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Abstract: Systemic lupus erythematosus (SLE), with a high incidence rate and insufficient
therapy worldwide, is a complex disease involving multiple organs characterized primarily by
inflammation due to deposition of immunocomplexes formed by production of autoantibod-
ies. The mechanism of SLE remains unclear, and the disease still cannot be cured. We used
pristane to induce SLE in female BALB/c mice. Methyl salicylate 2-O-B-D-lactoside (MSL;
200, 400, and 800 mg/kg) was orally administered 45 days after pristane injection for 4.5
months. The results showed that MSL antagonized the increasing levels of multiple types of
antibodies and cytokines in lupus mice. MSL was found to suppress joint swelling and have
potent inhibitory effect on arthritis-like symptoms. MSL also significantly decreased the spleen
index and expression of inflammatory markers in the lupus mice. MSL protected the kidneys
of lupus mice from injury through inhibiting the expression of inflammatory cytokines and
reducing the IgG and C3 immunocomplex deposits. Further Western blot assays revealed that
the downregulation of the intracellular inflammatory signals of NFxB and JAK/STAT3 might
be the potential molecular mechanisms of the pharmacological activity of MSL against SLE
in vivo. These findings may demonstrate that MSL has the potential to be a useful and highly
effective treatment for SLE.

Keywords: methyl salicylate 2-O-f-D-lactoside, systemic lupus erythematosus, inflammatory

response, lupus nephritis, signal transduction

Introduction

Systemic lupus erythematosus (SLE) is an intractable, multisystemic, and relaps-
ing autoimmune disease with multiple-organ involvement characterized primarily
by the production of autoantibodies against self-antigens.'? Symptoms range from
rather mild manifestations, such as rash or arthritis, to life-threatening end-organ
manifestations. The pathogenesis of SLE includes genetic, environmental, and hor-
monal factors; however, the cause and mechanism remain unclear.® It is estimated
that 161,000-322,000 people in the US have been diagnosed with SLE, and more
than 16,000 new cases of lupus are reported annually across the country.*® It is also
believed that 5 million people throughout the world have a form of lupus.® SLE not
only harms people’s health and can be fatal but also significantly increases health
care utilization and costs.”
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Extensive studies have focused on the novel therapeutic
options for SLE. Belimumab, a monoclonal antibody that
targets BAFF, was the first biological agent approved and
first drug approved in 55 years for the treatment of SLE by
the US Food and Drug Administration (FDA).3* However,
including biologics, the current treatment approach can only
control SLE, and not cure.

The current treatment approach includes nonsteroidal
anti-inflammatory drugs, steroids, antimalarials, immuno-
suppressive agents, and biologics. Despite novel and modi-
fied therapy having ameliorated the prognosis, a subgroup
of patients do not respond to routine therapy.!® Therefore,
more efficient therapy may be warranted to lower the risk
of fatal outcomes and the serious side effects of the current
therapies in SLE (gastrointestinal reaction, increased risk
of infection, rash, elevated aminotransferase, and marrow
suppression).!!

Traditional Chinese medicine, as a crucial component of
complementary and alternative medicine, has evolved over
thousands of years with its own unique system of theories,
diagnostics, and therapies.!? Methyl salicylate 2-O-3-D-
lactoside (MSL; Figure 1) is a novel salicylic acid analogue
extracted from the traditional Chinese herbal medicine Gault-
heria yunnanensis that has been widely used for treatment of
swelling and various inflammatory responses in the southern
regions of the People’s Republic of China.'*!* As one of the
main components with excellent anti-inflammatory activities
in the herb, MSL has been confirmed to suppress inflamma-
tion response in macrophages, microglia, and astrocytes.'>!¢
Furthermore, in our previous studies, MSL exerted a signifi-
cant antiarthritis effect, but had hardly any gastrointestinal
toxicity in vivo.!” In preclinical pharmacokinetic experiments,
MSL has been proved to have good absorption from the
gastrointestinal tract in Canidae and primates, and its main
metabolite, salicylic acid, presents good pharmacokinetic
features after oral administration.'®! It remains to be eluci-
dated whether the novel salicylic acid analogue is efficacious
for the treatment of SLE. The aim of the present study was to
investigate the potential therapeutic effect of MSL on SLE,
and explore the underlying mechanisms.
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Figure | Chemical structure of methyl salicylate 2-O-B-D-lactoside.

