. We examined the effect of Lpcat3 deficiency on NASH progression

using Lpcat3 liver-specific knockout (LKO) mice. RNA sequencing, lip-

idomics, and metabolomics were performed in liver samples. Primary hep-

atocytes and hepatic cell lines were used for in vitro analyses. We showed

that LPCAT3 was dramatically suppressed in human NASH livers, and its

expression was inversely correlated with NAFLD activity score and fibrosis

stage. Loss of Lpcat3 in mouse liver promotes both spontaneous and diet-

induced NASH/HCC. Mechanistically, Lpcat3 deficiency enhances reactive

oxygen species production due to impaired mitochondrial homeostasis. Loss

of Lpcat3 increases inner mitochondrial membrane PL saturation and ele-

vates stress-induced autophagy, resulting in reduced mitochondrial content

Abbreviations: CL, cardiolipin; EM, electron microscopy; FAO, fatty acid oxidation; FFA, free fatty acids; GO, gene ontology; 4-HNE, 4-hydroxynonenal; GSH,
glutathione; GWAS, genome-wide association studies; H&E, hematoxylin and eosin; IMM, inner mitochondrial membrane; JNK, c-Jun-N-terminal kinase; LKO, Lpcat3
liver knockout mice; LPCAT3, lysophosphatidylcholine acyltransferase 3; MARC1, mitochondrial amidoxime reducing component 1; mtDNA, mitochondrial DNA; NAS,
NAFLD activity score; NEFA, nonesterified fatty acid; OCR, oxygen consumption rate; OxPhos, oxidative phosphorylation; PC, phosphatidylcholine; PE, phospha-
tidylethanolamine; PEMT, phosphatidylethanolamine N-methyltransferase; PGE2, prostaglandin E2; PL, phospholipid; PLA2s, phospholipase A2s; PNPLA3, patatin-
like phospholipase domain-containing 3; ROS, reactive oxygen species; TG, triglyceride; TMSF62, transmembrane 6 superfamily member 2 α-SMA, α-smooth
muscle actin.
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and increased fragmentation. Furthermore, overexpression of Lpcat3 in the

liver ameliorates inflammation and fibrosis of NASH.

Conclusions: These results demonstrate that membrane PL composition

modulates the progression of NASH and that manipulating LPCAT3

expression could be an effective therapeutic for NASH.

INTRODUCTION

NAFLD has become the most common chronic liver
disease around the world, affecting ~25% of the adults.[1]

With complex yet poorly understood pathologies, liver
can progress from simple steatosis to NASH, featured
with inflammation and fibrosis, and finally to cirrhosis and
HCC.[2] Genome-wide association studies (GWAS) have
identified single nucleotide polymorphism in several
genes to be closely associated with the risk or severity
of NASH development, including patatin-like phospholi-
pase domain-containing 3 (PNPLA3), transmembrane 6
superfamily member 2 (TMSF62), and mitochondrial
amidoxime reducing component 1 (MARC1).[3,4] How-
ever, the mechanisms underlying these genetic variants
in the pathogenesis of NASH are not clear.

Lipidomics analyses in the liver have shown that the
levels of polyunsaturated phosphatidylcholine (PC),
especially arachidonic acid (20:4)-containing PC, are
decreased in NASH, while total PC content is not
altered.[5,6] Interestingly, recent studies have demon-
strated that hepatic polyunsaturated PC levels are
correlated with NASH-related genetic variants. For
example, the levels of polyunsaturated PC species are
increased in the liver of patients carrying a protective
variant in MARC1 gene.[7] In contrast, patients with
NASH-promoting variants in TM6SF2 and PNPLA3
genes have reduced polyunsaturated PCs and increased
saturated PCs in the liver compared with noncarriers.[8,9]

These studies suggest that hepatic polyunsaturated PC
content is inversely correlated with the risk or severity of
NASH in humans. However, the role of altered PC
composition in the pathogenesis of NASH and the
underlying mechanisms have not been investigated.

The composition of membrane PCs is regulated by
Lands cycle, where PCs are remodeled by substitution of
the fatty acyl chain on the sn-2 site through the sequential
activity of phospholipase A2s (PLA2s) and lysophospho-
tidylcholine acyltransferases (LPCATs).[10] LPCAT3 is
the most abundant LPCAT in the livers of both human
and mouse. Because of its substrate preference of
polyunsaturated fatty acyl chains, LPCAT3 has been
shown to be a critical determinant of membrane PC
composition, especially the levels of polysaturated
PCs.[11] Previous studies have shown that loss of Lpcat3
in the liver selectively reduces membrane polyunsatu-
rated PCs without affecting total PC levels, which results

in increased membrane saturation, impaired VLDL
secretion, and hepatic steatosis.[12] However, whether
and how LPCAT3 modulates the progression of NAFLD
from steatosis to NASH remain elusive.

In this study, we demonstrate that LPCAT3 is sup-
pressed in human NASH livers and its expression is
inversely correlated with NAFLD activity score (NAS) and
fibrosis stage. We show that deletion of Lpcat3 in mouse
liver leads to the development of spontaneous NASH
and HCC with age. Lpcat3 liver knockout (LKO) mice are
also prone to diet-induced NASH and HCC progression.
We further show that loss of Lpcat3 reduces PC and
cardiolipin unsaturation in the inner mitochondrial mem-
brane (IMM) and exacerbates mitochondrial oxidation,
which leads to the overproduction of reactive oxygen
species (ROS). Moreover, Lpcat3 deficiency decreases
mitochondrial DNA content and induces fragmented
mitochondrial morphology, likely due to enhanced
mitochondrial damage and autophagy. Finally, we show
that overexpression of Lpcat3 in the liver ameliorates
inflammation and fibrosis in a diet-induced mouse NASH
model. These data provide strong evidence that changes
in membrane PC composition per se are sufficient to
drive the initiation and progression of NASH and that
manipulating PC content through LPCAT3 activation
could be a novel therapeutic approach for NASH.

