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Abstract

Background: P-glycoprotein (P-gp)-mediated steroid resistance (SR) has been suggested to play a significant role
in lupus nephritis (LN) treatment failure. Panax notoginseng saponins (PNS), the main effective components of the
traditional Chinese medicine notoginseng, exhibited potent reversal capability of P-gp-mediated SR, but its mecha-
nism remains unknown. This study aimed to investigate the effect of PNS on reversing SR in lupus and its underlying
mechanism in vivo and in vitro.

Methods: In this study, an SR animal and splenic lymphocyte model were established using low-dose methylpred-
nisolone (MP). Flow cytometry was used to detect the effect of PNS on reversing P-gp-mediated SR and the expres-
sion of P-gp in different T-cells phenotypes. Serum levels of ANA and dsDNA in lupus mice were measured by ELISA.
Apoptosis was identified by Annexin V-FITC/PI staining. RT-PCR and Western blotting were used to detect the protein
and mRNA expression levels of SIRT1, FoxO1, and MDR1 in SR splenic lymphocytes from lupus mice (SLCs/MPs).

Results: PNS could reverse the SR in lupus mice. Simultaneously, PNS increased the apoptotic effect of MP on SLCs/
MP cells. The increased accumulation of rhodamine-123 (Rh-123) indicated that intracellular steroid accumulation
could be increased by the action of PNS. Moreover, PNS decreased the expression of P-gp levels. Further experiments
elucidated that the SIRT1/FoxO1/MDR1 signalling pathway existed in SLCs/MP cells, and PNS suppressed its expres-
sion level to reverse SR. The expression of P-gp in Th17 from SLCs/MP cells was increased, while PNS could reduce its
level in a more obvious trend.

Conclusion: The present study suggested that PNS reversed P-gp-mediated SR via the SIRT1/FoxO1/MDR1 signalling
pathway, which might become a valuable drug for the treatment of SR in lupus. Th17 might be the main effector cell
of PNS reversing SR.
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overactivated B lymphocytes, producing a large number
of autoantibodies and immune complexes, which has
complicated clinical presentations and involves multi-
ple systems and organs [1, 2]. Lupus nephritis(LN) is the
most common and clinically challenging complication
in SLE. Steroids, a basic drug for the treatment of lupus,
can directly act on lymphocytes, inhibit antibody forma-
tion, effectively prevent inflammatory reactions, quickly
relieve clinical symptoms, and prevent the further pro-
gression of disease [3, 4]. Nevertheless, steroid resistance
(SR) is often observed in the treatment of lupus, leading
to poor therapeutic effects and susceptibility to recur-
rence [5, 6].

The SR mechanisms involve many factors, includ-
ing P-glycoprotein (P-gp), glucocorticoid receptor(GR)
polymorphisms, macrophage migration inhibitory fac-
tor (MIF), and Th17 cells [7, 8]. Recently, GR polymor-
phisms such as NR3C1(rs41423247, rs6189/rs6190 and
rs56149945) have been identified to determine ster-
oid sensitivity in several autoimmune diseases through
reducing the GR complex and affecting the pharmacolog-
ical effects of steroid [9]. MIF is an inflammatory cytokine
that actively participates in multiple stages of the inflam-
matory response, which can impair steroid sensitivity by
counter-regulating steroid induced expression of MAPK
phosphatase-1 (MKP-1) that suppresses the secretion
of pro-inflammatory cytokine [10]. SR is closely related
to Thl7 cells, and one study found that human Thl7 cells
responded poorly to steroid. Studies have shown that one
of the key mechanisms of immunosuppressants such as
cyclosporine A and tacrolimus on immune response and
SR is the selective inhibition of Th17 cells [11, 12].

Among these factors, P-gp, an ATP-binding cassette
member produced by the multidrug resistance 1 (MDRI)
gene, is the chief potential mechanism [13-15]. Acting
as an efflux pump, P-gp effectively transports steroids
from intracellular fluid to the extracellular environment
through membranes, reducing intracellular steroid con-
centrations and leading to SR [16—-18]. Meanwhile, the
expression of P-gp in peripheral blood lymphocytes of
lupus patients has individual differences and is signifi-
cantly higher in patients with good steroid effects than in
patients with poor curative effects. Moreover, the expres-
sion level of P-gp is positively correlated with disease
activity [7, 19]. For these reasons, it is necessary to find
an effective P-gp inhibitor, which might be a critical solu-
tion to reverse SR in lupus.