Materials and methods

Animals

Female BALB/c mice (SPF grade, Certificate No SCXK [Bei-
jing] 2012-0001, List No 11400700048526) aged 7-8 weeks
were purchased from Vital River Laboratory Animal Tech-
nology Co (Beijing, People’s Republic of China). The mice
were maintained in a barrier system with alternating 12 hour
light/dark cycles, a relative humidity of 50%%5% and at a
constant temperature of 25°C. All procedures involving care
and use of the mice conform to the US National Institutes
of Health regulations and were reviewed and approved by
Chinese Academy of Medical Sciences & Peking Union
Medical College Biomedical Research Ethics Committee.

Reagents and instrumentations

MSL with a high purity of 99%, was provided by the Institute
of Materia Medica, Chinese Academy of Medical Sciences
(Beijing, People’s Republic of China). Pristane, phenyl-
methanesulfonyl fluoride (PMSF), calf thymus DNA, and
histone H1 protein were purchased from Sigma-Aldrich Co.
(St Louis, MO, USA). Smith (Sm) antigen was purchased
from RayBiotech, Inc. (Norcross, GA, USA). Prednisone
with a purity of 99% was purchased from National Institutes
for Food and Drug Control (Beijing, China). Mouse total
immunoglobulin G (IgG), interleukin (IL)-6 tumor necrosis
factor (TNF)-o, IL-17A, and monocyte chemoattractant
protein-1 (MCP-1) ELISA kits were purchased from Affyme-
trix Ebioscience (San Diego, CA, USA). Mouse intercellular
adhesion molecule-1 (ICAM-1) ELISA kit was purchased
from ExCell Bio. (Shanghai, People’s Republic of China).
Nucleus dye 4’,6-diamidino-2-phenylindole (DAPI) was
purchased from Partec Flow Cytometry technology (Gorlitz,
Germany). Bead Ruptor Homogenizer was provided by Omni
International Company (Kennesaw, GA, USA). Fluorescence
microscope Nikon ECLIPSE Ti was purchased from Nikon
Corporation (Tokyo, Japan). Laser scanning confocal imaging
system was purchased from Leica Microscopy Systems Co.
(Shanghai, People’s Republic of China). Radio Immunopre-
cipitation Assay (RIPA) lysis buffer was purchased from Cell
Signaling Technology (CST) Inc. (Boston, MA, USA). Crea-
tinine assay kit was purchased from BioSino Biotechnology
& Science Inc. (Beijing, People’s Republic of China). In vivo
Imaging System (FX PRO) was purchased from Carestream
Health, Inc. (Rochester, NY, USA). Information regarding
antibodies used in this study are listed in Table S1.

Treatments of animals
After acclimation for one week, the mice were injected
with 0.5 mL of pristane or normal saline (as control group)
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intraperitoneally. One month after injection, serum was
collected from the tail vein of the mice. Type IgG and
immunoglobulin M (IgM) auto-antibodies for anti-DNA
and anti-Sm, respectively, as well as cytokine IL-6 and
total IgG were measured. Positive Sm-antibody or DNA-
antibody, or both, demonstrated a successful mouse model
after pristane treatment. The successfully induced mice
at the time point of 45 days after induction were ran-
domly divided into the following groups: 1) model group;
2) MSL low-dose group (200 mg/kg); 3) MSL medium-dose
group (400 mg/kg); 4) MSL high-dose group (800 mg/kg);
5) prednisone group (5 mg/kg). The model group and control
group were given appropriate volumes of vehicle with each
mouse in different groups having the dose administered
orally once-daily.

ELISA for anti-DNA, Sm, and histone

antibodies

The auto-antibodies in the serum from each group were
detected by an ELISA technique described as Bloom et al.?
96-well ELISA plates were coated with calf thymus DNA
(5 ug/mL), Sm antigen (0.5 pg/mL), or histone H1 protein
(0.5 pg/mL) overnight at 4°C and preblocked with 2%
BSA at room temperature (RT) for 2 hours. After three
washes, wells were incubated for 3 hours with murine
serum diluted to 1:2,000, 1:200 and 1:400 at RT, respec-
tively. The plates were washed again and then incubated
at RT with biotin-conjugated anti-mouse IgG or IgM
antibodies for 1 hour.After washing to remove unbound
antibodies, the wells were incubated with horseradish
peroxidase (HRP)-labeled avidin at RT for 30 minutes.
After three washes with phosphate buffered saline with
Tween 20 (PBST), a colorimetric assay format was fol-
lowed, and the absorbance of each well was determined
in a single wavelength manner (450 nm) using an ELISA
reader (Microplate reader SpectraMax MS5). The relative
expression levels of the autoantibodies in each group were
formulated by the mean enzyme indexes (EI) that were
calculated as:?!

