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Periplocoside A prevents experimental autoimmune 
encephalomyelitis by suppressing IL-17 production 
and inhibits differentiation of Th17 cells
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Aim:  The aim of this study was to determine the therapeutic effect of Periplocoside A (PSA), a natural product isolated from the tradi-
tional Chinese herbal medicine Periploca sepium Bge, in MOG35–55 (myelin oligodendrocyte glycoprotein 35–55)-induced experimental 
autoimmune encephalomyelitis (EAE). 
Methods: Female C57BL/6 mice immunized with MOG35–55 were treated with (50 mg/kg or 25 mg/kg) or without PSA following immu-
nization and continuously throughout the study.  The degree of CNS inflammation was evaluated by H&E staining.  Anti-MOG-specific 
recall responses were analyzed by [3H]-Thymidine incorporation, ELISA, and RT-PCR.  The proportion of IL-17-producing T cells was mea-
sured by flow cytometry. 
Results: Oral administration of PSA significantly reduced the incidence and severity of EAE, which closely paralleled the inhibition of 
MOG35–55-specific IL-17 production.  Importantly, PSA inhibited the transcription of IL-17 mRNA and RORγt. Further studies examin-
ing intracellular staining and adoptive transfer EAE validated the direct suppressive effect of PSA on Th17 cells.  In vitro studies also 
showed that PSA significantly inhibited the differentiation of Th17 cells from murine purified CD4+ T cells in a dose-dependent manner. 
Conclusion: PSA ameliorated EAE by suppressing IL-17 production and inhibited the differentiation of Th17 cells in vitro.  Our results 
provide new insight into the potential mechanisms underlying the immunosuppressive and anti-inflammatory effects of PSA.
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Introduction
EAE is an autoimmune disease of the central nervous system 
(CNS) that serves as an animal model for the human disease 
multiple sclerosis (MS).  EAE has historically been considered 
a disease mediated by Th1 cells.  However, the demonstra-
tion that mice deficient in Th1-associated molecules, such as 
IFN-γ[1, 2], IFN-γR[3, 4], or IL-12p35[5] develop severe EAE casts 
doubt on the essential function of Th1 cells in this autoim-
mune disease.  In contrast, it seems that Th17 cells are crucial 
to the autoimmune pathology of EAE and collagen-induced 
arthritis (CIA) because mice lacking IL-17 are resistant to CIA 
and EAE[6], transfer of cells that produce IL-17 results in severe 

disease, and treatment of mice with a neutralizing anti-IL-17 
mAb suppresses CNS autoimmune inflammation[7].  The dif-
ferentiation of Th17 cells is driven by a combination of IL-6 
and TGF-β1 signaling and maintained by the presence of 
IL-23.  Furthermore, the retinoid-related orphan receptor γt 
(RORγt) has been identified as the key transcription factor that 
determines the differentiation of the Th17 lineage[8–10].

Periploca sepium Bge is a traditional Chinese herbal medicine 
that is used for treating rheumatoid arthritis in China.  We 
have previously shown the efficiency of the plant extracts in 
treating various autoimmune disorders, including Periplo-
coside E (PSE).  PSE is a compound isolated from P sepium 
Bge that inhibits EAE by suppressing chemokine receptor 
expression[11, 12].  Periplocoside A (PSA) is another pregnane 
glycoside that is relatively abundant.  PSA inhibits T cell acti-
vation in vitro and prevents concanavalin A-induced hepatitis 
in mice by inhibiting NKT-derived inflammatory cytokine 
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production[13].  
No previous study has examined the effects of PSA in the 

treatment of EAE or other inflammatory diseases of the CNS 
that have been demonstrated to be mediated by Th17 cells.  
In the present study, we immunized C57BL/6 mice with 
MOG35–55 to induce EAE, which was considered as a T-cell-
mediated experimental model of chronic and non-relapsing 
EAE.  The oral effect of PSA on EAE was examined.  Our 
results show that oral administration of PSA significantly 
reduced the incidence and severity of the disease state, which 
was closely related to the inhibition of Th17 cells.  These find-
ings provide new insight into the potential mechanisms under-
lying the immunosuppressive function of PSA and suggest a 
promising therapeutic effect for PSA treatment of human MS.

