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Abstract

Globally, NAFLD is one of the most common liver disorders, with an estimated prevalence

rate of more than 30% in men and 15% in women, and an even higher prevalence in people

with type 2 diabetes mellitus. Optimal pharmacologic therapeutic approaches for NAFLD are an
urgent necessity. In this study, we showed that compared to healthy controls, hepatic ACSL4
levels in NAFLD patients were found to be elevated. Suppression of ACSL4 expression promoted
mitochondrial respiration, thereby enhancing the capacity of hepatocytes to mediate p-oxidation
of fatty acids and to minimize lipid accumulation by up-regulating PGCla.. Moreover, we

found that abemaciclib is a potent and selective ACSL4 inhibitor, low-dose of abemaciclib
significantly ameliorated most of the NAFLD symptoms in multiple NAFLD mice models.
Therefore, inhibition of ACSL4 is a potential alternative therapeutic approach for NAFLD.
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Introduction

Non-alcoholic fatty liver disease (NAFLD), a hepatic metabolic syndrome, is closely
associated with obesity and insulin resistancel. Clinically, this syndrome encompasses
simple hepatic steatosis, NASH, NASH with fibrosis, and cirrhosis with end-stage liver
disease? 3. Globally, NAFLD is gradually becoming a major public health concern that is
increasingly being associated with cirrhosis and liver cancer?.

Currently, lifestyle modification and bariatric surgery are the two most effective and
evidence-based therapeutic options for early NASH* . However, such non-invasive and
straightforward therapies are not overly efficient, especially for NASH with cirrhosis and
end-stage liver disease. For NASH regression, it is necessary to lose weight by at least 7%
to 10%°% 7. However, only 10% of patients can achieve this weight loss objective within one
year, and fewer than half of them are able to maintain this weight loss five years laterS.
Studies have aimed at establishing the mechanisms as well as discovering the potential
therapeutic targets for NAFLD. Several clinical trials have evaluated novel pharmacological
agents that target the multiple pathways involved in NASH’s pathogenesis. Saroglitazar,

as the first globally authorized non-cirrhotic NASH treatment option, was approved by the
Indian Drug Administration in March, 2020. However, its efficacy has not been clearly
elucidated. Therefore, new and effective NASH therapies are an urgent necessity.

NAFLD occurs when fatty acid oxidation and lipid exports fail to compensate for

increased hepatic uptake of circulating fatty acids and hepatic de novo fatty acid synthesis.
Once incorporated into hepatocytes, fatty acids are first converted into acyl-CoA, under

the catalysis of acyl-CoA synthetases (ACS), such as acyl-CoA synthetase long-chain

family member 4 (ACSL4). ACSL4 has been implicated in several metabolism-associated
diseases® 10. ACSL4 knockout cells resist lipid peroxidation by altering their cellular

lipid composition®. In activated rat hepatic stellate cells, up-regulation was shown to
enhance PUFA-TG formation!2. Moreover, arachidonic acid (AA), an ACSL4 substrate,
elevates eicosanoids levels, which promote the secretion of pro-inflammatory cytokines and
reactive oxygen species during NAFLD13, Human liver fat is significantly correlated with
hepatic ACSL4 mRNA expression levelsl4 15, Under normal physiologic conditions, hepatic
ACSL4 levels are low!8, however, under pathological conditions such as NAFLD-HCC, they
are significantly up-regulated’’. Therefore, inhibition of ACSL4 expression or functions in
the liver may be a safe strategy for NASH treatment.

In this study, we found that liver-specific ACSL4 deficient mice are resistant to the
development of fatty liver and NASH. Importantly, we show that abemaciclib might

be a selective inhibitor for ACSLA4. Direct pharmacological inhibition of ACSL4 using
abemaciclib effectively improved fatty liver and NASH in multiple mice models. Therefore,
we validated the hypothesis that ACSL4 may be an alternative target for NASH treatment.
This study provides a preclinical basis for repurposing abemaciclib for NASH management.
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Materials and Methods

Human liver sections

Human liver sections were obtained from patients who had been subjected to liver biopsy,
liver surgery or transplantation. H&E-stained liver sections were independently and blindly
scored by two pathologists before immunohistochemical staining of ACSL4. Samples with
NASH activity scores (NAS) of 0 were classified as non-steatotic. Samples with a NAS

of 1-2, a ballooning score of 0 and no fibrosis were allocated in the simple steatosis

group. Samples with NAS > 4 were assigned in the NASH group. All procedures that
involved human sample collection were approved by IRB of Beijing Ditan Hospital of
Capital Medical University (NO. JDLK-2017-044-01).