METHODS

Animal models

All animal procedures were conducted in compliance
with protocols approved by the Institutional Animal Care
and Use Committee at University of Illinois at Urbana-
Champaign. Lpcat3fl/fl and Lpcat3fl/fl, Albumin-Cre mice
have been described.[12] Briefly, gene targeting vector
was electroporated into JM8A1.N3 ES cell line from
C57BL/6N mice. Targeted ES cell clones were injected
into C57BL/6J blastocysts to generate chimeric mice,
which were bred with C57BL/6J mice to obtain hetero-
zygous knockout mice (Lpcat3+/−). Lpcat3+/− mice were
mated with mice expressing a Flpe recombinase trans-
gene on C57BL/6J background to generate Lpcat3Fl/+

mice, which were crossed with albumin-Cre on C57BL/6J
background to generate Lpcat3Fl/Fl, Albumin-Cre+(LKO)
and Lpcat3Fl/Fl, Albumin-Cre− (control) mice. Both LKO
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and control mice were on mixed 87.5% C57BL/6J and
12.5% C57BL/6N background. All mice were housed
under pathogen-free conditions in a temperature-
controlled room with a 12-hour light/dark cycle. Mice
were fed chow diet (Lab Diet #5001) or NASH diet
(Envigo, TD.120528) with a high-sugar solution (23.1 g/L
D-fructose and 18.9 g/L D-glucose). All experiments were
performed with male mice. Mice were sacrificed after
6-hour fasting, and liver tissues were collected and snap
frozen in liquid nitrogen and stored at −80 °C. Mouse
blood was collected by retro-orbital bleeding before
sacrificing or by tail bleeding, and serum was obtained
by centrifugation.

NAFLD human patient study

The NAFLD human patient liver specimens were
described.[13] Liver specimens from 15 unidentifiable
normal individuals without known liver diseases, 15
individuals with steatosis, and 15 individuals with severe
NASH-fibrosis were obtained from the Liver Tissue Cell
Procurement and Distribution System that operates under
a contract from the NIH. Because the specimens or data
were not collected specifically for this study and we do not
have access to the subject identifiers linked to the
specimens or data, this study is not considered human
subjects research and ethical approval was not required
(see section 46.104 in Part 46–Protection of Human
Subjects in the Electronic Code of Federal Regulations).
The correlation between LPCAT3 expression and NAS/
fibrosis stage was analyzed from GSE193084.[14]

Phospholipid analysis

Phospholipids (PLs) were quantified as described.[15–17]

Lipids were extracted from liver tissues and isolated
IMM through modified Bligh-Dyer extraction with the
addition of lipid class-specific internal standards as
described.[18] Lipidomics were performed using a Q
Exactive mass spectrometer paired with a Vanquish
UHPLC System (Thermo Scientific).[19] Chromato-
graphic separation was achieved using a Accucore
C30 column 2.1×150 mm (Thermo Scientific) with
mobile phase A composed of 60% acetonitrile, 40%
water, 10 mM ammonium formate, and 0.1% formic acid
and mobile phase B composed of 90% isopropanol,
10% acetonitrile with 2 mM ammonium formate, and
0.02% formic acid. CL, PC, and PE species were
analyzed through parallel reaction monitoring and
quantitated with the application of isotopomer correc-
tions and normalization to the mass of mitochondrial
protein for each sample. Aliphatic constituents were
confirmed through analyzing the MS/MS spectra
obtained for each species for corresponding fragments
(eg, m/z 281.2 for C18:1).

Quantification and statistical analysis

All data are presented as mean ± SEM. Most of our data
followed normal distribution, and comparisons were
performed using the unpaired 2-tailed Student t test,
with significance defined as a p-value <0.05. For data
that do not follow normal distribution, nonparametric t test
was used to calculate the p-value. GraphPad Prism 9.0
(San Diego, CA) was used for all statistical analysis.
Western blot data were quantified using ImageJ.

Data availability

RNA sequencing data have been deposited at Gene
Expression Omnibus (accession numbers GSE218075).
Original data or any additional information required
to reanalyze the data reported in this paper will be
available from the lead contact on request (Supplemental
Materials and Methods, http://links.lww.com/HEP/F16).
Detailed materials and methods are available in the
supplementary information.

RESULTS

Hepatic LPCAT3 expression is inversely
correlated with NAFLD progression

To investigate whether LPCAT3 is dysregulated during the
progression of NAFLD, we measured its mRNA levels in
liver biopsies from a cohort of normal individuals, patients
with NAFLD with simple steatossis, and patients with
NASHwith fibrosis. Real-time RT-PCR results showed that
LPCAT3 is gradually downregulated in steatosis andNASH
livers (Figure 1A). Next, we analyzed LPCAT3 expression
in another published transcriptome data with histological
gradings of liver biopsies obtained from 213 patients with
NAFLD (GSE193084).[14] Association analysis showed that
LPCAT3 expressionwas inversely correlatedwith NASand
fibrosis stage (Figure 1B, C). These results demonstrate
that downregulation of LPCAT3 expression likely
contributes to the progression of NAFLD and NASH.

