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Natural product-based screening led to the discovery of a novel
PXR agonist with anti-cholestasis activity

Dong Huang', Ying-yuan Zhao', Rui-min Wang', Wei Li', Fang-yu Yuan', Xue-long Yan', Xiao Yang', Gui-hua Tang’, Sheng Yin' and

Hui-chang Bi'*?

Cholestasis is a major cause of a series of bile flow malfunction-related liver diseases. Pregnane X receptor (PXR) is a key regulator in
endo- and xeno-biotics metabolism, which has been considered as a promising therapeutic target for cholestasis. In this study we
conducted human PXR (hPXR) agonistic screening using dual-luciferase reporter gene assays, which led to discovering a series of
potent hPXR agonists from a small Euphorbiaceae diterpenoid library, containing 35 structurally diverse diterpenoids with eight

different skeleton types. The most active compound 6, a lathyrane diterpenoid (5/11/3 ring system), dose-dependently activated
hPXR with a high selectivity, and significantly upregulated the expression of hPXR downstream genes CYP3A4 and UGTTAT. In LCA-
induced cholestasis mouse model, administration of compound 6 (50 mg-kg~'.d ™", ip) for 7 days significantly suppressed liver

necrosis and decreased serum levels of AST, ALT, Thili, ALP, and TBA, ameliorating LCA-induced cholestatic liver injury. We further
revealed that compound 6 exerted its anti-cholestatic efficacy via activation of PXR pathway, accelerating the detoxification of toxic
BAs and promoting liver regeneration. These results suggest that lathyrane diterpenoids may serve as a promising scaffold for

future development of anti-cholestasis drugs.
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INTRODUCTION

Cholestasis is a clinical condition characterized by an impairment
of bile acids (BAs) formation and flow [1]. The progression of
cholestasis will accompany with intrahepatic retention of toxic
BAs, leading to a series of cholestatic liver diseases, such as
primary biliary cholangitis (PBC) and primary sclerosing cholangitis
(PSC) [2]. Thus, the prevailing therapeutic strategy against
cholestasis is mainly focused on eliminating the excess toxic BAs
to maintain its homeostasis. Currently, ursodeoxycholic acid
(UDCA) and obeticholic acid (OCA) are the only two FDA-
approved drugs for anti-cholestasis therapy. UDCA, as the first-
line drug for PBC, could stimulate the secretion of hepatocytes
and cholangiocytes via stabilization of the “biliary HCO5;™
umbrella” [3]. OCA could inhibit BAs synthesis and uptake by
activation of farnesoid X receptor (FXR) and is indicated for
patients who are intolerant or non-responsive to UDCA [3].
However, the limited responses to these drugs still leave PBC
patients a high risk of progression to end-stage liver disease and
death [4-6]. Therefore, the development of novel therapeutic
agents with different mechanisms for the treatment of cholestasis
is urgently needed.

Pregnane X receptor (PXR, NR112) is a key member of nuclear
receptor (NR) superfamily that comprises a DNA-binding domain
(DBD), a ligand-binding domain (LBD), and a transactivation
domain [7]. PXR is responsible for the metabolism of endobiotics

