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Ginseng-derived panaxadiol ameliorates STZ-induced type 1
diabetes through inhibiting RORY/IL-17A axis

Si-yu Tian', Shu-ming Chen’, Yong-yi Feng’, Jia-ling He' and Yong Li’

Retinoic-acid-receptor-related orphan receptor y (RORy) is a major transcription factor for proinflammatory IL-17A production. Here,
we revealed that the RORy deficiency protects mice from STZ-induced Type 1 diabetes (T1D) through inhibiting IL-17A production,
leading to improved pancreatic islet B cell function, thereby uncovering a potential novel therapeutic target for treating T1D. We
further identified a novel RORy inverse agonist, ginseng-derived panaxadiol, which selectively inhibits RORy transcriptional activity
with a distinct cofactor recruitment profile from known RORy ligands. Structural and functional studies of receptor-ligand
interactions reveal the molecular basis for a unique binding mode for panaxadiol in the RORy ligand-binding pocket. Despite its
inverse agonist activity, panaxadiol induced the C-terminal AF-2 helix of RORy to adopt a canonical active conformation.
Interestingly, panaxadiol ameliorates mice from STZ-induced T1D through inhibiting IL-17A production in a RORy-dependent
manner. This study demonstrates a novel regulatory function of RORy with linkage of the IL-17A pathway in pancreatic {3 cells, and
provides a valuable molecule for further investigating RORy functions in treating T1D.
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INTRODUCTION

Type 1 diabetes (T1D) occurs when the autoimmune destruction
of insulin-producing pancreatic 3 cells caused insulin deficiency,
and eventually resultant hyperglycaemia [1, 2]. Nowadays, there
had been an increased incidence of T1D around the world, and
the effective treatment is limited, such as the lifelong insulin
therapy that can delay the progression of the disease [3].
However, insulin therapy is often accompanied by T1D-
associated complications, including retinopathy, neuropathy,
cardiovascular disease and hypoglycaemia [4]. Thus, it is important
to study the T1D-associated regulating mechanism in pancreatic
B cells, which may provide new therapeutic targets and strategies.
The pathogenic role of T helper 17 (Th17) cells has been
demonstrated as a contributor to T1D development through
stimulating the production of proinflammatory cytokine inter-
leukin 17 A (IL-17A) [5, 6], since the production of IL-17A results in
inflammatory responses and autoimmune destruction of insulin-
producing B cells in the pancreas [7, 8]. Therefore, therapies that
target the IL-17A/Th17 cells might be a promising strategy for the
prevention and treatment of T1D [9].

The retinoic-acid-receptor-related orphan receptor y (RORy) is a
member of the nuclear receptor (NR) superfamily whose activity
has been implicated in immune responses and autoimmune
diseases [10-12]. Like other nuclear receptors, RORy regulates the
gene transcription by binding to specific sequences of DNA of its
target genes [13, 14]. RORy contains an activation function (AF-2)
located at the C terminus of its ligand-binding domain (LBD) that
is key to the transcriptional regulation. The ligand binding to RORy
LBD induces the conformational changes of the AF-2 helix that

can recruit or expel coactivators/corepressors in regulating the
transcription of its target genes [15, 16]. Notably, RORy has been
reported as a major transcription factor for Th17 cell differentia-
tion and IL-17A production [17-19]. So far, RORy inverse agonists
have been developed as one of the promising strategies for
treating IL17A/Th17 cell-mediated autoimmune diseases [20, 21].
For example, both RORy natural antagonist digoxin and ursolic
acid (UA) suppress IL-17A production [22-24]. However, the toxic
side effects and cross-activity with other targets of these
compounds have limited their therapeutic uses for autoimmune
diseases [25, 26]. As such, the identification of alternative RORy
ligands is still an utmost need to yield more efficacious RORy-
targeted drugs.