Mice that lack Lpcat3 in the liver
develop spontaneous NASH and
HCC with age

Next, we investigated if dysregulation of LPCAT3 and PC
composition are the driver or the consequence of NAFLD
progression. We examined the livers of age-matched 16-
to 24-month-old LKOmice on regular chow diet. The liver
weight-to-body weight ratio was significantly increased in
LKO mice (Figure 2A). Hepatic triglyceride (TG),
nonesterified fatty acid (NEFA), and total and free
cholesterol were significantly higher in LKO mice
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(Figure 2B). Serum cholesterol and TG, but not NEFA,
were decreased or trended toward a decrease in LKO
mice (Supplemental Figure S1A–D, http://links.lww.com/
HEP/F18). More strikingly, aged LKO mice exhibited
histopathological manifestations of NASH in the absence
of any dietary or chemical challenges. Histological
analysis revealed moderate lipid accumulation in hep-
atocytes and massive central and intralobular infiltration
of immune cells (Figure 2C). Signs of hepatocellular
injury were also present in LKO livers as demonstrated
by the presence of ballooning hepatocytes and Mallory-
Denk bodies. Sirius red staining revealed increased
fibrosis in LKO livers compared with controls (Figure 2C
and D). Accordingly, LKO livers had a much higher NAS
(Figure 2E). Strikingly, half (6 out of 12) of LKO mice
developed spontaneous HCC, which was confirmed by
positive staining of AFP (Figure 2F). These data strongly
indicate that membrane PC composition is critical for liver
homeostasis and that changes in PC composition
caused by Lpcat3 deficiency per se are sufficient to
drive the pathogenesis of NASH and HCC.

Loss of Lpcat3 promotes diet-induced
NASH and HCC

Next, we tested whether loss of Lpcat3 promotes diet-
induced NASH development. We fed control and LKO
mice a NASH-inducing diet (NASH diet), which has been
shown to induce NASH in mouse liver that closely
recapitulates human NASH.[20] LKO mice exhibited
significantly higher liver weight-to-body weight ratio after
12 and 30 weeks of diet feeding (Supplemental Figure
S2A, http://links.lww.com/HEP/F18). Lipid measurement

showed higher hepatic TG and cholesterol levels in LKO
livers (Supplemental Figure S2B, http://links.lww.com/
HEP/F18), whereas hepatic NEFA and serum lipids were
largely unchanged after 12 weeks of diet feeding
(Supplemental Figure S2B, C, http://links.lww.com/
HEP/F18). Histological analysis demonstrated that LKO
mice developed more pronounced steatosis, lobular
inflammation, and fibrosis compared with control mice as
shown by hematoxylin and eosin and sirius red staining
as early as 12 weeks on NASH diet (Figure 3A, B).
Increased fibrosis was also confirmed by higher
hydroxyproline levels in LKO livers (Supplemental Figure
S2D, http://links.lww.com/HEP/F18). Immunostaining of
α-smoothmuscle actin, amarker of activated HSCs that is
critical in liver fibrogenesis, manifested more activated
HSCs in LKO livers (Figure 3A). Consequently, LKOmice
showed much higher NAS after 12 weeks of diet feeding
and trended toward an increase in 30-week fed livers
(Figure 3C). In agreement with histology data, mRNA
levels of TNF-alpha (Tnfα) and collagen synthesis genes
were significantly upregulated in the liver of LKO
mice (Figure 3D, E). Apoptotic cell death was
significantly increased in LKO mice under NASH diet
(Supplemental Figure S2E, http://links.lww.com/HEP/
F18). Moreover, serum aspartate transaminase and
alanine transaminase activities were also higher in
LKO mice, indicating increased liver damages (Sup-
plemental Figure S2F, http://links.lww.com/HEP/F18).
As a result of more severe NASH, all LKO mice (7 out
of 7) developed AFP-positive HCC after 50 weeks of
diet feeding (Figure 3F). In contrast, only one-third (2
out of 6) of control mice had tumors. Moreover, LKO
mice developed more tumors compared with control
mice (Figure 3F).

F IGURE 1 LPCAT3 expression is reduced in patients with NASH, and liver-specific deletion of Lpcat3 leads to NASH and HCC with age. (A)
Hepatic expression of LPCAT3 in human patients with NAFLD/NASH. Correlation between hepatic LPCAT3 expression and NAS (B) and fibrosis
stage (C) in human patients with NASH. Ninety-five percent confidence band of the best-fit line was shown by dashed curve. Data in (A) are
presented as means ± SEM. Statistical analysis was performed with 1-way ANOVA (A) and linear regression (B and C). **p < 0.01, ***p < 0.001.
Abbreviation: NAS, NAFLD Activity Score.
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Lpcat3 deficiency increases ROS
production

Next, we sought to explore the mechanisms by which
loss of Lpcat3 promotes NASH progression. Previous
studies have shown that acute knockdown of Lpcat3 in
the liver induces ER stress,[21] which is known to
promote cell death and NASH progression.[22] Real-time

RT-PCR analysis showed that most of the ER stress
genes, except Atf3, were not altered in LKO livers after
12 weeks of diet feeding (Supplemental Figure S3A,
http://links.lww.com/HEP/F18), suggesting that ER
stress is unlikely a major contributor to NASH develop-
ment in LKO mice. Next, we profiled gene expression in
the livers of control and LKO mice fed NASH diet for 12
weeks by RNA sequencing analysis and found ~500