Animal studies

C57BL/6 mice and Albumin Cre mice were obtained from Beijing Vital River Laboratory
Animal Technology Co. Ltd and from the Shanghai Model Organisms Center, Inc.,
respectively. Floxed mice were established at the Shanghai Model Organisms Center, Inc.,
after which they were crossed with Albumin Cre mice through a series of several steps

to generate hepatocyte-specific ACSL4 knockout (HepKO) mice. Mice were maintained

in environmentally controlled conditions under a 12 h light/dark cycle. Food and water
were provided ad libitum. Mice were randomly assigned into different experimental groups.
Animal experiments were approved by the Institutional Animal Care and Use Committee of
the Center for New Drug Safety Evaluation and Research, China Pharmaceutical University.

The HFD-induced fatty liver mice, HepKO mice and Floxed littermate control mice (defined
as Flox mice) (male, 6-8 weeks of age) were fed on a HFD diet (60% kcal fat; MD12033,
Medicine, Professionals for Lab Animal Diets) for 27 weeks, after which they were
sacrificed. Body weights were measured weekly, while blood glucose levels were measured
after every two weeks. At the end of experiments, mice were anesthetized and euthanized
after blood sampling from the ocular retro-orbital space.

The MCD-induced NASH, HepKO mice and Floxed littermate control mice (defined as Flox
mice) (male, 6-8 weeks of age) were fed on an MCD diet (TP3005G, TrophicDiet, Nantong,
China) for a period of 8 weeks. At the end of the experiments, mice were anesthetized and
euthanized.

The HFF-induced NASH, HepKO mice and Floxed littermate control mice (defined as Flox
mice) (male, 7-8 weeks of age) were fed on a HFF diet (42% kcal fat, 42% kcal protein,
42% kcal carbohydrates, 42% kcal cholesterol, TP26304, TrophicDiet, Nantong, China)
along with drinking water containing 42 g/L sugar (55% sucrose and 45% fructose by
weight) for 16 weeks after which they were sacrificed.

Male 9-week-old C57BL/6 mice were orally administered with 30 mg/kg and 15 mg/kg

of abemaciclib or saline control daily, concurrent with the HFF diet. In our pilot study, dose-
response evaluations using 15, 30 and 60 mg/kg abemaciclib were performed to investigate
its potency. Optimal responses were observed at a dose of 30 mg/kg. Then, we decided to
use 15 mg/kg and 30 mg/kg doses in the subsequent experiments. An appropriate volume
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of abemaciclib (100 mg/ml stock, in sterile water) was dissolved in a total volume of 240
uL of animal drinking water to achieve a 30 mg/kg body weight/dose, then, diluted further
to formulate 15 mg/kg body weight/dose. For the MCD mice models, male 9-week-old
C57BL/6 mice were fed on an MCD diet and treated with abemaciclib for 4 weeks as earlier
described.

Additional materials and methods are described in the Supplementary Materials and
Methods section.

ACSL4 is highly expressed in human NAFLD liver tissues

We used the GSEA gene set enrichment analysis to establish the role of ACSL4 in NAFLD
development. Compared to healthy human liver tissues, abnormal fatty acid metabolism
was significantly enriched in NAFLD tissues (Fig. 1A). Subsequently, we investigated

its expression levels using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
observed that ACSL4 was enriched in fatty acid metabolism pathway-related genes (Fig.
1B). To verify the significance of ACSL4 in NASH, we evaluated its expression levels using
three independent Gene Expression Omnibus (GEO) data sets. Expression levels of ACSL4
were significantly up-regulated in NASH (Fig. 1C). Then, we quantified the protein levels
of ACSL4 in liver sections of mice after eight weeks of MCD feeding and eighteen weeks
of HFF feeding. Fig. 1D shows that, compared to normal mice and to mice fed on the

MCS control diet, ACSL4 protein levels were significantly elevated in livers of mice fed on
MCD and HFF diet, which was confirmed in human liver tissues as shown in Fig. 1E. To
establish which liver cell type mediates the high expression levels of this gene, we analyzed
the expression profiles of ACSL4 in mice livers using the Tabula Muris database. Single cell
sequencing of mouse tissues revealed that among the top 5 mouse liver cell types, ACSL4
was mainly expressed in hepatocytes (Fig. 1F). These findings support the strong association
between liver ACSLA4 levels and human NAFLD.

