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Background: The aggressive phenotype of fibroblast-like synoviocytes (FLSs) is essential
in the synovitis and bone destruction in rheumatoid arthritis (RA). Punicalagin is a natural
polyphenol extracted in pomegranate juice, which possesses antioxidant, anti-inflammatory
and anti-tumor properties suggesting it may be a potent drug for RA therapy. However, there
is paucity of information on its effect in RA.

Objective: To investigate the effects of punicalagin on synovial inflammation and bone
destruction in RA.

Methods: FLSs were isolated from synovial tissue of RA patients. The mRNA levels were
evaluated by quantitative real-time PCR. Western blot was used for protein level measure-
ments. The secretion of pro-inflammatory cytokines and metalloproteinases (MMPs) was
detected by ELISA assays. Edu staining assays were carried out to investigate the prolifera-
tion of FLSs. Cell migration was assessed by Boyden chambers, wound scratch assays and
F-actin staining in vitro. The intracellular translocation of nuclear factor kappa B (NF-«B)
was investigated using immunofluorescence. The effects of punicalagin in vivo were mea-
sured by using collagen-induced arthritis (CIA) mice.

Results: Punicalagin treatments significantly reduced the TNF-a induced expressions of pro-
inflammatory cytokines (IL-1, IL-6, IL-8 and IL-17A) and MMPs (MMP-1 and MMP-13)
of RA FLSs. Punicalagin also suppressed the proliferation and migration of RA FLSs.
Moreover, punicalagin (50mg/kg/d) alleviated arthritis severity and bone destruction, and
decreased serum IL-6 and TNF-a in CIA mice. Further mechanism studies indicated that
punicalagin blocked NF-kB activation via suppressing phosphorylation of IKK and IkBa,
and preventing the translocation of 65.

Conclusion: Our findings suggested that punicalagin might be one of natural therapeutic
compounds for relieving RA progress via suppressing FLSs inflammation and migration
through modulating NF-xB pathways.

Keywords: rheumatoid arthritis, punicalagin, fibroblast-like synoviocytes, migration, pro-
inflammatory cytokines

Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease featured by synovitis
and hyperplasia, as well as bone destruction. Fibroblast-like synoviocytes (FLSs)
play pivotal roles in pathophysiological process of synovial inflammation and bone
destruction.' RA FLSs can secrete high concentrations of pro-inflammatory
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cytokines, such as interleukin-13 (IL-1pB), IL-6 and tumor
necrosis factor (TNF-o). Moreover, activated RA FLSs
also exhibit tumor-like characters, such as vigorous pro-
liferation, aggressive migration and high invasion, which
are of critical importance in pannus development, cartilage
and bone destruction.” Therefore, modulating the inflam-
mation, inhibiting proliferation and migration of RA FLSs
is potential therapeutic strategy in treatments of RA.’

It has been recently reported that the intakes of poly-
phenol enriched fruits have beneficial effects in diabetes,
arthritis.*>

Pomegranate is the common fruit in Asian for hundreds

cerebrovascular  diseases, tumors, and
of years. It is famous as “fruit of healing” as eating this
fruit has effects

Punicalagin is the most enriched polyphenols in pomegra-

beneficial in multiple diseases.
nate, which offer effects in medicine, such as antioxidant,
effects.®’
researches revealed that punicalagin treatments reduced
(LPS)-induced

responses in macrophage-derived RAW264.7, astrocytes

anti-inflammatory, and anti-cancer Recent

the lipopolysaccharide inflammatory
and microglial BV-2 cells.*’ Punicalagin has been shown
to suppress proliferation in various cell lines, such as
human oral tumor cells, colon and prostate tumor
cells.'®"" Moreover, punicalagin inhibited migration and
invasion of MCF-7 cells,'? osteosarcoma cells and human
A2780 ovarian cancer cells in vitro'?. Interestingly, puni-
calagin also had been reported to reduce the expression of
matrix metalloproteinases (MMP).'>!4

The above studies suggest punicalagin are potentially
useful in the treatments of chronic inflammatory diseases
and tumors. However, to date, the potential effects of
punicalagin in RA are not clear. For this reason, we inves-
tigated the effects of punicalagin in collagen-induced
arthritis (CIA) mice. We also investigated the potential
effects of punicalagin in pro-inflammatory cytokines and
MMPs production, cell proliferation, migration and its
underlying mechanisms, with hope to provide new basis
for the nutritional preventive strategy of RA.