OD,,, of the sample
~ Mean OD 450 ©f control +3 SD

x100%

Cytokine and total IgG assays

The (relative) concentrations of TNF-o, 1L-6, IL-17A,
MCP-1, ICAM-1 and total IgG in the serum or renal tissues
were determined using commercial sandwich ELISA kits
according to the manufacturer’s instructions.

Behavioral experiments

Spontaneous performance was tested using an autonomic
activities tester equipped with eight individual darkrooms
and infrared thermo probes. The BALB/c mice were placed
in the independent darkroom in quiet conditions for 1 minute
to preadapt to the environment. During a following period
of 5 minutes, times on spontaneous activity of each mouse
was detected by the infrared probes.

Sport coordinate ability of the mice was measured using
rotarod test with rotarod treadmills. First, mice were placed
on a stationary bar to record whether they could stay on the
bar for 2 minutes. Then, the mice were conducted to rotarod
test with a constant speed of 25 r/min. The rotarod test was
repeated three times on three consecutive days for each
mouse, and the mean retention time on the rod per trial was
recorded. Each mouse was experimented only once in each
period of the test.

Extraction of tissue protein

After euthanizing the mice, the heart, liver, spleen, lung,
and kidneys of each mouse were collected and weighed.
Total protein was extracted from the tissue using an RIPA
lysis method per the manufacturer’s protocol. Using the
Omni bead ruptor 24 bead mill homogenizer, the tissue
samples were first homogenized in 2 mL Omni bead rup-
tor tubes prefilled with three metal beads and RIPA buffer
plus PMSF (1 mmol/L) at 4°C. The following settings were
executed to homogenize the samples: speed of 5 m/s, three
cycles of 15 seconds, and a 30 second dwell. After extrac-
tion, the tubes were centrifuged at 8,000 r/min to separate
soluble protein from homogenate at 4°C, and the protein in
the supernatant fluid was quantified and stored for future
determination.

Western blotting assays

The activation levels of intracellular signal molecules in
tissue from different groups were detected and quantified by
western blot assays; 30 [Lg of a protein extract was resolved
on an 8% or 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gel, transferred onto a polyvi-
nylidene fluoride membrane, and blocked with 5% BSA in
Tris-buffered saline (TBS) for 1 hour at RT. The membrane
was washed three times in TBS with 0.1% Tween 20 (TBS-T),
and then incubated with anti-phosphorylated STAT3
(p-STATS3), phosphorylated JAK (p-JAK), phosphorylated
Erk (p-Erk) or phosphorylated IKKf (p-IKKf) antibodies
overnight at 4°C. The membrane was washed three times
in TBS-T for 10 minutes and incubated with anti-rabbit or
anti-mouse IgG (HRP conjugate) in TBS. After another three
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washes with TBS-T for 10 minutes, membrane was reacted
with a chemiluminescence system for 1 minutes, and then
was exposed to films. The expression levels of the signal
proteins were quantified by scanning densitometry using
Quantity One 1-D analysis system.

Renal function and pathological

examination

Six months after induction, urine and serum from each mouse
were collected, respectively. The creatinine values in the
urine and serum were measured using a superoxide dismutase
(SOD) enzymatic method, respectively, according to the
manufacturer’s instructions. The total protein in the urine was
quantified using a bicinchoninic acid method, and the ratio of
the total protein and the urine creatinine was calculated.

For immunofluorescence, one kidney was snap-frozen in
liquid nitrogen and stored at —80°C. Cryostat sections of 4 um
were fixed using acetone and stained for the deposition of
mouse IgG and complement C3. The mouse IgG was directly
detected using goat anti-mouse IgG conjugated to DyLight
594, while C3 was detected using rabbit anti-C3 antibody
(ab11887) and anti-rabbit IgG conjugated to Fluorescein
isothiocyanate. All antibodies were incubated with PBS
containing 2% BSA in a humid incubator for 1 hour at RT.
Sections were washed five times for 3 min using PBST.
Fluorescence intensity was scanned and quantified by ImagelJ
software using a double-blinded method.

For microscope inspection, renal tissue was fixed in for-
malin and embedded in paraffin. 4 um sections from each
kidney were stained with hematoxylin-eosin (H&E) and
periodic acid-schiff (PAS), respectively.

Arthritis-like changes

Joint swelling was monitored by inspection and scored as
follows: 0, no joint swelling; 1, swelling of one finger joint;
2, mild swelling of wrist or ankle; 3, moderate swelling of wrist
or ankle; and 4, severe swelling of wrist or ankle. The volume
of hind paw of each mouse was measured using a volume
meter, and the whole-body imaging technique was conducted
to observe the growth of the joint swelling using the Carestream
in vivo FX PRO system, according to the directions.