Materials and methods
Compounds  
PSA was extracted and purified from P sepium Bge (stem 
barks).  Briefly, powdered, air-dried root bark of P sepium 
Bge (Asclepiadaceae) (15 kg) was percolated with 95% 
ethanol three times at room temperature.  The filtrates were 
combined and concentrated to dryness in vacuo.  The extract 
was suspended in water and then partitioned with chloroform 
to give a chloroform extract (762.5 g).  The chloroform extract 
was then chromatographed over silica gel and eluted with 
a gradient of petroleum ether and acetone to yield the PSA 
extract (2.0 g).  The purity of PSA was over 98%, as determined 
by high-performance liquid chromatography analysis.  The 
stock solution of PSA was prepared in dimethyl sulfoxide 
(DMSO) and diluted in saline with surfactant (Cremophor EL, 
less than 5%) to the doses required.  The final concentration of 
DMSO was less than 0.2%.

Reagents
RPMI 1640 medium was purchased from Invitrogen (Carls-
bad, CA, USA).  Fetal bovine serum was purchased from 
Hyclone Laboratories (Logan, UT, USA).  [3H]-Thymidine 
(1 mCi/mL) was purchased from the Shanghai Institute of 
Atomic Energy (Shanghai, China).  Bordetella pertussis toxin 
(PTX), 3,3’,5,5’-tetramethylbenzidine, DMSO and Cremophor 
EL were purchased from Sigma-Aldrich (St Louis, MO, USA).  
Complete Freund’s adjuvant (CFA) and Mycobacterium tuber-
culosis H37Ra were purchased from Difco (Detroit, MI, USA).  
The peptide MOG35–55 (MEVGWYRSPFSRVVHLYRNGK) was 
synthesized by Sangon Biological Engineering Technology 
and Service Co, Ltd (Shanghai, China).  Enzyme-linked immu-
nosorbent assay (ELISA) kits for IL-6, IL-17, IL-2, IFN-γ, and 
anti-IFN-γ (R4–6A2), anti-IL-4 (11B11), anti-IL-2 (JES6-1A12), 
anti-CD3 (145– 2C11), anti-CD28 (37.51), anti-CD4 (GK1.5), 
anti-CD8 (2.43), IL-6, TGF-β1, rmIL-23, rat anti-mouse CD4-
FITC, CD8-PE, mac1-PE, B220-PE, and IL-17-PE antibodies 
were obtained from BD Biosciences PharMingen (San Diego, 
CA, USA).

Animals
Female C57BL/6 mice (6–8-weeks old) were purchased from 

the Shanghai Experimental Animal Center of Chinese Acad-
emy of Sciences.  Mice were housed under specific pathogen-
free conditions.  All mice were allowed to acclimatize in our 
facility for 1 week before any experiments were started.  All 
experiments were carried out according to the National Insti-
tutes of Health Guide for Care and Use of Laboratory Animals 
and were approved by the Bioethics Committee of the Shang-
hai Institute of Materia Medica.

Induction, treatment, and clinical evaluation of EAE
Active EAE 
The murine active EAE model was produced as described pre-
viously[14].  Briefly, female C57BL/6 mice were immunized on 
day 0 by sc injection with 100 µL of an emulsion of MOG35–55 
peptide in CFA containing Mycobacterium tuberculosis H37Ra.  
These injections were distributed over the following three 
sites: one along the midline of the back between the shoulders 
and two on either side of the midline on the lower back.  The 
final dose of MOG35–55 and Mycobacterium tuberculosis H37Ra 
was 200 and 400 μg per mouse.  Each mouse received an addi-
tional 400 ng of Bordetella pertussis toxin by intraperitoneal 
(ip) injection in 200 μL of PBS on day 0 and day 3 postimmu-
nization (pi).  PSA (50 mg/kg, 25 mg/kg) and vehicle were 
administered orally following immunization and continu-
ously throughout the study (n=10 mice).  Control mice orally 
received an equal volume of PBS containing 0.2% DMSO and 
5% Cremophor EL (n=10).  Clinical assessment of EAE was 
performed daily and mice were scored for disease according 
to the following criteria: 0, no overt signs of disease; 1, limp 
tail or hind limb weakness but not both; 2, limp tail and hind 
limb weakness; 3, partial hind limb paralysis; 4, complete hind 
limb paralysis; 5, moribund state or dead[15].

IL-23-driven adoptive transfer of EAE 
The murine passive EAE model was produced as described 
previously with modification[16, 17].  Briefly, C57BL/6 mice 
were immunized with MOG35–55 as previously described and 
then administrated vehicle or PSA (50 mg/kg) for 12 d.  Drain-
ing lymph node cells were harvested on day 12 pi and cul-
tured in the presence of 20 μg/mL of MOG35–55 and 20 ng/mL 
of rmIL-23.  After 4 days, cells were harvested and washed, 
and purified T cells were transferred to naïve C57BL/6 mice 
(1×107 cells/mouse) via the tail vein.  Mice were also given 
400 ng of pertussis toxin ip  on d 0 and d 2 post transfer.  Mice 
were observed daily for clinical signs of EAE up to 21 d after 
the cell transfer and scored every day according to the criteria 
described previously.

