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ABSTRACT

Hepatosteatosis is characterized by abnormal accumulation of triglycerides (TG), leading to prolonged
and chronic inflammatory infiltration. To date, there is still a lack of effective and economical therapies
for hepatosteatosis. Oridonin (ORI) is a major bioactive component extracted from the traditional Chinese
medicinal herb Rabdosia rubescens. In this paper, we showed that ORI exerted significant protective ef-
fects against hepatic steatosis, inflammation and fibrosis, which was dependent on LXRa signaling. It is
reported that LXRa regulated lipid homeostasis between triglyceride (TG) and phosphatidylethanol-
amine (PE) by promoting ATGL and EPT1 expression. Therefore, we implemented the lipidomic strategy
and luciferase reporter assay to verify that ORI contributed to the homeostasis of lipids via the regulation
of the ATGL gene associated with TG hydrolysis and the EPT1 gene related to PE synthesis in a LXRa-
dependent manner, and the results showed the TG reduction and PE elevation. In detail, hepatic TG
overload and lipotoxicity were reversed after ORI treatment by modulating the ATGL and EPT1 genes,
respectively. Taken together, the data provide mechanistic insights to explain the bioactivity of ORI in
attenuating TG accumulation and cytotoxicity and introduce exciting opportunities for developing novel
natural activators of the LXRa-ATGL/EPT1 axis for pharmacologically treating hepatosteatosis and

metabolic disorders.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In modern society, owing to excessive and unbalanced energy
intake leading to a drastic increase in obesity, dysregulation of
hepatic lipid homeostasis becomes prevalent and gradually de-
velops into hepatosteatosis [1—3]. Hepatosteatosis covers a clini-
copathological spectrum of liver disorders with the initial
accumulation of ectopic hepatic triglycerides (TGs) progressing to
nonalcoholic fatty liver disease (NAFLD), and even nonalcoholic
steatohepatitis (NASH), which is characterized by the presence of
extensive inflammation in the liver [4,5]. Recent studies indicate
that abnormal TG accumulation is usually accompanied by
impaired phospholipid homeostasis, which further destroys
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systemic lipid homeostasis, thereby aggravating the lipotoxicity
and liver malfunction [3,6,7]. Since the liver is the nexus for lipid
synthesis and metabolism, the repair of hepatic lipid homeostasis
by regulating intrinsic mechanisms is a promising treatment for
hepatosteatosis and associated metabolic disorders caused by
excessive energy intake.

For a healthy lipid cycle in vivo, TG, as the most abundant
neutral lipid, is hydrolyzed to diglyceride (DG) by adipose triglyc-
eride lipase (ATGL) [8,9]. On the one hand, DG can be further
decomposed into free fatty acids (FFAs) for oxidative metabolism
and energy supply. On the other hand, DG is a precursor of phos-
phatidylethanolamine (PE) in the cytidine diphosphate ethanol-
amine (CDP-Etn) pathway, a process regarded as the principal route
for PE synthesis in most mammalian tissues [10,11]. Phosphoe-
thanolamine (P-Etn) is modified to produce CDP-Etn, which,
together with DG, is catalyzed by the ethanolamine phospho-
transferase 1 (EPT1) enzyme to generate PE [12,13]. As the second
most abundant phospholipid in mammalian membranes, PE plays
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an integral role in membrane architecture and makes up the lipid
bilayer of the cell membrane [14]. PE is also involved in anti-
inflammatory, proapoptotic, autophagic, and cell membrane
fusion functions [ 15]. While energy oversupply begets disruption of
hepatic lipid homeostasis, prolonged inappropriate TG deposition
at ectopic hepatocellular sites resulting in breakdown of phos-
pholipid bilayer integrity is referred to as lipotoxicity, ensuing in-
flammatory response and hepatocyte apoptosis [3,6,9,16].

Liver X receptor (LXR) plays a key role in the regulation of anti-
inflammatory and lipid homeostasis [17—19]. Our previous study
revealed that LXRa regulated lipid homeostasis between TG and PE
to alleviate hepatosteatosis by boosting ATGL and EPT1 expression
[20]. Clearly, a growing body of evidence is revealing the signifi-
cance of homeostasis between TG and PE in hepatic steatosis [21],
which supports the rationale of activating the hepatic LXRa-ATGL/
EPT1 pathway for treating obesity-associated hepatosteatosis.

Oridonin (ORI), a bioactive ent-kaurane diterpenoid, mainly
exists in Chinese herb Rabdosia rubescens with potent pharmaco-
logical activities including anti-inflammatory, antitumor and anti-
bacterial effects [22—24]. Currently, R. rubescens is a commonly
available Chinese over-the-counter (OTC) herbal medicine for the
treatment of inflammatory diseases [25,26]. Besides, limited
research has suggested that ORI may contribute to improving the
pathophysiology of NAFLD by exerting anti-inflammatory effects
via the NLR family pyrin domain containing 3 (NLRP3) interaction
or ROS-NF-kB suppression [27,28]. Our previous study also reported
that ORI ameliorated acute liver injury-induced liver inflammation
by inhibiting the NLRP3 inflammasome [29]. However, the function
of ORI restoring lipid homeostasis to ameliorate hepatosteatosis
and NAFLD, especially its exact molecular mechanism, has not been
explored.

Due to its low cost, effectiveness, and few side effects, the role of
using traditional Chinese medicine in handling chronic metabolic
diseases such as obesity and NAFLD has been recognized by the
public at large [30]. Nevertheless, its complex composition and
unclear pharmacology limit its clinical application. Our work
showed that ORI induced LXRa expression, which is essential for
lipid homeostasis between TG and PE, and subsequently exerted its
anti-steatosis and hepatoprotective activity. Our findings not only
provide the first line of evidence that ORI ameliorates hep-
atosteatosis by preserving lipid homeostasis between TG and PE in
an LXRa-ATGL/EPT1 axis-dependent manner, but also open exciting
opportunities for developing ORI as a promising drug candidate for
hepatosteatosis.