Spleen index and pathological

examination

The internal organs index of each mouse was calculated by
ratio of organ to body weight (mg/g). The splenic tissue was
fixed and stained with H&E and CD68 antibody for immuno-
histochemical detection.

Statistical analysis

The statistical significance was assessed by a one-way
ANOVA followed by an appropriate post hoc test.
P-values <0.05 were considered statistically significant.
All calculations were performed and graphs generated using
GraphPad Prism Software (GraphPad Software, Inc., La
Jolla, California, USA).

Results

Effects of MSL on autoantibodies

The DNA autoantibody is an antibody that exists widely in
SLE patients, and there is a positive relationship between its
concentration and the disease activity of SLE.?>?* Using the
enzyme-linked immunosorbent assay (ELISA), we measured
the two types of DNA antibodies (IgG and IgM) in the serum
of BALB/c mice, which were separately collected every
30 days after induction of pristane, and the results showed that
both IgG- and IgM-targeted DNA had significantly increased
since day 30 after induction (P<<0.01, Figure 2A and B).
Furthermore, high-dose MSL and prednisone significantly
reduced the concentrations of DNA autoantibodies in lupus
mice induced with pristane (P<<0.05, Figure 2A and B).

The Sm autoantibody, a specific antibody expressed
in SLE patients, has important significance in the clinical
diagnosis of SLE.?* Using ELISA, we found that both IgG
and IgM Sm antibodies increased significantly (P<<0.01;
Figure 2C and D) in the serum collected from lupus
BALB/c mice. After 4.5 months of treatment with high-dose
MSL and prednisone, there were significant decreases in Sm
autoantibodies (P<<0.05, Figure 2C and D).

Similar results were observed in measurements of his-
tone autoantibodies. Compared with the control group, type
IgG and IgM antibodies targeting histone had increased
significantly from days 60 and 30, respectively. Long-term
intervention of MSL and prednisone significantly reduced
the relative levels of histone antibodies (P<<0.05, P<<0.01,
P<0.05; Figure 2E and F).

Effects of MSL on total IgG and cytokines

in serum

Total IgG was quantified by ELISA. As shown in Figure 3A,
total IgG concentrations were maintained at a constant
level of 1 mg/mL in control mice, while total IgG in lupus
mice increased progressively from month 2 and concentra-
tions were three times more than control values at month 6
(P<<0.01, Figure 3A). With the intervention of high-dose
MSL, concentrations of total IgG in lupus mice were signifi-
cantly lower at months 4—6 (P<<0.05, P<<0.01; Figure 3A).
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Figure 2 Sera of BALB/c mice in each group were collected every month after intravenous injection of pristane, and relative levels of the autoantibodies were detected by ELISA.
Notes: (A) Type IgG of anti-DNA; (B) type IgM of anti-DNA; (C) type IgG of anti-Sm; (D) type IgM of anti-Sm; (E) type IgG of antihistone; (F) type IgM of antihistone.
The data represent mean + SEM (n=8-12). *P<<0.05, **P<<0.01, significant compared with the control group; *P<<0.05, #P<0.01, ##P<0.001, significant compared with the

model group.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; SEM, standard error of the mean; dsDNA, double-stranded DNA; MSL, methyl salicylate 2-O-B-D-lactoside.

In comparison, prednisone showed a greater effect. Total
IgG in the prednisone group showed a significant decrease
from day 60, that is, 15 days after exposure to the drugs
(P<<0.05, Figure 3A).

Cytokine, an endogenous polypeptide produced mainly
by immune cells, is known as an important mediator with
strong biological effects in multiple immune responses
and plays an important role in the process of autoimmune
diseases, such as SLE.*? On day 60 after induction, the
mean concentration of IL-6 in BALB/c lupus mice was

147.2421.2 pg/mL (Figure 3B), significantly more than the
control group (P<<0.001). High-dose MSL and prednisone
significantly reduced IL-6 concentration in lupus mice
(P<0.05, P<0.01, P<0.001; Figure 3B).