Histopathology analysis
To assess the degree of CNS inflammation, C57BL/6 mice 
treated with vehicle or PSA following induction of active EAE 

were anesthetized on day 17 (at the peak of the disease) by 
pentobarbital sodium and perfused by intracardiac injection of 
PBS containing 4% paraformaldehyde and 1% glutaraldehyde.  
Five-micrometer thick transverse sections were taken from 
cervical, upper thoracic, lower thoracic, and lumbar regions of 
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the spinal cord (four sections per mouse).  The sections were 
stained with H&E to examine inflammation.  Signs of inflam-
mation in the anterior, posterior, and two lateral columns 
(four quadrants) of the spinal cord sections were scored under 
a light microscope as described previously[14].  Briefly, each 
quadrant displaying the infiltration of mononuclear cells was 
assigned a score of one inflammation point.  Thus, each animal 
had a potential maximal score of 16 points of inflammation, 
and this study represents the analysis of ten representative 
mice from two different groups.  The pathologic score for each 
group was expressed as the percentage positive over the total 
number of quadrants examined.

Preparation of purified T cells and enriched antigen presenting 
cells (APCs)
Primary T cells were purified by immunomagnetic negative 
selection to delete B cells and I-A+ APC as described previ-
ously[18].  Lymph node cells were allowed to react with anti-
I-Ad/b mAb and then incubated with magnetic particles bound 
to goat anti-mouse Ig (Polysciences, Inc, Eppelheim, Ger-
many).  A T cell population depleted of anti-I-Ad/b-labeled and 
surface Ig+ cells was obtained by removing cell-bound mag-
netic particles (Polysciences, Inc).  The purity of the resulting 
T cell populations was examined by flow cytometry with CD4-
FITC, CD8-PE, mac1-PE, and B220-PE antibodies and found to 
be consistently >95%.

Splenic antigen-presenting cell (APC)-enriched populations 
were separated using immunomagnetic negative selection to 
delete the surface Ig+ cells (B cells) and T cells as described pre-
viously[18].  Splenocytes were allowed to react with a mixture 
of rat anti-mouse CD4 (GK1.5) and rat anti-mouse CD8 (2.43) 
mAb and then incubated with a mixture of magnetic particles 
bound to goat anti-rat (Advanced Magnetics, Cambridge, MA, 
USA) and goat anti-mouse Ig.  An APC-enriched population 
was obtained by removing cell-bound magnetic particles.  The 
purity of the resulting APC-enriched populations was exam-
ined by flow cytometry with CD4-FITC, CD8-PE, mac1-PE, 
and B220-PE antibodies and was found to consistently include 
less than 1% T and B cells.

Anti-MOG-specific immune responses
Lymphocytes (4×105/well) from draining lymph nodes 
(DLNs) were obtained from MOG-immunized mice with 
vehicle or PSA treatment and cultured in vitro with 20 μg/mL 
MOG stimulation.  Supernatants were harvested at the indi-
cated times to measure IL-6 and IL-17 levels by ELISA (BD 
Biosciences PharMingen).  For proliferation, cells were pulsed 
with 1 μCi/well [3H]-Thymidine for 12 h before harvest and 
assessed for [3H]-Thymidine incorporation.

For antigen-presenting assay[18], purified T cells (4×106/well) 
were obtained from MOG-immunized mice receiving vehicle 
or PSA treatment.  Subsequently, APC-enriched cells (1×106/
well) were obtained from normal mice and co-cultured in 
24-well flat bottom tissue culture plates in the presence of 20 
μg/mL of MOG and 20 ng/mL of rmIL-23.  Cells were har-
vested at 96 h for flow cytometry analysis.