F IGURE 2 Lpcat3 LKO mice develop spontaneous NASH and HCC with age. (A) LW to body weight (BW) ratio of 16- to 24-month-old control
Lpcat3fl/fl (F/F) and Lpcat3fl/fl Albumin-Cre (LKO) mice on chow diet. (B) Hepatic triglyceride (TG), nonesterified fatty acid (NEFA), and free and
total cholesterol levels in 16-24-month-old F/F and LKO mice on chow diet. (C) Hematoxylin and eosin (H&E) and Sirius Red staining of liver
sections from 16-24-month-old F/F and LKO mice on chow diet (scale bar, 100 μm). Arrows denote immune cell infiltration, and arrowheads show
ballooning hepatocytes. (D-E) Quantification of Sirius Red area (D) and NAS (E) for 16-24-month-old F/F and LKO mice on chow diet. (F) Liver
images, H&E, AFP IHC staining, and tumor incidence of 16-24-month-old F/F and LKO mice on chow diet (T: tumor. scale bar, 100 μm). Data are
presented as means ± SEM. Statistical analysis was performed with student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: BW, body
weight; H&E, hematoxylin and eosin; LKO, Lpcat3 liver-specific knockout; LW, Liver weight; NEFA, nonesterified fatty acid; TG, triglyceride.
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upregulated genes and ~200 downregulated genes in
LKO livers compared with controls (Supplemental Figure
S3B, http://links.lww.com/HEP/F18). Among the upregu-
lated genes, Gene Ontology (GO) analysis revealed
strong enrichment for genes involved in inflammatory
response and proinflammatory cytokines production in
LKO livers (Figure 4A), which is consistent with
enhanced inflammation in histology. Furthermore, ROS
production was one of the upregulated GO terms in LKO
livers. Interestingly, electron transport and proton
transport were among the top downregulated GO
terms in LKO livers (Figure 4B). Mitochondrial electron

transport chain is a major site of ROS production.[23]

Indeed, hepatic ROS levels were ~1.5-fold higher in
LKO mice compared with controls (Figure 4C).
Consistently, the levels of dehydroascorbic acid, a
marker of oxidative stress,[24] were significantly
increased in LKO livers (Supplemental Figure S3C,
http://links.lww.com/HEP/F18). MitoSox staining of pri-
mary hepatocytes isolated from 9-week NASH diet-fed
control and LKO mice further confirmed elevated ROS in
the absence of Lpcat3 (Supplemental Figure S3D, http://
links.lww.com/HEP/F18 and 4D). Similar results were
also observed in Lpcat3 acute knockdown Hepa cells

F IGURE 3 Loss of Lpcat3 in the liver promotes diet-induced NASH and HCC. (A) H&E, Sirius Red, and immunohistochemistry of α-SMA of
livers from F/F and LKO mice fed NASH diet for 12 and 30 weeks. Arrows denote immune cell infiltration, and arrowheads show ballooning
hepatocytes (scale bar, 100 μm). Quantification of liver Sirius Red area (B) and NAS (C) of F/F and LKO mice fed NASH diet for 12 and 30 weeks.
Hepatic mRNA levels of Tnfα and genes involved in fibrosis in F/F and LKO mice fed NASH diet for 12 (D) and 30 weeks (E). (F) Liver images,
H&E, AFP staining, tumor incidence, and number of tumors per liver of F/F and LKO mice fed NASH diet for 54 weeks (T, tumor. scale bar,
100 μm). Data are presented as means ± SEM. Statistical analysis was performed with Student t test or multiple t test. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. Abbreviations: α-SMA, α-smooth muscle actin; H&E, hematoxylin and eosin; LKO, Lpcat3 liver-specific knockout.
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(Supplemental Figure S3E,F, http://links.lww.com/HEP/
F18). ROS is known to oxidize vital cellular components
such as DNA, lipids, and proteins, thereby inducing cell
death and liver damage.[25] The levels of 4-hydroxyno-
nenal (4-HNE), a product of lipid peroxidation by ROS,
was dramatically increased in LKO livers (Figure 4E).
Previous studies have shown that oxidative stress and
lipid peroxidation activate c-Jun-N-terminal kinase (JNK)
pathway in NASH livers.[26] Western blot analysis
showed that JNK pathway was dramatically increased
in LKO livers compared with controls, whereas 2 other
MAPK pathways, ERK and p38 pathway, were not
significantly altered (Figure 4F). Hepatocytes have
developed a range of antioxidant strategies to cope
with oxidative stress, including glutathione (GSH) and
catalase in the peroxisome.[27] Measurement of GSH

and GSH/GSSG ratio showed a trend toward an
increase in LKO livers likely due to compensatory
responses (Supplemental Figure S3G–H, http://links.
lww.com/HEP/F18). In contrast, catalase levels were
slightly reduced, albeit an increase in peroxisomal
marker PMP70 (Supplemental Figure S3I, http://links.
lww.com/HEP/F18). Nevertheless, these data demon-
strated that loss of Lpcat3 enhances ROS production,
which likely contributes to the pathogenesis of NASH.