Forkhead box-containing protein of the O subfamily 1
(FoxO1), a forkhead box class-O transcription factor, can
affect the level of P-gp by adjusting the transcription of
the MDRI gene [20]. The study showed that when FoxO1
was deacetylated, it shuttled into the nucleus of the cell
and initiated the transcription of MDRI, resulting in an
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increase in P-gp expression. Silent information regulation
factor related enzyme 1 (SIRT1) is a nicotinamide ade-
nine dinucleotide (NAD)—-dependent histone dehydroge-
nase associated with histone and nonhistone acetylation
[21]. More significantly, FoxO1 is the substrate for dea-
cetylation of SIRT1, which promotes nuclear accumula-
tion of FoxO1 and thereby prolongs the transcription of
downstream related genes in the nucleus, such as M DRI
[22, 23]. The SIRT1/FoxO1/MDRI signalling pathway has
been confirmed in drug resistance of tumour cells [20,
24], but there is little research on the field of SR in lupus.
Accordingly, we speculate that this signalling pathway
might exist and play significant roles in the molecular
mechanisms of SR in lupus.

Natural products have long been and are still the
source of treatments for different serious disorders [25—
28]. Panax notoginseng saponin (PNS) is the main bio-
active compound isolated from the traditional Chinese
medicine Panax notoginseng. PNS has a wild range of
pharmacological activities, such as anti-inflammatory
and anticancer activities, expanding blood vessels, reduc-
ing oxygen consumption in the myocardium, inhibiting
platelet aggregation, and regulating blood glucose [29—
32]. In addition, PNS and its composition have an obvi-
ous ability to reverse multiple drug resistance. Similar
results have been reported in many studies using animals
and cells [33-35]. PNS could inhibit P-glycoprotein-
mediated multidrug resistance in tumour cells [36]. In
nude mice bearing A549/T tumours, PNS and docetaxel
treatment significantly suppressed the growth of drug-
resistant tumours without an increase in toxicity when
compared to docetaxel given alone at the same dose [37].
Moreover, PNS attenuated ultraviolet B-induced gluco-
corticoid insensitivity through the Nrf2/HDAC2 pathway
[38].

In our previous study, we proved that PNS can reduce
the human lymphocyte P-gp expression level and inhibit
its activity, which is more effective than the classic
P-gp inhibitor verapamil [39]. Although PNS has great
potential to reverse drug resistance, the mechanism of
reversing SR in lupus has not been reported. In the pre-
sent study, we aimed to investigate the effect of PNS on
reversing SR in lupus mice and determine whether PNS
reverses P-gp-mediated SR via SIRT1/FoxO1/MDR1 sig-
nalling in lymphocytes of lupus mice, which may be the
major mechanism underlying the SR reversal potential of
PNS in lupus.

Methods

Chemicals and reagents

Mouse red blood cell lysis buffer was purchased from
Tianjin Haoyang Biotech Co., Ltd. (Tianjin, China).
Methylprednisolone (MP) for injection was obtained
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from Pfizer (New York, USA). Notoginseng total sapo-
nin was provided by Guangxi Wuzhou Pharmaceutical
(group) Co., Ltd. (Guangxi, China). Tariquidar (TQR) was
provided by Selleckchem (Houston, TX, USA). Serum
ANA and dsDNA ELISA kits were purchased from Cusa-
bio Biotech Co., Ltd. (Wuhan, China). RPMI-1640 was
obtained from Ginuo Biological Pharmaceutical Technol-
ogy Co. Ltd. (Hangzhou, China). Foetal bovine serum was
obtained from Hangzhou Sijiqing Biological Engineering
Materials Co., Ltd. (Hangzhou, China). Rhodamine 123
(Rh-123) and concanavalin A (ConA) were acquired from
Sigma—Aldrich (St. Louis, MO, USA). Primary antibod-
ies against P-gp, CD69, SIRT1, FoxO1, CD4, CD8, CD25,
IL-17A, IFN-y, IL-4 and GAPDH were purchased from
Abcam (Cambridge, MA, USA). The secondary antibody
Annexin V-FITC apoptosis detection kit was purchased
from Beijing Jiamei Biotech Co., Ltd. (Beijing, China).
SIRT1 siRNA and PCR primers were developed and syn-
thesized by GenePharma (Shanghai, China).

