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Abstract Lipotoxicity is a pivotal factor that initiates and exacerbates liver injury and is involved in the

development of metabolic-associated fatty liver disease (MAFLD). However, there are few reported lipo-

toxicity inhibitors. Here, we identified a natural anti-lipotoxicity candidate, HN-001, from the marine fun-

gus Aspergillus sp. C1. HN-001 dose- and time- dependently reversed palmitic acid (PA)-induced

hepatocyte death. This protection was associated with IRE-1a-mediated XBP-1 splicing inhibition, which

resulted in suppression of XBP-1s nuclear translocation and transcriptional regulation. Knockdown of

XBP-1s attenuated lipotoxicity, but no additional ameliorative effect of HN-001 on lipotoxicity was

observed in XBP-1s knockdown hepatocytes. Notably, the ER stress and lipotoxicity amelioration was
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associated with PLA2. Both HN-001 and the PLA2 inhibitor MAFP inhibited PLA2 activity, reduced ly-

sophosphatidylcholine (LPC) level, subsequently ameliorated lipotoxicity. In contrast, overexpression of

PLA2 caused exacerbation of lipotoxicity and weakened the anti-lipotoxic effects of HN-001. Addition-

ally, HN-001 treatment suppressed the downstream pro-apoptotic JNK pathway. In vivo, chronic admin-

istration of HN-001 (i.p.) in mice alleviated all manifestations of MAFLD, including hepatic steatosis,

liver injury, inflammation, and fibrogenesis. These effects were correlated with PLA2/IRE-1a/XBP-1s

axis and JNK signaling suppression. These data indicate that HN-001 has therapeutic potential for

MAFLD because it suppresses lipotoxicity, and provide a natural structural basis for developing anti-

MAFLD candidates.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metabolic-associated fatty liver disease (MAFLD) is emerging as
the leading chronic liver disease worldwide with excessive lipid
ectopic accumulation in liver and is viewed as the hepatic mani-
festation of metabolic syndrome1. It includes a spectrum of his-
tological features ranging from simple steatosis to nonalcoholic
steatohepatitis (NASH), is associated with ballooning and injury
of hepatocytes, inflammation and/or deposition of collagen and
fibrosis progression; and ultimately drives to liver cirrhosis and
hepatocellular carcinoma2,3. At present, MAFLD is considered the
most common liver disease, and it has exceeded the hepatitis B
virus infection of the size of the affected population, reaching the
magnitude of an epidemic. However, the lack of ideal drugs and
increasing demands emphasize the importance of developing anti-
MAFLD candidates.

MAFLD is a complex disease characterized by contributions of
a diverse array of factors to its pathogenesis4,5. The primary
instigator of metabolic alterations in hepatocytes is ectopic
accumulation of lipids, which subsequently induces hepatocyte
damage and death. This phenomenon is commonly referred to as
“lipotoxicity”6e8. Toxic lipids can induce hepatocyte damage
through different mechanisms, including modification of intra-
cellular organelle function, direct activation of death receptor
signaling pathways, and aberrant activation of stress response
genes9. Among these processes, the endoplasmic reticulum (ER)
stress response has been demonstrated to play a crucial role in the
progression of MAFLD and NASH10. During ER stress, IRE-1a
activates proteins involved in either apoptosis or inflammation,
including spliced XBP-1 (XBP-1s) and c-Jun N-terminal kinase
(JNK). Either XBP-1s or JNK activation is associated with cell
death in both liver parenchymal and nonparenchymal cells, thus
exacerbating hepatic steatosis11,12. Additionally, JNK interacts
with mitochondria to induce reactive oxygen species (ROS) gen-
eration and subsequently apoptosis13. Meanwhile, the interplay
among lipotoxicity, inflammation, and fibrosis sustains the pro-
duction of toxic signals, exerting a prolonged influence that drives
the progression from MAFLD to NASH6,14. During our search for
novel pharmacologic agents to disrupt this mechanism, we iden-
tified a natural product called HN-001 (MW: 380.4), derived from
the marine fungus Aspergillus sp. C1 and reported its antibacte-
rial15, antioxidant15, antiinflammatory16, and antiausterity17

properties. However, its potential as an anti-MAFLD agent and
the underlying molecular mechanism remain unexplored.
The objective of this study was to assess the anti-lipotoxic
effect of HN-001 in hepatocytes induced by palmitic acid (PA)
and investigate the molecular mechanism underlying the ability of
HN-001 to alleviate lipotoxicity and promote hepatocyte survival.
Additionally, we aimed to evaluate the hepatoprotective effect of
HN-001 in a mouse model of high-fat and high-cholesterol (HFC)
diet-induced MAFLD, which closely recapitulates the pathogen-
esis of MAFLD in clinical settings. The results demonstrated that
HN-001 effectively mitigated PA-induced lipotoxicity in hepato-
cytes by suppressing ER stress through inhibition of the PLA2/
IRE-1a/XBP-1s axis. Furthermore, in the chronic HFC diet-fed
MAFLD mouse model, HN-001 alleviated all manifestations of
MAFLD without any observable signs of toxicity or adverse
effects.

2. Results and discussion

2.1. Discovery of HN-001 as a novel natural anti-lipotoxic
candidate in PA-treated hepatocytes

Lipotoxicity-induced hepatocyte death plays an essential role in
driving liver injury, hepatic inflammation and fibrogenesis initia-
tion7,8. The anti-lipotoxic effect of HN-001 (the chemical struc-
ture is listed in Fig. 1A) was determined in PA-treated hepatocytes
as previously reported18. The anti-NASH agent and PPARg
agonist rosiglitazone (20 mmol/L) served as a positive control. PA
treatment induced excessive lipid accumulation and exacerbated
hepatocyte injury, as indicated by increased levels of cellular tri-
glycerides (TGs) and free fatty acids (FFAs), an increased number
of apoptotic cells and a decreased number of viable cells
(Fig. 1BeF). In addition, caspase 3 activity was significantly
higher in the PA-treated group than in the blank group (Fig. 1G).
HN-001 treatment dose-dependently reduced the cellular TG
content but increased the FFA level, thus reversing PA-induced
lipotoxicity in hepatocytes. This protection was evidenced by
significant decreases in the number of apoptotic cells and the
activity of caspase 3 activity but an increase in the number of
viable cells compared with those in the PA-treated control group
(Fig. 1BeG). Interestingly, rosiglitazone treatment failed to
decrease cellular TG levels or reverse lipotoxicity. We also
determined the time dependency of HN-001. Interestingly, HN-
001 treatment displayed time-dependent inhibition of hepatocyte
apoptosis and enhancement of cell survival (Fig. 1HeJ). This
hepatocyte-protective effect was observed as early as 8 h upon PA

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Discovery of HN-001 as a novel natural anti-lipotoxic candidate in hepatocytes. (A) Chemical structure of the compound HN-001.

(BeC) Determination of cellular TG and FFA levels. (D) Imaging of cellular TG levels using the specific lipid dye Nile red. Scale bar, 50 mm.

(EeF) Apoptotic and viable hepatocyte counting by flow cytometry analysis. (G) Caspase 3 activity determination. (HeJ) Time-dependent effect

of HN-001 in protecting hepatocytes against lipotoxicity induced by PA. (H) Representative images of the contrast field in hepatocytes. (I)

Apoptotic cell quantification. (J) Viable cell quantification. n Z 5 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, compared

with blank group (PA untreated) cells; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with PA group cells.
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induction. It is worth noting that the anti-lipotoxic effect of HN-
001 was not related to cell toxicity (Supporting Information
Fig. S1).