Materials and Methods

Patients

A total number of 12 patients with active RA (10 female
and 2 male, aged from 42 to 63 years-old) were recruited
for this study. The diagnosis of RA was based on the 1987
revised criteria for American College of Rheumatology
(ACR)."® Active RA was defined as disease activity score
in 28 joints and four variables including C-reactive protein

(DAS28-CRP) >3.2. The demographics of RA patients are
shown in Supplemental Table 1. Synovial tissues were

obtained from active RA patients undergoing synovectomy
or joint replacement.

Ethical Approval

All experimental procedures in this work were carried out
according to the Declaration of Helsinki and approved by
the Clinical Research Ethics Committee of the First
Affiliated Hospital of Sun Yat-sen University (SYSU)
University. Informed consent was obtained from every
patient before the recruitment. Animal handling and pro-
cedures were approved by the Animal Care and Ethics
Committee of SYSU and complied with the Guide for
the Care and Use of Laboratory Animal published by the
US National Institutes of Health (NIH publication, Eighth
edition, 2011).

Reagents and Antibodies

For cell culturing, Dulbecco’s Modified Eagle Medium F12
(DMEM/F12) cell culture mediums, fetal bovine serum
(FBS), penicillin/streptomycin reagent, trypsin ethylenedia-
minetetraacetic acid (EDTA) and phosphate buffer saline
(PBS) were supplied by Invitrogen (Carlsbad, CA, USA).
TNF-a for in vitro studies was purchased from R&D
Systems (Minneapolis, MN, USA). Punicalagin was
obtained from MedChemExpress (MCE) (USA).

Cell Culture

The FISs were isolated from individual patients immedi-
ately after sample collection, as we described previously.'®
Briefly, freshly harvested synovium tissue was cut into
small pieces, then digested for 2 h (37°C) using collage-
nase in DMEM/F12 medium. Human RA synoviocytes
were cultured in DMEM/F12 medium (10% FBS, 100 U/
mL penicillin and 100 mg/mL streptomycin) at 37°C in an
incubator with 5% CO,. All RA FLSs used in this study
were between passages 3 and 6.

Methyl-Thiazol Tetrazolium Cytotoxicity
Assay

RA FLSs were cultured with or without Punicalagin
(12.5uM-100uM) for 48h. The supernatant of the cell cultures
were then replaced by medium containing methyl-thiazol
tetrazolium (MTT, Sigma-Aldrich) and incubated for
0.5 h. The resulting formazan was resuspended using acidified
isopropanol and quantified at 570 nm (620 nm as reference).
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EdU Proliferation Assay

The effects of punicalagin on proliferation of RA FLSs
were measured by 5-ethynyl-2-deoxyuridine (EdU) assay.
Cells were treated with different concentrations of punica-
lagin (12.5, 25 and 50uM) for 24 h. Then, cells were
plated into 96-well cell culturing plates at 1x10% cells/
well and cultured for 24 h in serum-free medium. After
starving, the cells were incubated with 50 uM EdU for
8 h. EdU incorporation was assessed in triplicate using
a Cell-Light™ EdU Apollo®488 in vitro Imaging Kit
(Ribobio, Guangzhou, China) following the manufac-
turer’s protocol. The experiment was independently
repeated three times.

Western Blot Analysis

The method of Western blotting analyses was performed as
described previously.!” Bicinchoninic acid (BCA) protein
assay kit (Pierce, Rockford, IL, USA) was used to detect
protein concentrations. Equal amounts of protein were solu-
bilized in Laemmli buffer (pH 6.8, 62.5 mM Tris-HCI, 10%
glycerol, 2% SDS, 5% B-mercaptoethanol, and 0.0625%o
bromophenol blue), boiled for 5 minutes, separated by
12% SDS-PAGE, and transferred to nitrocellulose mem-
branes (EMD Millipore, Billerica, MA, USA). The mem-
branes were probed with the following primary antibodies:
phosphorylated-IKK, IxBa, phosphorylated-IxBa and B-
actin (all from Cell Signaling Technology, Danvers, MA,
USA) in TBS/Tween-20 containing 5% non-fat milk at 4°C
overnight. The membranes were incubated with the second-
ary antibodies for 1 hr at room temperature. A peroxidase-
conjugated secondary antibody (1:5000 dilution, BOSTER
Biological Technology Co. Ltd, Wuhan, China) and
enhanced chemiluminescence Western blot detection
reagents (NCI4106, Pierce, ThermoFisher) were used to
visualize the target proteins. Each blot is representative of
at least 3 independent experiments. The film was scanned
by a high-resolution scanner, densitometry was performed
using AlphaEaseFc software on a Fluorchem 8900 system
(Alpha Innotech, San Leandro, CA, USA).