Given the critical roles of IL-17A involved in RORy signaling and
T1D progression, we hypothesized that RORy is involved in the
development of T1D. We established STZ-induced T1D mice
models and found that RORy deficiency protects mice from STZ-
induced T1D with improved pancreatic islet 3 cell function
through inhibiting IL-17A production [27, 28], implying that RORy
inverse agonists can be considered as a new attractive strategy for
T1D treatment. Herein, we performed a high-throughput AlphaSc-
reen™ assay to search for novel RORy inverse agonists with distinct
binding modes and improved safety from the Traditional Chinese
Medicine Monomer Library. Surprisingly, ginseng-derived panax-
adiol was uncovered to selectively inhibit RORy transcriptional
activity with a unique cofactor recruiting profiles from known
RORYy inverse agonists. Unlike RORy-UA complex structures, the
C-terminal AF-2 helix of RORy-panaxadiol complex is positioned in
a canonical active conformation. Interestingly, panaxadiol also
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alleviates STZ-induced TID symptoms by inhibiting IL-17A
production. Consequently, RORy may be a crucial regulator and
new therapeutic target in treating T1D.

MATERIALS AND METHODS

Protein preparation

The human RORy LBD (residues 262-507) was expressed as
N-terminal 6xHis fusion protein from the expression vector
pET24a (Novagen). BL21 (DE3) cells transformed with expression
plasmids were grown in LB broth at 25 °C to an ODgg of ~1.0 and
induced with 0.1 mM isopropyl 1-thio-B-D-galactopyranoside
(IPTG) at 16°C for 16-18 h. Cells were harvested and sonicated
in 200 mL extraction buffer (25 mM Tris pH 7.5, 500 mM NaCl, 10%
glycerol and 25 mM imidazole) per 6 liters of cells. The lysate was
centrifuged at 20,000 rpm for 30 min, and the supernatant was
loaded on a 5mL Ni-loaded HiTrap HP column (GE Healthcare).
The column was washed with extraction buffer and the protein
was eluted with a gradient of 25-500 mM imidazole. The RORy
LBD was further purified by gel filtration (elution buffer, 25 mM
Tris-HCl (pH 7.5), 100 mM NaCl, 2 mM DTT) using a HiLoad 26/600
Superdex 200 column (GE Healthcare) with a 5-fold excess of
panaxadiol and a 2-fold excess of the SRC2-2 peptide
(KHKILHRLLQDSS) to the purified protein, followed by filter
concentration to 10 mg/ml.

Coactivator binding assays
The binding of the various cofactor peptide motifs to the RORy
LBD in response to ligands was determined by AlphaScreen™
(Amplified Luminescent Proximity Homogeneous Assay Screen)
assays, using a hexahistidine detection kit from Perkins-Elmer as
described before [29]. Compounds were added to the mixture
comprised of approximately 20-40nM RORy LBD and 20nM
biotinylated cofactor peptides in the presence of 5pug/mL
streptavidin donor and nickel chelate acceptor beads in a buffer
containing 50 mM MOPS, 50 mM NaF, 0.05mM CHAPS, and
0.1 mg/mL bovine serum albumin, all adjusted to a pH of 7.4.
Luminescence signal was detected by a Perkins-Elmer multimode
microplate reader. The peptides with an N-terminal biotinylation
are listed below:

SRC1-2, SPSSHSSLTERHKILHRLLQEGSP;

SRC2-3, QEPVSPKKKENALLRYLLDKDDTKD;

SRC3-3, PDAASKHKQLSELLRGGSG;

NCOR-2, GHSFADPASNLGLEDIIRKALMGSF;

SMRT-2, ASTNMGLEAIIRKALMGKYDQ.