Animals

Female NZW/Lac] mice (aged 16 weeks, weighing
25-30 g) were imported from Jackson Laboratory by the
Model Animal Research Center of Nanjing University
(Nanjing, China). The mice were constituted under spe-
cific pathogen-free (SPF) conditions. All experiments
were approved by the Animal Ethics Committee of Zheji-
ang Academy of Traditional Chinese Medicine (Zhejiang,
China).

Establishment and grouping of the animal model

First, the SR lupus mouse (SRLM) model was estab-
lished by intraperitoneal injection of low-dose MP for
four weeks (0.8 mg-kg™'-day !, n=30). Compared with
untreated mice, the criterion for the successful construc-
tion of the SRLM model was that the expression of P-gp
increased and the accumulation of Rh-123 decreased
in the splenic lymphocytes of lupus mice (SLCs). Then,
the SRLM were randomly divided into five group: SR
control group (0.8 mg-kg~'-day™! MP, 4 weeks, n=6),
SR with high-dose MP group (0.8 mg-kg '-day ' MP,
12 mg-kg '-day ' MP, 4 weeks, n=6), SR with high-
dose MP and high-dose PNS group (0.8 mg-kg *-day*
MP, 12 mg-kg~'-day™! MP, 100 mg-kg '-day',4 weeks,
n=6), SR with high-dose MP and low-dose PNS
group (0.8 mgkg '-day”! MP, 12 mgkg '-day ' MP,
50 mg-kg~'-day !, 4 weeks, n=6) and SR with high-dose
MP and P-gp inhibitor (TQR) group (0.8 mg-kg*-day
MP, 8 mg-kg’l-da\y’1 TQR, 4 weeks, n=6). At the end
of the research, the mice were euthanized through CO,
asphyxiation using slow displacement of chamber air with
compressed CO, (25%/min), and their serum and spleen
were harvested. All spleen tissues were immediately used

Page 3 of 13

to prepare SLCs. The expression of P-gp and the accumu-
lation of Rh-123 in SLCs from each group were measured
by flow cytometry.

Preparation of SLCs

After euthanization, the mice were soaked in 75% ethanol
for 20 s. Spleens were removed from the abdominal cavity
at a superclean worktable, placed into 300 nylon meshes
and immersed in a culture dish containing 10 mL RPMI-
1640 medium. Spleen tissue was gently ground with the
syringe plunger until white connective tissue was visible
to the naked eye. The suspension was transferred to new
centrifuge tubes and centrifuged at 1200 rpm for 5 min at
4 °C. After pouring the supernatant, 2 ml red blood cell
lysis buffer was added into centrifuge tubes and placed
on ice for 5 min. The suspension was then centrifuged at
1500 rpm for 5 min at 4 °C. The layer in the bottom of the
centrifuge tube was collected and resuspended in RPMI-
1640 medium containing 100 U/ml penicillin, 100 mg/
ml streptomycin, and 10% FBS. The suspension was then
cultured at 37 °C in a humidified atmosphere of 5% CO,.
Trypan blue staining was used to estimate the viability of
SLCs.

Establishment of steroid-resistant SLCs (SLCs/MPs) and cell
culture

According to our previous study [40], we utilized a small
dose of MP (2 pg/ml) to induce SLCs for 72 h. The suc-
cessful standard of constructing SLCs/MP cells was that
the expression of P-gp was upregulated and the accu-
mulation of rhodamine-123 in cells was downregulated
compared with untreated SLCs. Then, the SLCs/MP cells
were treated with RPMI-1640 alone or in combination
with PNS (100, 200 pg/ml) or with SIRT1-siRNA trans-
fection. The cells were cultured at 37 °C in a humidified
atmosphere of 5% CO, for 72 h.