In vitro Th17 cell differentiation and cytokine staining
IL-17-producing CD4+ T cells were produced as described with 
modifications[19, 20].  Lymph node cells from normal mice were 
allowed to react with anti-I-Ad/b mAb, as well as with anti-
CD8, and then were incubated with magnetic particles bound 
to goat anti-mouse Ig.  A CD4+ T cell population depleted of 
CD8+, anti-I-Ad/b-labeled and surface Ig+ cells was obtained 
by removing cell-bound magnetic particles and was found 
to be consistently >95% pure.  Cells were plated at a density 
of 4×106/well and stimulated with anti-CD3 (10 μg/mL) and 
anti-CD28 (2 μg/mL).  For the generation of Th17 cells, cul-
tures were supplemented with rmIL-23 (20 ng/mL) and TGF-
β1 (5 ng/mL), in combination with IL-6 (20 ng/mL).  Addi-
tionally, IFN-γ and IL-4 were neutralized in the cultures with 
anti-IFN-γ (10 μg/mL; clone R4–6A2), anti-IL-4 (10 μg/mL; 
clone 11B11).  For the measurement of intracellular IL-17, 
CD4+ T cells were restimulated for 5 h with PMA (50 ng/mL; 
Sigma), Ionomycin (750 ng/mL; Sigma), and Brefeldin A (10 
μg/mL; Invitrogen) on day 4 after stimulation and stained 
according to the manufacturer’s protocol (Becton Dickinson).

	
Reverse transcription polymerase chain reaction analysis
Cells were lysed with Trizol (Gibco-BRL, Gaithersburg, MD, 
USA) according to the manufacturer’s protocol and total RNA 
was extracted and reverse-transcribed into cDNA as described 
previously[18].  cDNA were amplified and samples were 
separated by a 1.5% agarose gel and stained with ethidium 
bromide.  Primers used in this study were as follows: β-actin 
sense, 5’-GGG AAT GGG TCA GAA GGA-3’; β-actin anti-
sense, 5’-AAG AAG GAA GGC TGG AAA-3’; IL-17 sense, 
5’-CAC CGC AAT GAA GAC C-3’; IL-17 antisense, 5’-CGA 
AGC AGT TTG GGA C-3’; RORγt sense, 5’-TCA CCT GAC 
CTA CCC GAG G-3’; RORγt antisense, 5’-TCC AAG AGT 
AAG TTG GCC GTC-3’; IL-23R sense, 5’-CTG GTG ACA TGT 
GGG TTG AG-3’; IL-23R antisense, 5’-TTC CAG GTG CAT 
GTC ATG TT-3’; FoxP3 sense, 5’-CTG GAT GAG AAA GGC 
AAG G-3’; FoxP3 antisense, 5’-AAG GGT GGC ATA GGT 
GAA A-3’.

Statistics
Data are shown as means±SEM and were analyzed using Stu-
dent’s t-test and one-way ANOVA with Newman-Keuls mul-
tiple comparisons on post tests.  Nonparametric data (mean 
clinical score and histological score) were analyzed using 
Mann-Whitney U-test; P<0.05 was considered statistically sig-
nificant.

Results
Oral administration of PSA ameliorated EAE in C57BL/6 mice
To investigate a protective effect of PSA treatment against 
the development of EAE, we immunized C57BL/6 mice with 
MOG35–55 peptide emulsified with CFA, followed by oral 
administration of PSA (50 and 25 mg/kg) or vehicle on the day 
of immunization.  All mice (100%) in the vehicle-treated group 
developed severe EAE at approximately day 14.8±0.88.  In 
contrast, only 40% of mice treated with 50 mg/kg PSA showed 
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mild signs of disease, with a delay in disease onset starting on 
day 16.2±1.5 (Figure 1A).  Accordingly, 50 mg/kg PSA mark-

edly decreased the mean severity of EAE in PSA-treated mice 
(maximum mean clinical score, MMCS: vehicle group 2.4±0.45 
vs PSA 50 mg/kg group 0.4±0.22, P<0.05; Figure 1B).  At the 
lower dosage of 25 mg/kg, PSA exhibited a milder inhibitory 
effect than with the higher dose, 60% of mice treated with 25 
mg/kg PSA developed severe EAE starting on day 15.3±0.56, 
which peaked on day 19 (MMCS: 1.1±0.34).  In addition to 
reducing clinical signs, oral administration of PSA also pre-
vented the loss of body weight (Figure 1C).  These results sug-
gest that PSA inhibited the severity and duration of clinical 
paralysis in EAE.  To investigate the underlying mechanisms 
of this effect, all subsequent experiments were performed with 
a 50 mg/kg dose of PSA.

PSA reduced CNS inflammation in EAE
We further examined the effect of PSA on CNS infiltration by 
analyzing spinal cord sections from vehicle and PSA treated 
mice.  Mice treated with vehicle developed a profound inflam-
mation in the CNS (Figure 2A, 2C), whereas treatment with 
50 mg/kg PSA significantly reduced the infiltration process 
(Figure 2B, 2D).  These results suggest that PSA inhibited CNS 
inflammation in EAE mice.