(e.g., BAs, glucose, and lipids) and xenobiotics (e.g., drug and other
therapeutic agents) [8-10] by regulating the expression of drug-
metabolizing enzymes such as cytochrome P450 (CYPs), sulfo-
transferases (SULTs), and glucuronyltransferases (UGTs) [11], as
well as numerous transporters [e.g., multidrug resistance protein 1
(MDR1) and multidrug resistance-associated proteins (MRPs)] [12].
Previous study has revealed the critical role of PXR in controlling
the homeostasis of BAs [9]. After the activation of PXR, BAs
undergo hydroxylation by phases | drug-metabolizing enzymes
(e.g., CYP2B, CYP3A) and subsequent conjugation under the
catalysis of phases Il drug-metabolizing enzymes (e.g., UGTs,
SULTs). These reactions will transform BAs to hydrophilic
derivatives. PXR activation also upregulates the phase Il
transporters (e.g., MDR1), which finally efflux hydrophilic BAs
metabolites into the bile or urine [13]. It has been reported that
pregnenolone-16a-carbonitrile (PCN), a rodent PXR agonist, could
protect against lithocholic acid (LCA)-induced cholestatic liver
damage in wild-type mice, but fails in Pxr knockout mice [8, 14].
Rifampicin (RIF), a typical human PXR (hPXR) agonist, has recently
shown to completely reverse severe persistent hepatocellular
secretory failure induced by drugs or transient biliary obstruction
in formerly healthy individuals [15]. These findings suggest that
PXR is a promising therapeutic target for cholestasis, and the
discovery of novel PXR agonists is of great value in anti-cholestasis
drug development.
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Natural products (NPs) have proved to be a valuable source of
anti-cholestasis agents. The two approved PBC drugs, UDCA and
OCA, are all derived from NPs. Recently, several NPs, such as
tanshinone IIA, schisandrol B, solomonsterols A and B, have been
identified as potent hPXR agonists [16-18]. All these underscored
that seeking anti-cholestasis leads from natural sources might be a
shortcut. In our continuing efforts toward discovering biologically
active diterpenoids from Euphorbiaceae plants [19-21], we con-
ducted hPXR agonistic screening from a small Euphorbiaceae
diterpenoid library, containing 35 structurally diverse diterpenoids
with eight different skeleton types. Interestingly, all of the lathyrane
diterpenoids (1-7), featuring a macrocyclic ring system (5/11/3),
exhibited potent activity. Among them, compound 6 with compar-
able efficacy to RIF was further evaluated for hepatoprotective effect
against LCA-induced cholestatic liver injury in mice. Herein, we
reported the discovery, in vivo anti-cholestasis efficacy, and the
underlying mechanism of compound 6.

MATERIALS AND METHODS

Chemical and reagents

All compounds used in this study were obtained from an in-house
Euphorbiaceae diterpenoid library (purity =95%). Chemical struc-
tures of Euphorbiaceae diterpenoids 1-35 were shown in Fig. S1.
NMR spectra of compound 6 were shown in Figs. S3, S4.
Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine
serum (FBS) were purchased from Corning (New York, USA).
Penicillin (100 U/mL) and streptomycin (100 pg/mL) were pur-
chased from Gibco (Rockford, USA). Williams’' E medium (WEM),
1% ITS, 1% GlutaMAX were obtained from Thermo Fisher Scientific
(Rockford, USA). Dexamethasone and RIF (purity >=98%) were
obtained from Sigma-Aldrich (Darmstadt, Germany) and dimethyl
sulfoxide (DMSO) was purchased from MP Biomedicals (Irvine,
USA). LCA was obtained from Aladdin Company (Shanghai, China).
The pSG5-hPXR expression plasmid was generously offered by Dr.
Steven Kliewer (University of Texas Southwestern Medical Center,
Dallas, USA). The pGL3-CYP3A4-XREM luciferase reporter plasmid
was generously offered by Dr. Jeff Staudinger (University of
Kansas, Lawrence, USA). The pGL4.74-[hRluc/TK] control vector
plasmid was obtained from Promega (Madison, USA). Rabbit
polyclonal anti-CYP2B10 (A1463), anti-CYP3A11 (A2544) and anti-
UGT1A1 (A6186) were purchased from ABclonal (Wuhan, China).
Rabbit polyclonal anti-CDK4 (D120396) was purchased from
Sangon (Shanghai, China). Rabbit monoclonal anti-PCNA (13110)
and) anti-B-ACTIN (4970) were purchased from Cell Signaling
Technology (Danvers, USA).