On day 180, the concentration of IL-17A in BALB/c
lupus mice was 41.7£15 pg/mL, significantly more than the
control group (P<<0.01, Figure 3C). After 4.5 months of
treatment with prednisone, there was a decreased concentra-
tion of IL-17A (P<<0.05); however, no significant decrease
was observed in the MSL groups (Figure 3C).
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Figure 3 Total IgG and cytokines in peripheral circulatory system.
Notes: Levels of total IgG (A) in the serum collected every month after induction.
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Similar to the cytokines IL-17A, the adhesion molecule
ICAMI1 and chemokine MCP1 were also significantly
increased (P<<0.001, P<<0.01), and a significant decrease in
ICAMI expression was observed in the high-dose MSL group
(Figure 3D and E). However, no obvious inhibition effect on
MCP1 was observed in the prednisone group or the different
MSL groups (Figure 3E).

Behavior studies
As shown in Figure 4A, significant decreases in spontaneous
activities of BALB/c lupus mice were observed after 2, 4, and

6 months’ exposure to pristane (P<<0.01). After the continuous
intervention of high-dose MSL and prednisone, the activity
of lupus mice improved significantly (P<<0.05).

Most of the mice in each group were able to stay on the
stationary rod for 2 minutes. The proportion of mice staying
on the rod more than 2 minutes in each group showed no
obvious difference (Figure 4B). However, on the rotation rod,
there were significant differences in performance between
the control mice and lupus mice (P<<0.01), and the mice
in the high-dose MSL group showed significant improve-
ment compared with the lupus BALB/c mice (P<0.05).

submit your manuscript

3188

Dove

Drug Design, Development and Therapy 2016:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Therapeutic effect of MSL on pristane-induced SLE

A B

> 200 200 200

x Q

2 : 9 ?
% 6 150 " < 1501 B I Fis0 =

© # 1 # o NS ok T [«}]
vﬂ [72] ok T T T (o] .g
G o 100- o » £ 1001 L 100 &
T 0 S N 5
S g g g
£ = 50 o 50- 50 £

c [

o o -

o [T}

* 1l i i 14

0 0 0
2 4 6 Stationary rod Rota rod
Month
1 Control mH Model B MSL (200 mg/kg) BEMSL (400 mg/kg) ERMSL (800 mg/kg) [ Prednisone

Figure 4 Behavioral experiments.
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These results illustrated that MSL and prednisone were
able to effectively elevate spontaneous activities and motor-
coordination abilities of lupus mice.

Effects of MSL on spleen index and

pathological changes
There were no significant differences among the groups for
indices of heart, liver, lungs, or kidneys of BALB/c mice
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Figure 5 Splenomegaly and pathological examination.

(data not shown), while the spleen index showed a significant
difference (Figure 5A and B). The spleen index of the mice
that had received 0.5 mL of pristane had nearly doubled, from
4.2440.19t0 7.9240.46 (P<<0.001), compared with the control
mice. High-dose MSL and prednisone significantly reduced
the spleen index of lupus mice (P<<0.01, P<<0.001).
Further pathological examination found that splenic
corpuscles abnormally increased, and red pulp widened in

Notes: (A) Spleens from BALB/c mice in each group; (B) spleen index; (C) spleens stained with H&E for histological examination (red arrow indicates red pulp); (D) spleens
stained with CD68 mAb for immunohistochemistry assay (red arrows indicate positive cells). Control group (a, x400), model group (b, x400), MSL-L group (c, x400), MSL-M
group (d, x400), MSL-H group (e, x400), prednisone group (f, x400). Data represent mean * SEM (n=12). **P<0.01, significant compared with the control group; #P<0.01,

significant compared with the model group.

Abbreviations: H&E, hematoxylin and eosin; mAb, monoclonal antibody; MSL, methyl salicylate 2-O-f3-D-lactoside; SEM, standard error of the mean.
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spleens collected from lupus mice (Figure 5C). In addition,
inflammatory cell infiltration and increased expression of
lymphocytes for CD68 antigen could be also observed in
spleens collected from lupus mice. High-dose MSL and
prednisone obviously improved pathological changes in
lupus BALB/c mice (Figure 5C and D).

Effects of MSL on arthritis-like
pathological process

Arthritis is a major complication and also considered one of
the diagnostic criteria for SLE, which can seriously affect the
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Figure 6 Progression of arthritis in BALB/c mice from each group.