2.2. HN-001 dose-dependently eliminates lipotoxicity and
ameliorates ER stress

Induction of ER stress involves the activation of three trans-
membrane ER-resident stress sensors: inositol-requiring enzyme 1
(IRE1), PKR-like ER kinase (PERK), and activating transcription
factor (ATF6). We then determined the effect of HN-001 on ER
stress signaling. HN-001 treatment dose-dependently reversed PA
treatment-induced ER stress activation, as indicated by decreases
in the total protein level of IRE-1a and ATF6, and the levels of
phosphorylated IRE-1aSer724 and PERKThr980 (Fig. 2A). Immu-
nofluorescence analysis of phosphorylated IRE-1aSer724 (p-IRE-
1aSer724) further confirmed the inhibitory effect of HN-001 on
IRE-1a activation (Fig. 2B). An interesting study has reported that
IRE-1a is an endogenous substrate of ER-associated degradation
(ERAD) and that GRP78 plays a key role in retaining IRE-1a for
ERAD degradation by assembling an IRE-1a/GRP78/SEL1L
complex19. HN-001 treatment increased the protein levels of
GRP78 and the ERAD marker SEL1L as well as the interactions
between IRE-1a, GRP78, and SEL1L (Supporting Information
Fig. S2A and S2B). Additionally, we treated PA-induced hepato-
cytes with the ERAD inhibitor Eeyarestatin I in the presence or
absence of HN-001 and found that Eeyarestatin I treatment acti-
vated the IRE-1a/XBP-1s axis, as indicated by increases in the
levels of IRE-1a, XBP-1s and phosphorylated IRE-1a, thus
exacerbating hepatocyte death (Fig. S2C and S2D). Cotreatment
with Eeyarestatin I and HN-001 weakened the suppressive effect
of HN-001 on the IRE-1a/XBP-1s axis and lipotoxicity in PA-
induced hepatocytes (Fig. S2C and S2D), indicating that HN-
001-mediated downregulation of IRE-1a may be involved in
improving ERAD.

A detailed study has demonstrated that IRE-1a activation-
mediated XBP-1 mRNA splicing is indispensable for ER stress
activation20. Splicing activation of XBP-1s has been shown to
promote lipogenesis in the liver by directly modulating the
expression of lipogenic genes21,22. Regarding the lipid-decreasing
effect, we then determined the effect of HN-001 on XBP-1
splicing. Interestingly, HN-001 treatment inhibited PA-induced
XBP-1 splicing, as indicated by an increase in the level of XBP-
1u and decreases in the level of XBP-1s and the ratio of XBP-
1s to XBP-1u (Fig. 2C). Immunoblot analysis of XBP-1s
confirmed the inhibitory effect on XBP-1s translation (Fig. 2D).

Our and other studies have recently revealed that persistent
activation of ER stress is a key instigator of hepatocyte apoptosis,



Figure 2 HN-001 treatment inhibits the IRE-1a/XBP-1s axis in PA-treated hepatocytes. (A) Expression levels of ER stress signaling pathway

related proteins. (B) Immunofluorescence analysis of p-IRE-1a (Ser724). Scale bar, 50 mm. (C) Effect of HN-001 on XBP-1 mRNA splicing. The

resultant cDNA was digested with PstI and analyzed by 3% agarose gel to visualize the activated spliced (XBP-1s) and unspliced (XBP-1u)

products. b-actin was used as a control. Gene expression levels were quantified and normalized to those of b-actin. The average levels of XBP-1s/

XBP-1u in the blank group from 5 independent experiments were set as 1, and the relative fold changes were determined. (D) Protein levels of ER

stress biomarkers and apoptosis-related proteins. (E) Determination of cellular ROS levels by flow cytometry analysis. (F) Imaging of cellular

ROS using a DCFH-DA probe. Scale bar, 50 mm. n Z 5 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, compared with blank

group (PA untreated) cells; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with PA-treated cells.
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leading to liver injury12,23. HN-001 addition dose-dependently
decreased the protein levels of the ER stress-induced apoptosis
marker CAAT enhancer binding protein homologous protein
(CHOP) and apoptosis markers, including cleaved caspase 7 and
caspase 3 (Fig. 2D). These data were consistent with the inhibition
of caspase 3 activity and the promotion of cell survival. ROS, a
representative biomarker of oxidative stress, are thought to be
upstream regulators of apoptosis. As shown in Fig. 2E and F, PA
treatment markedly increased cellular ROS levels, while HN-001
treatment dose-dependently reversed this stimulation.

2.3. HN-001 inhibits lipotoxicity by suppressing ER stress

PA-induced hepatocyte apoptosis is a sequential biological process
involved in ER stress and proapoptotic signaling. To further reveal
whether HN-001 prevented hepatocyte death in association with
ER stress attenuation, we performed a time dependency exami-
nation after PA treatment with or without HN-001 treatment. As
shown in Fig. 3, PA treatment activated the IRE-1a/XBP-1s axis
in a time-dependent manner, as indicated by increases in the total
and phosphorylated levels of IRE-1a (Fig. 3A). This activation
occurred as early as 1 h upon PA induction, leading to XBP-1
splicing and subsequent hepatocyte apoptosis at 4e8 h. Exami-
nation of the protein level and enzyme activity of caspase 3
revealed that PA induction increased the protein level of cleaved
caspase 3 and the activity of caspase 3 starting at 8 h after PA
treatment (Fig. 3BeD). Interestingly, HN-001 treatment time-
dependently inhibited IRE-1a activation in PA-treated hepato-
cytes as early as 1 h after PA treatment, correspondingly blocking
XBP-1 splicing and subsequent apoptosis. Compared with those in
counterpart PA-treated control cells, XBP-1 splicing and hepato-
cyte apoptosis were inhibited at each time point (Fig. 3AeD). In
addition, examination of ROS levels revealed that HN-001 treat-
ment time dependently reversed PA-induced increases in ROS
levels (Fig. 3E and F).

To further elucidate the relationship between ER stress inhi-
bition and lipotoxicity amelioration, the reported IRE-1a/XBP-1s
axis inhibitor TUDCA24 was used as a positive control. Notably,
TUDCA treatment efficiently downregulated the protein levels of
ER stress signaling proteins and apoptosis markers in PA-treated
hepatocytes, thus preventing apoptosis (Supporting Information
Fig. S3AeS3C). Furthermore, we treated dithiothreitol (DTT, ER
stress inducer)-induced hepatocytes with HN-001 or TUDCA.
Interestingly, DTT incubation activated ER stress and induced
hepatocyte apoptosis, while these effects were reversed upon
TUDCA or HN-001 addition (Fig. S3D and S3E). Immunoblot
analysis revealed that either HN-001 or TUDCA treatment sup-
pressed DTT-mediated ER stress activation and decreased the
protein level of cleaved caspase 3 (Fig. S3F). These data indicate
that inhibition of the IRE-1a/XBP-1 axis contributes to the lip-
otoxicity amelioration of HN-001, at least in part (Fig. 3G).