Cell culture

HEK293T cells were purchased from ATCC and cultured in DMEM
medium supplemented with 10% FBS and 1% penicillin/strepto-
mycin. Human hepatoma cell line HepaRG (Thermo Fisher
Scientific, Rockford, USA) was cultured in WEM supplemented
with 10% FBS, 1% ITS, 1% GlutaMAX, 1% penicillin/streptomycin
and 0.1 uM dexamethasone for 2 weeks. Then, HepaRG cells were
shifted to the same medium containing 2% DMSO (differentiation
medium) for next 2 weeks. The cells were used for experiments
after differentiation. Cells were all incubated at 37 °C with 5% CO..

Dual-luciferase reporter assays

Dual-luciferase reporter gene assays were performed according to our
previous description [17, 22, 23]. HEK293T cells were seeded in 96-well
plates at a density of 1.2 x 10* cells/well and then co-transfected with
100 ng pGL3-CYP3A4-XREM-Luc, 50 ng pSG5-hPXR, and 3 ng pGL4.74
[hRIuc/TK] using Opti-MEM (Gibco, Danvers, USA) and Megatran 1.0
(OriGene, Rockville, USA) according to the manufacturer’s instructions.
After 6 h transfection, the mixtures were replaced with new culture
medium containing 10 uM hPXR positive agonist RIF or the tested
compounds and incubated for 24 h. Luciferase activity was measured
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using a Dual-Luciferase Reporter Assay System Kit (Promega, Madison,
USA) by an ultra-sensitive tube luminometer (Berthold, Germany).
Renilla activity was measured as normalization to firefly luciferase
activity for each well.

Quantitative reverse-transcription polymerase chain reaction
Total RNA isolation, cDNA synthesis and gRT-PCR analysis were
performed as described previously [17]. Briefly, total RNA from
HepaRG cells or mice liver tissues was purified using Trizol reagent
(Invitrogen, Waltham, USA), and randomly reverse-transcribed to
c¢DNA with PrimeScript RT reagent kit (Accurate biology,
Changsha, China). qRT-PCR analysis for specific genes was
performed using SYBR Premix Ex Taqg Il kit (Accurate biology,
Changsha, China) in Applied Biosystems 7500 Real-Time PCR
System. Relative mRNA expression was calculated by the
Comparative CT method using Gapdh of mice or ACTB of HepaRG
as reference. The gene-specific primer sequences are listed in
Table S1.

Western blot analysis

Western blot analysis was performed according to our previous
description [17]. Protein from liver tissues was extracted by RIPA lysis
buffer (Biocolor BioScience and Technology, Shanghai, China) and
protein concentration was determined using a BCA assay kit
(Thermo Scientific, Rockford, USA). Protein extracts were subjected
to SDS-PAGE and electrophoretically transferred to PVDF mem-
branes (Millipore, Bedford, USA). The membranes were blocked with
Tris-buffered saline containing 5% non-fat dry milk and then
incubated with primary antibodies at 4°C overnight, including
CYP2B10, CYP3A11, UGT1A1, cyclin-dependent kinase 4 (CDK4), and
proliferating cell nuclear antigen (PCNA). Then, the membranes were
incubated with secondary horseradish peroxidase-conjugated anti-
rabbit antibody (7074, Cell Signaling Technology, Danvers, USA) at
room temperature for an hour. Protein bands were visualized by an
enhanced chemiluminescence detection kit (Millipore, Bedford,
USA). The intensity of specific bands was analyzed by Quantity
One software (Bio-Rad Laboratories, Hercules, USA).