Luciferase reporter assays

HEK-293T cells were maintained in DMEM containing 10% fetal
bovine serum and were transiently transfected using Lipofecta-
mine 2000 (Invitrogen). All mutant RORy plasmids were created
using the Quick-Change site-directed mutagenesis kit (Strata-
gene). The resulting plasmids were confirmed by DNA sequencing.
Before 24 h of transfection, 24-well plates were plated (5x 10*
cells per well). For nuclear receptor luciferase reporter assay, the
cells were transfected with 200 ng Gal4-LBDs of various nuclear
receptors and 200 ng of pG5Luc reporter (Promega). For native
promoter reporter assays, the cells were co-transfected with
plasmids encoding full length RORy and ROR response element
(RORE) or I117a promoter luciferase reporter plasmid [18, 30].
Ligands were added 5 h after transfection. Cells were harvested
24h later for the luciferase assays with the Dual-Luciferase
Reporter assay system (Promega). The luciferase activities were
normalized to renilla activity co-transfected as an internal control.
The dose curves were fitted by GraphPad Prism 8.

Thermal shift assay

Thermal shift assay (TSA) was performed using 20 pL experimental
unit containing 10 uM RORYy LBD, five-fold molar compounds and
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2.5x SYPRO Orange (Sigma) in buffer containing 25mM Tris,
150 mM NaCl and 5 mM dithiothreitol (DTT), pH 7.5. The samples
were heated from 35 to 75°C at a rate of 0.5°C per 5s and the
fluorescence data were obtained on a CFX96 Real-Time PCR
System (Bio-Rad). The 50% of maximum temperature (Tm) values
of proteins were calculated by GraphPad Prism 8 and fitted using
Boltzmann sigmoid curves.

Animals

6-8-week-old male C57BL/6 wild-type (WT) mice and RORy ™~
mice were used. RORy’/’ mice (Stock No: 007571) were
purchased from The Jackson Laboratory. Mice were housed and
bred under specific pathogen-free conditions. All of the animal
experiments were approved by the Animal Ethics Committee of
Xiamen University (acceptance no. XMULAC20170313). All
animal experiments were performed in compliance with
the guidelines from the Institutional Animal Care and
Use Committee at Experimental Animal Centre at Xiamen
University.

Type 1 diabetes induction and treatment

6-8-week-old male wild-type C57BL/6J (WT) and homozygous
RORy-deficient (RORy KO) mice were daily injected intraperito-
neally (i.p.) with 50 mg/kg of STZ (MCE) for 5 consecutive days.
STZ was diluted in sodium citrate buffer (pH=4.), and
immediately injected within 20 min of preparation. After
blood glucose monitoring on 4 and 7 days post the first
injection, mice with fasting blood glucose higher than 13.3 mM
were regarded as diabetic. UA (50 mg/kg every day, TargetMol)
and panaxadiol (50 mg/kg every day, TargetMol) were adminis-
tered from first STZ injection, and continued until the end of the
experiments.

IL-17A production assay in mouse Th17 cells

Mouse CD4" T cells were prepared from mouse splenocytes by
negative selection using magnetic beads coated with antibodies
that capture unwanted cells using MojoSort™ Mouse CD4 " Naive T
Cell Isolation Kit (BioLegend) following the manufacturer’s
protocol. Isolated naive CD4" T cells were cultured in Th17-
skewing conditions for 5 days. Th17 skewed using CellXVivo
Mouse Th17 Cell Differentiation Kit (R&D Systems). The concentra-
tions of IL-17A in the culture media were measured by ELISA kit
(R&D System:s).

Quantitative real-time PCR (gqPCR)

Total RNA was extracted from jurkat cells with Trizol reagent
(Sigma). RNA was reverse transcribed using the TAKARA reverse
transcription kit. Real-time quantitative PCR was performed on a
CFX96 Real-Time PCR Detection System (Bio-Rad) using Hieff gPCR
SYBR Green Master Mix (Yeasen Biotech). The primer sequence of
IL-17A was reported before [31]. The mRNA expression was
normalized to GAPDH.

ELISA

The production of IL-17A in the pancreatic tissue of mice was
quantified by ELISA kit following the manufacturer’s instruction
(R&D Systems).