Liver-specific ACSL4 knockout improved HFD diet induced steatosis and MCD diet
induced liver fibrosis

Up-regulated expression levels of ACSL4 enhances the development of metabolic
syndromes10. Based on the significant associations between liver ACSL4 levels and human
NAFLD, and the suppressed expression levels of ACSL4 in mice hepatocytes, we evaluated
the specific roles of ACSLA4 in fatty liver disease using hepatocyte-specific Acsl4-deficient
(HepKO) mice. Exon 5 of ACSL4 was deleted via the Cre-LoxP system using a Cre
recombinase under the mediation of serum albumin (Alb) gene promoter (Fig. S1A). Then,
PCR genotyping of tail tissues were performed (Fig. S1B). Compared to Flox mice, ACSL4
protein levels were found to be significantly suppressed in liver tissues of HepKO mice (Fig.
2A). HepKO mice and its littermate control mice, Flox, had been maintained on a HFD

for a period of 27 weeks. In response to prolonged HFD feeding, HepKO mice exhibited

a small body weight gain (Fig. 2B), however, blood glucose levels remained unaltered

(Fig. 2D), compared to Flox mice. Moreover, compared to the Flox mice, HepKO mice
exhibited suppressed hepatic triglyceride levels and reduced liver to body weight ratios (Fig.

Hepatology. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duan et al.

Page 5

2C). Suppressed serum ALT and AST levels further implied protection from lipid-mediated
liver damage in HepKO mice (Fig. 2C). Histological analysis of livers showed that hepatic
lipid overloading (Fig. 2E) and liver fibrosis (Fig. 2F) were minimal in HepKO mice,

when compared to Flox mice. In addition, there were no significant differences in systemic
metabolic profiles, including body weights, blood glucose levels, liver to body weight ratios,
hepatic triglyceride levels between the two groups when they were fed on a normal diet (Fig.
S2A-F).

Liver-specific ACSL4 knockout improved HFF-diet induced liver fibrosis

Since NASH is an advanced form of NAFLD, with an increased probability of progressing
to high-burden conditions such as cirrhosis, end-stage liver disease, and hepatocellular
carcinoma (HCC)18, we determined whether a loss of ACSL4 impacts liver fibrosis. HepKO
and Flox mice were maintained on a fructose-rich HFF diet for 16 weeks. Consistent with
previous findings, after 16 weeks of HFF feeding, HepKO mice exhibited a low body
weight gain (Fig. 3A), low hepatic triglyceride levels, as well as reduced liver to body
weight ratios (Fig. 3B). These effects were not observed in Flox mice. Liver fibrosis was
evaluated by Sirius red staining. As with liver steatosis, compared to control mice, HepKO
mice exhibited less fibrosis and showed an attenuated hepatic lipid accumulation (Fig. 3E).
Histopathologic improvement was correlated with low ALT and AST levels (Fig. 3C). There
were no significant deviations in blood glucose levels (Fig. 3D). These findings show that
in response to HFF diet treatment, ACSL4 played a critical role in regulating mice liver
fibrosis. Therefore, hepatocyte-specific loss of ACSL4 may protect mice from developing
NASH.

Pharmacologic inhibition of ACSL4 expression improved steatosis and liver fibrosis

The above findings show that ACSL4 is a potential therapeutic target for NAFLD.
Therefore, we determined whether pharmacologic inhibition of ACSL4 is a potential
therapeutic target for NASH treatment. To establish the pharmacologic inhibitors of
ACSL4, we performed molecular docking by executing machine-learning and deep-learning
approaches to predict the binding affinity between ACSL4 and various compounds. Eighteen
potential compounds interacted with the binding site of ACSL4 (Fig. S3A). Among

them, compared to other known ACSL4 inhibitors!! such as troglitazone (10 kcal/mol),
rosiglitazone (—8.4 kcal/mol) and pioglitazone (-9.1 kcal/mol), abemaciclib exhibited the
highest docking score (—12.8 kcal/mol) (Fig. S3A). To verify that ACSL4 is a direct

target for abemaciclib, we performed the microscale thermophoresis (MST) assay, which
confirmed the binding of abemaciclib and troglitazone, with dissociation constants (Kd) of
146.34 uM and 180.44 UM respectively (Fig. 4A). To determine whether these compounds
regulate ACSL4 expression, we evaluated the expressions of twelve compounds using
Western blot (Fig. S3B). Three compounds were found to suppress ACSL4 protein levels,
among which abemaciclib was the most significant (Fig. S3B). These findings imply that
abemaciclib is a potent and selective inhibitor for ACSL4.

Given that NASH is a more serious stage of NAFLD, we determined whether abemaciclib
treatment is effective in HFF induced NASH mice models. For a period of ten weeks,
abemaciclib (15 mg/kg or 30 mg/kg per day) was orally administered along with the
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HFF diet. Mice fed on HFF and administered with equivalent amounts of animal drinking
water were used as controls. In HepKO mice, there was a significant reduction in

hepatic lipid accumulation as evidenced by Qil red O staining (Fig. 4B). Significantly
attenuated hepatic fibrosis in abemaciclib treated mice was shown by Sirius red staining