Animal treatment

C57BL/6 mice (6-8 weeks, 22-25 g) were obtained from Guang-
dong Medical Laboratory Animal Center, and housed in a specific
pathogen free room with a constant room temperature, a 12/12 h
light/dark cycle and free access to food and water. Mice were
randomly divided into six groups including the vehicle, PCN,
compound 6, LCA, LCA + PCN, and LCA + compound 6 group. The
PCN, compound 6 (50mg/kg) and LCA (125mg/kg) were
dissolved in corn oil, respectively. Mice of the PCN, LCA + PCN
group or compound 6, LCA 4+ compound 6 group were injected
intraperitoneally with PCN (50mg-kg~"-d™") or compound 6
(50mg-kg~'-d™ ") for 7 days, respectively; while the vehicle and
LCA group were injected intraperitoneally with equal corn oil. In
addition, mice of the LCA, LCA + PCN, and LCA + compound 6
group were injected intraperitoneally with LCA (125 mg/kg) at the
4th day for twice daily by 4 successive days. Twelve hours after the
last LCA injection, mice were sacrificed by CO, asphyxia. Serum
and liver samples were harvested and snap-frozen in liquid
nitrogen, then stored at —80°C. All animal experiments were
approved by the Ethics Committee on the Care and Use of
Laboratory Animals of Sun Yat-sen University (Guangzhou, China).

Histological and biochemical evaluation

Liver tissues were fixed in neutral buffered formalin, embedded in
paraffin, sectioned and stained with hematoxylin & eosin (H&E). H&E-
stained liver sections were examined by a DMI 3000B microscopy
(Olympus, Tokyo Japan). Serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (ALP), total
bile acids (TBAs), and total bilirubin (Tbili) were analyzed using
commercial kits according to the manufacturer’s instructions.
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Effect of 35 compounds on cell viability and hPXR activation. a The skeletons of compounds in Euphorbiaceae diterpenoid library.

b The cytotoxicity of compounds 1-35 (10 uM) on HEK293T cells. ¢ Effect of compounds 1-35 on hPXR activation. Dual-luciferase reporter
assays were performed in HEK293T cells transiently transfected with expression plasmid (pSG5-hPXR), reporter plasmid (pGL3-CYP3A4-XREM-
Luc), and the control plasmid (pGL4.74-TK). Cells were treated with the positive agonist RIF (10 pM) or compounds 1-35 (10 uM) for 24 h. Data
are presented as means + SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001, versus the vehicle.

Statistical analysis
All the presented data and results were confirmed by at least three

independent experiments. The data were presented as means +
SD and analyzed with GraphPad Prism 8.0 software (GraphPad
Software, San Diego USA). Statistical differences between two
groups were determined using Student’s t-test. For multiple group
comparison, one-way ANOVA followed by Dunnett's multiple
comparison post hoc test was performed. A value of P <0.05 was
accepted as statistically significant.

RESULTS

hPXR agonistic activity screening of Euphorbiaceae diterpenoids
Plants of the Euphorbiaceae family are well-known for producing
highly functionalized diterpenes, namely Euphorbiaceae diterpe-
noids. In our continuing efforts toward discovering biologically
active diterpenoids from Euphorbiaceae plants, an in-house
Euphorbiaceae diterpenoid library, containing 35 structurally
diverse diterpenoids with 8 different skeleton types (Fig. 1a, Table
S2 and Supplementary Fig. S1), were screened for the hPXR
agonistic activity in the current study. Cell viability assay revealed
that all of the compounds had no obvious cytotoxicity on
HEK293T cells at the concentration of 10 uM (Fig. 1b). Then, the
dual-luciferase reporter gene assay was performed on
HEK293T cells via transient transfection with reporter plasmids
[17]. The results showed that 19 diterpenoids (1-8, 11-13, 15, 19,
20, 23-25, 30, and 34) could significantly increase the luciferase
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activity of reporter gene at 10 uM, as compared to the vehicle
(Fig. 1c). It was worth noticing that all of the lathyrane
diterpenoids (5/11/3 ring system, 1—7) exhibited potent hPXR
agonistic activity. Among them, the most active compound 6, (7-
hydroxy-lathyrol-3,5,7-triacetate) [24], could significantly activate
hPXR at 2.7-fold as compared to the vehicle group, being
comparable to RIF (activation fold = 2.9). Moreover, we have
detected whether compound 6 can activate other NRs. Compound
6 could not activate hFXR or hLXRa at 10 uM and only exhibited
low activation on hCAR, while the corresponding positive controls
were active (Supplementary Fig. S2). These evidences suggested
that lathyrane diterpenoids may serve as hPXR agonists and
compound 6 showed the most promising efficacy.