2. Materials and methods
2.1. Materials

ORI was obtained from Chengdu Alfa Biotechnology Co., Ltd.
(Chengdu, China). The liver X receptor agonist GW3965 (405911-
17-3) was purchased from Selleck (Shanghai, China). The primary
antibodies for Western blotting were as follows: anti-LXRa anti-
body (1:500 dilution, ab41902, ab176323, Abcam, Cambridge, UK),
anti-EPT1 antibody (1:250 dilution, ab194554, Abcam), anti-ATGL
antibody (1:500 dilution, DF7756, Affinity, Liyang, China), anti-
GAPDH antibody (1:3000 dilution, ab8345, Abcam), HRP-
conjugated goat anti-rabbit IgG (1:3000 dilution, ab6721, Abcam),
HRP-conjugated goat anti-mouse IgG (1:3000 dilution, ab6789,
Abcam). Cy7-labeled cholesterol and cy7-labeled phosphoetha-
nolamine were purchased from Xi'an Qiyue Biotechnology Co., Ltd
(Xi'an, China). The small interfering RNA (siRNA) specific for LXRa.
(sc-38828), ATGL (sc-60223) and EPT1 (sc-61516), and negative
control siRNA (sc-37007) were obtained from Santa Cruz Biotech-
nology (Dallas, TX, USA). LXRa plasmids (EX-A1306-M02) were
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purchased from GeneCopoeia Inc. (Guangzhou, China). ATGL and
EPT1 luciferase reports and pRL-nTK were obtained from Transheep
(Shanghai, China). Lipofectamine™ 3000 Transfection Reagent
(L3000001) was purchased from Invitrogen Life Technologies
(Carlsbad, CA, USA). HepG2 cells were purchased from ATCC
(Philadelphia, PA, USA). Triglyceride (TG) (A110-1-1) assay kit was
obtained from Jiancheng Bioengineering Institute (Nanjing, China).
Tumor necrosis factor (TNF-a.) (A104732) and interleukin 1 beta (IL-
1B) (A105903) ELISA kits for mouse liver tissue were obtained from
Shanghai Fusheng Industrial Co. (Shanghai, China).

2.2. Animal models

Wild-type (WT) C57BL/6 mice were obtained from the labora-
tory animal center of Southern Medical University (Guangzhou,
China). LXRe~/~ knockout mice (KOCMP-21253-Nr1h3) have been
produced and verified by Cyagen Biosciences (Guangzhou) Inc.
(Guangzhou, China). Genotyping of mice was performed with
primers F1: 5'-CTGCAACCAACACCAGTCTTCAATC-3/, R1: 5'-
CTAAAGCAAGAATGAAGGCCACTGC-3’ and F2: 5-CTCTGCAATC-
GAGGTGGCTGGAAAG-3'. All mice were housed in pathogen-free
conditions with free access to water and chow in a 12/12 h light/
dark cycle. Animals used were permitted by the Institutional Ani-
mal Care and Use Committee of Southern Medical University
(Approval number: SMUL2020155).

2.3. Mouse high-fat diet (HFD) model and ORI treatment

Male mice (6—8 weeks old) were fed with chow diet (SPF-F02-
002, SPF (Beijing) Biotechnology Co., Ltd., Beijing, China) or HFD
(60% calories from fat, HF60, Dyets, Inc., Bethlehem, PA, USA) for 24
weeks. In addition, mice were treated with ORI (50 mg/kg or
100 mg/kg), atorvastatin (10 mg/kg) or vehicle (5% Tween 80, 20%
PEG400, 5% HPMC) by oral gavage once a day from 16th to 24th
week. The mice were sacrificed by exsanguination under anesthesia
with inhaled 5% isoflurane. Blood samples, adipose and liver tissues
were collected for further analysis.

2.4. Biochemical analyses

Pointcare automatic biochemical analysis system (S/N:31919,
MNCHIP, Tianjin, China) was used to detect serum triglyceride (TG),
total cholesterol (CHOL), alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels according to the manu-
facturer's instructions.

Glucose tolerance test (GTT) and insulin tolerance test (ITT)
were monitered in mice fasted for 12 and 6 h, respectively. For GTT,
mice were intraperitoneally injected with 1 g/kg glucose, while
0.75 IU/kg insulin was intraperitoneally injected into mice for ITT.
Blood glucose was tested before (time 0) and at 15, 30, 60 and
120 min after injection by Handheld blood glucose meter.

Mice fasted for 12 h were gavaged with olive oil (10 pL/g). Blood
sample was collected by orbital bleeding before (time 0) and at 15,
30, 60, 120, and 240 min after oil gavage for TG measurement with
assay kit (A110-1-1, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). After 2 h post gavage, the plasma and liver samples
were collected and imaged to detect lipid accumulation. The area
under the curve (AUC) was calculated by Prism 7 software
(GraphPad).

2.5. Lipidomic profiling
Lipid metabolite profiling was performed using a targeted

quantitative lipidomics by Wuhan Metware Biotechnology Co., Ltd.
(Wuhan, China). Frozen liver tissue (50 mg) was homogenized in
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1 mL lipid extract (methyl tert-butyl ether:methanol = 3:1). Tissue
samples were whirled the mixture at 4 °C for 2 min. Then, 200 pL of
deionized H,0 was added to the mixture, followed by centrifuged
at 16,000 x g at 4 °C for 10 min. The extract supernatant was dried
and redissolved. Then, a liquid chromatography-electrospray ioni-
zation-tandem mass (LC-ESI-MS/MS) system (UHPLC, ExionL-
C™AD, Framingham, MA, USA; MS, QTRAP® 6500+, Framingham)
was performed for metabolite quantification. The internal stan-
dards are shown in Table S1. Overall, the analytical conditions of
UHPLC were as follows: solvent system: A: acetonitrile/water (60/
40, V/V) containing 0.1% methanoic acid and 10 mmol/L ammonium
formate; B: acetonitrile/isopropanol (10/90, V/V) containing 0.1%
methanoic acid and 10 mmol/L ammonium formate; a graded se-
ries of A/B programme: 80:20 (V/V) at 0 min, 70:30 (V/V) at 3.0 min,
40:60 (V/V) at 4 min, 15:85 (V/V) at 9 min, 10:90 (V/V) at 14 min,
5:95 (V/V)at 15.5 min, 5:95 (V/V) at 17.3 min, 80:20 (V/V) at 17.5 min
and 80:20 (V/V) at 20 min; column: Thermo C30
(21 mm x 100 mm, 2.6 pm, MA, USA); flow rate: 0.35 mL/min;
temperature: 45 °C; injection volume: 2 pL. After quality control, a
total of 473 lipid metabolites were detected.