and immunohistochemical staining of a-SMA (Fig. 4C). Despite the reduction in body
weights gain and ACSL4 protein levels in 30 mg/kg abemaciclib administered mice (Fig.
4D), there were no significant differences in blood glucose levels among groups (data not
shown). In accordance with low hepatic steatosis and liver fibrosis findings, livers from
abemaciclib treated mice exhibited less hepatocyte injuries as indicated by low serum AST
levels (Fig. 4F). Serum ALT levels were slightly decreased in abemaciclib treated group,
however, there were no statistical differences among groups (Fig. 4F). Compared to control
mice, mice treated with abemaciclib (30 mg/g per day) exhibited significantly suppressed
hepatic triglyceride levels as well as reduced liver to body weight ratios (Fig. 4E). Therefore,
suppressing ACSL4 expression in the liver by administering abemaciclib is an effective way
for inhibiting liver steatosis and NASH development.

ACSL4 knockdown enhanced mitochondrial respiration by promoting fatty acid oxidation
without promoting oxidative stress induced cytotoxicity

Although initial causes of NAFLD have not been elucidated, pathological accumulation of
lipids in the liver has been shown to be a consequence of lipid accumulation exceeding

lipid disposal levels'®. Mitochondrial fatty acid B-oxidation is a major pathway for fatty
acid catabolism. To establish the mechanisms through which ACSL4 silencing suppresses
lipid accumulation, we first performed the Seahorse Mito Stress assay to determine

whether ACSLA silencing enhances mitochondrial respiration in HepG2 cells. The oxygen
consumption rate (OCR) was found to be elevated in ACSL4 silenced cells with increased
basal respiration, maximal respiration, and ATP-production-coupled respiration compared
to control cells (Fig. 5A). Comparable findings were observed in human primary hepatocyte-
derived liver progenitor-like cells (HepLPCs) (Fig. 5C). Mitochondrial membrane potential
was also elevated in ACSL4 silenced HepG2 cells and HepLPCs cells (Fig. 5B and D).
Consistent with these findings, expression levels of genes involved in mitochondrial fatty
acid oxidation (PPARa, PGCla, CPT1A, ACC2, and ACADL) were found to be elevated,
but lipogenesis associated genes (ACC1, FASN, and SREBP1) were suppressed in ACSL4
silenced cells (Fig. 5E). PGCla levels in ACSL4 silenced cells or in abemaciclib treated
HepG2 cells were confirmed by Western blot. Consistent with mRNA expression levels,
ACSLA4 protein levels were elevated in both ACSL4 silenced and abemaciclib treated HepG2
cells (Fig. 5F). Subsequent /n vivo experiments validated these in vitro findings. It was
shown that PGC1la protein levels were elevated in ACSL4 deficient mice fed on normal and
HFF diets (Fig. 5F) as well as in abemaciclib treated mice fed on a HFF diet (Fig. 5F).
Therefore, suppression of ACSL4 enhances mitochondrial respiration and promotes fatty
acid oxidation.

Enhanced B-oxidation elevates reactive oxygen species (ROS) production??, leading to lipid
peroxidation and cell death. To exclude this possibility, we evaluated lipid ROS levels

using BODIPY 581/591 C11, a lipid peroxidation sensor used to detect ROS in cells and
membranes. Despite elevated fatty acid oxidation and mitochondrial respiration, ROS levels
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in ACSL4 silenced HepG2 cells were lower than those of control cells (Fig. 6A). To confirm
cellular antioxidant defenses in ACSL4 silenced HepG2 cells (Fig. 6C and D) and in mouse
primary hepatocytes derived from the livers of HepKO and Flox mice (Fig. 6B), a panel of
fatty acids, including docosahexaenoic acid (DHA), arachidonic acid (AA), and hydrogen
peroxide (H,0,) were supplemented in the cell culture medium at increasing concentrations
for 48 h, after which cell viabilities were assessed via the CCK-8 staining assay (Cell
counting kit-8). Fig. 6B—E shows that ACSL4 knock down cells were significantly protected
from H,0,, DHA, and AA-induced cell death in a dose-dependent manner, which may not
be related with apoptosis (Fig. S5). These results suggest that targeting ACSL4 in the liver
is an alternative approach for treating NASH, as it prevents lipid accumulation by boosting
mitochondrial respiration and B-oxidation without elevating ROS production.