Compound 6 activates hPXR and upregulates the expression of
PXR downstream genes

Given the potent hPXR agonistic activity of compound 6, the dose-
dependent assay was performed. As shown in Fig. 2b, compound
6 could dose-dependently increase the luciferase activity of
reporter genes by 1.7-, 2.4-, 2.7-, and 5.2-fold at 1, 5, 10, 50 uM,
respectively (compared to the vehicle). To determine the effect of
compound 6 on hPXR-target genes responsible for BAs metabo-
lism, HepaRG cells with a high expression of drug-metabolizing
enzymes and transporters [11], were treated with compound 6 at
10 uM for 24 h. The gRT-PCR analysis showed that compound 6
significantly increased the mRNA expressions of CYP3A4 and
UGTI1AT by 24.3- and 1.4-fold activity, respectively (Fig. 2d). These
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Fig. 2 Effect of compound 6 on hPXR activation. a The cytotoxicity of compound 6 (1, 5, 10, 50 pM) on HEK293T cells. b Dual-luciferase
reporter assays were performed in HEK293T cells. Cells were treated with the positive agonist RIF (10 pM) or compound 6 (1, 5, 10, 50 pM) for
24 h. ¢ The cytotoxicity of compound 6 (10 pM) on HepaRG cells. d gRT-PCR analysis of CYP3A4 and UGTTAT mRNA levels after treatment with
compound 6 (10 pM) for 24 h in HepaRG cells. Data are presented as means = SD (n = 3). **P < 0.01; ***P < 0.001, versus the vehicle.

results indicated that compound 6 could dose-dependently
activate hPXR and upregulate hPXR-target genes involved in BAs
metabolism.

Compound 6 prevents against LCA-induced cholestatic liver injury
in mice

The prominent hPXR agonistic activity of compound 6 in vitro
prompted us to further evaluate its anti-cholestasis and hepatopro-
tective effects in vivo. Thus, LCA-induced cholestasis mice model
was applied, and PCN, a well-known rodent PXR agonist, was used
as the positive control drug. After treatment with LCA for 4 days,
morphological and histopathological changes, including gall bladder
enlargement, diffuse vacuolization, and neutrophils infusion, indi-
cated the severe liver damage in the LCA group (Fig. 3). These
changes were significantly ameliorated by the pretreatment with
compound 6. Accordingly, the increased levels of serum ALT, AST,
and Thbili induced by LCA were all significantly decreased in
compound 6-pretreated mice, as compared to the LCA-induced
group, with the reduction level by 47.3%, 58.0% and 68.1%,
respectively (Fig. 4a, b, ). Meanwhile, pretreatment with compound
6 also dramatically decreased serum ALP and TBA, as compared to
the LCA-induced group by 49.0% and 83.2% respectively (Fig. 4c, d).
These results suggested that compound 6 could remarkablely
protect against LCA-induced cholestatic liver injury in mice.

Compound 6 regulates PXR-mediated metabolize enzymes
involved in BAs homeostasis in mice