life quality of patients with SLE.?® In our experiments, arthri-
tis-like symptoms in six lupus mice were observed (Figure 6).
After being induced with pristane for 3 months, the first mouse
with arthritis (score =3) appeared in the model group. In
the following days, the numbers of mice with arthritis had
increased, which was consistent with previous research.?’ Two
mice with severe arthritis (score =3, 17%) were observed in
the low-dose MSL group, and the severe arthritis phenomenon
was not observed in other groups (Figure 6C).
Arthritis-like symptoms were mainly represented by
symmetrical swelling of the hind legs, and swelling of the
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Notes: (A) Apparent phenomena of arthritis: normal foreleg (a), arthritis-like foreleg (b), arthritis-like hind leg (c), normal hind leg (d). (B) X-ray diffraction patterns of
arthritis: arthritis-like hind leg (a), normal hind leg (b), arthritis-like foreleg (c), normal foreleg (d); arrowheads indicate the swelling degree of the arthritis. (C) Survival curve
of mice without severe arthritis (score =3). (D) Hind-paw volumes of BALB/c mice in each group. (E) Arthritis scores of BALB/c mice in each group. (F) X-ray diffraction
patterns of hind legs of BALB/c mice in each group (arrows indicate the malformation of the arthritis). Data represent mean + SEM (n=12). *P<<0.01, ***P<<0.001, significant
compared with the control group; “P<<0.05, #P<<0.01, **P<0.001, significant compared with the model group.

Abbreviations: SEM, standard error of the mean; MSL, methyl salicylate 2-O-B-D-lactoside.
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forelegs was also observed in some mice with severe arthritis
(Figure 6A and B). Under X-ray scanning, natural stretch-
ing of the hind limbs of the control mice and other mice
without obvious arthritis symptoms was observed. However,
dislocation and ankle swelling of mice with severe arthritis
symptoms was observed (Figure 6F).

Figure 6D shows that the mice that received pristane alone
presented a significant increase in the volumes of hind feet
(P<<0.01), while the mean paw volumes of mice treated with
MSL or prednisone were significantly decreased (P<<0.05,
P<0.01). Arthritis-score results, as shown in Figure 6E, were
in line with the other experiments. These results showed that
medium- or high-dose MSL could block the arthritis-like
progress of mice induced by pristane.

Effects of MSL on lupus nephritis

Clinically, almost all SLE patients manifested some degree
of renal injury, and renal failure is the leading cause of
death in patients with SLE.*® Under light microscopy, we
observed that inflammatory cell infiltration, mesangial
proliferation, and thickening of capillary walls were pres-
ent on sections collected from lupus mice, which showed
characteristics typical of glomerulonephritis (hematoxylin
and eosin, Figure 7A). Meanwhile, disorganized basement
membrane, thickened capillary loops, and renal capsule
stenosis were prominent in renal tissues of lupus mice in
electron microscopy (PAS, Figure 7B). High-dose MSL
and prednisone obviously improved the renal pathologi-
cal changes of lupus BALB/c mice induced by pristane
(Figure 7A and B).

Mean creatinine levels in sera of the mice were calculated
by an SOD-enzyme method, and levels in lupus mice were
increased by approximately 60%. However, no significant
difference was observed among the groups (Figure 7C). Fur-
ther analysis revealed that the ratio of total protein to urine
creatinine in lupus mice was significantly increased compared
with the control mice (Figure 7D). Prednisone significantly
decreased the ratio in lupus mice. However, the difference in
ratios between the model group and each MSL group showed
no statistical significance (Figure 7D).

Immunocomplex deposits are a primary cause of lupus
nephritis. In our study, the complex deposits were detected
by an immunofluorescence assay. Kidneys of lupus mice
showed the presence of 1gG (Figure 7E) and C3 complexes
(Figure 7F) in glomeruli, while kidneys of mice treated
with high-dose MSL or prednisone exhibited an obvious
decrease in complexes (Figure 7E and F). Further quantitative
analysis using fluorescence intensity supported the results.
These analyses showed dose-dependent decreases in IgG

and C3 complexes in mice receiving various doses of MSL.
The fluorescence intensities of IgG and C3 in the high-dose
group were significantly different compared with the model
group (P<<0.05, Figure 7G and H).

Effects of MSL on inflammatory cytokine
in kidneys

In our study, we compared renal TNFa, IL-6, IL-17A, and
MCP1 in mice from each group following 6 months of
induction. TNFa, IL-17A and MCP1 in kidneys of mice
that received pristane alone showed a significant increase
compared with the control group (Figure 8A, C, and D).
Although the mean IL-6 level in renal tissues of BALB/c
lupus mice was 24 times higher than that of the control mice,
we did not observe a significant difference (Figure 8B). We
saw a trend of decrease of cytokines in kidneys from mice
that received different doses of MSL compared with the
model mice (Figure 8).