2.6. Transcriptome

Total RNA isolation was performed using the RNAprep Kit (RE-
03014, FOREGENE, Chengdu, China) according to the manufac-
turer's instructions. Transcriptome libraries were produced and
sequenced on the Illumina HiSeq 4000 using 150 bp paired-end
reads (Novogene, Beijing, China). The low-quality reads were
filtered out following the quality control procedures and used for
the genome assembly. The gene expression levels were assessed as
the number of reads per kilobase of gene length per million map-
ped reads (FPKM). RNA-seq data were obtained from GEO database
with an accession number of GSE112908.

2.7. Bioluminescence imaging

Cy7-labled phosphoethanolamine (6.25 mg/kg) or cy7-labeled
cholesterol (10 mg/kg) was injected into tail vein of isoflurane
anesthetized animals, and then the in vivo bioluminescence im-
aging was performed. Images were detected using a multimodal
small-animal in vivo imaging system (FX Pro, Bruker, Karlsruhe,
Germany) with an open filter.

2.8. Human sample collection

Human liver tissues were obtained from Sun Yat-Sen Memorial
Hospital (Guangzhou, China). Healthy tissues surrounding the pri-
mary tumor (Normal) or nonalcoholic fatty liver (NAFL) were iso-
lated, and only histologically non-tumorous tissues were used. All
tissue samples were stored in liquid nitrogen for later experiments.
Approvals were obtained from the ethics committee of Sun Yat-Sen
Memorial Hospital (Approval number: ECSYS NO. CS07095).

2.9. Histological analysis

The liver and adipose tissue was fixed in 4% paraformaldehyde
solution (Solarbio, Beijing, China), dehydrated, and embedded in
paraffin. Histology was performed on 6—10 pm paraffin-embedded
sections by staining them with hematoxylin & eosin (H&E) and
Masson's trichrome.

In the view of oil red O (ORO) staining, liver samples were frozen
at —80 °C and embedded in optimal cutting temperature (OCT)
compound. 10 pm thick sections were prepared and stained with ORO.

Hematoxylin counterstaining was performed after the above
staining. Images were captured using CX-31 microscope (Olympus,
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Tokyo, Japan). The adipocyte size (iWAT and iBAT) was measured
using the ruler tool in the NanoZoomer Digital Pathology software
(HAMAMATSU, Hamamatsu, Japan). And the stained area of the
lesion was determined by Image] software based on six sections per
mouse and six mice per group.

For immunofluorescence staining of LXRa, ATGL and EPT1 in
liver sections, the sections were blocked with 5% bovine serum
albumin (BSA), followed by incubation with primary antibodies
(dilution ratio, 1:100, V/V) at 4 °C overnight. After a three-time
wash with Tris Buffered Saline Tween (TBST), sections were incu-
bated with second antibody for 1 h. After TBST was removed, the
sections were incubated in 4,6-diamino-2-phenyl indole (DAPI) in
the dark for 5 min to stain nuclei. Immunofluorescence images
were obtained with the Olympus BX-53 microscope (Olympus,
Tokyo, Japan).

2.10. Molecular assays

To determine mRNA levels, total RNA was isolated using
RNAprep Kit (RE-03014, FOREGENE, Chengdu, China) and reversely
transcribed to cDNA using RT Master Mix (RR0O37A, Takara, Shiga,
Japan). SYBR Green Master Mix (A6002, Promega, Madison, WI,
USA) was used for carrying out qPCR. Data were normalized to the
housekeeping gene (GAPDH). Primers are listed in Table S2.

Protein extracts (25 pg) were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to polyvinylidene fluoride membranes (Millipore,
Darmstadt, Germany) for 1.5 h by wet transfer method. After being
blocked with 5% skimmed milk, the membranes were incubated
with primary antibody overnight at 4 °C, followed by crosslinking
with HRP-conjugated secondary antibody. Protein bands were
visualized by using FluorChem R system (ProteinSimple, San
Francisco, CA, USA). The band densities of each stripe was calcu-
lated by Image] software.

2.11. Cell culture

HepG2 and 293T cell line were purchased from American Tissue
Culture Collection (Manassas, VA, USA). Cells cultured in Dulbecco's
modified Eagle's medium (DMEM) (10270106, Gibico, New York,
NY, USA) supplemented with 10% fetal bovine serum (FBS) (FSP500,
ExCell Bio, Taicang, China) at 37 °C under 5% CO,. Cells were
transfected with siRN ExCell Bio A using Lipofectamine™ 3000
Transfection Reagent (L3000001, Invitrogen Life Technologies).

10 mM ORI as a mother solution was dissolved using dimethyl
sulfoxide (DMSO) and subsequently diluted to 5 pM or 10 pM with
cell-culture medium. The control group was treated with medium
containing 1%. DMSO.

For the establishment of NAFLD model in vitro, HepG2 cells
were administrated with cell culture medium containing the
indicated concentrations of palmitic acid (PA) (0.25 mM) and oleic
acid (OA) (0.5 mM) (SYSJ-KJ006, Kunchuang, Xi'an, China) for 48 h.

2.12. Luciferase assay

Before transfection, HepG2 and 293T cells were grown to 70%—
90% confluence in 24-well plates. Cells were co-transfected with
ATGL or EPT1 luciferase reporter (300 ng), pRL-nTK (a renilla
luciferase reporter, 60 ng) and overexpression LXRo plasmid
(600 ng) by incubation with Lipofectamine™ 3000 Transfection
Reagent. On the next day, cells were treated with 10 uM ORI or
10 uM GW3965 solvent control for another 24 h in complete me-
dium. Luciferase activities were measured with the Luciferase
Assay System (E1910, Promega, Madison, WI, USA).
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2.13. Cell Counting Kit-8 (CCK8)

The working solution was prepared using CCK8 reagent (CK04,
Dojindo, Kyushu Island, Japan) mixed with DMEM (1:10, V/V).
Next, the supernatant was removed from the cells in 96-well
plate and 110 pL of working solution was added to incubate at
37 °C for 1 h. Absorbance was measured at 450 nm to assess cell
viability.