Figure 2.  PSA treatment inhibited inflammatory cell infiltration in the 
CNS.  Spinal cords were collected from EAE mice treated with vehicle (A, 
C) or PSA (B, D) on d 17 pi.  The sections were stained with H&E to assess 
inflammation.  (E) The pathological score for each treatment group was 
expressed as a percentage over the total number of quadrants examined.  
Results were expressed as means±SEM of 10 mice.  bP<0.05, cP<0.01 
compared with vehicle control (Mann-Whitney U-test).  Three independent 
experiments were performed with similar results.

Figure 1.  PSA inhibited the development of clinical signs of EAE in MOG-
immunized C57BL/6 mice.  Active EAE was induced in female C57BL/6 
mice by immunization with MOG35-55 peptide in CFA.  The mice (n=10) were 
orally treated with vehicle or PSA (50 mg·kg-1·d-1, 25 mg·kg-1·d-1) from d 0 pi  
as detailed under Materials and methods.  Mice were monitored for signs 
of EAE, and the results for all mice, both healthy and sick, were presented 
as a percentage of (A) incidence of disease, (B) mean clinical score±SEM, 
and (C) body weight.  bP<0.05, cP<0.01 compared with vehicle-treated 
control.  Three independent experiments were performed with similar 
results.
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PSA inhibited MOG35–55 specific IL-17 production in lymphocytes 
from EAE mice
To investigate the change of IL-17-producing T cells in our 
EAE experimental system, we measured MOG35–55-specific 
production of IL-17 in ex vivo assays where lymphocytes were 
obtained from EAE mice at different time points, as indicated 
(Figure 3A).  Production of IL-17 was low at the initial immu-
nization time, increased and remained at a high level from the 
onset to the peak of the disease, and declined during remis-
sion.

Because days 0–14 after immunization were defined as the 
T cell expansion stage and account for the course of disease 

in the present study, we mainly examined MOG-specific 
responses on day 12 (onset of EAE).  As shown in Figure 3B, 
in vivo treatment with PSA significantly suppressed the recall 
responses to MOG35–55 peptide compared with vehicle-treated 
mice (P<0.01).  The production of IL-2 and IFN-γ was signifi-
cantly reduced in PSA-treated mice (P<0.05; Figure 3C, 3D).  
The production of IL-17 and IL-6 was markedly decreased 
in PSA-treated mice on day 12 (P<0.01).  Reduced IL-17 pro-
duction could also be detected on day 18 (peak) and day 25 
(remission) in PSA-treated mice, although it did not reach a 
significant level (Figure 3E).  In contrast, we could only detect 
a transient suppressive effect on IL-6 production in PSA-
treated mice on day 12 (Figure 3F).	

To investigate whether the protein level of the cytokine 
reflected changes at the RNA level, we measured the expres-
sion of mRNA encoding IL-17 by RT-PCR.  As shown in Figure 
4, the expression of IL-17 was markedly suppressed in PSA-
treated mice.  Because the orphan nuclear receptor RORγt is 
known to be the key transcription factor that orchestrates the 
differentiation of Th17 cells[9], we also examined whether PSA 
influenced its level in MOG-immunized mice.  Coincident 
with the change of IL-17 mRNA expression, RORγt mRNA 
expression in PSA-treated group revealed a marked reduction.  
However, FoxP3 mRNA expression was not upregulated in 
PSA-treated group.

PSA ameliorated EAE due to its direct suppressive effect on Th17 
cells
The inhibitory effect of PSA on the production of IL-17 might 
be caused by several reasons.  First, a suppressive effect of PSA 
on cell proliferation could have caused the reduced IL-17 level 
in the supernatants of PSA-treated mice.  Alternatively, PSA 

Figure 3.  PSA inhibited MOG35-55-specific cytokine production and cell 
proliferation.  (A) Time course of IL-17 production during EAE.  Draining 
lymphocytes (DLNs) from immunized mice were isolated at the indicated 
time points and cultured with or without MOG35–55 (20 μg/mL).  Antigen-
specific IL-17 production was measured at 96 h by ELISA.  (B) On day 12 
pi, DLNs from vehicle and PSA treated group (five mice per group) were 
incubated with or without MOG35–55 (20 μg/mL) for 72 h.  Cultures were 
pulsed with 0.5 μCi/well [3H]-Thymidine for the final 12 h.  (C, D) Culture 
supernatants were collected at 48 h to measure IL-2 and IFN-γ level by 
ELISA.  (E) DLNs from immunized mice treated with vehicle or PSA were 
isolated at the indicated time points and cultured with MOG35–55 (20 μg/
mL).  Antigen-specific IL-17 production was measured at 96 h by ELISA.  
(F) DLNs from immunized mice treated with vehicle or PSA were isolated 
at the indicated time points and cultured with MOG35–55 (20 μg/mL).  
Antigen-specific IL-6 production was measured at 48 h by ELISA.  Results 
were expressed as mean±SEM.  bP<0.05, cP<0.01 compared with vehicle 
control (unpaired Student’s t-test).  Three independent experiments were 
performed with similar results.