Histology and immunohistochemistry

Pancreas samples were fixed overnight in 4% paraformaldehyde,
embedded in paraffin and the sections (5um) stained with
hematoxylin-eosin (H&E). Immunohistochemistry reactions were
performed on sections (5 um) of paraformaldehyde-fixed tissue.
The sections were dewaxed, rehydrated, and incubated with 3%
H,0, to block endogenous peroxidase. Then, the slides were
incubated with 5% BSA (Boster) to block unspecific staining. Next,
the sections were stained with anti-insulin (1:64000, Abcam
181547) or anti-glucagon (1:8000, Abcam ab92517) antibodies,
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Fig. 1

RORy deficiency protects mice from STZ-induced type 1 diabetes. a Schematic diagram for the WT and RORy /~ mice experiment.

b Fasting blood glucose levels were measured from day 1 (first injection) to day 26. ¢ Percentage of initial body weight during STZ treatment.
d Pancreata were collected for hematoxylin and eosin (H&E) staining, and histology and immunohistochemistry analysis of insulin and
glucagon. e IL-17A expression levels of splenocytes in STZ-treated WT and RORy ’~ mice. Isolated naive CD4* T cells were cultured in Th17-
skewing conditions for 5 days, and IL-17A in the supernatants were measured by ELISA. f Pancreata were collected at day 26 for the
measurement of IL-17A production by ELISA. The results are representative of three independent experiments and are expressed as the

means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

and the staining was visualized with anti-rabbit DAB-HRP (Boser)
secondary antibodies. Finally, the sections were counterstained
with hematoxylin and analyzed.

Crystallization and structure determination

The crystals of RORy/panaxadiol complex were grown at room
temperature in hanging drops containing 1.0 pl of the ligand-
protein solutions and 1.0 ul of well buffer containing 0.1 M BIS-
TRIS pH 5.5, 3.0 M sodium chloride. The crystals were directly flash
frozen in liquid nitrogen for data collection. Diffraction data were
collected at beamline BL17U1 of the Shanghai Synchrotron
Radiation Source. The observed reflections were reduced, merged
and scaled with DENZO and SCALEPACK in the HKL2000 package
[32]. The search model was 3LOL in the Protein Data Bank. The
structures were determined by molecular replacement in
the CCP4 suite [33]. Manual model building was carried out with
Coot [34], followed by Refmac5 refinement in the CCP4 suite [35].
The structure figures were made with PyMOL (version 2.3.3,

Acta Pharmacologica Sinica (2023) 44:1217-1226

Schrédinger). The structure has been deposited in the PDB with
accession code 7W3P.

Statistical analysis

All values are expressed as mean + SEM Differences were analyzed
using Student’s t-test and P<0.05 was considered statically
significant.

RESULTS

RORYy deficiency protects mice from STZ-induced type 1 diabetes
To investigate the possible role of RORy in T1D, we established
multiple low-dose STZ models of wild-type (WT) mice or RORy
deficiency (RORy /™) mice, by continuous blood glucose monitor-
ing (Fig. 1a). As expected, STZ-treated WT mice showed a
significantly increased blood glucose level. Interestingly, STZ-
treated RORy /~ mice presented remarkably lower blood glucose
level compared with STZ-treated WT mice (Fig. 1b). The body
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Fig. 2 ldentification of Ginseng-derived panaxadiol as a unique RORy inverse agonist. a Chemical structure of panaxadiol. b Panaxadiol

promotes the interaction of co-activator and co-repressor motifs with RORy, shown by AlphaScreen assay. This displays the interaction of
RORy with various co-factor motifs in response to 1 uM panaxadiol and UA. ¢ Concentration-response curves for UA and panaxadiol in
inducing RORy to recruit the coactivator and corepressor motifs, respectively, by AlphaScreen assay. d Transactivation of Gal4-RORy and full-
length RORYy reporter assay for UA and panaxadiol at a 1 pM concentration. The results are the average of experiments performed in triplicate,
with error bars indicating SDs; **P < 0.01, ***P < 0.001, compared with vehicle.