Transfection of siRNA and lentivirus targeted to SIRT1
SLCs/MP cells (5.0 x 10*/ml) were transfected with spe-
cific siRNAs and lentivirus through use of oligo-siRNA-
Mate and polybrene compound (siRNA sequence,
transfection reagent and lentivirus were obtained from
Genepharma Company) according to the manufactur-
er’s guidelines. Sequences of siRNAs were as follows:
si-SIRT1 5'- GAUGAAGUUGACCUCCUCATT-3’; Neg-
ative control siRNA 5- UUCUCCGAACGUGUCACG
UTT -3! After transfection, cells were cultivated at 37 °C
in RPMI-1640 with 10% FBS for 72 h. Then, the cells were
collected, and the intervention efficiency was determined
by RT-PCR.
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Flow cytometry

To detect the reversal capability of PNS on SLCs/MP
cells, an Annexin V-FITC/PI apoptosis detection kit
(Beijing Jiamei Biotech, Beijing, China) was used to
investigate cell apoptosis induced by MP. After prein-
cubating the SLCs/MP cells with ConA alone, ConA
containing PNS (100 pg/ml, 200 pg/ml), or si-SIRT for
24 h, the cells were cultured with MP (200 pg/ml) for
an additional 72 h. After incubation, cells were col-
lected and washed with ice-cold PBS three times and
resuspended at a concentration of 3 x 10° cells/mL in
200 pL of binding buffer. The samples were then sub-
sequently treated with 5 puL of Annexin V-FITC/PI at
room temperature in the dark for 15 min and detected
within 1 h by flow cytometry (FACS FC500; Beckman
Coulter, Brea, CA, USA).

For the CD69 expression assay, cells were cultivated
with anti-CD69 antibody (0.1 pg/ml) at room tempera-
ture for 30 min and FITC-conjugated goat anti-mouse
monoclonal antibody (1:20 diluted) at room tempera-
ture for 30 min successively. Flow cytometry was used to
detect CD69 expression.

The potential of PNS to reverse P-gp expression was
determined in the SLCs after animal experiment inter-
vention and SLCs/MP cells. Cells (3.0 x 10°/ml) were
cultivated with anti-P-gp antibody (0.1 pg/ml) at room
temperature for 30 min. After washing twice with ice-
cold PBS, cells were cocultured with FITC-conjugated
goat anti-mouse monoclonal antibody (1:20 diluted) at
room temperature for 30 min. Then, ice-cold PBS was
used to wash the cells two times, and the level of fluores-
cent staining was measured by flow cytometry. Isotype-
matched FITC-conjugated irrelevant antibodies were
used as negative controls.

As the substrate of P-gp, the cumulative detection of
Rh-123 was used to reflect the reversal effect of PNS on
P-gp-mediated RS. Cells (3.0 x 10°/ml) were cultivated
with 5 pg/ml Rh-123 for 30 min at 37 °C and collected
by washing twice with cold PBS and centrifugation. The
intracellular mean fluorescence was measured using a
flow cytometer with an excitation wavelength of 488 nm
and emission wavelength of 530 nm.

To determine the main effector cells of PNS revers-
ing SR, the expression of P-gp in CD8+T cells, Thl,
Th2, Th17 and Treg cells from SLCs and SLCs/MP was
detected by flow cytometry. FITC anti-mouse CD4,
PE anti-mouse CD8 and PC5 anti-mouse CD25 were
used for cell surface staining. ECD anti-mouse IL-17A,
APC700 anti-mouse IFN-y and PB anti-mouse IL-4
were used for intracellular staining after fixation and
permeabilization.

Flow]Jo vX0.7 software (Tree Star, Inc., San Carlos, CA)
was used to analyse flow cytometry data.
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Enzyme-linked immunosorbent assay

Serum samples were centrifuged from whole blood at
3500 x g for 10 min at 4 °C after a 30-min undisturbed
separation at room temperature. The concentrations of
ANA and anti-dsDNA antibodies in serum were detected
by using an enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction analysis
Total RNA of each group was isolated using a GeneP-
harma total RNA kit (GenePharma, Shanghai, China)
in accordance with the operational guidelines. The con-
centration of the total RNA was assessed by a NanoDrop
spectrophotometer (NanoDrop 2000, MA, USA). cDNA
synthesis was performed with a PrimeScript " RT reagent
kit (TaKaRa, Dalian, China) under the guidance of an
operational protocol. Then, qRT-PCR was implemented
on a 7500 StepOnePlus™ (Applied Biosystems, Foster,
CA, USA) using a SYBR® RPremix Ex Taq"" Kit (TaKaRa,
Dalian, China). The 2~ 22 method was used to calcu-
late the relative mRNA expression of target genes (stand-
ardized by GAPDH). SIRT1 forward primer: 5- GGC
TACCGAGGTCCATAT.