Lpcat3 deficiency impairs mitochondrial
homeostasis

Mitochondria dysfunction plays a key role in the patho-
genesis of NASH.[28] Further analysis of RNA sequencing

F IGURE 4 Lpcat3 deficiency in the liver induces ROS production and causes oxidative stress. Enriched terms from GO analysis of
significantly upregulated (A) and downregulated genes (B) in 12-week NASH diet-fed LKO livers compared to control F/F. (C) Total ROS levels in
primary hepatocytes isolated from F/F and LKO mice fed with NASH diet for 9 weeks. (D) Quantification of mitosox staining in primary hepatocytes
isolated from F/F and LKO mice fed with NASH diet for 9 weeks. (E) Immunoblot and quantification of 4-hydroxynonenal (4-HNE) in livers of F/F
and LKO mice fed NASH diet for 12 weeks. (F) Immunoblot of MAPK pathways in livers of F/F and LKO mice fed NASH diet for 12 weeks. Data are
presented as means ± SEM. Statistical analysis was performed with student’s t test. *p < 0.05, **p < 0.01, ****p < 0.0001. Abbreviations: 4-HNE,
4-hydroxynonenal; GO, Gene Ontology; JNK, c-Jun-N-terminal kinase; LKO, Lpcat3 liver knockout mice.
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data showed that a majority of mitochondria-encoded
genes were significantly downregulated in LKO livers
(Supplemental Figure S4A, http://links.lww.com/HEP/

F18). Strikingly, mitochondrial DNA (mtDNA) content
was dramatically reduced in the livers of 3-month-old
chow diet-fed and NASH diet-fed LKO mice (Figure 5A).

F IGURE 5 Deletion of Lpcat3 in the liver impairs mitochondria homeostasis. (A) Mitochondrial DNA (mtDNA) content normalized to nuclear DNA
(nuDNA) in livers of F/F and LKOmice on chow diet or NASH diet. Immunoblots and quantifications of oxidative phosphorylation (OxPhos) complexes
in livers (B) or isolated mitochondria (C) from F/F and LKO mice fed NASH diet for 12 weeks. (D) Transmission electron microscopy (TEM) images of
liver sections and distribution of hepatic mitochondrial circularity from chow diet or 12-week NASH diet-fed mice. Arrows show mitochondria
undergoing fission and arrowheads show autophagosome-like structures (scale bar, 600 nm). Data in (A–C) are presented asmeans ± SEM. Data in
(D) show median and quantiles. Statistical analysis was performed with multiple t test (A–C) and Kolmogorov-Smirnov test (D). The distribution curve
in (D) was fit by Kernel Smooth. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: LKO, Lpcat3 liver knockout mice.
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Furthermore, mtDNA content was gradually decreased
with the progression of NAFLD in both control and LKO
mice, suggesting that decrease in mitochondria content
may contribute to disease progression. Consistent with
reduced mitochondrial content in LKO livers, western
blot analysis showed less mitochondrial respiratory
complexes I, II, and IV in whole liver lysate (Figure 5B).

Similarly, COX IV and TOM20, 2 mitochondrial proteins,
were also reduced in LKO livers (Supplemental Figure
S4B, http://links.lww.com/HEP/F18). In contrast, mito-
chondrial complexes I and V were increased in isolated
mitochondria from LKO livers compared with controls
(Figure 5C), probably as a compensation for the reduced
mitochondrial content. The purity of isolated mitochondria

F IGURE 6 Loss of Lpcat3 in the liver alters mitochondrial dynamics and promotes stress-induced autophagy. Representative immunoblots
and quantifications of proteins involved in mitochondrial fusion and fission (A) and autophagy (B) in livers of F/F and LKO mice fed with NASH diet
for 12 weeks. (C) Representative images and fluorescence signal readings of autophagic vacuoles staining in primary hepatocytes cultured in
serum free medium or treated with cholesterol overnight. Data are presented as mean ± SEM. Statistical analysis was performed with Student
t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: LKO, Lpcat3 liver knockout mice.
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F IGURE 7 Lpcat3 deficiency changes mitochondrial membrane composition and oxidative capacity. (A-B) Fatty acyl composition and total
content of phosphatidylcholine (PC) (A) and cardiolipin (B) in inner mitochondrial membrane (IMM) in livers of F/F and LKO mice fed NASH diet for
12 weeks (n= 5~6/group). Indicated (sn-1/sn-2) molecular species were confirmed by product ion scanning for aliphatic composition. (C) Rep-
resentative data of Seahorse mitochondrial stress test in isolated mitochondria from livers of F/F and LKO mice fed NASH diet for 12 weeks. (D)
Basal and maximal oxygen consumption rates (OCRs) from Seahorse mitochondrial stress test of isolated mitochondria from livers of F/F and LKO
mice on chow diet or NASH diet for 12 weeks. Paired data show repetitive experiments. (E) Fatty acid oxidation (FAO) rate of liver homogenate
from F/F and LKO mice fed NASH diet for 12 weeks. (F) H2O2 production in primary hepatocytes isolated from chow diet-fed control and LKO mice
with or without palmitate (250 μM) treatment. Data are presented as mean ± SEM. Statistical analysis was performed with multiple t test (A–C),
paired t test (D and E), Student’s t test (F), and 2-way ANOVA (G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: IMM, inner
mitochondrial membrane; LKO, Lpcat3 liver knockout mice; PC, phosphatidylcholine.
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was confirmed by immunoblotting with cellular
compartment markers (Supplemental Figure S4C, http://
links.lww.com/HEP/F18). The changes in mitochondrial
complexes seemed to be a secondary effect of Lpcat3
deficiency as their levels were not altered in Lpcat3 acute
knockdown cells (Supplemental Figure S4D, http://links.
lww.com/HEP/F18). Electron microscopy (EM) analysis
revealed altered mitochondrial morphology as demon-
strated by more fragmented mitochondria in both chow
diet-fed and NASH diet-fed LKO livers (Figure 5D).
Quantification of mitochondrial morphology showed more
circular mitochondria in LKO hepatocytes. Similar
morphology change was also observed in Lpcat3
knockdown cells stained with mitotracker (Supplemental
Figure S4E, http://links.lww.com/HEP/F18). Interestingly,
we also observed some mitochondria undergoing fission
and autophagosome-like structures in the livers of LKO
mice fed NASH diet (Figure 5D), suggesting that loss of
Lpcat3 may affect mitochondrial remodeling.