2.4. HN-001 inhibits XBP-1s transcriptional regulation

Spliced XBP-1 plays essential roles in activating ER stress by
directly binding to the promoters of genes, including Chop.
Additionally, XBP-1 has been reported to modulate inflammation
by controlling the transcription of Cox2 and Il-6 (Fig. 4A)25,26. We



Figure 3 HN-001 suppresses lipotoxicity in a time-dependent manner alongside IRE-1a/XBP-1 axis inhibition. Hepatocytes were treated with

PA for 0, 1, 4, 8, 12, or 24 h with or without HN-001 treatment (25 mmol/L), after which the cells were harvested and subjected to the indicated

examinations. (A) Expression levels of IRE-1a/XBP-1 axis proteins. (B) Protein levels of CHOP and the apoptosis marker cleaved caspase 3. (C)

Immunofluorescence analysis of cleaved caspase 3. Scale bar, 50 mm. (D) Caspase 3 activity determination. (E) Determination of cellular ROS

levels by flow cytometry analysis. (F) Imaging of cellular ROS using a DCFH-DA probe. Scale bar, 50 mm. (G) Proposed mechanism by which

HN-001 ameliorates lipotoxicity in PA-induced hepatocytes. n Z 5 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, compared

with blank (PA-untreated) cells; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with PA-treated cells.
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next determined the effect of HN-001 in blocking XBP-1s nuclear
translocation and its ability to control downstream genes. As
shown in Fig. 4B, HN-001 treatment decreased the levels of XBP-
1s in the nucleus and cytosol as well as the ratio of nuclear XBP-
1s (nXBP-1s) to cytosolic XBP-1s (cXBP-1s). Immunofluores-
cence analysis further confirmed the inhibitory effect of HN-001
on nuclear XBP-1s levels (Fig. 4C). Moreover, we observed a
time-dependent effect on XBP-1s nuclear translocation and, as
expected, found that PA treatment time-dependently increased the
total and nuclear levels of XBP-1s but that these increases were
reversed by addition of HN-001 (Fig. 4D). By performing chro-
matin immunoprecipitation (ChIP) assays, we found that PA
treatment significantly enriched the protein XBP-1s in the pro-
moters of genes involved in ER stress and inflammation, including
Chop, Cox2, and Il-6, while this enrichment was blocked upon
HN-001 treatment (Fig. 4E). Consistent with these results, HN-
001 treatment dose-dependently reversed the PA-stimulated in-
creases in the transcription levels of Chop, Cox2 and Il-6
(Fig. 4FeH).

2.5. Knockdown of XBP-1s reduces lipotoxicity

To reveal the role of the IRE-1a/XBP-1s axis in the lipotoxicity
amelioration of HN-001, we knocked down XBP-1s expression in
HepG2 cells by transfecting the cells with control or XBP-1s
siRNA (Fig. 5A). Both XBP-1s knockdown and HN-001 treat-
ment effectively downregulated the expression of downstream
genes, including Chop, Cox2, and Il-6 (Fig. 5B). Immunoblot



Figure 4 HN-001 inhibits XBP-1s nuclear translocation and binding to target genes. (A) Schematic diagram of XBP-1s in regulating

downstream genes. (B) Determination of XBP-1s levels in the cytosol and nucleus. Protein levels were quantified and normalized to those of the

loading control (GAPDH). The average levels of proteins in the blank group from 5 independent experiments were set as 1, and the relative fold

changes were determined. (C) Immunofluorescence analysis of XBP-1s. Scale bar, 50 mm. (D) Quantification of the time-dependent effect of PA

on XBP-1s nuclear translocation with or without HN-001 (25 mmol/L) treatment. Scale bar, 30 mm. (E) XBP-1s recruitment to the target gene

promoter region as analyzed by ChIP. IgG was used as a negative control. The average level in the blank group from 5 independent experiments

was set as 1, and relative fold changes were calculated. (FeH) Determination of the mRNA levels of Chop, Cox2, and Il-6 by qRT‒PCR assay.

The gene expression levels were calculated via normalization to those of the loading control (b-actin). The average levels of genes in the blank

group from 5 independent experiments were set as 1, and the relative fold changes were determined. n Z 5 independent experiments. *P < 0.05,

**P < 0.01, ***P < 0.001, compared with blank group (PA-untreated) cells; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with PA-treated

cells.
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analysis of apoptosis-related proteins, including CHOP and
cleaved caspase 3 (C-caspase 3) revealed that suppression of XBP-
1s inhibited PA-induced hepatocyte apoptosis (Fig. 5C). Deter-
mination of caspase 3 activity also confirmed that apoptosis was
inhibited when XBP-1s expression was downregulated (Fig. 5D).
Correspondingly, PA-induced lipotoxicity was weakened in both
HN-001-treated and Xbp-1s-knockdown cells (Fig. 5E). Notably,
there were no additional ameliorative effects on lipotoxicity after
HN-001 treatment in XBP-1s-knockdown hepatocytes (Fig. 5).
These data indicate that HN-001 ameliorates lipotoxicity in he-
patocytes is associated with the IRE-1a/XBP-1s axis suppression.

2.6. HN-001 ameliorates ER stress mediated lipotoxicity by
inhibiting PLA2

The lysophosphatidylcholine (LPC) class is a class of lipids derived
from phosphatidylcholine by partial hydrolysis through phospholi-
pase A2 (PLA2), which appears to act as a key instigator of lip-
otoxicity by triggering ER stress and activating the proapoptotic
JNK pathway27,28 (Fig. 6A). PA treatment markedly increased
cellular PLA2 enzyme activity and the PLA2 protein level, leading
to the accumulation of LPC (Fig. 6BeD). These increases were
correlated with activation of the JNK pathway, as indicated by
increased levels of phosphorylated JNK (p-JNKThr183þTyr185)
(Fig. 6D). Immunofluorescence analysis of PLA2 further confirmed
the ability of PA to increase PLA2 levels (Fig. 6E). Notably, HN-
001 treatment dose-dependently reversed the increases in the level
and enzyme activity of PLA2 (Fig. 6BeD). This reversal resulted in
LPC level reduction (Fig. 6C). Correspondingly, HN-001 treatment
blocked the activation of the JNK pathway induced by PA (Fig. 6D
and E). We also determined the time-dependent effects of HN-001
in blocking the PLA2 and JNK pathways. As shown in Fig. 6F and
G, PA treatment time-dependently increased PLA2 enzyme activity
as early as 1 h, while it enhanced the PLA2 protein level and
subsequent JNK pathway activity starting at 4 h. HN-001 addition
efficiently inhibited PLA2, including its enzyme activity and protein
expression, and the JNK pathway.