ACTTTTG-3’; reverse primer: 5-TCAGGTGGAGGA
ATTGTTTCTGG-3’). MDR1 forward primer: 5-GCG

TATTTGGGATGTTTCGCTATG-3; reverse primer:
5-AC.
CAGCATCAAGAGGGGAAGTAATG-3). GAPDH

forward primer: 5-GAGAAAC.
CTGCCAAGTATGATGAC-3’; reverse primer: 5'-AGA
GTGGGAGTTGCTGTTGA
AG-3).

Western blot analysis

Pretreated cells were collected, and total cytoplasmic
protein and nuclear protein were extracted and quanti-
fied using a BCA protein assay kit (Beyotime Biotech-
nology, Shanghai, China). Analysis of SIRT1 and FoxO1
expression was performed using a Wes simple western
instrument (Wes, Protein Simple, Santa Clara, CA). The
sample was diluted with 0.1 x Sample Buffer (Protein
Simple, CA) and mixed with 5 x fluorescent master mix
(Protein Simple, CA) for denaturation. Primary rabbit
monoclonal antibodies (Abcam, UK 1:50) were used to
detect mouse SIRT1 and FoxO1l. GAPDH (Abcam, UK
1:100) was used as an internal standard. Secondary HRP
conjugation was provided in the detection module. Then,
the immunoassay plate was prepared as prompted by the
instructions, and Wes was started. The experiment was
repeated three times, and all protein levels were normal-
ized to GAPDH expression.
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Statistical analysis

The analysis process was performed using SPSS 19.0 soft-
ware (SPSS Inc., Chicago, IL, USA), and measurement
data consistent with a normal distribution are expressed
as the mean=+standard deviation. Statistical compari-
sons were performed using one-way analysis of variance
(ANOVA) and Student’s t-test. P<0.05 was considered a
statistically significant difference. All of the experiments
were performed at least three separate times.

Results

PNS reverses P-gp-mediated SR in lupus mice

The SR of lupus was characterized by increased expres-
sion of P-gp and decreased accumulation of Rh-123 in
lymphocytes, as well as decreased sensitivity to steroids.
To determine whether PNS can reverse SR in lupus mice,
the expression of P-gp and the accumulation of Rh-123
in splenic lymphocytes from SRLM-treated mice were
measured by flow cytometry, and the levels of ANA
and dsDNA in serum were examined by ELISA. The
flow cytometry results showed that, compared with the
SR control group and SR with high-dose MP group, the
expression of P-gp was downregulated and the accu-
mulation of rhodamine-123 in splenic lymphocytes
was increased in the high-dose PNS and TQR groups;
therefore, PNS had a significant ability to reverse SR in
lupus mice (Fig. 1A,B). The ELISA results showed that
ANA and dsDNA, which reflect the activity of SLE, were
decreased to different degrees in the intervention groups
treated with high-dose MP or high-dose MP with PNS or
TQR. Compared with high-dose MP alone group, com-
bination with PNS group decreased more significantly
(Fig. 1C,D). These results indicated that PNS can increase
the sensitivity of steroids, and the effect of the combina-
tion of PNS and steroids is stronger than that of a single
steroid.

Reversal effects of PNS on sensitivity to MP in SLCs/MP
cells

The influence of PNS on the sensitivity of the MP in the
SLCs/MP cells was evaluated through cell apoptosis and
CD69 expression assays. Flow cytometry showed that
PNS increased the number of apoptotic SLCs/MP cells
and decreased the expression of CD69 induced by MP
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compared with the untreated group (Fig. 2). These find-
ings verified that PNS could enhance the potency of MP
against SLCs/MP, supporting the notion that PNS has a
reversal effect on the steroid sensitivity of SLCs/MP cells.