weight of STZ-treated WT mice lost significantly compared with
WT mice, whereas STZ-treated RORy ™/~ mice remained
unchanged (Fig. 1c). In addition, STZ-treated RORV’/’ mice
showed a decreased inflammatory infiltration around the pan-
creatic islets and better preservation of insulin-producing B-cells
and glucagon-producing a-cells compared with STZ-treated WT
mice (Fig. 1d). Recent evidence suggested that IL-17A has been
involved in the development of T1D [36-38], while RORy is a major
transcription factor associated with IL-17A production. As such, we
detected the abundance of IL-17A in STZ-treated RORy /~ mice. As
expected, IL-17A production in WT mice increased after STZ
treatment, whereas IL-17A levels in STZ-treated RORy /™ mice were
significantly lower compared with that in STZ-treated WT mice
(Fig. 1e). The level of IL-17A was also reduced in the pancreas of
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STZ-treated RORy '~ mice (Fig. 1f), in agreement with the positive
regulatory roles of IL-17A by RORy activation. Together, our results
demonstrate that RORy deficiency protects mice from STZ-induced
T1D through improving pancreatic islet 3 cell function by inhibiting
IL-17A production, thereby uncovering a potential novel therapeu-
tic target for the treatment of T1D.

We further explored the potential therapeutic possibility of
RORy modulation in T1D by treating STZ-treated WT mice with
RORy modulators. For now, RORy inverse agonist UA has been
shown to bind to the ligand-binding domain of RORYy, inhibiting its
transcriptional activity and thereby suppressing Th17 cells
differentiation and dramatically reducing IL-17A levels [24, 39].
Indeed, UA treatment markedly ameliorated blood glucose
change during STZ induction of T1D (Supplementary Fig. S1a).
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Fig.3 Molecular recognition of panaxadiol by RORYy. a Structural determination of RORy LBD bound with ligand panaxadiol. The structure is
in cartoon representation with RORy LBD in gray and the SRC2-2 motif is in wheat, respectively. Bound panaxadiol is shown as a stick
representation with carbon and oxygen atoms depicted in yellow and red, respectively. b The 2Fo-Fc electron density map (1.0c) show the
bound panaxadiol to the RORy. ¢ Key interactions of RORy with panaxadiol. Red dashes represent hydrogen bond interactions.
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Fig. 4 Structural comparison of the RORy-panaxadiol complex with RORy-UA. a Overlays of the structures of panaxadiol (yellow)-bound
RORYy (gray) with UA-bound RORYy (slate blue) (PDB ID 5x8s). b Superposition of panaxadiol (yellow) with UA (slate blue). ¢, d Overlays of RORy-
panaxadiol (gray) and RORy-UA (slate blue), showing the Y502 — H479 lock and the SRC2-2 binding site.

Haematoxylin and eosin (H&E) and histochemical staining results
showed that UA treatment prevented inflammatory infiltration
into the pancreatic islets with better preservation of insulin-
producing B-cells and glucagon-producing a-cells (Supplementary

Acta Pharmacologica Sinica (2023) 44:1217-1226

Fig. S1b). It also decreased IL-17A levels in the splenocytes and
pancreas of STZ-treated mice (Supplementary Fig. S1c, d). These
results indicate that RORy antagonism alleviates STZ-induced T1D
symptoms.