To further verify whether HN-001-mediated inhibition of ER
stress is correlated with the inhibition of PLA2, we administered
the PLA2 inhibitor MAFP to hepatocytes. As expected, MAFP
addition reversed PA-induced increases in cellular PLA2 activity
and LPC content, leading to reductions in Xbp-1s transcription
levels and ROS levels, thus decreasing caspase 3 activity and
enhancing hepatocyte survival (Fig. 6HeM). Moreover, we
overexpressed PLA2 protein in PA-induced hepatocytes and found
that PLA2 overexpression activated ER stress and exacerbated
hepatocyte death. Notably, PLA2 overexpression weakened the
lipotoxicity-ameliorating effects of HN-001 (Supporting



Figure 5 Inhibition or knockdown of XBP-1s protects hepatocytes against lipotoxicity. HepG2 cells were transfected with control or XBP-1s

siRNA for 12 h and then exposed to PA in the presence or absence of HN-001 (25 mmol/L) for another 24 h. (A) Schematic diagram of control/

XBP-1s siRNA or HN-001 treatment in HepG2 cells. (B) mRNA levels of Xbp-1s, Chop, Cox2, and Il-6. (C) Protein levels of downstream genes

of XBP-1s and cleaved caspase 3 and quantification. The average protein levels in the blank group from 5 independent experiments were set as 1,

and relative fold changes were calculated. (D) Caspase 3 activity determination. (E) Viable cell counting. n Z 5 independent experiments.
#P < 0.05, ##P < 0.01, ###P < 0.001, compared with PA-treated, siRNA-transfected control cells.
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Information Fig. S4), suggesting that PLA2 plays a crucial role in
the lipotoxicity-ameliorating effects of HN-001. Furthermore,
molecular docking analysis was performed to explore the potential
interaction between HN-001 and the human protein PLA2 (PDB
ID: 1BCI). As shown in Fig. 6N, the skeleton of HN-001 matched
protein PLA2 well, occupying multiple interaction sites due to its
unique molecular structure. MeO-10 and phenol hydroxyl groups
formed hydrogen bonds with Asn64 and Asp99. The benzene ring
attached to the dibenzofuran interacted with residue Phe63
through p‒p stacking. Surface plasmon resonance (SPR) assays
revealed that HN-001 interacted with PLA2 protein with a binding
affinity of 6.8 mmol/L (Fig. 6O). Furthermore, HN-001 dose-
dependently inhibited PLA2 enzymatic activity with a half-
maximal inhibitory concentration (IC50 value) of 15.2 mmol/L
(Fig. 6P). These data demonstrate that HN-001 is a potential
natural PLA2 inhibitor and that HN-001 ameliorates lipotoxicity
and protects hepatocyte survival by inhibiting IRE-1a/XBP-1s
signaling with PLA2 as an upstream target.

2.7. HN-001 attenuates the manifestations of MAFLD in HFC
diet-induced mice

Male C57BL/6J mice were fed with a chow (CH) diet or HFC diet
for 19 weeks, and HN-001 (10 or 20 mg/kg) or its vehicle was
administrated each other day at last 8 weeks (Fig. 7A). As ex-
pected, HFC diet feeding induced significant increases in liver
weight and the ratio of liver weight to body weight (Fig. 7B and
C). Quantification of liver TG levels showed an eight-fold increase
in the liver TG content in MAFLD mice compared with that in CH
diet-fed mice (Fig. 7D). Determination of liver enzyme levels in
plasma, including AST, ALT and ALP, demonstrated that chronic
HFC diet feeding induced liver breakdown (Fig. 7E). Pathological
examinations, including H&E and oil red O staining, revealed that
the MAFLD mice displayed severe hepatic steatosis and liver
injury (Fig. 7F). Notably, HN-001 treatment reversed HFC-diet
feeding-induced hepatic steatosis and liver injury in mice.
Compared with MAFLD control mice, HN-001-treated mice
exhibited dose-dependent attenuation of HFC diet feeding-
induced increases in liver weight, liver TG, and plasma AST,
ALT, and ALP levels (Fig. 7BeE). Pathological examinations also
confirmed the therapeutic effect of HN-001 against MAFLD
in vivo (Fig. 7F). Quantification of the activity and protein level of
caspase 3 demonstrated that HN-001 treatment efficiently pre-
vented HFC diet feeding-induced hepatocyte damage and death,
as indicated by increases in caspase 3 activity and protein
expression in the liver (Fig. 7G and H). Inflammation is a typical
feature of MAFLD/NASH induced by liver macrophages
following liver injury. We therefore next examined the anti-
inflammatory effect of HN-001. Immunofluorescence analysis of
the macrophage marker CD68 in the liver demonstrated that HN-
001 administration suppressed the activation of CD68 in the livers
of MAFLD mice (Fig. 7H).

Consistent with the reductions in liver TGs, liver injury and
inflammation, HN-001 treatment suppressed HFC diet feeding-
induced activation of genes involved in lipogenesis (including
Srebp-1c, Acc1, Fasn, Fatp1, and Fatp4), ER stress and apoptosis
(including Chop, Trail, Dr5, and Bcl-2), and inflammation
(including lipopolysaccharide receptor [Lspr], interleukin-6 [Il-6],
and tumor necrosis factor-alpha [Tnf-a]) (Fig. 7IeK). Immunoblot
analysis also confirmed the suppressive effects of HN-001 on the
expression levels of cleaved caspase 3, IL-6, and TNF-a (Fig. 7L).
Notably, HN-001 administration decreased fiber accumulation in



Figure 6 PLA2 is supposed to be an upstream regulator of ER stress and lipotoxicity. (A) Proposed mechanism by which PLA2 regulates ER

stress and hepatocyte death. (B‒C) Determination of cellular PLA2 enzyme activity and LPC levels. (D) Protein levels of the PLA2 and JNK

pathways. (E) Immunofluorescence analysis of protein PLA2. Scale bar, 50 mm. (FeG) Time-dependent effects of HN-001 in suppressing PLA2

activity (F) and the PLA2/JNK axis (G). (HeM) Hepatocytes were treated with the PLA2 inhibitor MAFP (3 mmol/L) for 24 h in the presence or

absence of PA, and then cells were harvested and subjected to the indicated examinations. (H) Cellular PLA2 enzyme activity. (I) Cellular LPC

level. (J) mRNA level of Xbp-1s. (K) ROS level. (L) Caspase 3 activity determination. (M) Viable cell counting. n Z 5 independent experiments.

(N) Molecular docking analysis between HN-001 and the protein PLA2. The crystal structure of human PLA2 (PDB ID: 1BCI) was selected. The

hydrogen bond and hydrophobic force are displayed as blue and yellow dashed lines, respectively. The image was generated in PyMOL. (O)

Determination of the binding affinity of HN-001 for the protein PLA2. (P) PLA2 enzyme activity determination. *P < 0.05, **P < 0.01,

***P < 0.001, compared with blank group (PA-untreated) cells; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with PA-treated cells.
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the liver, as indicated by Sirius red and Masson staining (Fig. 7M).
Consistent with these results, gene expression analysis demon-
strated that HN-001 treatment in mice downregulated the transcript
level of the fibrosis marker Col1a1 (Fig. 7N). Notably, treating CH
diet-fed mice for 8 weeks with HN-001 marginally affected all
examined parameters of the liver (Fig. 7), suggesting that HN-001 is
well tolerated in mice at pharmacological doses and that HN-001 is
a potential therapeutic candidate for MAFLD treatment.

2.8. Suppression of the PLA2/IRE-1a/XBP-1s axis in the livers
of HN-001-treated MAFLD mice

We then determined the enzyme activity and expression level of
PLA2 in the livers of mice. Compared with CH diet feeding, HFC
diet feeding induced great increases in the enzyme activity and
protein level of PLA2 (Fig. 8AeC), leading to a significant increase
in the level of LPC and thus activating the IRE-1a/XBP-1s axis and
JNK pathway in the livers of MAFLD mice (Fig. 8D and E). HN-
001 treatment significantly reversed the increases in PLA2 activity
and protein expression and decreased LPC levels in the liver,
resulting in suppression of the IRE-1a/XBP-1s axis and JNK
pathway, as indicated by decreases in the levels of phosphorylated
IRE-1a, PERK, and JNK and the total protein levels of ATF6, XBP-
1s and CHOP (Fig. 8). These data coincided with our cellular
findings, suggesting that HN-001 ameliorates MAFLD in mice by
suppressing the PLA2/IRE-1a/XBP-1s axis and JNK pathway.