PNS efficiently decreases the expression of P-gp

and enhances the accumulation of Rh-123 in SLCs/MP cells
To calculate the P-gp levels, flow cytometry was per-
formed. After incubation with PNS (200 pg/ml) for 72 h,
the expression of P-gp in SLCs/MP cells was markedly
decreased compared with that in untreated SLCs/MP
cells (Fig. 3A-E). The findings indicated that PNS could
suppress the expression of P-gp.

The ability of PNS to inhibit P-gp-mediated drug trans-
port was studied using the P-gp substrate rhodamine
123 (Rh-123). Flow cytometry results revealed that PNS
enhanced the accumulation of Rh-123 in SLCs/MP cells
compared to untreated SLCs/MP cells (Fig. 3F-J). The
findings stated that PNS could increase intracellular drug
concentrations.

The SIRT1/FoxO1/MDR?1 signalling pathway existed

in SLCS/MP cells

To investigate the existence of the SIRT1/FoxO1/MDR1
signalling pathway in SLCS/MP cells, SIRT1 was specifi-
cally knocked down and overexpressed by gene interven-
tion technology, and the relevant expression of FoxOl1
and MDR1 was detected. Western blotting results
showed that the levels of cytoplasmic SIRT1 and nuclear
FoxOl1 in the SIRT1 siRNA group were lower than those
in the control group, especially in the high-dose group,
and the plasma SIRT1 and nuclear FoxO1 levels in the
lentiviral group were higher than those in the control
group(Fig. 4A-B, supplementary blots file). qRT-PCR
results showed that SIRT1 gene expression was downreg-
ulated in the SIRT1 siRNA low- and high-dose groups,
especially in the high-dose group, and MDRI1 gene
expression was also downregulated, while the expression
of SIRT1 and MDR1 genes was increased in the lentivi-
ral transfection group (Fig. 4C). These results showed
that when the SIRT1 level was changed in SLCs/MP cells,
the concentration of FoxO1 in the nucleus, the expres-
sion level of the MDR1 gene and the level of RS changed

(See figure on next page.)

means = SD. *P<0.05 vs. control. **P<0.01 vs. control

Fig. 1 Effect of PNS on reversing P-gp-mediated SR in lupus mice. SRLM treated with low-dose MP is indicated as a control. SRLMs were treated
with low-dose MP alone, combination high-dose MP, combination high-dose MP and PNS (50 mg/kg, 100 mg/kg), or combination TQR for 4 weeks.
Then, the expression of P-gp and accumulation of Rh-123 in splenic lymphocytes and serum ANA and dsDNA levels were measured by flow
cytometry and ELISA. (A, a)(B, a) SRLM treated with low-dose MP. (A, b)(B, b) SRLM treated with low-dose MP and high-dose MP. (A, ¢)(B, ¢) SRLM
treated with low-dose MP, high-dose MP and PNS (50 mg/kg). (A, d)(B, d) SRLM treated with low-dose MP, high-dose MP and PNS (100 mg/kg).

(A, e)(B, e) SRLM treated with low-dose MP, high-dose MP and TQR. (A, f) Analysis of P-gp expression. (B, f) Analysis of intracellular accumulation of
Rh-123. (C) Analysis of serum ANA level. (D) Analysis of serum dsDNA level. Experiments were repeated three times and data are expressed as the
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Fig. 2 Effect of PNS on MP-induced cell apoptosis and CD69 expression. SLCs/MP cells treated with ConA and MP are indicated as controls. After
SLCs/MP cells were treated with ConA alone, ConA containing PNS (100 ug/ml, 200 pug/ml), or si-SIRT for 24 h, the cells were cultured with MP

(200 pg/ml) for 72 h, and apoptotic cells were measured. (A)(F) SLCs/MP cells treated with ConA. (B)(G) SLCs/MP cells treated with ConA containing
100 pg/ml PNS. (C)(H) SLCs/MP cells treated with ConA containing 200 pug/ml PNS. (D)(I) SLCs/MP cells treated with ConA containing si-SIRT1. (E)(J)
Analysis of cell apoptosis and CD69 expression. Experiments were repeated three times and data are expressed as means = SD. *P < 0.05 vs. control

synchronously, which indicated that this signalling path-
way might exist in SLCs/MP cells.