SPRINGER NATURE

1221



Panaxadiol was identified as a RORy natural inverse agonist

1222

SY Tian et al.
a b
-« Q286 / }\L?\‘\”
AN LT
W317
C
H323 /‘
T7 Y
oy
e
o 1.59 CJ DMSO mm Panaxadiol
9 1.0
2 05
e
0.0
& & & O O
s o?tz’%V \v\“’\« & &

Fig. 5 The structural determinants of the interactions of RORy with panaxadiol. a—e Molecular determinants of the interactions between
panaxadiol and RORy. The bound panaxadiol is shown in stick representation, with carbon and oxygen atoms depicted in yellow and red,
respectively. The hydrophobic interactions and hydrogen bonds are shown with lines and arrows, respectively. f Effects of mutations of key
RORYy residues on their transcriptional activity in response to panaxadiol treatment in cell-based reporter gene assays. 293 T cells were co-
transfected with plasmids encoding RORy-LBD WT or mutants as indicated in the figures, fused with the Gal4DNA-binding domain together
with the pG5Luc reporter. The cells were treated with 1 uM panaxadiol. The results equate to the average of experiments performed in

triplicate, with error bars indicating SDs.

Identification of Ginseng-derived panaxadiol as a RORy inverse
agonist

Since that the severe toxicity and side effects of current RORy
ligands, like UA, limit their therapeutic uses, we need to search
for novel modulators of RORy with distinct binding modes and
improved safety. We used RORy LBD as a bait to screen
Traditional Chinese Medicine Monomer Library based on
AlphaScreen biochemical assay, which is widely used for
detecting ligand-dependent interactions between nuclear recep-
tors and their cofactors [40], and the ginseng-derived panaxadiol
was discovered as an interesting RORy modulator (Fig. 2a).
Surprisingly, panaxadiol shows a different cofactor recruitment
profile from RORy antagonist UA. Unlike the selective recruit-
ment of corepressor motifs by UA-bound RORy, panaxadiol
enhanced the interaction of RORy with both coactivator motifs
(SRC1-2, SRC2-3 and SRC3-3) and corepressor motifs (NCoR-2
and SMRT-2) (Fig. 2b). Furthermore, full-dose curves revealed
that panaxadiol promoted the interaction of RORy with
coactivator and corepressor motifs in a concentration-
dependent manner (Fig. 2c), reaffirming panaxadiol as a highly
potent RORYy ligand.
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To further explore the physiological roles of panaxadiol in RORy
signaling, cell-based reporter assays were employed to characterize the
transcriptional properties of RORy in response to panaxadiol. Interest-
ingly, panaxadiol significantly inhibited RORy transcriptional activity in
cell-based Gal4-RORy and full length RORy-dependent reporter assays
(Fig. 2d). Furthermore, full-dose curves revealed that panaxadiol
inhibited RORy transcriptional activity in a concentration-dependent
manner with an ICso similar to that of UA (Supplementary Fig. S2a),
without impacts on RORa and ROR tested (Supplementary Fig. S2b).
Additionally, the thermal shift assay (TSA) [41] showed that panaxadiol
increased the thermal stability of RORy (Supplementary Fig. S3). Taken
together, our results suggest that panaxadiol is a highly potent RORy
selective inverse agonist.

Structure of the RORy LBD in complex with panaxadiol

To determine the molecular basis of the specific interaction with RORy,
we solved the crystal structure of RORy complexed with panaxadiol
(Supplementary Table S1), which reveals a classical structure of a three-
layer helical sandwich that resembles most nuclear receptor structures
(Fig. 3a) [42, 43]. The presence of panaxadiol was apparent in the highly
revealing electron density map shown in Fig. 3b, whose interaction

Acta Pharmacologica Sinica (2023) 44:1217-1226
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with RORy was stabilized by a combination of Van der Waals
interactions and hydrogen bonds (Fig. 3c). Alignment of structures of
RORy/panaxadiol with RORy/UA revealed that both ligand-bound RORy
LBDs aligned well with ligands occupying the similar binding sites in
the RORy pocket (Fig. 4a, b). Specifically, in contrast to the destabilized
AF-2 helix shown in RORy-UA complex [39], the C-terminal AF-2 helix
positions in a canonical active conformation of RORy-panaxadiol
complex (Fig. 4¢), in agreement with its dual activity in recruiting both
coactivators and corepressors. Structural analysis reveals that UA forms
a hydrogen bond with H479, resulting in breaking the hydrogen bond
between H479 and Y502, which is critical to stabilize the C-terminal AF-
2 helix and induce coactivator recruitment by RORy (Fig. 4d) [44, 45].