2.14. Nile red (NR) fluorescence determination and staining with
DAPI

NR powder (7385-67-3, Biotopped, Beijing, China) was formu-
lated into a 1 mg/mL stock solution with DMSO. Stock solution was
diluted by PBS at a dilution of 1:2000 (V/V) to prepare a working
solution. Each well of the 96-well plate was incubated with 100 puL
working solution for 15 min, and washed three times with PBS.
After setting the excitation light wavelength of the microplate
reader (M1000PRO, TECAN, Mannedorf, Switzerland) to 485 nm
and the emission wavelength to 580 nm, the fluorescence intensity
was determined.

In the case of the NR staining, cells were incubated in 4% para-
formaldehyde for 30 min. NR staining was carried out as described
above. Later, the cell samples were covered in the DAPI (C0065,
Solarbio) solution for 5 min. The images were detected by Inverted
Fluorescence Microscope (Axio Observer Al, Carl Zeiss, Oberko-
chen, Germany).

2.15. Hepatic TG and CHOL determination

Samples of animal liver tissue and cells were sonicated in
ethanol to determine TG and CHOL levels using assay kit (A110-1-1
and A111-1-1, Jiancheng Bioengineering Institute, Nanjing, China).
Then, protein concentration was determined using the BCA method
(P0O012, Beyotime, Shanghai, China). TG and CHOL content wwere
normalized by protein concentration.

2.16. Statistical analysis

All experiments, except the in vivo mouse studies, were per-
formed at least three times. All data are expressed as
mean + standard deviation (SD). Statistical analysis was performed
using Prism 7 software (GraphPad). Groups were compared by
unpaired two-tailed Student's t-test or two-way analysis of vari-
ance (ANOVA) followed by post-hoc Bonferroni test. P < 0.05 was
considered to be significant ("P < 0.05, **P < 0.01).

3. Results

3.1. ORI attenuates HFD-induced hepatic steatosis and
inflammation

Mice were fed a HFD for 16 weeks and then administered with
ORI (ORI) (50 and 100 mg/kg) and atorvastatin (10 mg/kg) while
continuing to receive the HFD for an additional 8 weeks (n = 6)
(Fig. S1A). There was a remarkable increase of lipid accumulation
and body weight in HFD-fed mice compared with chow-fed mice
(Figs. 1A and B). In the morphologic photographs, ORI adminis-
tration showed less lipid deposition and a more normal liver
morphology (Fig. 1A). When the food intake was not altered by
ORI treatment (Fig. S1B), the body weight of mice treated with ORI
was significantly inhibited (Fig. 1B). After 24 weeks of HFD
feeding, the liver weights and liver weight-to-body weight ratios
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of the HFD-fed mice were significantly increased. In contrast, the
liver weights and liver weight-to-body weight ratios were
significantly decreased in mice treated with ORI (Figs. 1C and D).
Compared with HFD mice, ORI-treated mice exhibited significantly
lower hepatic and plasma TG and CHOL levels (Figs. 1E and F). In
histological analysis of liver sections, it was showed that mice
treated with ORI exhibited less hepatocyte injury (ballooning),
lobular inflammation, steatosis and hepatic fibrosis as compared
to mice fed with HFD (Figs. 1G and H). HFD induced blood activ-
ities of ALT and AST, which were partly suppressed by ORI (Fig. 11).
Consistently, the hepatic levels of IL-1p and TNF-a. were lower in
ORI-treated mice (Figs. 1J and K).

In addition, ORI treatment prevented the weight of inguinal
white adipose tissue (iWAT) and interscapular brown adipose tis-
sue (iBAT) (Figs. 2A and B). Histological analysis exhibited that
dramatically adipocyte hypertrophy was significantly decreased by
ORI (Figs. 2C and D). Besides, HFD-fed mice impaired glucose
tolerance as well as insulin sensitivity, which were alleviated by ORI
(Figs. 2E—]). Atorvastatin is a clinically effective drug for hyperlip-
idemia. In our study, atorvastatin treatment showed significant
lipid-lowering effect (Figs. 1A—F and 2). However, ORI treatment
displayed less hepatic fibrosis and lower levels of inflammatory
factors (IL-1B and TNF-a.) compared to the atorvastatin treatment
(Figs. 1G, H, ] and K). Collectively, these results suggest that ORI
treatment protect mice against hepatic lipid dysfunction and
inflammation induced by HFD feeding.

3.2. LXRa is required for ORI's ability to inhibit the HFD-induced
body weight gain and liver injury

In our previous study, we had verified ORI as an effective LXRa.
inducer [31]. To further confirm the critical role of LXRa in the anti-
hepatosteatosis action of ORI, we evaluated whether deletion of
LXRa could affect the therapeutic action of ORI (100 mg/kg) in HFD
mouse model (n = 6) (Fig. S2A). As shown in the morphologic
photographs, ORI reduced HFD-induced lipid accumulation in WT
mice but this therapeutic effect disappeared in LXRa /= mice
(Fig. 3A). Although ORI treatment and LXRa deletion did not alter
food intake, ORI significantly decreased the body weights of WT
mice but failed to decrease the body weights of LXRa /= mice
(Figs. S2B and 3B). ORI suppressed the HFD-induced upregulation
of liver weight, hepatic and plasma lipid (TG and CHOL) levels in
WT mice but not in LXRe~/~ mice (Fig. 3C—G). Furthermore, ORI
failed to reduce the HFD-induced hepatic steatosis, liver fibrosis,
plasma ALT and AST levels in LXRa~/~ mice (Figs. 3H—K). ORI also
had no effect on the high levels of inflammatory factors (IL-1$ and
TNF-o) in LXRe~/~ mice (Figs. 3L and M).