3. Discussion

Lipotoxicity is a key instigator of hepatocyte damage and plays an
essential role in the development of MAFLD and NASH. In the
present study, we identified a natural product (HN-001) isolated



Figure 7 HN-001 ameliorates MAFLD in HFC diet-fed mice. Eight-week-old male C57BL/6J mice were fed a HFC diet for 19 weeks, and

HN-001 (10, 20 mg/kg) was administered orally for the last 8 weeks every other day. After treatment, plasma and livers were collected for the

indicated examinations. (A) Schematic diagram of HN-001 treatment in mice. (BeC) Mouse liver weight and ratio of liver to body weight. (D)

Determination of liver TG levels. (E) Plasma AST, ALT, and ALP levels. (F) Pathological examination of H&E (for liver injury) and oil red O (for

steatosis) and NAFLD Activity Score (NAS) evaluation. Scale bar, 200 mm. (G) Caspase 3 activity determination. (H) Immunofluorescence

analysis of cleaved caspase 3 (C-caspase 3) and CD68 in the liver. Scale bar, 200 mm. (IeK) mRNA levels of genes related to lipogenesis, ER

stress, apoptosis, and inflammation. (L) Quantification of the protein levels of C-caspase 3, IL-6, and TNF-a. The average levels of genes or

proteins in the chow diet control group were set as 1, and the relative fold changes were calculated. (M) Sirius red and Masson staining for liver

fibrosis evaluation. Scale bar, 200 mm. (N) mRNA level of Cola1a. nZ 9e10 mice per group. The data shown are individual values with means �
SEMs. *P < 0.05, **P < 0.01, ***P < 0.001, compared with vehicle-treated CH diet-fed mice; #P < 0.05, ##P < 0.01, ###P < 0.001, compared

with vehicle-treated MAFLD mice.
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from the marine fungus Aspergillus sp. C1 as a novel anti-
lipotoxicity candidate. Its hepatoprotective and MAFLD-
ameliorating effects as well as its molecular action were studied.
Our results demonstrated that HN-001 protected hepatocytes
against PA-induced lipotoxicity by inhibiting the IRE-1a/XBP-1s
axis and its transcriptional regulation involved in apoptosis and
inflammation. These were correlated with PLA2 inhibition. The
observed therapeutic effects of HN-001 in ameliorating MAFLD,
including suppression of lipotoxicity and improvement of liver
pathologies, largely fulfilled the recommended criteria for the
treatment of NASH. Notably, our evaluation of plasma parameters
related to liver function indicated that HN-001 is safe and does not
exhibit any detectable toxicity or adverse effects. These findings
suggest that HN-001 holds promise as a potential novel structure
for the development of anti-MAFLD/NASH agents.

Multiple theories have emerged to explain the underlying
mechanisms of the pathologies of MAFLD. Recently, a large body
of evidence has supported the idea that perturbation of ER ho-
meostasis contributes to dysfunction of hepatic lipid metabolism
and chronic liver diseases, such as MAFLD10. ER stress engages
an evolutionarily conserved pathway termed the unfolded protein
response (UPR). IRE-1a, the most conserved ER stress transducer,
participates in the UPR through autophosphorylation and then
splices the mRNA of XBP-1 (the only characterized target of IRE-
1a) through its RNase activity29, which further activates ER stress
and enhances lipid synthesis and apoptosis through transcriptional



Figure 8 HN-001 inhibits the PLA2/IRE-1a/XBP-1s axis and JNK signaling in the liver. (A) Determination of PLA2 enzyme activity. (B)

Protein level of PLA2 and quantification. (C) Immunohistochemistry (IHC) analysis of PLA2. Scale bar, 100 mm. (D) Quantification of LPC

levels. (E) Expression of ER stress signaling- and JNK pathway-related proteins and quantification. The average levels of proteins in CH diet-fed

mice were set as 1, and the relative fold changes were calculated. n Z 10 mice per group. The data shown are individual values with means �
SEMs. *P < 0.05, **P < 0.01, ***P < 0.001, compared with vehicle-treated CH diet-fed mice; #P < 0.05, ##P < 0.01, ###P < 0.001, compared

with vehicle-treated MAFLD mice.
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regulation. Although ER stress serves at first to re-establish ER
homeostasis and promotes cell survival by directing unfolded or
misfolded proteins toward degradation30, prolonged activation of
ER stress triggers apoptotic pathways causing cell death23. Pre-
vious studies have demonstrated that IRE-1a RNase activity in-
creases under sustained conditions of ER stress and enhances
proapoptotic signaling31. Presently, we found that incubation of
hepatocytes with PA (a saturated fatty acid) time-dependently
increased the total and phosphorylated levels of IRE-1a and
spliced XBP-1, leading to augmentation of ER stress and hepa-
tocyte death. Notably, activation of the IRE-1a/XBP-1s axis was
observed as early as 1 h after PA treatment. Meanwhile, the ER
stress inducer DTT induced hepatocyte death after a short period
of 4 h of incubation. These findings indicate that activation of ER
stress is an essential factor in hepatocyte death induced by PA.
The observed ER stress-associated lipotoxicity was reversed by
adding HN-001. Treating hepatocytes with HN-001 dose- and
time-dependently blocked ER stress activation in as little as
1e4 h, while hepatocyte apoptosis occurred at approximately 8 h
after PA treatment. Additionally, knockdown of XBP-1s effi-
ciently attenuated lipotoxicity, while no additional antilipotoxic
effects were observed when HN-001 was added to XBP-1s-
knockdown hepatocytes. Furthermore, treatment with either the
IRE-1a/XBP-1s axis inhibitor TUDCA or HN-001 efficiently
inhibited ER stress and hepatocyte death in PA- or DTT-treated
hepatocytes. These data suggest that HN-001 ameliorates lip-
otoxicity and MAFLD by suppressing the IRE-1a/XBP-1s axis, at
least in part.

In hepatocytes, apoptosis can occur via intrinsic pathways
activated by multiple intracellular metabolic or organelle stresses.
PA induces apoptosis by metabolizing PA into LPC, which is
catalyzed by PLA28. LPC has been implicated in lipotoxicity and
hepatocyte death through caspase 3, and its levels are increased in
the livers or plasma of both human NASH patients32 and animal
models of MAFLD/NASH33. Studies have also revealed that LPC
triggers apoptosis through activation of downstream JNK or in-
duction of CHOP34. Consistent with this finding, we found that
either PA induction or chronic HFC diet feeding significantly
increased LPC levels and activated the JNK axis. These effects
were in parallel with substantial hepatocyte death and enhance-
ments in the enzyme activity and expression level of PLA2.
Treatment with HN-001 inhibited PLA2 enzyme activity and
decreased its protein level in a dose- and time-dependent manner,
leading to a reduction in LPC level, thus inhibiting ER stress and
the JNK pathway and promoting hepatocyte survival. HN-001
inhibited PLA2 enzyme activity in PA-treated hepatocytes as
early as 1 h prior to hepatocyte apoptosis. Furthermore, over-
expression of PLA2 overwhelmed IRE-1a/XBP-1s axis activation,
exacerbating hepatocyte death. PLA2 overexpression weakened
the antilipotoxic effect of HN-001. These data imply that PLA2 is
an essential regulator of IRE-1a/XBP-1s axis activation and that
PLA2 is an upstream therapeutic target for HN-001 to counter
lipotoxicity and MAFLD. By performing binding kinetics,
enzyme inhibition, and molecular docking analysis, we identified
PLA2 as a potential target protein of HN-001.