To further verify the roles of pocket residues in panaxadiol
binding and RORy suppression, we mutated several key RORy
residues in contact with panaxadiol and then tested the
transcriptional activity of these mutated RORy in response to
panaxadiol in cell-based reporter assays using a GAL4 driven RORy
response reporter. Both GIn286 and His323 of RORy pocket
residues form hydrogen bonds with the OH group of panaxadiol
(Fig. 5a, c). The Q286L and H323F mutations decrease the
suppression of RORy by panaxadiol in cell-based reporter assays
using a GAL4-driven RORy response reporter (Fig. 5f). The CH-nt
interaction between panaxadiol and Trp317 is critical for its
binding to RORy (Fig. 5b). Accordingly, the W317F mutation
decreases the suppression of RORy by panaxadiol (Fig. 5f). In
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addition, both F378Q and F388Q mutations decrease the
suppression activity of RORy by panaxadiol (Fig. 5d-f), which
emphasizes the importance of hydrophobic interactions for
panaxadiol in binding to RORy. Together, these data affirm that
panaxadiol interacts directly with RORy.

Panaxadiol suppresses IL-17A expression and production in vitro
Next, we investigated the effect of panaxadiol in IL-17A expression
and production in vitro. In order to determine if ginseng-derived
panaxadiol modulates the IL-17A transcriptional activity, we first
cloned the promoter of Il17a gene in a luciferase reporter.
293 T cells were co-transfected with plasmids encoding full-length
RORy together with an I117a promoter luciferase reporter. As
expected, the transcriptional activity of 1117a promoter was
repressed by panaxadiol (Fig. 6a). To confirm that panaxadiol also
affects IL-17A expression, jurkat cells were treated with panaxadiol
and IL-177A mRNA levels were measured by gPCR. The results
showed a significantly reduced mRNA expression level of the IL-
17A after treatment with panaxadiol (Fig. 6b). Then we further
assessed whether panaxadiol can inhibit the production of IL-17A
in mature Th17 cells. Isolated splenocytes from WT mice were
cultured under Th17 differentiation medium in the presence of
panaxadiol, and IL-17A protein levels were measured by ELISA
(Fig. 6¢). The results demonstrate that panaxadiol indeed inhibited
the secretion of IL-17A from differentiated Th17 cells.
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Fig.7 Panaxadiol alleviates STZ-induced type 1 diabetes in mice. a Fasting blood glucose levels of STZ-induced mice at day 26 treated with
UA and panaxadiol. b H&E, insulin and glucagon staining of pancreatic sections of three group mice. c IL-17A expression levels of splenocytes
in UA and panaxadiol-treated STZ-induced mice. Isolated naive CD4" T cells were cultured in Th17-skewing conditions for 5 days, and IL-17A
in the supernatants was measured by ELISA. d The levels of IL-17A in pancreata were measured by ELISA. The results are representative of
three independent experiments and are expressed as the means + SEM. *P < 0.05, ***P < 0.001.

Panaxadiol alleviates STZ-induced T1D through inhibiting IL-17A
production

To further examine the therapeutic potential of panaxadiol in vivo,
we tested its effects in STZ-induced T1D mice. Like UA, panaxadiol
treatment group lowered blood glucose level than vehicle-treated
group (Fig. 7a). Haematoxylin and eosin (H&E) and histochemical
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staining analysis showed that panaxadiol prevented inflammatory
infiltration in the pancreatic islets and better preserved the insulin-
producing B-cells and glucagon-producing a-cells (Fig. 7b).
Importantly, panaxadiol also decreased IL-17A level in the
splenocytes and pancreas of STZ-treated mice (Fig. 7c, d).
Therefore, these results indicate that panaxadiol can suppress
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STZ-induced T1D through inhibiting IL-17A production to improve
pancreatic islet B cell function.