3.3. LXRa deletion abrogated the improvement of lipid
accumulation and insulin resistance in ORI treatment

The reduction in lipid weights (iWAT and iBAT) observed in ORI-
treated WT mice was abolished in LXRo. "/~ mice (n = 6) (Figs. 4A
and B). The inhibitory action of ORI on HFD-induced adipocyte
hypertrophy was abolished in LXRo. '~ mice (Figs. 4C and D).
Additionally, GTT and ITT demonstrated that deficiency of LXRa was
sufficient to abrogate enhancement by ORI of glucose homeostasis
(Figs. 4E—H). In line with this, when fasted mice were gavaged olive
oil, the HFD-induced hepatic lipid deposition and high circulating
TG with increased serum lactescence were ameliorated by ORI in
WT mice but not in LXRa~/~ mice (Figs. 41-L). These findings
indicate that protection of ORI against hepatic steatosis, inflam-
mation and fibrosis is compromised in LXRe !~ mice.
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Fig. 1. Oridonin (ORI) attenuates high-fat diet (HFD)-induced body weight gain and liver injury. Except for the control mice, which were fed a normal chow, the other mice were fed a HFD
for 24 weeks. Then, mice were randomly assigned to 5 groups: Chow, HFD, 50 mg/kg ORI, 100 mg/kg ORI and Atorvastatin. And the corresponding drug was administrated for the 16—24
weeks in the following assays: (A) Representative liver and adipose tissue photos. (B) Body weight (n = 6). (C) Liver weight and (D) liver weight-to-body weight ratios (n = 6). (E) Hepatic
triglyceride (TG) and cholesterol (CHOL) levels (n = 6). (F) Plasma TG and CHOL levels (n = 6). (G) Representative hematoxylin & eosin (H&E), oil red O (ORO) and Masson's trichrome
staining of liver sections. Black arrows indicate inflammatory cell infiltration and fibrotic lesions. (H) Histological quantification of ORO and Masson's trichrome staining (n = 6). (I) Plasma
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels (n = 6). (J) Interleukin 1 beta (IL-1p) and (K) tumor necrosis factor (TNF-¢;) production (measured by (enzyme-
linked immunosorbent assay (ELISA)) in the livers. Data are presented as mean + standard deviation (SD). *P < 0.05 and **P < 0.01 were compared with Chow group; “P < 0.05 and
"*P < 0.01 were compared with HFD group.
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Fig. 2. Oridonin (ORI) alleviates high-fat diet (HFD)-induced obesity and insulin resistance. (A—D) Adipose tissue depots inguinal white adipose tissue (iWAT) and interscapular brown
adipose tissue (iBAT) were analyzed for weight (A, B) and adipocyte size (C, D) in the group of Chow, HFD, 50 and 100 mg/kg ORI treatment and atorvastatin treatment (n = 6). (E)
Random and (F) fasting blood glucose were determined (n = 6). (G—]) Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed (n = 6). AUC: area under the curve.
Data are presented as mean =+ standard deviation (SD). #P < 0.05 and *#P < 0.01 were compared with Chow group; "P < 0.05 and **P < 0.01 were compared with HFD group.
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Fig. 3. LXRa is required for oridonin (ORI)'s ability to inhibit the high-fat diet (HFD)-induced body weight gain and liver injury. (A) Representative liver and adipose tissue photos of
LXRe. '~ mice and wild-type (WT) mice fed on HFD + vehicle or HFD + ORI treatment for the 16—24 weeks. (B) Body weight curves of LXRa/~ mice and WT mice fed on
HFD + vehicle or HFD + ORI treatment for the 16—24 weeks (n = 6). (C) Liver weight of LXRa. "/~ mice and WT mice fed on chow, HFD + vehicle or HFD + ORI treatment for the
16—24 weeks (n = 6). (D—G) Hepatic triglyceride (TG) (D) and cholesterol (CHOL) (E) levels, and plasma TG (F) and CHOL (G) levels of LXRo. /- mice and WT mice fed on chow,
HFD + vehicle or HFD + ORI treatment for the 16—24 weeks (n = 6). (H) Representative hematoxylin & eosin (H&E), oil red O (ORO) and Masson's trichrome staining of liver sections
from LXRo~/~ mice and WT mice fed on chow, HFD + vehicle or HFD + ORI treatment for the 16—24 weeks (n = 6). (I) Histological quantification of ORO and Masson's trichrome
staining (n = 6). (J) Plasma alanine aminotransferase (ALT) and (K) aspartate aminotransferase (AST) levels of LXRe: "/~ mice and WT mice fed on chow, HFD + vehicle or HFD + ORI
treatment for the 16—24 weeks (n = 6). (L) interleukin 1 beta (IL-1B) and (M) tumor necrosis factor (TNF-a.) production (measured by ELISA) in the livers from LXRo. /= mice and WT
mice fed on chow, HFD + vehicle or HFD + ORI treatment for the 16—24 weeks (n = 6). Data are presented as mean =+ standard deviation (SD). P < 0.05, P < 0.01, ns: no
significance.
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Fig. 4. LXRoa. deletion abrogated the improvement of lipid accumulation and insulin resistance in oridonin (ORI) treatment. (A—D) The adipose tissue depots inguinal white adipose
tissue (iWAT) (A) and interscapular brown adipose tissue (iBAT) (B) of LXRo./~ mice and WT mice, which were fed on chow, high-fat diet (HFD) + vehicle or HFD + ORI
treatment for the 16—24 weeks, were determined for weight and adipocyte size (C, D) (n = 6). (E—H) Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed in
the LXRe.~/~ mice and WT mice fed on HFD + vehicle or HFD + ORI treatment for the 16—24 weeks (n = 3). (I, J) Image of oil red O (ORO) staining of mouse liver sections (I) and
plasma samples (J). Samples were derived from LXRa /“mice and WT mice after oral gavage of olive oil (10pL/g) (n = 3). (K) Plasma triglyceride (TG) levels in LXRo:/~ mice and WT
mice after oral gavage of olive oil (10pL/g) (n = 3). (L) The AUC were showed for plasma TG (n = 3). Data are presented as mean + standard deviation (SD). P < 0.05, P < 0.01, ns: no
significance.
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WT and LXRe. "/~ mice induced a HFD with or without ORI treatment (n = 4). The increased TG species code the color as the red in the heatmap; the decreased ones code the blue.
(E) Heatmap of species of phosphatidylethanolamine (PE) containing different lengths of fatty acids based on the concentrations (nmol/g) in liver tissues from WT and LXRa:~/~ mice
induced a HFD with or without ORI treatment (n = 4). The increased PE species code the color as the red in the heatmap; the decreased ones code the blue. (F) Abundant and
representative concentration (nmol/g) of TG containing different lengths of fatty acids in the liver tissues (n = 4). (G) Abundant and representative concentration (nmol/g) of PE
containing different lengths of fatty acids in the liver tissues (n = 4). Data are presented as mean + standard deviation (SD). "P < 0.05, “'P < 0.01, ns: no significance.