PNS decreases the expression of SIRT1, FoxO1 and MDR1

in SLCs/MP cells

To investigate whether the downregulation of the expres-
sion of P-gp by PNS in SLCs/MP cells was associated
with the SIRT1/FoxO1/MDR1 pathway, the expression
levels of SIRT1, FoxOl and MDRI in SLCs/MP cells
were investigated. The Western blotting and qRT-PCR
results demonstrated that the mRNA expression levels
of SIRT1 and MDRI and the protein expression levels
of SIRT1 and FoxO1 in SLCs/MP cells were significantly
suppressed in comparison with untreated SLCs/MP cells
after 72 h of incubation with 200 pg/ml PNS, which is in
accordance with SLCs/MP cells transfected with siRNA
for SIRT1 (Fig. 5, supplementary blots file). These results

indicated that PNS downregulated the expression of P-gp
by suppressing the activation of the SIRT1/FoxO1/MDR1
pathway in SLCs/MP cells.

Th17 is the main effector cell of PNS reversing SR

To determine the main effector cells of PNS reversing
SR, the expression of P-gp in different T-cells phenotypes
from SLCs and SLCs/MP were analyzed firstly. We found
that the level of P-gp was no difference in CD8 + T-cells,
Th1, Th2, and Treg cells from SLCs and SLCs/MP cells,
while the expression of P-gp was increased in Th17 cells
from SLCs/MP cells. Further, PNS significantly decreased
the expression of P-gp in Th17 cells from SLCs/MP com-
pared with untreated SLCs/MP cells (Fig. 6, Supplemen-
tary figure). These findings indicated that Th17 might be
the main effector cell of PNS reversing SR.
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Discussion

SR mediated by drug transporters, especially P-gp, is a
significant obstacle to the successful treatment of lupus
[41]. The main pathological mechanism of lupus is the
proliferation of a large number of lymphocytes, which are
also the main intervention target of steroids and immu-
nosuppressive therapy [42]. Thus, directly and effectively
blocking the P-gp transport pump or reducing its expres-
sion to increase the sensitivity of lymphocytes to steroids
may be an optimal strategy for SR reversal in lupus. Cur-
rently, the validated approaches for P-gp-mediated SR in
lupus include intensive treatments with methylpredniso-
lone (MP) or plasmapheresis [43] and P-gp antagonists
[44]. Nevertheless, high-dose steroid shock often overin-
hibits the immune function of patients and increases the
chance of serious infection; furthermore, P-gp antago-
nists can produce more inevitable side effects. In sum-
mary, it is urgent to explore an effective and minimally
toxic reversal agent of SR in lupus.

To identify low side effects and efficient P-gp inhibi-
tors, a growing number of researchers have focused their
research on the exploration of active ingredients from
natural sources that have the ability to restore relevant

indicators to normal levels. Many active components of
traditional Chinese medicine have been shown to reverse
drug resistance by restraining P-gp expression, such as
curcumin [45], ginsenoside [46], tetramethylpyrazine
[47] and osthole [48]. Our previous studies showed that
PNS could inhibit the expression of P-gp without signifi-
cant cytotoxicity. Taken together, PNS might have great
potential to reverse SR and needs to be explored.

In the present study, PNS significantly reduced the
expression of P-gp and increased the accumulation of
rhodamine-123 (Rh-123) in splenic lymphocytes from
SR lupus mice (SRLMs). In addition, PNS can increase
the sensitivity to steroids in SRLM, so it can significantly
reduce the level of serum ANA and dsDNA expression in
SRLM when combined with high-dose steroids. On the
basis of animal experiments, we used low-dose meth-
ylprednisolone (MP, 2 upg/ml) to induce lymphocytes
to produce acquired SR, which was manifested by the
upregulation of P-gp expression and the decrease in the
accumulation of Rh-123 in lymphocytes, and successfully
constructed a steroid-resistant splenic lymphocyte lupus
mouse (SLC/MP) model [49]. Then, we evaluated the
powerful ability of PNS to surmount the SR of SLCs/MP
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Experiments were repeated three times and data are expressed as the means = SD. #P < 0.05 vs. SLCs. *P < 0.05 vs. SLCS/MP