Hexadecanamide was enriched among hepatic metabolites in HepKO mice and could
activate PPARa

Our findings imply that ACSL4 knock-down in HepG2 cells can significantly elevate
PPARa expression. The peroxisome proliferator-activated receptor a. (PPARa), is a ligand-
activated transcription factor that is involved in various biological processes, including fatty
acid metabolism?l, Endogenous ligands have a low adverse potential, and therefore, offer
much better therapeutic strategies?2. Therefore, we investigated the existence of endogenous
ligands of PPARa in the liver. Then, we performed widely targeted metabolomics

analysis of metabolites from liver samples of HepKO and Flox mice, after which we
generated a list with fold-changes and p-values for each metabolite (Fig. S6A and B).
Among all the significantly up-regulated metabolites (Fig. 7A and B), hexadecanamide

has previously been shown to serve as an endogenous PPARa ligand in mouse brain
hippocampus?2: 23, Therefore, it was of interest to establish whether hexadecanamide
regulates the activity of PPARa in the liver and, thereby, altering the expression levels

of PPARa target genes. HepG2 cells were challenged with hexadecanamide at doses of

2.5 UM and 10 uM. After 48 h, we measured mRNA expression levels of PPARa and
PPARa target genes, including FGF21, FSP27, and VNNL1, since these genes are strictly
PPARa dependent?4. We found that, compared to controls, hexadecanamide enhanced

their expression levels in a dose-dependent manner (Fig. 7C). We further evaluated the
protein levels of PPARa after hexadecanamide challenge /n vitro. Expression levels of the
PPARa protein and those of its co-activator, PGC1la, a transcriptional co-activator that
regulates several key hepatic metabolic pathways, especially fatty acid oxidation were found
to be elevated (Fig. 7D). These results imply that hexadecanamide enhances hepatocyte
PPARa activities. It has been reported that the PGCla-PPARa axis increases the hepatic
capacity for mitochondrial fatty acid oxidation5, while hepatocyte PPARa is required for
protection against steatohepatitis?4-26. Compared to control cells, cells treated with 10 uM
hexadecanamide significantly attenuated free fatty acid induced lipid accumulation (Fig.
7E). However, there were no significant differences in lipid accumulation levels in cells
treated with DL-Benzylsuccinic acid, m-Coumaric acid and y-Glutamate-Cysteine (Fig.
S6C). These results show that ACSL4 inhibition may be beneficial in NASH by inducing
the production of the hepatic metabolite, hexadecanamide, which functions to enhance
hepatocyte PPARa activities together with PGCla.
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ACSL4 regulates fatty acid oxidation through the TGF-B1/ Smad3/PGCla axis.

It has been reported that Smad3 suppresses PGC-1a expression, the loss of which protects
against diet-induced obesity and hepatic steatosis2’. We found that phosphorylation of
Smad3 was significantly inhibited by silencing ACSL4 (Fig. 8A). Comparable to findings
from ACSL4 knock down cells, HepG2 cells treated with abemaciclib exhibited suppressed
expression levels of phosphorylated Smad3 (Fig. 8B), indicating that ACSL4 knockdown
promotes PGCla expression in a Smad3-dependent manner. Since Smad3 serves as a
principal facilitator of TGF-f signals, it is necessary to explore that TGF-p may be
involved in the regulation of ACSL4. As shown in Fig. 8C, protein levels of ACSL4 were
elevated in the presence of TGF-p1, but were significantly suppressed when Smad3 was
pharmacologically inhibited with the Smad3 inhibitor (S1S3; Fig. 8D). These results indicate
that ACSL4 may regulate fatty acid oxidation through the TGF-p1/ Smad3/PGCla axis.

Discussion

Globally, NAFLD is a public health problem that is increasingly becoming common,

and is among the leading causes of chronic liver disease. It is estimated that in the

next decade, NASH incidences will increase by 56%28. Due to advances in molecular

and genetic profiling, numerous pathogenic molecular pathways involved in NASH
development and progression have been identified. Currently, lifestyle interventions are
the primary therapeutic options for NASH. Moreover, several pharmacologic options such
as insulin sensitizers(metformin, troglitazone )2°: 30 lipid-lowering agents (gemfibrozil)31,
and antioxidants (vitamin E)32 are used for NASH management, and their applications are
limited by weak efficacies or long-term side effects.

Thiazolidinediones, such as rosiglitazone, pioglitazone, and troglitazone, specifically
inhibit ACSL4 over other ACSL isoforms33. In this study, molecular docking revealed
that abemaciclib has a more potent binding affinity than the other ACSL4 inhibitors.
Pioglitazone has been shown to be efficacious in treating NASH, and exerts beneficial
effects on lipids. However, its clinical applications may be limited by various side effects,
including fluid retention and weight gain3*. We found that pharmacologic inhibition of
the expression of ACSL4 by administering abemaciclib at 30 mg/kg per day significantly
suppressed body weights and improved NASH-assocoated pathological features, including
hepatic steatosis and fibrosis. In 2017, Abemaciclib was approved by the United States
Food and Drug Administration (FDA) to treat hormone receptor-positive and HER2-negative
breast cancer. Compared to the other two CDK4/6 inhibitors, abemaciclib is the only
CDKA4/6 inhibitor that can be used as a single therapy with milder neutropenia, no need
for any drug holiday or long-term medication3®: 36,