3.4. ORI restored lipid homeostasis between TG and PE in a LXRa-
dependent manner

To investigate the effect and mechanism of ORI on lipid ho-
meostasis, the lipidomics was performed on liver of WT or LXRa ™/~
mice induced by a HFD with or without ORI treatment. Principal
component analysis (PCA) and orthogonal partial least squares
discrimination analysis (OPLS-DA) models were carried out to
indicate that the lipidomic data of WT mice with ORI treatment
clearly separated from those without ORI treatment, which wasn't

1289

observed in LXRo, /= mice (n = 4) (Figs. 5A and B). Lipid classes
were analyzed, including neutral lipids and phospholipids (Fig. 5C).
As shown on the heatmap, TG levels were lower, while phospha-
tidylethanolamine (PE) levels were higher in WT mice with ORI
treatment than those without ORI treatment (Fig. 5C). Next,
detailed analysis of lipid classes with different FFA composition
revealed similar results (Figs. 5D and E). ORI treatment significantly
reduced TG(50:1) and TG(50:2) in the liver of HFD-fed WT mice
by 56.61% and 61.03%, respectively, whereas it had no effect on
LXRao.~/~ mice (Fig. 5F, and Table S3). In the case of PE, the level of
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Fig. 6. Oridonin (ORI) protects against hepatic steatosis by restoring lipid homeostasis between triglyceride (TG) and phosphatidylethanolamine (PE) via the LXRa-ATGL/EPT1
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PE(40:4) and PE(40:6) in WT mice treated with ORI accounted for a
large proportion in PE species, which were significantly increased
by 15.36% and 40.80%, respectively (Fig. 5G, and Table S4). However,
the alterations of TG and PE were less remarkable in LXRe ™/~ mice
with ORI treatment (Figs. 5C—G). Overall, these data clearly
demonstrated that ORI restored lipid homeostasis between TG and
PE through the LXRa-dependent mechanism.

3.5. ORI protects against hepatic steatosis by restoring lipid
homeostasis between TG and PE via the LXRa-ATGL/EPT1 pathway

Our previous study had verified that LXRa regulates dynamic
homeostasis between TG and PE via promoting ATGL and EPT1
transcription and expression to alleviate hepatosteatosis [20].
Accordingly, we investigated whether ORI could ameliorate hepatic
steatosis by restoring lipid homeostasis between TG and PE via the
LXRa-ATGL/EPT1 pathway (Fig. 6A). As shown in the results of
magnetic resonance imaging (MRI), WT mice treated with ORI dis-
played less hepatic lipid droplet deposition and subcutaneous fat
distribution compared to those without ORI treatment (Fig. 6B).
Likewise, in vivo tracking experiment with cy7-labeled phosphoe-
thanolamine and cy7-labeled cholesterol suggested that WT mice
with ORI treatment showed a higher phosphoethanolamine utili-
zation and CHOL efflux efficiency (Figs. 6C and D). However, the ORI
treatment in LXRe.~/~ mice did not affect lipid distribution, phos-
phoethanolamine utilization and CHOL efflux efficiency (Figs.
6B—D). An increasing fluorescence intensity was observed in liver
sections from patients' histologically non-tumorous tissues
(Normal), which was indicated that normal liver tissues had a higher
expression of LXRa, ATGL and EPT1 than those of the nonalcoholic
fatty liver (NAFL) group (Fig. S3). WT mice were orally administered
with ORI (0, 25, 50, 100, 200 mg/kg) for 7 days to identify ORI as a
LXRa-ATGL/EPT1 axis inducer. And the western blots showed that
the protein expression of LXRa, ATGL and EPT1 were elevated by ORI
or GW3965 (LXRa agonist) in the liver of WT mice (Figs. 6E and F).
Moreover, ORI and GW3965 treatment upregulated the protein
expression of LXRa, ATGL and EPT1 in WT mice induced by HFD
feeding, but not in LXRo. /= mice (Figs. 6G and H). Taken together,
these results indicate that ORI activates the LXRa-ATGL/EPT1
pathway, which contributes to the restoration of lipid homeostasis
between TG and PE and then protects against hepatosteatosis.

3.6. ORI ameliorates the lipid accumulation and lipotoxicity in vitro
by increasing the expression of ATGL and EPT1 through LXR«

HepG2 cells treated with ORI and corresponding dissolved re-
agent (DMSO) were evaluated by RNA-seq analysis. It is reported
that ORI exerts potent anticancer activities [32—35]. Disease
ontology (DO) (https://disease-ontology.org/) enrichment results
are consistent with the literature, and we also revealed that ORI is
related to lipid metabolism (Fig. 7A and Table S5). The differential

Journal of Pharmaceutical Analysis 13 (2023) 1281—-1295

genes in the five pathways related to lipid metabolism were
analyzed by Venn diagram, and LXRa was collected and located in
the overlap (Fig. 7B). Next, ORI treatment enhanced the mRNA and
protein expression of LXRa, ATGL and EPT1 in HepG2 cells (Figs.
7C—E). Notably, both ORI and GW3965 could promote the induc-
tion of ATGL and EPT1 promoter activities by LXRa (Figs. 7F and G).
ORI significantly reduced TG accumulation (Figs. S4A—E), and was
better than atorvastatin in its ability to improve cell viability
(Fig. S4F). Indeed, the combination of ORI and GW3965 (5 M) more
effectively attenuated lipid deposition and cytotoxicity (Figs.
7H—L). Altogether, these data were supported the view that ORI
ameliorates lipid accumulation and lipotoxicity via activation of the
LXRa-ATGL/EPT1 pathway.