cells as an effective reversal agent. Cell apoptosis analysis
implied that the apoptotic cells were significantly reduced
in the SLCs/MP cells after PNS treatment, which showed
that PNS could obviously improve the MP-induced cyto-
toxicity to SLCs/MP cells. CD69, a costimulatory signal
of T cell proliferation, could more accurately reflect the
immunosuppressive effect of steroids. In accordance with
the apoptosis experiment, compared with the stimula-
tion group of MP alone, the combination of a high dose
of PNS significantly reduced the expression of CD69 in
SLCs/MP cells. Moreover, a rhodamine-123 (Rh-123)
efflux assay was performed to detect the inhibition of
the P-gp efflux pump by PNS and to assess the interac-
tion between PNS and Rh-123. The flow cytometry assay
showed that PNS dramatically reversed the accumula-
tion of the P-gp substrate Rh-123 in a concentration-
dependent manner. To go a step further, P-gp expression
was examined. The expression level of P-gp was markedly

suppressed in the SLCs/MP cells treated with 200 pg/
ml PNS. In summary, PNS reversed the SR of SLCs/MP
cells by reducing the transport capacity and expression of
P-gp, thus increasing intracellular steroid accumulation.
SIRT1 has been reported to regulated drug resistance
through the deacetylation of its downstream targets,
including FoxO1, AKT [50], proliferator-activated recep-
tor gamma coactivator 1-alpha (PGC-1a) [51], CREB [52]
and B-catenin [53]. Previous studies have shown that the
SIRT1/FoxO1/MDR1 pathway is hyperactivated in many
tumours and mediates the multidrug resistance of tumour
cells [54]. To verify the existence of this pathway in the SR
of SLE, we observed changes in FoxO1 and MDRI1 after
SIRT1 knockout or plasmid transfection. We found that
the concentration of FoxOl1 in the nucleus, the expres-
sion level of the MDR1 gene and the level of RS changed
in accordance with the SIRT1 level in SLCS/MP cells,
which indicated that the SIRT1/FoxO1/MDRI signalling
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pathway existed in SLCS/MP cells. To further elucidate
why PNS inhibited the expression level of P-gp, we used
SIRT1 siRNA-transfected SLCs/MP cells to construct a
low SIRT1 expression model as a positive control for the
downregulation of SIRT1 gene expression, and SLCs/MP
cells were used as a negative control. In this study, the
effect of PNS on the downregulation of SIRT1 mRNA level
was similar to that of SIRT1 siRNA, and when the expres-
sion level of SIRT1 mRNA was downregulated, the protein
level of SIRT1 was also correspondingly decreased, sug-
gesting that the action site of PNS on the downregulation
of SIRT1 level was before translation. After the downregu-
lation of SIRT1 by PNS, the nuclear FoxO1 concentration
and MDRI mRNA and P-gp levels were simultaneously
decreased, suggesting that Panax notosaponins reduced
the deacetylation of FoxO1 by changing the SIRT1 level,
leading to a reduction in the nuclear Foxol concentra-
tion, downregulation of MDRI gene transcription and
downregulation of its expression product P-gp. Thus, PNS
reversed the P-gp-mediated SR by suppressing the SIRT1/
FoxO1/MDR1 signalling cascade.

An increased frequency of Th17 cells was found in lupus,
together with a positive correlation to the SLEDAI [55].
Th17 cells are related to SR. In this study, we first studied
the mechanism of PNS reversing SR of lupus from the level
of overall spleen lymphocytes, and then further explored
the main effector cells of PNS reversing SR. We detected

the expression of P-gp in different T-cells phenotypes from
SLCs and SLCs/MP and found that the level of P-gp was no
difference in CD8+T cells, Thl, Th2, and Treg cells from
SLCs and SLCs/MP except in Th17 cells. Further experi-
mental results show that PNS significantly decreased the
expression of P-gp in Th17 cells from SLCs/MP cells com-
pared with untreated SLCs/MP cells. Therefore, Th17 might
be the main effector cell of PNS reversing SR in lupus.

Conclusions

Overall, we first revealed that PNS has synergistic and
attenuatory effects on steroid therapy in LN. In addition,
the potential association of the reversal of P-gp-mediated
SR and the SIRT1/FoxO1/MDR1 signalling cascade was
identified, which might be the major mechanism involved
in the reversal of SR by PNS in SLCs/MP cells (Fig. 7).
Finally, We explored Th17 might be the main effector cell
of of PNS reversing SR in lupus.
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