Abemaciclib inhibits tumor cell proliferation by activating CDK4/6, and thereby,
phosphorylating the retinoblastoma (RB1) family of proteins3’. Despite the requirement of
kinase activity, involvement of CDK4/6 can be separated from its classical role in cell cycle
regulation and RB1 phosphorylation38-40- As a potent, selective CDK4/6 kinase inhibitor,
abemaciclib suppressed RB1 phosphorylation in HepG2 cells. As did the other CDK4/6
approved inhibitors, including palbociclib and ribociclib (Fig. S3C). Although they inhibited
RB1 phosphorylation in a dose-dependent manner, suppressed ACSL4 protein levels were
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observed, particularly in response to abemaciclib (Fig. S3C). Corresponding results were
observed at mRNA expression levels of ACSL4, which were suppressed upon treatment
with abemaciclib (Fig. S3D). Molecular docking did not show a docking score for the other
two above mentioned CDKA4/6 inhibitors (data not shown). Moreover, CDK4/6 knockdown
using shRNA did not affect cellular lipid deposition in HepG2 cells treated with abemaciclib
(Fig. S4). Collectively, these findings imply that abemaciclib has unique pharmacological
properties that are not shared with the other potent CDK4/6 kinase inhibitors, palbociclib
and ribociclib. Therapeutic effects of abemaciclib on NASH involve ACSL4, and may be
independent of the CDK4/6-RB1 pathway.

Excess lipids accumulation in hepatocytes and lipid peroxidation are typical NAFLD
characteristics. NASH progression is enhanced by ROS-induced lipotoxicity. Elevated fatty
acid metabolism can suppress cytoplasmic lipid accumulation in the liver, and therefore,
reduce lipotoxicity. Accordingly, promotion of mitochondrial function and enhancement

of fatty acid oxidation is the most efficient strategy for reducing lipotoxicity. However,
elevated p-oxidation levels are associated with increased ROS production with the potential
for oxidative damage. In this study, ACSL4 deficiency was shown to protect cells from
H,0, and polyunsaturated fatty acid-induced cell death, without inducing cellular ROS
accumulation. Sebastian Doll et al. reported similar results that ACSL4 deficient tumor
cells are refractory to lipid peroxidation, which protects cells from death!?. In this

study, therapeutic inhibition of ACSL4 improved hepatic lipid accumulation, probably by
enhancing mitochondrial function and, thereby, boosting lipid catabolism. Even though the
effects of ACSL4 inhibition on NAFLD can help inform potential therapeutic strategies,
we did not establish why enhanced mitochondrial p-oxidation when ACSL4 was inhibited
did not increase cellular ROS production, but protected cells from peroxide-induced death.
One explanation could be that, since ACSL4 is involved in the synthesis of membrane
phospholipids, which are rich in long-chain polyunsaturated fatty acids, they can be oxidized
to initiate membrane lipid ROS accumulation!!. Studies have also shown that elevated
Complex I activity promotes mitochondrial respiration, without elevating mitochondrial
ROS production?!.

In this study, we show that abemaciclib exerted a therapeutic effect against NASH through
the ACSL4/PGCla axis, which maybe a novel kinase-independent action. Our findings
show the therapeutic potential of ACSLA4 for the treatment of NASH and provides evidence
that abemaciclib is a potent and selective ACSL4 inhibitor. These findings provide a
preclinical basis for repurposing of abemaciclib into clinical trials for NASH management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Elevated ACSL4 expression levelsin theliver are correlated with NAFLD development in
humans.

(A) GSEA pathway enrichment results showing the cellular pathways enriched in lipid
metabolism. Transcriptomic data of NAFLD patients and control adults was obtained from
the publically available GEO database (GSE63067). Control, n=7; NAFLD, n=11. (B)
Heatmap showing the expression profiles of lipid metabolism associated genes that were
up-regulated in NAFLD. Control, n=7; NAFLD, n=11. (C) Effects of ACSL4 on NASH
development as revealed using three independent Gene Expression Omnibus (GEO) data
sets. GSE66676 (Control, n=34; NASH, n=7), n= GSE63067 (Control, n=7; NASH, n=11),
GSE48452 (Control, n=14; NASH, n=18). (D) ACSL4 expressions in non-steatosis or
NASH mice liver. (E) ACSL4 expressions in human livers with non-steatotic (n=2), simple
steatosis (n=3) and NASH (n=3). (F) Expression profileS of ACSL4 in mice liver. Scale bars
indicate 50 um. Error bars represent mean+SD. *denotes p < 0.05.
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Fig. 2. ACSL 4 deficient micefed on aHFD and MCD areresistant to liver steatosis and fibrosis
development.