Lpcat3 deficiency alters mitochondrial
dynamics and elevates stress-induced
autophagy

We next investigated the mechanisms of decreased
mitochondrial content and increased mitochondrial frag-
mentation in mice lacking Lpcat3. Mitochondrial homeo-
stasis is regulated by a balance of mitochondrial bio-
genesis and degradation and mitochondrial fission/
fusion.[29] There was no difference in the expression of
Pgc1a and Sirt1, 2 genes involved in mitochondrial
biogenesis, in NASH diet-fed mouse livers between
genotypes (Supplemental Figure S5A, http://links.lww.
com/HEP/F18), suggesting that reduced mitochondrial
content is unlikely caused by altered mitochondrial
biogenesis. Consistent with some mitochondria under-
going fission in EM analysis, we observed increased
expression of DRP1 and reduced expression of OPA1
(Figure 6A), 2 proteins that play critical roles in fission and

F IGURE 8 Overexpression of Lpcat3 in the liver ameliorates diet-induced NASH progression. (A) H&E, Sirius Red, and immunohis-
tochemistry of α-SMA of livers from eGFP and Lpcat3 injected mice fed NASH diet. Arrows denote immune cell infiltration (scale bar, 100 μm).
Quantifications of Sirius Red area (B) and NAS (C) of eGFP and Lpcat3 injected mice fed NASH diet. (D, E) Enriched GO terms of significantly
upregulated (D) and downregulated genes (E) in livers of Lpcat3 injected mice compared with eGFP-injected mice based on RNA sequencing
data. (F) Relative expression of Lpcat3, inflammation markers and collagen synthesis genes in livers of eGFP and Lpcat3 injected mice fed NASH
diet. Data are presented as mean ± SEM. Statistical analysis was performed with student’s t test or multiple t test. *p < 0.05, **p < 0.01.
Abbreviations: α-SMA, α-smooth muscle actin; GO, Gene Ontology.
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fusion, respectively, indicating that loss of Lpcat3 likely
promotes mitochondrial fission but suppresses fusion,
thereby resulting in more fragmented mitochondria.

Previous studies have demonstrated that ROS-
mediated damages to the organelles induce autophagy
as a responsive mechanism to clear damaged
organelles.[30] It has been shown that 4-HNE–activated
JNK pathway mediates the induction of autophagy
response.[31] Considering that ROS/4-HNE production
and JNK activation were enhanced in LKO livers, we
hypothesized that loss of Lpcat3 augments autophagy
in response to increased oxidative stress and results in
reduced mitochondria content. Indeed, we observed the
presence of autophagosome structures in EM analysis
of LKO liver sections (Figure 5D). To further test our
hypothesis, we examined autophagy pathways in
NASH diet-fed livers. Although there was no
difference in early mitophagy markers, such as BNIP3,
PINK1, or PARKIN levels, in both isolated mitochondria
and whole liver lysate between control and LKO mice
(Supplemental Figure S5B, C, http://links.lww.com/
HEP/F18), markers of macroautophagy required for
mitochondrial turnover by the lysosome, including
ATG5-ATG12 conjugates and LC3 processing, were
increased in LKO livers compared with controls
(Figure 6B). It is well documented that lipid overload
in hepatocytes, especially FFA and cholesterol, leads to
organelle damage, inflammation, and fibrosis.[32,33] We
next tested whether Lpcat3 deficiency also potentiates
autophagy response in the presence of lipid
accumulation in primary hepatocytes. Consistent with
in vivo results, FFA treatment increased LC3
processing in LKO hepatocytes (Supplemental Figure
S5D, http://links.lww.com/HEP/F18). Interestingly, cho-
lesterol treatment induced more pronounced autophagy
response in LKO hepatocytes, including upregulation of
ATG7, ATG5-ATG12 conjugate, and ATG16L1 (Sup-
plemental Figure S5E, http://links.lww.com/HEP/F18).
Furthermore, autophagy staining revealed more auto-
phagic vacuoles in LKO hepatocytes compared with
controls on starvation or cholesterol treatment
(Figure 6C). Thus, ROS overproduction and lipid
accumulation caused by Lpcat3 deficiency likely work
together to enhance autophagy in response to stress-
induced damage in LKO livers.

Loss of Lpcat3 increases IMM PL
saturation and mitochondrial oxidation

Given that LPCAT3 functions through remodeling mem-
brane PL, we hypothesized that Lpcat3 deficiency may
affect mitochondrial PL composition, thereby altering
mitochondrial homeostasis. We focused on IMM because
most of mitochondrial electron transport and oxidative
phosphorylation occur in IMM. IMM was purified from
mitochondria by osmotic swelling and ultracentrifugation.