Figure 4.  PSA modulated Th17 related genes expression.  DLNs from 
normal mice, MOG35–55 immunized mice treated with vehicle or PSA were 
harvested on day 12 pi and analyzed by RT-PCR for IL-17, RORγt, and 
FoxP3.  Numbers below each lane indicate the ratio to mRNA levels from 
vehicle-treated cells by semiquantitative analysis.  Three independent 
experiments were performed with similar results.
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had a direct effect on Th17 cells.  In order to try to exclude the 
former possibility, intracellular staining of IL-17+ T cells was 
performed.  Purified T cells prepared from DLNs of normal 
mice and MOG35-55 immunized mice treated with vehicle or 
PSA were stimulated with MOG (20 μg/mL) and rmIL-23 (20 
ng/mL) in the presence of APC-enriched cells obtained from 
normal mice.  Compared with vehicle-treated group, PSA 
treatment markedly reduced the proportion of IL-17+ T cells 
(Figure 5A).

To investigate whether the ameliorated symptoms in PSA-
treated mice could be attributed to a decreased proportion 
of Th17 cells, MOG-specific T cells generated from mice with 
vehicle or PSA treatment were compared for their ability to 
transfer EAE.  Draining lymph nodes from vehicle and PSA 
treated mice were prepared by immunization with MOG35-

55 and purified T cells were transferred following in vitro 
activation with MOG35-55 and rmIL-23 for 96 h.  Each normal 
C57BL/6 recipient was injected intravenously with 1×107 T 
cells to induce the IL-23 driven adoptive transfer EAE (n=4).  
Clinical scores of mice that received encephalitogenic T cells 
showed that T cells from PSA-treated mice induced a less 
severe disease state than those from vehicle-treated group 
(2.5±0.29 vs 1.25±0.47, P<0.05; Figure 5B).  Therefore, we con-
cluded that PSA ameliorated EAE through its direct suppres-
sive effect on Th17 cells.

PSA inhibited the differentiation of Th17 cells in vitro
Based on the observation that PSA had a direct suppressive 
effect on Th17 cells in EAE, we asked whether this was due 
to its inhibitory effect on Th17 cell differentiation.  Purified 
CD4+ T cells were cultured for 4 d as described in Materials 
and methods.  IL-17 expression was determined by intracel-
lular staining.  In the absence of PSA, the conditions gener-
ated substantial proportions of IL-17-producing cells, which 
were reduced by inclusion of this compound (Figure 6A).  We 

then confirmed that this inhibition was dose dependent under 
Th17-polarizing conditions by ELISA (Figure 6B, black bar).  
We also examined the production of IL-17 in the presence of 
10 μg/mL anti-IL-2 antibody (Figure 6B, grey bar).  The neu-
tralization efficiency of the anti-IL-2 antibody was validated 
by measuring IL-2 level in the culture supernatant (data not 
shown).  We detected mRNA expression of Th17-associated 
genes and the mRNA expression of IL-17, RORγt, IL-23R was 
greatly reduced in the presence of 4 μmol/L PSA (Figure 6C).

Discussion
Periploca sepium Bge is a traditional Chinese herbal medicine 
that is used for treating rheumatoid arthritis in China.  Two 
pregnane glycosides, PSA and PSE, have been previously 
studied for their immunosuppressive effects in vivo and in 
vitro[11–13].  However, due to the low solubility of these large 
organic compounds, all previous studies were based on the 
intraperitoneal route of administration, which might impede 
the development of these compounds as perspective drug 
candidates for human autoimmune diseases.  In the present 
study, the addition of a low concentration (less than 5%) of 
Cremophor EL, which served as a nonionic surfactant, greatly 
improved the solubility of PSA.  