(A) ACSLA4 protein levels in livers of Flox and HepKO mice fed on a normal diet were
evaluated by Western blot. n=3 per group. (B) Body weight changes in Flox and HepKO
mice fed on a HFD (60% high fat diet) diet at indicated time points. n=10 per group. (C)
Hepatic triglyceride levels, liver to weight ratios as well as serum ALT and AST levels in
Flox and HepKO mice fed on a HFD diet for 27 weeks. Mice livers and serum were obtained
after overnight fasting. n=10 per group. (D) Blood glucose changes in Flox and HepKO
mice fed on a HFD diet for 27 weeks. n=10 per group. (E) Representative macroscopic
images, liver H&E images and liver lipid contents for Flox and HepKO mice fed on a HFD
for 27 weeks as determined by Oil red O staining. n=6 per group. (F) Representative liver
fibrosis for mice fed on methionine-choline deficient diet (MCD) for 8 weeks as determined
by Sirius Red staining and a-SMA staining. Scale bars indicate 50 um. n=6 per group. Error
bars represent meanSD. *denotes p < 0.05, **denotes p < 0.01, ***denotes p < 0.005.
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Fig. 3. ACSL 4 deficient mice fed on a HFF diet areresistant to liver steatosis and fibrosis
development.

Flox and HepKO mice were fed on a high fat-high cholesterol and high fructose (HFF)
diet for 16 weeks. Their livers and serum were obtainted after overnight fasting. (A) Body
weight changes at indicated time points. n=10 per group. (B) Hepatic triglyceride levels,
liver to weight ratios in Flox and HepKO mice fed on a HFF diet. n=10 per group. (C)
Serum ALT and AST levels in Flox and HepKO mice fed on a HFF diet. n=8 per group.
(D) Blood glucose levels in Flox and HepKO mice fed on a HFF diet. n=10 per group. (E)
Representative macroscopic images, liver H&E images, and liver lipid levels in Flox and
HepKO mice fed on a HFF diet as determined by Qil red O staining and liver fibrosis as
determined by Sirius Red staining. n=10 per group. Scale bars indicate 50 um.. Error bars
represent mean+SD. *denotes p < 0.05, ***denotes p < 0.005.
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Fig. 4. Abemaciclib treatment inhibited liver steatosisand fibrosis development in HFF and
MCD diet mice models.

For the HFF diet, male 9-week-old C57BL/6 mice (n210 mice per group) were orally
administered with the vehicle or abemaciclib (15 mg/kg and 30 mg/kg) per day. Mice

were placed on a HFF diet for the duration of the study, weekly starting at the initiation

of the diet. (A) Overall docking views of abemaciclib in the binding pocket of ACSL4,

and binding affinity of abemaciclib to ACSL4. (B) Representative macroscopic images,
liver H&E images and liver lipid contents as determined by Oil red O staining. n=6 per
group. (C) Representative liver fibrosis as determined by Sirius red staining and a-SMA
immunohistochemistry. Male 9-week-old C57BL/6 mice were administered with either the
vehicle or abemaciclib (15 mg/kg and 30 mg/kg) per day by gavage for 4 weeks. Mice were
placed on an MCD diet for the duration of the study. n=6 per group. (D) ACSL4 protein
levels (n=3 per group) in liver tissues and body weight changes (n=8 per group). (E) Hepatic
triglyceride levels (left), liver to body weight ratios (right). n=8 per group. (F) Serum ALT
(left) and AST (right) levels. n=8 per group. Scale bars indicate 50 pm. Error bars represent
mean+SD. *denotes p < 0.05, **denotes p < 0.01. n.s. is defined as not significant.
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Fig. 5. ACSL 4 silencing enhances mitochondrial respiration and promotes p-oxidation in vitro.
(A) Oxygen consumption rate (OCR) of HepG2 cells as determined by the Seahorse

analyzer. (B) Mitochondrial membrane potential of HepG2 cells as determined by the
mitochondrial membrane potential assay kit with JC-1. (C) Oxygen consumption rate (OCR)
of human primary hepatocyte-derived liver progenitor-like cells (HepLPCs) as determined
by the Seahorse analyzer. (D) Mitochondrial membrane potential of HepLPCs cells as
determined by the mitochondrial membrane potential assay kit with JC-1. (E) mRNA
expression levels of lipogenesis and fatty acid oxidation associated genes in ACSL4 silenced
HepG2 cells, relative to control cells, as determined by gRT-PCR. (F) Protein expression
levels of PGCla in ACSLA4 silenced HepG2 cells and in ACSL4 deficient mice liver tissues
fed on a normal-diet and HFF diet (up). For HFF diet models, Flox and HepKO mice were
fed on a HFF diet for 16 weeks. Protein levels of PGCla, respond in a dose-dependent
manner to abemaciclib /n vitroand in vivo (down). /n vitro, HepG2 cells were respectively
incubated with abemaciclib at 0, 0.625, 1.25, 2.5, 5, 10 uM for 48 h. /n vivo, C57BL/6 mice
administered with the vehicle or abemaciclib (30 mg/kg per day) for ten weeks. Proteins
were extracted and subjected to Western blot. Error bars represent mean+SD. *denotes p <
0.05, **denotes p < 0.01. ***denotes p< 0.005. n.s. is defined as not significant.
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Fig. 6. ACSL4 silencing suppressed lipid peroxidation and the associated cell death.
(A) ACSLA4 silencing suppressed lipid ROS production. ACSL4 silenced HepG2 cells were