To further verify whether the anti-cholestasis and hepatoprotec-
tive effects of compound 6 in vivo were due to the PXR activation,
the expression of PXR target genes closely involved in BAs
detoxification were detected. As shown in Fig. 5, treatment with
PCN alone could significantly upregulate the mRNA expressions of
Cyp2b10, Cyp3all and Ugtlal, as compared to the vehicle.
Similarly, compound 6 significantly upregulated Cyp3all and
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Ugtial, suggesting that compound 6 could activate PXR in mice.
Upon LCA administration, pretreatment with PCN remarkably
upregulated Cyp2b10, Cyp3all, and Ugtlal, as compared to LCA-
induced group, while compound 6 pretreatment only significantly
upregulated Cyp3all, as compared to the vehicle. Consistent with
the mRNA expression, Western blot analysis also showed that
pretreatment with compound 6 markedly upregulated the protein
expression of CYP3A11, as compared to the vehicle. Taken
together, these data showed that compound 6 could activate
PXR and upregulate PXR target genes involved in BAs home-
ostasis. However, its PXR activation effect in mice was weaker than
that of PCN, which explained the better anti-cholestasis and
hepatoprotective effects of PCN.

Compound 6 upregulates liver regeneration-related proteins

Our previous study has revealed that the activation of PXR could
upregulate the expression of liver regeneration-related proteins
such as CDK4 and PCNA, which resulted in the proliferation of
hepatocyte and liver regeneration [25, 26]. Thus, the protein
expression of CDK4 and PCNA were detected to explore the effect
of compound 6 on liver regeneration (Fig. 6). Compared to the
LCA-treated group, compound 6 could significantly increase the
protein expression of CDK4 while increase PCNA to a slight extent.
Also, compound 6 could induce CDK4 and PCNA expression.
Similarly, pretreatment with PCN significantly upregulated the
protein expression of CDK4 and a slight increase of PCNA
expression was found. These findings suggested that compound
6 and PCN could upregulate liver regeneration-related protein to
prevent against cholestatic liver injury.

DISCUSSION
Cholestasis is a clinical condition where bile flow is defective,
leading to a series of cholestatic liver diseases. Currently, the lack

Acta Pharmacologica Sinica (2022) 43:2139-2146
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of clinic anti-cholestasis drugs (only UDCA and OCA) and their
limited responses to patients pose an urgent need for the
development of novel therapeutic agents to delay or relieve
cholestasis-associated symptoms. PXR plays a crucial role in BAs
detoxification by regulating the expression of the drug-
metabolizing enzymes (e.g, CYP3A, CYP2B, and UGT1A1) and
transporters (e.g., MDR1), and is considered as a promising
therapeutic target for cholestasis.

Historically, NPs have played an irreplaceable role in drug
discovery. Recent reports indicated that more than half of the
FDA-approved clinical drugs between 1981 and 2014 were
derived from NPs [27]. In past decades, diterpenoids occurring
in plants of the Euphorbiaceae family, namely Euphorbiaceae
diterpenoids, have attracted considerable interest from both
natural product chemists and pharmacologists [28, 29]. Their
potential druggability has been proved by our previous studies
[19, 21, 30] and also by several marketed or clinical testing drugs,
as exemplified by picato (ingenane-type) [31], resiniferatoxin
(daphnane-type) [32], and prostratin (tigliane-type) [33]. In this
context and in our continuing efforts toward discovering
biologically active diterpenoids from Euphorbiaceae plants, an in-
house Euphorbiaceae diterpenoid library with eight different
skeleton types were screened for the hPXR agonistic activity in
the current study. The results showed that half of diterpenoids
could significantly activate hPXR at 10 uM. Noticeably, all of the
lathyrane diterpenoids exhibited potent hPXR agonistic activity,
and compound 6 showed the most potent efficacy comparable to
RIF. Further investigation revealed that compound 6 can activate
hPXR in a concentration-dependent manner and remarkably
increased the expression of CYP3A4 and UGTI1A1. Moreover,
compound 6 could not activate hFXR and hLXRa while only
exhibited low activation on hCAR, indicating that compound 6 has
a high selectivity for hPXR.