DISCUSSION

The pathogenic role of IL-17A/Th17 cells in T1D has been well
reported [9, 38]. Targeting the IL-17A/Th17 cells is a potential new
clinical therapy for T1D. However, monotherapies of anti-IL-17A
showed no sustained anti-diabetic effects in the IDDM rat model
of T1D [46, 47]. As such, targeting the upstream of IL-17A/Th17
cells regulating pathway is a potential alternative therapy strategy
for TID. Among the regulators of IL-17A signaling, RORy is
reported as a key transcription factor for IL-17A production. To
date, the role of RORy in T1D is still unclear. It has been reported
that RORa/y inverse agonist SR1001 suppresses insulitis and
prevents hyperglycemia in nonobese diabetic (NOD) mice [48]. In
our study, we established multiple low-dose STZ-induced T1D
mice models and found that RORy deficiency protects mice from
STZ-induced T1D through inhibiting IL-17A production to improve
pancreatic islet 3 cell function. Interestingly, ginseng-derived
panaxadiol was revealed to selectively inhibit RORy transcriptional
activity which alleviates STZ-induced T1D through inhibiting IL-
17A production.

Recently, RORy inverse agonists have attracted great attention
in the research community worldwide as a possible therapy for
IL-17A-mediated autoimmune diseases [49]. The distinctive
functional profile of RORy in response to various ligand binding
is largely determined by the selective usage of transcriptional
cofactors. Thus, ligand-bound RORy may show diverse pharma-
cological functions depending on the specific binding of
cofactors induced by different ligands. Unlike a typical
antagonist, such as UA, panaxadiol-bound RORy has a marked
binding preference for both the coactivator and corepressor
motifs. The selective usage of cofactors may contribute to the
unique characteristics of panaxadiol in modulating RORy activity
in metabolic and autoimmune diseases. Thus, discrimination of
the subtle differences between the coactivator and corepressor
interaction helices by the RORy AF2 core may provide the
molecular basis for specific molecular basis for pharmacological
potentials of panaxadiol.

Accumulating evidence suggests a role for traditional Chinese
medicine in the modulation of Th17/IL-17A axis-mediated diseases
[50, 51]. As an important herbal supplement, ginseng has been
widely used for many health-related purposes in traditional
Chinese medicine for thousands of years, however, of which the
targeting mechanisms still remain unclear. The physiological
function of ginseng-derived panaxadiol has been linked to
hypoxia-inducible factor (HIF)-1a and STAT3 signaling pathways
[52]. Our results indicate that at least part of the panaxadiol effects
are in fact through targeting the nuclear receptor RORy and RORy-
target genes, thus uncovering a novel signaling route for this
important herb medicine. Similarly, the distinct properties of
panaxadiol may provide a novel means for the regulation of RORy
or the treatment of RORy-associated diseases. The structural
mechanism may provide a basis for designing panaxadiol-based
compounds that can be used more specifically either for RORy- or
HIF-1a/STAT3-regulated diseases, or for a combinatorial therapy.
The beneficial and side effects arising from the cross interaction
with each target can be optimized by designing new panaxadiol-
based compounds with more selectivity.

In conclusion, we demonstrate that RORy deficiency protects
mice from STZ-induced T1D, thereby uncovering a potential novel
therapeutic target for T1D. Moreover, we identified a unique RORy
inverse agonist, ginseng-derived panaxadiol, which selectively
inhibits RORy transcriptional activity with a selective cofactor
recruitment profile distinct from known RORy ligands. Our study
thereby demonstrates a novel regulatory function of RORy with
linkage of the IL-17A pathway in pancreatic 3 cells, which may
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lead to a new drug-design strategy targeting RORy functions in
treating T1D.
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