Effects of MSL on signaling

pathways in renal tissues

The JAK-STAT signaling pathway is a well-known signal-
ing system that plays an essential role in immune response.?
To determine the effect of MSL on the JAK-STATS3 path-
way, the relative levels of p-JAK, p-STAT3, and p-Erk1/2
were examined by Western blot analysis. As shown in
Figure 9A—C, the phosphorylation levels of JAK, STAT3,
and Erk1/2 were significantly increased, and downregulation
of JAK was observed in renal tissues (P<<0.01, P<<0.001).
High-dose MSL and prednisone markedly inhibited the
phosphorylation of STAT3 and JAK and downregulation of
JAK (P<0.05 and P<<0.01). NFxB is known as an important
regulator of various genes involved in the production of
many proinflammatory enzymes and cytokines related to the
inflammatory process.'*3*3! We also examined the inhibiting
effect of MSL on the NFkB-signaling pathway. IKK, kB,
and NFxB were observed to be significantly activated in
renal tissues of mice that received pristane alone, and treat-
ment with MSL and prednisone significantly reduced the
activation levels of signaling molecules (P<<0.05, P<<0.01,
Figure 9D-F).

Discussion and conclusion

SLE is a chronic and complex autoimmune disease and still
cannot be completely cured. On one hand, for a long time,
many scientific researchers have made much effort to over-
come the disease, but the exact mechanism of SLE is still
unclear; on the other hand, little progress in research and
development for drugs against SLE has been made in this

Drug Design, Development and Therapy 2016:10

submit your manuscript

3191

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

He et al

A

30 - 12
(=
o __ =0~
£ 2 2es®
£3 SEE
e Q - S~
5 E T 588"
S32 10 s 2E
O '2 0o~ 3
0 0
Pristane -+ + + + 4 Pristane - + + + + 4
Dosage - — 200 400 800 5 Dosage - — 200 400 800 5
(mglkg) Vehicle MSL Prednisone (mglkg) Vehicle MSL Prednisone

m
M

DAPI

DAPI
g...
7]

[
g...
]
-
g...
]
[
[o3

IgG

3

@ o
2 2
@ o
= 100 um = 50 pm
Control Model Prednisone Control Model MSL Prednisone
(200 mg/kg) (400 mg/kg) (800 mg/kg) (200 mg/kg) (400 mglkg) (800 mglkg)
4,000 ol c o 400
S o o
S 2 2235
B € % 3,000 = S 3300
" 8= 3 3@
2@ 2 200 . 2o g 200
[T < L " S 0%
T 0 € S £
5 .E 1,000 =l m = 100
Q= OE
(< =4
- 0 0
Pristane - + + + + 4+ Pristane - + + + + 4+
Dosage - — 200 400 800 5 Dosage - — 200 400 800 5
(moka)  yenicle MSL  Prednisone (maka)  Venicle MSL  Prednisone

Figure 7 Examination for renal function and pathology.

Notes: (A, B) Kidneys were stained with H&E and PAS, respectively, for histological examination: control group (a, x400), model group (b, x400), MSL-L group (c, x400), MSL-M
group (d, x400), MSL-H group (e, x400), and prednisone group (f, x400). (C) Creatinine levels in serum from each group. (D) Ratio of total protein to creatinine in urine from
each group. (E) Deposition of total IgG in kidneys of BALB/c mice in each group was observed under fluorescence microscopy. Images (x200), from top to bottom, represent
the nucleus, total IgG, and merged images with the total IgG and the nucleus. The IgG was stained with red fluorescent dye (red, exposure 100 milliseconds), and the nuclei were
stained by DAPI (blue, exposure 30 milliseconds). (F) Deposition of C3 in kidneys of BALB/c mice in each group was observed under confocal laser-scanning microscopy. Images
(x400), from top to bottom, represent the nucleus, C3, and merged images with the C3 and the nucleus. The C3 was stained with green fluorescent dye and the nuclei stained
by DAPI. (G, H) Fluorescence intensity of total IgG and complement C3 in kidneys of BALB/c mice in each group was analyzed and calculated by Image] (version Image-Pro Plus
6.0; Media Cybernetics, Inc., Rockville, MD, USA). Data represent mean + SEM (n=6-8). *P<<0.05, ***P<<0.001, significant compared with the control group; *P<<0.05, *#P<0.01,
significant compared with the model group.

Abbreviations: H&E, hematoxylin and eosin; PAS, periodic acid-Schiff, MSL, methyl salicylate 2-O-B-D-lactoside; DAPI, 4’,6-diamidino-2-phenylindole; SEM, standard error
of the mean.

setting. In the past 60 years, only one drug —belimumab —has  systematically and comprehensively with the model. Mean-

been approved, by the FDA in 2011.% It is of great significance ~ while, evaluation indices related to behavior, such as autonomic

to discover and develop new therapeutic drugs.