seeded in 12-well plates and cultured overnight. Next day, cells were incubated with C11-
BODIPY (581/591) (1 uM) for 30 min at 37 °C in a 5% CO, atmosphere. Harvested cells
were resuspended in 200 L fresh PBS, strained through a 40 uM cell strainer and analyzed
by flow cytometry. (B-D) Dose dependent effects of ACSLA4 on cell viability in mice
primary hepatocytes and HepG2 cells. HepG2 cells (C and D) and mice primary hepatocytes
(B) obtained from Flox and HepKO mice were treated with AA (0, 5, 25, 50, 100, 200, 400
uM), DHA (0, 5, 25, 50, 100, 200, 400 uM) and H,0, (0, 25, 50, 100, 250, 500, 750, 1000
uM) at indicated concentrations for 48 h and assayed by CCK-8. (E) Macroscopic images
of ACSL4 silenced HepG2 cells and its control cells after treatment with AA (400 uM) and
DHA (100 pM). Error bars represent mean+SD. *denotes p < 0.05, **denotes p < 0.01.
***denotes p < 0.005.

Hepatology. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Duan et al.

Page 20

>

T T
2 : } MEDN594 MEDNO074
z i : } 10° 10°7
2 1 I o0
. i | 10t 1004
215 | fsweonora s ]
k- Nl | MEDP513 A% o
s b |+ MEDNS04 "
& 10
£ l J_ MEDN: 10*
gm—————-—l ———————— T 16024
H ! ! 102
5 | 1 10*
E | | 10° e
205 | | : i 10%° 4 ; :
g : } Flox HepKO Flox HepKO
s | |
00 ! !
| |
) ] 3 7 ]
LozFe MEDP513 MEDNS563
s
. Down:16 - Insignificant:553 . Up:d 19 10°
10°¢ 4 10°°4
MEDNS63 { DL-Benzylsuccinic acid 1056
MEDNS94 | m-Coumaric acid 10%4 4
MEDNO074 | y-Glutamate-Cysteine T 10%4 4
MEDP513 | Hexadecanamide 1] 10°7 el
2 - 0 1
o o -] @
oo
c m oM B3 25.M 10 10%¢ 0 T 19 : I
Flox HepKO Flox HepKO
D HEX (uM) E  HEX(0uM) HEX (10 uM )

0 25 5 10 20 40
PPARq (IS S B B S |

Relative mRNA expression

Fig.7. ACSL4 knockdown up-regulated the metabolite hexadecanamide, leading to activation of
the PPARa-PGCla axis.

(A) Bar charts of twenty representative metabolites that were differentially expressed in the
livers of Flox and HepKO mice (up). The figure shows the different multiples of each group
after log2 transformation (bottom). n=5 per group. (B) Violin plots showing the distribution
of values for the significantly up-regulated metabolites of Flox and HepKO mice livers. n=5
per group. (C) PPARa activation by the HEX metabolite. HepG2 cells were treated with
HEX (0, 2.5, 10 uM) for 48 h. Total mMRNA was extracted and analyzed by gRT-PCR. (D)
Dose dependent effects of HEX on the expression levels of PPARa and PGCla. HepG2
cells were treated with HEX (0, 2.5, 5, 10, 20, 40 uM) for 48 h. Proteins were harvested and
assessed by Western blot. (E) Qil red O staining of HepG2 cells treated with HEX and free
fatty acids for 24 h. Error bars represent meanSD. *denotes p < 0.05, **denotes p < 0.01.
n.s. is defined as not significant. HEX, hexadecanamide.
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Fig.8. ACSL4 promoted PGCla expression in a Smad3-dependent manner.
(A-B) Western blot analysis of Smad3, pSmad3 proteins in ACSL4-silenced (A) or

abemaciclib- treated (B) HepG2 cells. (C-D) Western blot analysis of ACSL4, Smad3,
and pSmad3 proteins in HepG2 cells stimulated by TGF-B1. (E) Summary scheme of the
hepatocyte ACSL4/Smad3/PGCla axis in NAFLD.
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