Over the past 30 years, 50% of the 1881 approved drugs have
directly or indirectly originated from natural products35. Marine-
derived fungi are the main sources of marine microbial natural
products due to their complex genetic background, chemodiversity
and high yield of natural products. According to a survey of
marine microbial natural products from 2015 to 2021, marine
fungi of the genus Aspergillus have received the most attention
from chemists and pharmacologists for their structurally diverse,
abundant biologically active secondary metabolites and broad
bioactivities36. Presently, we report for the first time the anti-
MAFLD action of a natural product isolated from the fungal
genus Aspergillus. Our study sheds new light on metabolites from
marine fungi with activity against chronic metabolic diseases.
This study may provide a novel structural basis for the develop-
ment of new anti-MAFLD candidates.



Figure 9 Proposed mechanism by which HN-001 protects against MAFLD in mice. As exemplified by compound HN-001, inhibition of PLA2

in hepatocytes or in mice decreases LPC content, thus blocking the JNK pathway and ameliorating hepatocyte apoptosis. On the other hand, a

reduction in LPC inhibits IRE-1a activation, leading to XBP-1 splicing inhibition and transcriptional regulation blockade and ameliorating ER

stress, hepatocyte apoptosis, and inflammation. As a result, MAFLD is alleviated.
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4. Conclusions

Overall, our data collectively demonstrate that HN-001 attenuates
MAFLD by reducing hepatic steatosis, lipotoxicity, liver injury,
inflammation, and fibrogenesis in the liver. These therapeutic ef-
fects are in accordance with the recommended criteria for po-
tential new MAFLD/NASH drugs37. The molecular mode of
action involves inhibition of lipotoxicity, consistent with the
proposed mechanism of the pathogenesis of NASH38. These
beneficial effects are driven by inhibition of the IRE-1a/XBP-1s
axis and JNK pathway, with PLA2 as an upstream target (Fig. 9).

5. Experimental

5.1. Fungal cultivation and compound isolation

The fungus Aspergillus sp. c1 was isolated by one of the authors
(Zhi-kai Guo) from coral reef in the South China Sea in 2018. The
isolate was identified as Aspergillus sp. by its morphological
characteristics and the voucher specimen was deposited in Hainan
Key Laboratory of Tropical Microbe Resources, Institute of
Tropical Bioscience and Biotechnology, Haikou, China. The strain
was cultivated on PDA agar plate at 28 �C for 5 days. Then small
agar plugs with mycelia were inoculated into 1 L erlenmeyer
flasks, each containing 200 mL MEA liquid medium, which was
cultivated at 28 �C with 160 rpm/min. After 4 days of fermenta-
tion, 15 mL of the seed cultures were inoculated into 180 L
erlenmeyer flasks, each containing 30 g rice, and fermented at
28 �C for 45 days under static conditions.

The fermentation material was extracted with EtOAc at room
temperature for four times to yield an extract (120.0 g). Then the
extract was fractionated by silica gel CC eluting with a gradient of
petroleum ether-EtOAc mixtures (v/v, 100:0, 25:1, 10:1, 5:1, 2:1,
1:1, 0:1) to give 8 fractions (Fr.AeFr.H). The Fr.F (petroleum
ether/EtOAc, v/v, 2:1) was separated by a C18 reversed-phase
column, eluted with aqueous methanol (40%e100%), to yield
the Fr.F-6 (70% aqueous methanol), which was further purified by
Sephadex LH-20 CC with 100% MeOH to give compound HN-
001. HN-001 was identified as 4,5-dimethoxycandidusin A by
comparing its 1H NMR and HR-ESIMS spectroscopic data
(Supporting Information Figs. S5eS6) with those described in the
literature39.

HN-001: greyish white powder; 1H NMR (500 MHz, DMSO-
d6) 7.46 (1H, s, H-3), 3.87 (3H, s, 4-OMe), 3.86 (3H, s, 5-OMe),
7.46 (1H, s, H-6), 3.78 (3H, s, 30-OMe), 6.76 (1H, s, H-500), 4.00
(3H, s, 60-OMe), 7.43 (1H, d, J Z 8.5 Hz, H-200), 6.85 (1H, d,
J Z 8.5 Hz, H-300), 9.54 (1H, s, 400-OH), 6.85 (1H, d, J Z 8.5 Hz,
H-500), 7.43 (1H, d, J Z 8.5 Hz, H-600); HR-ESIMS m/z 381.1333
[M þ H]þ (Calcd. for C22H21O6, 381.1333). Purity: 96.47%
(Supporting Information Fig. S7).

5.2. Cell culture and PA induction

Human hepatoma cell line HepG2 (ATCC, Cat#HB-8065, RRID:
CVCL_0027) was cultured within DMEM medium supplemented
with 10% fetal bovine serum and 1% penicillin (100 U/mL) and
streptomycin (100 mg/mL). For induction, HepG2 cells were
exposed to 0.5 mmol/L PA (Sigma, Cat#P0500, China) induction
for 24 h with or without HN-001 treatment at indicated
concentrations.

5.3. TG quantification and imaging

Cellular TG was extracted as described previously18. Briefly, the
liver tissue or cells were homogenized and extracted with equal
volumes of chloroform/methanol. The chloroform phase was
removed to a new tube and dried and was then resuspended in
isopropyl alcohol as a total lipid extract sample. The quantities of
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total TG (Jiancheng Bio Cat# A110-2, Nanjing, China) in the
livers were then assayed according to the manufacturer’s pro-
tocols. 100 mL of TG working reagents were mixed with 10 mL of
ddH2O, TG, or DAG standards and the samples respectively. The
reaction was incubated at 37 �C for 15 min. Absorbance (A) of
blank, standards, and samples were recorded at 510 nm. TG
concentrations were calculated as (Asample�Ablank)/
(Astandard�Ablank) � concentration of standards and normalized to
tissue weight or protein content.

For cellular TG imaging, cells were stained with 5 mmol/L Nile
red dye at 37 �C for 30 min in dark. Then washed with culture
medium and representative images were captured using confocal
microscopy (Zeiss, Germany) under an excitation wavelength of
555 nm.

5.4. Viable and apoptotic cell counting

After treatment, cells were collected and re-suspended in 1 mL
culture medium. The suspension was mixed with 0.4% trypan blue
at 1:1 (v/v) and incubated at room temperature for 5 min. The
hemocytometer was filled with 10 mL cell mixture for cell
counting under a light microscope (Olympus, Germany). The
stained (death hepatocyte) and non-stained cells (viable hepato-
cyte) were counted, respectively. For viable and apoptotic count-
ing, after treatment, cells were collected and washed with PBS
(0.1 mol/L) for twice, then stained with Annexin V/propidium
iodide (PI) (Multi Science, #AT107, China) in 1 � binding buffer
at dark for 15 min. Cells were washed with PBS for twice and then
subjected to flow-cytometry analysis (Beckman, Germany). Each
sample was loaded with 15,000 cells for the analysis in a flow
cytometer at the auto-setting. Data were analyzed by Expo 32
Software (Beckman, Germany). According to the instructions of
the Annexin V/PI, either Annexin Vor PI/Annexin V labelled cells
were defined as apoptotic cells. Viable cells were not labelled by
either PI or Annexin V.