In the current study, we investigated the oral effect of PSA 
on EAE and found that PSA ameliorated EAE through inhibit-
ing Th17 cells.  The involvement of Th17 cells in the pathogen-
esis of EAE not only challenged the Th1-Th2 paradigm, but 
also provided insights to help elucidate the mechanisms of 
action for these new compounds.  Our previous work demon-
strated that PSE inhibited EAE through suppressing Th1-sub-
type cytokine-dependent chemokine receptor expression[12].  
Indeed, we also observed a reduced production of IL-2 and 
IFN-γ in PSA-treated group in the present work (Figure 3C, 
3D).  However, considering that the common characteristic 
of natural products is that they possess multiple targets, we 

Figure 5.  PSA reduced the proportion of IL-17 producing T cells in MOG-immunized mice.  (A) T cells were prepared from lymph nodes by eliminating B 
cells and APCs.  An APC-enriched population was prepared from spleen cells by eliminating T and B cells.  T cells (4×106/well) were cultured with APCs 
(1×106/well) in the presence of 20 μg/mL of MOG and 20 ng/mL of rmIL-23 for 96 h to assess the intracellular proportion of IL-17 producing T cells.  
Numbers in quadrants indicate the percentage of positive cells in each.  (B) DLNs from vehicle and PSA treated mice were harvested on d 12 pi and 
cultured in the presence of MOG35–55 and rmIL-23 for 4 d.  Purified T cells were transferred to naïve C57BL/6 mice (1×107 cells/mouse).  Mice were 
scored daily for clinical signs of EAE up to 21 d after cell transfer.  Results were expressed as mean±SEM.  bP<0.05, cP<0.01 compared with the vehicle 
control (unpaired Student’s t-test).  Three independent experiments were performed with similar results.
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aimed to explain the novel mechanisms underlying PSA action 
and consequently provide experimental evidence for develop-
ing future clinical treatments of autoimmune diseases.

IL-6, which synergistically combines with TGF-β1, induces 
the differentiation of naïve CD4+ T cells into Th17 cells in 
mice.  IL-6 knockout mice are highly resistant to the develop-
ment of EAE[21, 22], and IL-6 blockade inhibits the induction 
of myelin antigen-specific Th17 cells and Th1 cells in EAE[23].  
To investigate whether PSA directly inhibited MOG-specific 
IL-17 production, we examined the production of IL-17 and its 
upstream cytokine IL-6 at different time points (onset, peak, 
and remission).  As shown in Figure 3E, decreased production 
of IL-17 could be detected at all selected time points in PSA-
treated group, although only the difference at the first time 
point (onset) reached a significant level.  Meanwhile, we could 
only detect a transient suppressive effect of IL-6 production 
in the PSA-treated group at the onset (Figure 3F).  Consider-
ing that IL-6 is important for the initial decision of naïve Th 
cells to differentiate to Th17[24], as well as at later time points 
(peak, remission), IL-6 might not be so important.  Thus, we 
proposed that PSA acted directly on IL-17 production, but also 
partially acted on its upstream cytokines, such as IL-6.  Then, 
we investigated the direct suppressive effect of PSA on Th17 
cells by intracellular staining of IL-17+ T cells.  Although CD4+ 
T cells are considered the main source of IL-17, many other 
cells, such as CD8+ T cells[25], NKT cells[26], and γδT cells[27], 
plus some non-T cells, are also producers of IL-17.  The exis-
tence of these cells in our experimental system might explain 
the proportion of CD4-IL-17+ cells in our results.  The influence 

of PSA on other IL-17-producing cells requires further study.
We further investigated the effect of PSA on Th17 cell dif-

ferentiation in vitro.  However, purification of naïve CD4+ cells 
requires special reagents or a flow sorter and it is difficult to 
obtain large numbers of naïve CD4+ cells.  Kopf et al[28] had 
previously demonstrated that unfractionated CD4+ T cells 
mimicked naïve CD4+T cells in the reciprocal generation of 
Th17 cells.  Thus, we used unfractionated CD4+T cells to inves-
tigate the effect of PSA on Th17 cell differentiation.  Results 
demonstrated that PSA suppressed Th17 cell differentiation 
in a dose-dependent manner and inhibited Th17-related gene 
expression.  It is notable that PSA treatment is also associated 
with the downregulation of RORγt, the retinoic acid receptor 
(RAR)-related transcription factor that drives Th17 cell differ-
entiation.  It will be important to determine the mechanisms 
by which PSA influences RORγt expression during CD4+ T 
cell differentiation.  Many in vivo studies have demonstrated 
an absolute requirement of STAT3 for generating Th17 cells 
responses[29].  STAT3 is a master regulator of this pathogenic T 
cell subtype, acting at multiple levels in vivo, including Th17 
cell differentiation and cytokine production, as well as the 
induction of RORγt and the IL-23R[30].  Nevertheless, the main 
inflammatory STAT3 pathway that is potentially affected by 
PSA requires further investigation.