3.7. ORI alleviates TG deposition and lipotoxicity in ATGL and EPT1
dependent manner, respectively

ATGL is the adipose triglyceride lipase catalyzing the initial step
of TG hydrolysis [36]. EPT1 is responsible for the final step in
Kennedy pathway forming PE, which is critical for phospholipid
bilayers to fulfill important structural functions and a variety of
cellular processes [12,13]. We hypothesized that the mechanism of
ORI to alleviate lipid accumulation by regulating ATGL gene and
reduce cytotoxicity through EPT1 is mutually independent. To this
end, model validation of siATGL and siEPT1 on HepG2 cells was
established (Fig. S5). The enhanced mRNA and protein expression
of ATGL and EPT1 by ORI were significantly diminished by siLXRa
treatment (Figs. 8A—C). The alleviation of TG accumulation by ORI
was still observed on siEPT1 treatment but partly abolished on
siATGL treatment (Fig. 8D and E). In line with this result, ORI
significantly inhibited the Nile Red fluorescence intensity on siEPT1
treatment but failed to reduce the Nile Red fluorescence intensity
on siATGL treatment (Figs. 8F—I). Moreover, DAPI staining and cell
viability analysis exhibited that the cytoprotective effect of ORI still
presented on HepG2 cells treated with siATGL but disappeared on
siEPT1 treatment (Figs. 8G—]). These findings support a role of ORI
in attenuating TG deposition and lipotoxicity in ATGL and EPT1
dependent manner, respectively.

4. Discussion

ORI is a major ent-kaurane diterpenoid from the traditional
Chinese medicine R. rubescens. Inspired by its remarkable anti-
steatosis activity, we performed a lipidomic profiling study and
luciferase reporter assay to identify the effects and molecular
mechanisms of ORI on lipid metabolism. In this paper, our results
indicate that LXRa is required for the lipid-lowering and cytopro-
tective effects of ORI Our previous study clarified the functions of
the LXRa-ATGL/EPT1 pathway in maintaining the lipid balance
between TG metabolism and PE synthesis to ameliorate hepatic
steatosis and lipotoxicity [20]. Overall, ORI, as a natural activator of

Fig. 7. Oridonin (ORI) ameliorates the lipid accumulation and lipotoxicity in vitro by increasing the expression of adipose triglyceride lipase (ATGL) and ethanolamine phospho-
transferase 1 (EPT1) through LXRa. (A) Disease ontology (DO) analysis of the differential genes identified by RNA-seq revealed that ORI was associated with cancer therapy and lipid
metabolism(GSE112908). (B) Venn diagram showing the number of differential genes in the lipid metabolism related pathway, and LXRa was collected and located in the overlap.
(C) LXRa, ATGL and EPT1 mRNA levels in HepG2 cells treated with dimethyl sulfoxide (DMSO) or ORI (n = 3). Data are presented as mean =+ standard deviation (SD). "P < 0.05 was
compared with DMSO group. (D, E) LXRa, ATGL and EPT1 protein levels in HepG2 cells treated with DMSO or ORI (n = 3). Data are presented as mean + SD. "P < 0.05 and *"P < 0.01
were compared with DMSO group. (F, G) LXRa. induced ATGL and EPT1 transcription with ORI or GW3965 treatment in luciferase reporter assays. HepG2 cells and 293T cells were
transfected with LXRa plasmid and ATGL-luciferase reporter or EPT1-luciferase reporter. After 24 h transfection, 10 uM ORI or 10 pM GW3965 was administrated and then luciferase
reporter activities were measured (n = 4). Data are presented as mean + SD. P < 0.05, *P < 0.01. (H) Images and quantitation of ORO staining (n = 3). The oil red O (ORO) staining
area was quantified in the insert chart. Data are presented as mean + SD. #*P < 0.01 was compared with control group; “P < 0.05 and P < 0.01 were compared with oleic acid (OA)
+ palmitic acid (PA) group. (I) Triglyceride (TG) contents in HepG2 cells in the indicated groups simulated with OA and PA for 48 h. Data are presented as mean = SD (n = 5). *P <
0.01 was compared with control group; "P < 0.05 and “*P < 0.01 were compared with OA + PA group. (J) The neutral lipid location nile red (NR) staining and apoptotic nuclei
morphology changes (DAPI staining) in HepG2 cells. Scale bar, 100 um. (K, L) Normalized nile red (NR) fluorescence intensity (K) and cell viability (L) in HepG2 cells treated with
different concentrations of ORI, which was co-treated with DMSO and GW3965. Data are mean + SD (n = 5). #P<0.05 indicates a significant difference between control group and
OA+PA group. "P < 0.05 indicates a significant difference between the ORI group and the ORI + GW3965 group.
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the LXRa-ATGL/EPT1 axis to restore lipid homeostasis between TG
and PE, contributed to the improvement of hepatosteatosis and
lipotoxicity.

Steatosis impairs the hepatocyte membrane integrity leading to
inflammatory responses or fibrosis [7,37]. Several lines of evidence
support that NAFLD and hepatic steatosis result in lipid disorder
between TG and PE. It is reported that TG overload and PE reduction
is one of the important lipid signatures of nonalcoholic steatohe-
patitis (NASH) based on the comprehensive lipidomic analysis [38].
Pcyt2 deletion produced inhibitory effects on PE synthesis, leading
to elevated levels of TG [11,39]. This supports the notion that
neutral lipid-lowering administration combined with phospholipid
supplementation can serve as effective and safe anti-dyslipidemic
therapy [21]. Promoting TG hydrolysis and phospholipid synthesis
is beneficial for the recovery of nerve injury and axon regeneration
[10]. Besides, dietary phospholipids might be of benefit on the
treatment of fatty liver disease, which can reduce liver lipid levels
[40]. To date, lipidomic research have become a valuable tool to
identify and quantify all lipid components to discover the lipid
alternation after treatment, which is usually involved the utiliza-
tion of chromatography mass spectrometry with separation ability
and high sensitivity to achieve in-depth analysis of lipids [41]. In
this regard, we exploited the lipidomic profiling to demonstrate the
ability of ORI treatment to diminish TG levels and increase PE levels,
suggesting the potential of modulating lipid disturbances for the
treatment of NAFLD.