The enrichment of IMM was confirmed by western blot
analysis of COX IV, an IMM localized protein (Supple-
mental Figure S6A, http://links.lww.com/HEP/F18). In
agreement with LPCAT3 enzymatic activity, PL profiling
showed dramatic decrease in polyunsaturated especially
18:2- and 20:4-containing PCs (Figure 7A, Supplemental
Figure S6B, http://links.lww.com/HEP/F18 and Supple-
mental Table S1, http://links.lww.com/HEP/F17) and PEs
(Supplemental Figure S6B, C, http://links.lww.com/HEP/
F18) in the IMM of both chow-fed and NASH diet-fed LKO
mice without affecting total PC or PE levels. Interestingly,
the FA composition of cardiolipin (CL), another class of
essential mitochondria-specific PLs, was also drastically
altered in LKO livers as demonstrated by significant
reduction in 18:2- and 20:4-containing CLs (Figure 7B,
Supplemental Figure S6B, http://links.lww.com/HEP/F18
and Supplemental Table S2, http://links.lww.com/HEP/
F17), whereas total CL levels were not changed. Mitochon-
drial membrane PL composition has been shown to be
critical in modulating mitochondria functions, including
oxidative respiration and ROS production.[34] Next, we
evaluated the effect of Lpcat3 deficiency on mitochondria
function by seahorse analysis. Consistent with increased
mitochondrial complexes, both basal and maximal oxygen
consumption rates were higher in mitochondria isolated
from NASH diet-fed LKO mice (Figure 7C-D), which was
also confirmed in Lpcat3 acute knockdown cells
(Supplemental Figure S6C, http://links.lww.com/HEP/
F18). Moreover, LKOmitochondria showed increased fatty
acid oxidation compared with controls (Figure 7E), which is
known to be a major source of ROS production.[35] Indeed,
LKO hepatocytes produced ~3.5-fold and ~2.2-fold more
H2O2 under basal and palmitate-treated conditions,
respectively (Figure 7F). Thus, these data suggest that
increasing IMM saturation by Lpcat3 deficiency may
enhance mitochondrial oxidative phosphorylation, which
contributes to ROS overproduction and leads to cell
damage, inflammation, and NASH progression.

Overexpression of Lpcat3 in the liver
ameliorates diet-induced NASH
progression

Our results demonstrated that loss of Lpcat3 per se is
sufficient to promote the initiation and progression of
NASH in mice and that downregulation of LPCAT3 is
likely involved in the pathogenesis of NASH in at least
some human patients. We next examined whether the
overexpression of Lpcat3 could attenuate steatosis to
NASH progression. To test this, we fed C57BL/6 mice
with NASH diet for 7 weeks to initiate steatosis, and then
i.v. injected AAV encoding eGFP control or Lpcat3 driven
by a liver-specific TBG promoter, followed by another 9
weeks of diet feeding (Supplemental Figure S7A, http://
links.lww.com/HEP/F18). There was no body weight
difference between control and Lpcat3 overexpression
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mice during the diet feeding (Supplemental Figure S7B,
http://links.lww.com/HEP/F18). Liver weight-to-body
weight ratio was decreased by >20% in Lpcat3-over-
expressing mice compared with eGFP-injected control
mice (Supplemental Figure S7C, http://links.lww.com/
HEP/F18). Lipid quantification showed slight decrease in
hepatic TG and free cholesterol levels but not total
cholesterol or NEFA levels in Lpcat3-overexpressing
mice (Supplemental Figure S7D, http://links.lww.com/
HEP/F18). Serum TG and cholesterol levels were also
trended toward a decrease following Lpcat3 overexpres-
sion (Supplemental Figure S7E, http://links.lww.com/
HEP/F18). Histology analysis revealed less steatosis,
inflammation, fibrosis, and activated HSCs in Lpcat3-
overexpressing livers (Figure 8A, B). Accordingly, Lpcat3
overexpression lowered NAS compared with eGFP
controls (Figure 8C). Serum alanine transaminase and
aspartate transaminase activities were also reduced by
Lpcat3 overexpression (Supplemental Figure S7F, http://
links.lww.com/HEP/F18), suggesting less liver damage.
RNA sequencing analysis revealed that metabolic
processes were top GO terms among upregulated
genes (Figure 8D), and the top processes among
downregulated genes were all related to immune
response or immune cell activation (Figure 8E), further
corroborating that Lpcat3 overexpression mitigates
inflammation during NASH progression. Consistently,
real-time RT-PCR analysis showed significant decrease
in the expression of Tnfα, Ccl3, and collagen synthesis
genes in Lpcat3-overexpressing livers (Figure 8F).
Western blot analysis demonstrated reduced 4-HNE
levels in Lpcat3 overexpression livers (Supplemental
Figure S7G, http://links.lww.com/HEP/F18), indicating
that Lpcat3 overexpression attenuates inflammation
and fibrosis during NASH progression at least partially
through alleviating oxidative stress.

DISCUSSION

The prevalence of NASH, a progressive inflammatory
form of NAFLD, is dramatically increasing and has
emerged as a significant contributor to the health
burden of chronic liver diseases.[36] Approximately
25% of patients with NASH will progress to liver
cirrhosis and in some cases to HCC.[37] Despite much
effort, the molecular mechanisms that underlie the
progression of NASH are not well understood. Our data
demonstrated that mice lacking Lpcat3 in the liver
develop spontaneous histopathological manifestations
of NASH, suggesting that changes in membrane PL
composition per se are sufficient to drive the patho-
genesis of NASH. More importantly, LPCAT3 expres-
sion is progressively decreased in human NAFLD and
NASH livers and is inversely correlated with NAS and
fibrosis stage, suggesting that suppression of LPCAT3
likely contributes to the development of NAFLD/NASH

in humans. These studies highlight a novel mechanism
by which membrane PL remodeling modulates the
pathogenesis of NASH.