Compound 6 (7-hydroxy-lathyrol-3,5,7-triacetate), possessing a
lathyrane skeleton, is derived from a traditional Chinese medicine,
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Euphorbia lathyris. Lathyranes are the major components of

E. lathyris and have been reported to possess a wide range of
biological activities. Our current in vitro studies showed that
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*P < 0.001, versus the LCA-treated group respectively.

compound 6 possessed prominent hPXR agonistic activity. To
further evaluate its hepatoprotective effects against cholestatic
liver injury in vivo, LCA-induced mice model was performed. As
expected, treatment with LCA for 4 days resulted in the severe
liver damages, while pretreatment with compound 6 could
significantly ameliorate these changes. In serum biochemical
markers, ALT, AST, and Tbili were characterized as crucial
indicators of hepatocyte damage, while ALP and TBA were
identified as important indicators of cholestasis [34]. The increases
in serum ALT, AST, ALP, TBA and Thili induced by LCA were all
significantly attenuated in compound 6-pretreated mice. To verify
whether the anti-cholestasis and hepatoprotective effects of
compound 6 in vivo are due to its activation of PXR, PXR-
mediated downstream genes involved in BAs detoxification were
detected. gRT-PCR in combination with Western blot results
showed that pretreatment with compound 6 could significantly
upregulate the expression of CYP3A11. Taken together, com-
pound 6 possessed potent PXR agonistic effect in vivo, which
resulted in accelerating toxic BAs detoxification to prevent against
intrahepatic cholestasis and liver injury. However, its agonistic
effect in mice was weaker than that of PCN, which explained the
dissatisfactory anti-cholestasis and hepatoprotective efficacy of
compound 6 in vivo. Moreover, human and mouse PXR have 95%
homology in the DBD, but only have 75% homology in the LBD
[35]. PXR has significant inter-species differences in ligand-
dependent activation, and whether compound 6 could protect
against LCA-induced cholestatic liver injury in PXR-humanized
(hPXR) mice should be further studied.

Although the regulation of bile acid homeostasis is considered
as the prevailing therapeutic strategy for cholestatic liver diseases,
promotion in liver regeneration could be an alternative approach.
Liver regeneration is usually activated after partial hepatectomy or
acute liver damage. Its mechanism involves activation of cell cycle-
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related pathways [36-38]. It has been reported that PXR activation
by PCN can significantly promote liver regeneration after partial
hepatectomy and liver regeneration process is delayed after
partial hepatectomy in Pxr—/— mice, indicating that PXR and PXR
activation play a crucial role in liver regeneration. The mechanisms
include the modulation of the STAT3-mediated signaling pathway
and genes involved in lipid metabolism such as PPARa, PPARy,
and FAE [39]. Most recently, we revealed that the activation of PXR
could interact with yes-associated protein (YAP) and upregulate
the expression of proliferation-related proteins such as CCNAT,
CCND1, PCNA and CDK4, which led to the proliferation of
hepatocyte and liver regeneration [25]. In this study, compound
6 could upregulate CDK4 as compared to the LCA-treated group.
More importantly, compound 6 could induce CDK4 and PCNA
expression. These results suggested that compound 6 could
promote liver regeneration to prevent against LCA-induced
cholestatic liver injury.

In summary, the hPXR-based anti-cholestatic screening from a
small Euphorbiaceae diterpenoid library in the current study led to
the discovery of a series of potent hPXR agonists. Interestingly, all
of the lathyrane diterpenoids, featuring a 11-membered macro-
ring, exhibited potent hPXR agonistic activity. The most active
compound 6 could activate hPXR in a dose-dependent manner
with a high selectivity and significantly upregulate the expressions
of hPXR downstream genes CYP3A4 and UGTITAT. Further studies
revealed that compound 6 could significantly ameliorate the LCA-
induced cholestatic liver injury in mice and the activation of PXR
pathway by compound 6 could accelerate the detoxification of
toxic BAs and promote the liver regeneration. Our current study
suggests that lathyrane diterpenoids may serve as a “privileged
skeleton” in anti-cholestasis drug development and compound 6
is a promising lead pending further in-depth druggability
evaluation.
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