In this article, we established a classic SLE-like model
induced by pristane in BALB/c mice. This is the first time that
the therapeutic effects of MSL on SLE have been evaluated

activity and motor-coordination ability, were applied to the

classic mouse model to assess the activity of MSL in vivo.
In order to evaluate the therapeutic effect of MSL,

we determined the expression levels of DNA and Sm
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the model group.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; SEM, standard error of the mean; MSL, methyl salicylate 2-0-[3-D-|actoside.

autoantibodies in the circulation systems of the mice on day
30 after induction. After confirmation of “suffering with”
SLE, the mice had been administered MSL. The administra-
tion time designed herein was more beneficial to evaluate the
therapeutic effect, rather than the preventive effect.

In the latest diagnostic criteria recommended by the
American College of Rheumatology, eleven criteria, includ-
ing autoimmunity and end-organ damage, are presented.’!
The mouse model herein successfully simulated some SLE
manifestations, such as DNA autoantibodies, Sm autoan-
tibodies, serum-positive antinuclear antibodies, arthritis,
and lupus nephritis. These characteristics basically met the
diagnostic criteria of the American College of Rheumatology
recommendation, consequently providing a basis for the
following evaluation.

Using these characteristics, we investigated the role
of MSL in the pathogenesis of lupus mice induced by
pristane. High-dose MSL significantly reduced the relative
expression levels of autoantibodies in lupus mice, postponed

the arthritis-like pathological process, and improved the
degree of lupus nephritis. In the study, we also found that
MSL significantly reduced the expression of inflammatory
cytokines in both peripheral circulatory system and renal
tissues, and hence inhibited the inflammatory reaction in
lupus mice. In a sense, our results explain the protective
mechanism of MSL from SLE to some extent through the
profiling of inflammation.

For further explanation, we studied the signal transduction
associated with inflammatory pathways in kidney tissues, and
we found that the signal molecules in these pathways were
observably activated in lupus mice. NFkB and JAK-STAT3
signaling have been proved to be crucial pathways in lupus
BALB/c mice induced by pristane, which are potential con-
tributors to the development of lupus nephritis. The activation
levels of these signaling molecules could be significantly
inhibited by drug intervention with MSL, illustrating that
the suppression effects of MSL on inflammatory signaling
might be a potential action mechanism.
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In addition, we examined the therapeutic administration
of MSL to prevent and reverse established SLE mice by
inhibiting inflammation-signaling pathways. Although more
research is needed to assess the activity and the mechanism
of MSL, our findings herein suggest that MSL may be an
effective agent in the treatment of SLE.
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Antibody Dilution Source
Phospho-IKKa/3 (Ser176/180) (16A6) Rabbit mAb 2697 1:1,000 Cell Signaling Technology (CST)
IKKo (3G12) Mouse mAb 11930 1:2,000 CST
IKKB (D30C6) Rabbit mAb 8943 1:2,000 CST
Phospho-lkBot (Ser32) (14D4) Rabbit mAb 2859 1:1,000 CST
IkBow (L35A5) Mouse mAb (Amino-terminal Antigen) 4814 1:1,000 CST
Phospho-NF-«B p65 (Ser536) (93H1) Rabbit mAb 3033 1:1,000 CST
NF-kB p65 (D14E12) XP® Rabbit mAb 8242 1:2,000 CST
Phospho-Stat3 (Tyr705) (D3A7) XP® Rabbit mAb 1:1,000 CST
Stat3 (124H6) Mouse mAb #9139 1:2,000 CST
Phospho-Jak| (Tyr1022/1023) Antibody #3331 1:1,000 CST
Jakl (6G4) Rabbit mAb #3344 1:2,000 CST
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb 1:1,000 CST
p44/42 MAPK (Erk1/2) Antibody 1:2,000 CST
GAPDH mouse mAb 1:2,000 Santa Cruz Biotechnology
Anti-CD68 antibody (ab955) 1:200 Abcam
Anti-rabbit IgG, HRP-linked Antibody 7074 1:2,000 CST
Anti-mouse IgG, HRP-linked Antibody 7076 1:2,000 CST
Anti-C3 antibody (ab11887) 1:10 Abcam
Anti-mouse IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 647 Conjugate) #4410 1:1,000 CST
Anti-rabbit 1gG (H+L), F(ab’)2 Fragment (Alexa Fluor® 488 Conjugate) #4412 1:1,000 CST
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