5.5. Caspase 3 activity determination

The activity of caspase 3 (Biovision Cat# K105-100, Wuhan,
China) in cultured cells was measured by a fluorescence-based
assay. Approximately 10 mg cell lysate was added to the wells and
incubated with the fluorogenic substrate rhodamine 110 bis-(N-
CBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid amide; Z-
DEVD-R110; 25 mmol/L) at room temperature. Substrate cleavage
and rhodamine 110 accumulation was measured fluorometrically
at 499 nm (excitation) and at 521 nm (emission) in a multiplate
reader (Spectromax Gemini, Molecular Devices). The protein
content was determined by BCA Assay Kit (Thermo Cat# 23227,
Guangzhou, China) with human serum albumin as a standard.

5.6. ROS detection and imaging

Intracellular ROS was measured using a DCFH-DA probe
(Beyotine, Cat# S0033, Chengdu, China). Briefly, after treatment,
the treated cells were collected and re-suspended in culture me-
dium containing 5 mmol/L DCFH-DA, and incubated at 37 �C for
30 min and then immediately analyzed by flow cytometry
(Beckman, Germany). Data were collected from at least
10,000 cells at a flow rate of 250e300 cells per second. For
cellular ROS imaging, treated cells were stained with 10 mmol/L
DCFH-DA at 37 �C for 15 min in dark. Then washed with culture
medium and representative images were captured using confocal
microscopy (Zeiss, Germany) under an excitation wavelength of
488 nm.

5.7. Immunoblotting, immunofluorescence and
immunohistochemistry analysis

Cell or livers were lysed with RIPA lysis buffer containing pro-
tease and phosphatase inhibitor cocktail and total protein was
extracted and quantified by using a protein determination kit
(Thermo Fisher Scientific, Cat#23227, China). Protein samples
were prepared by centrifuging at the speed of 12,000 � g for
30 min at 4 �C, the supernatant was boiled at 95 �C for 10 min and
then subjected to SDS-PAGE. 15 mg of total protein was separated
by electrophoresis in a 10% SDS-polyacrylamide gel and trans-
ferred to a PVDF membrane (Thermo Fisher Scientific,
Cat#88520, China). After blocking, the full membranes were
cropped according to the molecular weight of examined proteins
and incubated with antibodies at 4 �C overnight. The used anti-
bodies were listed in Supporting Information Table S1. The
membranes were washed to remove unbound antibodies and then
incubated with HRP-conjugated secondary antibodies at room
temperature for 45 min. Protein bands were visualized one by one
with an ECL kit (Millipore, Cat#64-201BP, China). The un-
cropped data of immunoblot were uploaded as a supplemented
file. Densitometry analysis was performed using Image J Software
(Rawak Software Inc., Stuttgart, Germany) relative to the loading
control b-actin or GAPDH or tubulin. The average protein levels
of control group cells or control mice from each independent
experiment or mice were set as 1, relative changes were calcu-
lated. For immunofluorescence assay, cells were fixed with pre-
cold ethanol at �20 �C, then blocked and incubated with
cleaved caspase 3 or p-IRE-1aSer724 or XBP-1s at 4 �C overnight.
After washing, cells were co-stained with fluorescent labelled
secondary antibody (Cell Signaling Technology, Cat#7076, RRI-
D:AB_330924, China) and 2 mg/mL DAPI (for nucleus, Thermo
Fisher Scientific, Cat#R37606, China) at 37 �C for 1 h. Fluores-
cence images were acquired using confocal microscope (Olympus
Confocal Microscope).

5.8. Total RNA extraction, PCR and qRT-PCR

Total RNA from cells or mouse livers was isolated using the
TRIzol method (Invitrogen, Cat# 15596018, Guangzhou, China)
and the results were analyzed on an ABI StepOne Plus real time
PCR system (Applied Biosystems, USA, RRID:SCR_015805)
using the 2�DDCt method as our previous report40. b-Actin was
used as a loading control, and relative mRNA levels were
normalized to loading control b-actin. Primer sequence was listed
in Supporting Information Table S2. The average gene levels in
control cells or chow diet (CH) fed mice set as 1, relative folds
were calculated by comparing with control group.

5.9. Chromatin immunoprecipitation

ChIP assay was performed using a ChIP assay kit (Thermo Fisher
Scientific, Cat#26157, Guangzhou, China) according to manu-
facturer’s instructions as our previous reported18. HepG2 cells
were exposed to PA induction in the presence or absence of HN-
001 (25 mmol/L) treatment for 24 h. Proteins bound to DNAwere
cross-linked by adding formaldehyde to a final concentration of

nif-antibody:AB_330924
rridsoftware:SCR_015805
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1% for 15 min at 37 �C and the cross-linking was stopped addition
of glycine to a final concentration of 0.125 mol/L. Cells were then
washed twice with ice-cold PBS containing protease inhibitors,
pelleted, resuspended in 100 mL Lysis buffer I and typsined by
MNase, the isolated nucleus then lysis with 100 mL Lysis buffer II
and obtained approximate DNA size of 150e400 bp. Samples
were pre-cleared with protein G/A agarose beads and then
immunoprecipitated with anti-XBP-1s (Cell signaling Technology,
Cat#27901, China) or IgG overnight at 4 �C. Chromatin protein/
DNA complexes were eluted from the agarose beads twice by
adding 100 mL of elution buffer at room temperature for 15 min.
Cross-linking was reversed by heating to 65 �C for 2 h. DNA
fragments were purified and the targeted DNA was amplified by
real-time PCR with the ABI PRISM 7900HT sequence detection
system using SYBR green (Roche, Cat#04913914001, Guangz-
hou, China). The sheared chromatin from each tube was diluted
10�, with 10% saved as input DNA and the rested were prepared
for targeted genes.

5.10. siRNA or PLA2 plasmid transfection

HepG2 cells were transfected with 75 nmol/L control siRNA or
XBP-1s siRNA (Ribobio Co., Ltd., Guangzhou, China) for 12 h
using lipofectamine 3000 transfection reagent (Thermo Fisher
Scientific, Cat#L3000015, Guangzhou, China). For PLA2 over-
expression, HepG2 cells were transfected with 5 mg PLA2 plasmid
(MG51562-UT, Sino biologic, China) for 12 h using lipofectamine
3000 transfection reagent. Then cells were exposed to PA induc-
tion with or without compound treatment for another 24 h, and
cells were harvested and subjected to indicated analysis.

5.11. PLA2 activity determination

Cellular and liver phospholipase A2 (PLA2) activity was
measured using a colorimetric cytosolic PLA2 (cPLA2) assay kit
(Cat #765021, Cayman Chemical, USA) following the manufac-
turer’s instructions. For PLA2 enzyme activity determination
in vitro, the full length recombinant PLA2 (51562-M08H, Sino
biological, China) were incubated with HN-001 at 37 �C for
15 min, then the PLA2 enzyme activity was measured using PLA2
ELISA kit.

5.12. LPC level detection

The levels of LPC (mmBio Cat#MM-50888H1, China) in cells or
livers (prepared as described before) were measured by ELISA
assays according to the manufacturer’s instructions. The cell
lysate or liver homogenate was collected after a designated
treatment and centrifuged at 4000 rpm for 10 min at 4 �C to
remove cell debris. Briefly, 10 mg cell or liver lysate, saline, and
standard were added to the ELISA plate and incubated at 37 �C for
90 min. Wells were washed four times with elution buffer and then
incubated with biotin-labelled antibodies at 37 �C in the dark for
another 30 min followed by reaction with the corresponding
substrate. The color produced was proportional to the concentra-
tion of LPC and was measured at 450 nm and quantified against
the standard curve from the known amount of LPC.