In recent years, ORI is broadly reported to possess multiple
effects like anti-inflammation and anti-tumor [24], which can
alleviate cancers such as prostate carcinoma, breast cancer and
colon cancer [42]. Limited researches revealed that ORI may
attenuate NAFLD with strong anti-inflammasome activity through
NLRP3 pathway or ROS-NF-kB [27,28]. Whereas, the exact mech-
anism of ORI in lipid metabolism dysfunction was not fully un-
derstood. In addition, NAFLD is an alarming public health issue
worldwide, increasing the risk of insulin resistance, cardiovascular
diseases, hyperlipidemia, liver diseases and even several cancers
[16,43]. Statin, a commonly clinical treatment option for hyper-
lipidemia, is a hydroxymethyl glutaryl-CoA (HMG-CoA) reductase
inhibitors, whose side effects is still associated with an increased
risk of myalgia, diabetes mellitus and hepatic transaminase ele-
vations [44—46]. Our results showed that Atorvastatin treatment
had no effect on hepatic fibrosis and inflammatory factors (IL-18
and TNF-a) compared to the ORI treatment (Fig. 1G and H, ] and
K). And Atorvastatin is less effective than ORI at improving cell
viability (Fig. S4). Our work confirmed the discovery of ORI as a
natural activator for the restoration of lipid homeostasis and jus-
tifies the rationale of activating LXRa-ATGL/EPT1 pathway as an
effective approach to prevent both hepatic steatosis and lip-
otoxicity. In view of hepatocyte protection like anti-inflammatory
and antifibrotic effects, we believe that ORI may serve as an ideal
candidate drug to prevent and treat associated metabolic lipid
disorders (Figs. 1 and 2).

LXRa is now recognized to be fundamental in controlling energy
balance and lipid homeostasis [18], such as CHOL excretion [47],
glucose metabolism and phospholipid remodeling [18]. In our

Journal of Pharmaceutical Analysis 13 (2023) 1281—-1295

previous study, WT mice were orally administered with ORI (0, 25,
50, 100, 200 mg/kg) for 7 days to clarify ORI toxicity. The results
showed that both the body weight and liver function did not differ
between the control and ORI treatment groups in WT mice, indi-
cating that ORI had no obvious toxicity within 200 mg/kg. A similar
study also reported that ORI had no obvious toxicity within 200 mg/
kg and markedly induced hepatic metabolizing enzyme activity at
doses of 50—100 mg/kg [48]. Out of these investigations, we selected
50 mg/kg and 100 mg/kg for scientific research on C57 mice. Our
results showed that the beneficial effects of ORI on NAFLD were
absent in LXRo. "/~ mice, suggesting that the anti-steatosis activity of
ORI depends on LXRa. activation (Figs. 3 and 4). In our previous work,
direct regulation of ATGL and EPT1 by LXRa was validated [20]. This
study not only identified the protective effect of ORI against NAFLD
by maintaining lipid balance (Fig. 5), but also uncovered an intrinsic
mechanism by which ORI regulates both the ATGL gene associated
with TG metabolism and the EPT1 gene involved in PE biosynthesis
via LXRa, signaling (Figs. 6 and 7). Therefore, ORI lost its effect on
decreasing TG accumulation in siATGL treatment. In parallel with
this result, siEPT1 treatment suppressed the improvement of ORI on
lipotoxicity (Fig. 8).

5. Conclusions

In conclusion, our study supports the therapeutic value of ORI in
NAFLD treatment, which not only reduces hepatic fat overload, but
also exerts a hepatocyte protective effect to reduce inflammation
and fibrosis. Indeed, we may provide the first evidence that the
activation of the LXRa-ATGL/EPT1 pathway by ORI contributes to
the restoration of lipid homeostasis between TG and PE, thereby
ameliorating hepatosteatosis and lipotoxicity.
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Fig. 8. Oridonin (ORI) alleviates triglyceride (TG) deposition and lipotoxicity in ATGL and EPT1 dependent manner, respectively. (A—C) ATGL and EPT1 mRNA (n = 3) and protein (n
= 3) levels in HepG2 cells treated with 10 pM ORI for 48 h after transfection with siLXRa. or siControl. Data are mean + standard deviation (SD). “P < 0.05, P < 0.01. (D) Oil red O
(ORO) staining of HepG2 cells treated with 10 uM ORI for 48 h in response to oleic acid (OA) and palmitic acid (PA) after transfection with siATGL, siEPT1 or siControl. Scale bar, 50
um. The ORO staining area was quantified in the insert chart. Data are mean + SD (n = 3). *P < 0.05 and *#P < 0.01 were compared with dimethy] sulfoxide (DMSO) group. *P < 0.05
and ""P < 0.01 were compared with OA -+ PA group. (E) TG contents in HepG2 cells treated with ORI after transfection with siATGL, siEPT1 or siControl in response to OA and PA. Data
are mean + SD (n = 5). *P < 0.05 and *#P < 0.01 were compared with DMSO group. “P < 0.05 and **P < 0.01 were compared with OA + PA group. (F—H) The neutral lipid location (NR
staining) (F) and apoptotic nuclei morphology changes (DAPI) (G), and their merged images (H) in HepG2 cells treated with 10 uM ORI after transfection with siATGL, siEPT1 or
siControl in response to OA and PA (n = 3). (I, ]) Normalized Nile red (NR) fluorescence intensity and cell viability in HepG2 cells treated with different concentrations of ORI after
transfection with siATGL, siEPT1 or siControl in response to OA and PA. The higher the fluorescence intensity value, the higher the lipid accumulation level in the cell. Data are mean
+ SD (n = 5). P < 0.05 indicates a significant difference between the siControl group and the siATGL, siEPT1 or siATGL + siEPT1 group.
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Supplementary data to this article can be found online at
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