Our studies provide insight into the potential mecha-
nisms how genetic variants contribute to the patho-
genesis of NASH. The loss-of-function variant (I148M) in
PNPLA3 gene is associated with increased risk of
NASH.[38] Interestingly, the levels of polyunsaturated
PCs are reduced in homozygous I148M livers.[9] Sim-
ilarly, carriers of TM6SF2 E167K variant have decreased
expression of TM6SF2 and increased risk of NAFLD and
NASH.[39] Further studies found that hepatic synthesis of
PCs from polyunsaturated fatty acids is impaired in
E167K livers, resulting in deficiency in polyunsaturated
PCs.[8] In contrast, a missense variant (A165T) in
MARC1 gene has been shown to be protective against
liver cirrhosis[40] and is associated with decreased
severity of NASH.[7] Lipidomics analysis revealed that
carriers of A165T variant have higher hepatic polyunsa-
turated PCs compared with noncarriers.[7] Taken
together, these studies demonstrate that hepatic poly-
unsaturated PC content is inversely correlated with the
risk or severity of NASH in humans. Our data provide
direct in vivo evidence to support that changes in PC
composition contribute to NASH pathogenesis. It would
be of interest to examine whether LPCAT3 expression is
altered in the livers of patients carrying these variants.

Interestingly, metabolism of other PLs, such as
phosphatidylinositol (PI), have also been associated
with NASH in human and mouse models. GWAS
studies have identified variants near membrane-bound
O-acyltransferase domain-containing 7 (MBOAT7)
locus to be associated with fibrosis in NASH.[41]

MBOAT7 encodes a lysophosphatidylinositol acyltrans-
ferase enzyme that preferentially catalyzes synthesis of
arachidonoyl-containing phosphatidylinositol species.
Several studies have demonstrated that Mboat7 defi-
ciency promotes steatosis and fibrosis.[42,43] It has been
shown that Mboat7 inhibition enhances lipogenesis and
promotes inflammation and fibrosis likely due to the
accumulation of its substrate lysophosphatidylinositol or
metabolites derived from arachidonic acid. In contrast,
there was no difference in LPC or arachidonic acid
metabolite prostaglandin E2 (PGE2) between LKO and
control mice (data not shown). Thus, the mechanism by
which Lpcat3 deficiency promotes NASH progression is
likely different from that of Mboat7 suppression.

Accumulating evidence suggests that mitochondria
play a key role in the pathophysiology of NASH.[44]

Strikingly, we found that mtDNA content was signifi-
cantly reduced in the livers of both chow diet-fed and
NASH diet-fed LKO mice. Furthermore, mtDNA content
is gradually decreased with the progression of NAFLD/
NASH in both control and LKO livers, suggesting that
decrease in mitochondria content likely contributes to
disease progression. It has been shown that mitochon-
drial dysfunction induces the overproduction of ROS,
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which oxidizes vital cellular components such as DNA,
lipids, and proteins, thereby inducing cell death and liver
damage, triggering inflammatory responses and fibrosis
in NASH livers.[45] Indeed, we observed enhanced ROS
levels and byproducts of oxidative stress in LKO livers.
Interestingly, both basal and maximal oxygen con-
sumption rates are increased in purified mitochondria
from LKO livers. Therefore, lipid accumulation and
augmented mitochondrial fatty acid β-oxidation likely
lead to ROS overproduction in LKO livers, which in turn
causes enhanced mitochondrial damage and autoph-
agy, resulting in less mtDNA content. In addition, loss of
Lpcat3 also leads to mitochondrial fragmentation, likely
caused by increased mitochondrial fission and
decreased fusion. Mitochondrial fission and fusion are
important mechanisms to maintain functional mitochon-
dria in response to stresses.[46] Fusion helps alleviate
stress by mixing the contents of partially damaged
mitochondria, while fission removes damaged mito-
chondria and promotes apoptosis in the presence of
high levels of cellular stress. Thus, altered mitochondrial
dynamics in LKO livers could be a compensatory
response induced by excessive stress and damage.

In agreement with LPCAT3 enzymatic activity, there
is dramatic decrease in polyunsaturated PCs in the
IMM, where electron transport and oxidative phosphor-
ylation occur. CL is another class of mitochondria-
specific PLs that are composed of 2 phosphatidic acid
groups linked by a glycerol. Interestingly, the composi-
tion of polyunsaturated fatty acid in CL is also
dramatically decreased in LKO livers. Changes in CL
fatty acyl composition have been implicated in etiology
of mitochondrial dysfunction and its associated patho-
physiological conditions that are characterized by
increased levels of oxidative stress, including NAFLD/
NASH, diabetes, neurodegeneration, and ageing.[34]

Furthermore, it has been shown that increased ROS
production requires fragmentation of mitochondria.[47]

We observed more fragmented mitochondria in LKO
livers. The altered mitochondrial morphology in LKO
livers is likely a direct consequence of decreased PL
unsaturation as acute knockdown of Lpcat3 in Hepa
cells also results in less mitochondrial network, but we
cannot rule out the contribution of enhanced oxidative
stress in LKO livers. Nevertheless, these data indicate
that LPCAT3 and PL remodeling are critical in main-
taining mitochondria homeostasis. Although the mech-
anism of Lpcat3 deficiency in NASH development is
likely to be multifactorial, our data showed that altered
mitochondrial dynamics and function play important
roles in NASH progression in the absence of Lpcat3.

Currently, there are no FDA-approved drugs or
effective therapeutics for NASH other than lifestyle
intervention, which is only effective at early stage of
NASH. The observation that overexpression of Lpcat3
in the liver reduces hepatic TG levels and attenuates
inflammation and fibrosis is inspiring. Although further

studies are needed to understand how Lpcat3 over-
expression affects lipid metabolism and the progression
of NASH, these studies provided a proof of concept that
manipulating LPCAT3 expression or activity could
represent a novel therapeutic strategy for NASH.
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