5.13. Surface plasmon resonance (SPR) assay

All experiments were carried out on a Biacore 8K instrument
equilibrated at 25 �C in PBS-T buffer (PBS 0.05% Tween 20 and
0.1% DMSO). CM5 sensor chip was activated using NHS/EDC
amine coupling reaction. Purified protein PLA2 was immobilized
on CM5 sensor chip in 10 mmol/L sodium acetate buffer. To
determine the interaction, HN-001 was diluted with running buffer
(12 mmol/L HEPES, 4 mmol/L Tris, 1 mmol/L EDTA, 1.5 mmol/
L MgCl2 and 0.005% Tween-20) ranging from 0.3125 to 20 mmol/
L and injected sequentially onto the PLA2 immobilized surface.
The ligand was injected at a flow rate of 25 mL/min for 150 s
during the association phase, which was followed by a 300 s
disassociation phase at 25 �C. The equilibrium dissociation con-
stant (KD) was analyzed by fitting the doseeresponse curve using
BIAcore evaluation software. KD was calculated from ka and kd,
KD Z kd/ka.

5.14. Animal study

All animal care and experimental procedures were approved by
the GuangDong Medical College Committee on Animal Ethics for
the Use of Laboratory Animals in accordance with the Animal
Welfare Legislation of China. Every effort was made to minimize
the use of the animals and their discomfort. Animal studies are
reported in compliance with the ARRIVE guidelines. Male
C57BL/6J mice aged 8e10 weeks (18e20 g) bred at the Labo-
ratory Animal Centre of GuangDong Medical College (Dongguan,
China) were used for the study. The mice were housed under
specific pathogen free and reared in line with standardized
methods at 22 � 1 �C on a 12/12 h light/dark cycle with free
access to food and water. After 7 days acclimatization, mice were
fed with either a chow diet (CH, with 70% calories from starch
and provided by the Animal Center) or the high-fat and high-
cholesterol (HFC, 60% fat and 1.2% cholesterol) diet (Research
Diets, Cat#D12492, USA) ad libitum for up to 18 weeks. The CH
or HFC mice were randomly divided into two subgroups at the
beginning of week 11 to receive HN-001 (20 mg/kg) or its vehicle
(5% castor oil þ 0.5% PEG400; control group) intraperitoneal
injection (i.p.) every other day. The used vehicle is safe and
selected according to our previous and other reports41. HN-001
was administrated in the last 8 weeks.

5.15. Plasma chemicals and liver TGs determination

At the end of the study, mice were fasted for 6 h (08:00e14:00)
and anaesthetized by an i.p. injection of ketamine/xylazine. After
the mice were fully anaesthetized, the eyeball was removed to
collect blood samples into a tube containing 1 mmol/L EDTA.
After the blood samples were collected, the anaesthetized mice
were killed by cervical decapitation. Livers were weighed, freeze-
clamped or fixed in 4% formaldehyde solution. Plasma levels of
alkaline phosphatase (ALP), glutamic-pyruvic transaminase
(ALT) and aspartate aminotransferase (AST) were determined by
an Olympus AU 600 auto-analyser (Olympus, Japan). Liver TGs
were extracted by the method of Folchand and determined by a
Peridochrom triglyceride GPO-PAP kit as previously described18.

5.16. Histological analysis and definition of the scoring system

Dissected tissues were fixed in 4% formaldehyde and embedded in
paraffin according to standard procedures. Tissue sections of 4 mm
thickness were stained with hematoxylin and eosin (H&E, for liver
injury determination), oil red O staining (for steatosis determi-
nation), sirius red and masson staining (for fibrosis determination).
The sections for histological examination were coded before
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assessment. The scores of steatosis, inflammation, ballooning, and
fibrosis in the liver were evaluated by a pathologist, without
knowledge of the treatments, using the non-alcoholic fatty liver
disease (NAFLD) activity scoring system described by Kleiner
et al.42.

5.17. Immunohistochemistry (IHC) analysis

The paraformaldehyde embedded livers were sectioned (4 mm
thick) with a rotary microtome (Leica, Germany). Sections were
deparaffinized and hydrated. Heat-mediated antigen was retrieved
with 10 mmol/L citrate buffer pH 6.0 (Thermo Scientific,
Cat#005000, Guangzhou, China). Endogenous peroxide was
inhibited by incubating with a freshly prepared 3% H2O2 solution
in MeOH. Non-specific antigens were blocked by incubating
sections for 1 h with IHC blocking buffer (Thermo Scientific,
Cat#00-4953-54, Guangzhou, China). Then liver sections were
stained with PLA2 (Affinity Biosciences Cat# AF6329, Guangz-
hou, China) followed by a goat anti-rabbit IgG HRP conjugate
(Thermo Scientific, Cat#65-6120, Guangzhou, China). Color was
developed after incubation with 3,30-diaminobenzidine (DAB)
substrate (Thermo Scientific, Cat#SK34065, Guangzhou, China),
followed by haematoxylin counterstaining and mounting (Vector
laboratories, Cat#H-5000, China). All sections were viewed with a
light microscope (Olympus, Germany) and photographed at � 200
magnification. The positive (stained) area for each marker was
imaged with a minimum of 10 random liver sections per sample.
Images are presented in the Figures, showing the animal with the
median value for each group. The immunoblotting or immuno-
histochemistry has been conducted the experimental detail pro-
vided conforms with Pharmacological Research Guidelines.

5.18. Molecular docking

The crystal structure of human PLA2 protein (PDB code: 1BCI)
was selected for molecular docking utilized by a Surflex-dock
method embedded in the software Tripos Sybyl X2.0. The
CHARMM force field method and the Momany�Rone partial
charge method were used to add hydrogen atom and charge to the
system, respectively. All ionizable residues in the system were set
to protonation states at a neutral pH, crystal water molecules were
removed, and other parameters were set to default values.

5.19. Data and statistical analysis

For cellular experiments, data were obtained from 5 biologically
independent experiments. For animal study, data were obtained
from 10 independent mice in each group as presented in
Figure legends. The statistical analysis with parametric variables
was performed using the original experiment data (non-normal-
ized data) unless otherwise specific stated in the Fig. legends. For
the optical density analysis of immunoblotting assay, the average
level of control group from 5 independent experiments or mice of
control group were set as 1, relative folds were calculated by
comparing with the control group. Data are included in data
analysis and presentation and expressed as the mean � SEM.
Differences between two groups were analysed by Student’s t-test
using Graphpad Prism (Graphpad Software Inc., CA, USA,
RRID:SCR_002798). Statistical analysis for multiple groups was
performed by one-way ANOVA followed by Tukey’s HSD post
hoc-tests. The statistical analysis of NAS score was performed by
using non-parametric analysis. A P value of �0.05 was considered
statistically significant.

5.20. Materials

Aspergillus sp. c1 is a symbiotic fungus isolated from hard coral
collected in the South China Sea in 2018. Compound HN-001
were isolated with purity over >95%. It was dissolved in
DMSO solution to form a storage solution of 10 mmol/L and
diluted with culture medium to a final concentration for cell ex-
periments. PLA2 inhibitor MAFP was purchased from Selleck
(MedChemExpress, Cat#HY-103334, China).
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