Many studies also have focused on the events caused by 
APCs that influence the development of Th17 cells associated 
with autoimmunity.  IL-23, a member of the IL-12 cytokine 
family, plays an important role in maintaining Th17 effector 
function[7, 31].  In addition, IL-27, another member of the IL-12 

Figure 6.  PSA inhibited Th17 cell differen
tiation in vitro.  (A) Flow cytometry of CD4+ 
T cells stained for intracellular IL-17 to 
quantify the suppressive effect of PSA 
under Th17-polarizing conditions.  Numbers 
above the bracketed lines indicate the 
percentage of cel ls in that area.  (B) 
ELISA result of IL-17 in supernatants from 
CD4+ T cells in the presence of PSA (4, 1, 
and 0.25 μmol/L) under Th17-polarizing 
conditions with or without anti-IL-2 antibody 
(10 μg/mL).  The results are expressed 
as mean±SEM.  bP<0.05 compared with 
vehicle control (unpaired Student’s t-test).  
Three independent experiments were 
performed with similar results.  (C) Total 
RNA was extracted and reverse transcribed 
into cDNA and the expression levels of IL-
17, RORγt, and IL-23R were evaluated 
using PCR.  The numbers below each lane 
indicate the ratio to mRNA levels from 
vehicle-treated cells by semiquantitative 
analysis.  Three independent experiments 
were performed with similar results.
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heterodimetric family, is a negative regulator of Th17 cell dif-
ferentiation[20, 32].  Because CD4+ T cells are the main source of 
IL-17-producing cells, we focused on the effect of PSA on T 
cells but not APCs.  Whether PSA could influence cytokines 
or the signaling molecules that are generated by APCs needs 
further investigation.

IL-2, acting via STAT5, attenuates overproduction of IL-17, 
which in addition to its positive effects on Treg cells provides 
another mechanism to limit immune-mediated damage to 
the host[33].  In our in vitro system of generating Th17 cells, 
we observed elevated level of IL-2 in the supernatant after 
treatment with PSA (data not shown).  We asked whether the 
inhibitory effect of PSA on in vitro Th17 cell differentiation was 
partially due to the upregulation of the IL-2/STAT5 pathway.  
However, the suppressive effect of PSA on IL-17 production 
was not abrogated in the presence of an anti-IL-2 mAb (Figure 
6B).  Thus, we argued that PSA inhibited Th17 cell differentia-
tion without influencing the IL-2/STAT5 pathway.  Consid-
ering the survival role of IL-2 and its critical role during cell 
proliferation[34, 35], we concluded that the increased level of IL-2 
detected in the supernatant after treatment with PSA might be 
partially due to the suppressive effect of PSA on cell prolifera-
tion.  

More recently, additional fates for CD4+T cells have 
emerged that provide more insights into the mechanisms of 
tolerance and immune-mediated disease.  One of these new 
subsets of T cells that express the transcription factor FoxP3 
is termed regulatory T cells (Tregs), which serve to inhibit 
immune responses.  The ability to affect Th17/Treg polariza-
tion has attracted great clinical interest[36, 37].  Indeed, some well 
studied compounds, such as rapamycin[28], and retinoic acid[38] 
inhibit Th17 polarization and promote FoxP3 expression.  In 
contrast, cyclosporine A (CsA)[39], another widely used immu-
nosuppressant, reduces the proportion of Tregs instead.  In 
the present study, we found that FoxP3 mRNA expression 
was not upregulated in PSA-treated mice on d 12 pi.  Thus, we 
proposed that PSA might not influence Tregs in the treatment 
of EAE.  However, because the expression of the FoxP3 gene 
does not have to correlate with the number of FoxP3-positive 
cells, the validation of PSA effects on Tregs needs further 
investigation, such as intracellular staining of FoxP3.

Recently, several reports have shown that EAE could be 
induced and promoted in a Th17-independent way.  For exam-
ple, Haak et al have demonstrated that IL-17A and IL-17F did 
not contribute to autoimmune neuro-inflammation in mice[40].  
These findings provide new perspectives for studying the 
mechanisms of PSA on EAE.  The influence of PSA on other 
important EAE-inducing/promoting factors requires further 
investigation.  

In summary, the present study demonstrated that oral 
administration of PSA, an active compound that was extracted 
from a traditional Chinese herb P sepium Bge, prevented mice 
from MOG35-55-induced EAE, and its protective effects were 
closely linked to the direct inhibition of Th17 cells.  Therefore, 
our results indicate that PSA has potential as a therapeutic 
agent for human MS.
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