ELISA Detection of Pro-Inflammation
Cytokines and MMPs in Culture

Supernatant

ELISA assay was performed to detect verify IL-1p, IL-6,
IL-8, IL-17A, MMP-1 and MMP-13 in culture superna-
kits (R&D Systems,
Minneapolis, MN, USA). As briefly, prepare controls,

tant by using commercial

samples and working standards, add 100 pL of Assay
Diluent RDIW to each well. Then add 100 pL of stan-
dard, control, or samples per well. Cover with the adhe-
sive strip and incubate for 2 h at room temperature.
Aspirate each well and wash for 3 times. Wash by filling
each well with Wash Buffer (400 pL) using a squirt bottle,
manifold dispenser, or auto-washer. After the last wash,
remove any remaining Wash Buffer by aspirating or
decanting. Invert the plate and blot it against clean
paper towels. Add 200 pL of human IL-1p, IL-6, IL-8,
IL-17A, MMP-1 and MMP-13 conjugate to each well,
respectively. Cover with a new adhesive strip and incu-
bate for 2 h at room temperature. Aspirate each well and
wash for 3 times. Add 200 pL of substrate solution to
each well and incubate for 20 minutes at room tempera-
ture. Add 50 pL of stop solution to each well. The color in
the wells should change from blue to yellow. Determine
the optical density of each well within 30 minutes, using
a microplate reader set to 450 nm. The culture supernatant
was tested in triplicate.

Quantitative Real-Time PCR Analysis

Total RNA was isolated by TRIzol reagent (Invitrogen, San
Diego, CA, USA) according to the manufacturer’s protocol.
Purified RNA samples were reverse transcribed with
a PrimeScript™ RT reagent kit (Takara, Dalian, China)
according to the manufacturer’s instructions. IL-1f, IL-6,
IL-8, IL-17A, MMP-1 and MMP-13 mRNA levels were
determined by real-time PCR using CFX384 Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA) and
SYBR Green qPCR Master Mix (Takara). Primers are listed
in Supplemental Table 2, and p-actin was used as

a quantitative control for RNA levels. To quantify the rela-
tive expression of each gene, Ct values were normalized to
the endogenous reference (ACt=Ct target- Ct 18S rRNA)
and compared with a calibrator using the AACt method
(AACt =ACt sample-ACt calibrator).

Transwell Assays for Vertical Migration

The effects of punicalagin on vertical migration RA FLSs
were detected using transwell assays according to the
method previously described.'® In short, DMEM containing
TNF-o (10ng/mL, R&D Systems, Minneapolis, Minnesota,
USA) as a chemoattractant was placed in the lower well. RA
FLSs (final concentration 6.0x10* cells/mL) were suspended
in serum-free DMEM in the upper well. The chamber was
incubated at 37°C, 5% CO, for 8 h. After incubation, use
a cotton swab to remove non-migrating cells from the upper
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surface of the filter. The filter was fixed in methanol for 15
min and stained with 0.1% crystal violet for 15 min.
Chemotaxis was quantified by counting the stained cells
that migrated to the underside of the filter using an optical
microscope (magnification 100%). For each assay, the
stained cells were counted as the average number of cells
per 10 random fields. Assays were performed in triplicate.

Wound Healing Assay for Horizontal
Migration

The effects of punicalagin on the horizontal migration of
RA FLSs were detected by wound healing assay.'® RA
FLSs were seeded into 6-well plates to almost total con-
fluence. An artificial homogenous wound was created onto
the monolayer with a sterile 10-uL tip. After scratching,
the culture dishes were washed with serum-free medium.
Images of cells migrating into the wound were captured by
an inverted microscope (* 100), and the area of scratch
was measured by ImageJ 1.47 analysis system (National
Institutes of Health, Bethesda, MD, USA).

F-Actin Staining for Reorganization of

Actin Cytoskeleton

The effect of punicalagin on regulating RA FLSs actin
cytoskeleton reorganization was detected by F-actin
staining. RA FLSs were seeded on sterilized glass cov-
erslips in 35-mm dishes. The cells were stimulated with
punicalagin for 24 h, then they were fixed with paraf-
ormaldehyde and infiltrated with 0.3% Triton X-100 in
PBS. To detect F-actin, the cells were incubated with
phalloidin overnight. The cells were then incubated with
DAPI and the cover slips were mounted on glass slides
with anti-fade mounting media, and the confocal fluor-
escence microscope (LSM 710, Zeiss, Germany) was
used for inspection.

CIA Mice and Treatments

Based on the reported method,'”** DBA/1 mice (male,
SLAC Laboratory Animal
Shanghai, China) were intradermally injected at the tail

89 weeks, Company,
base with 200mg of bovine type II collagen emulsified
at a 1:1 ratio (vol/vol) in Freund’s complete adjuvant
(day 0), and then boosted 21 days later using bovine
type II collagen emulsified at a 1:1 ratio in incomplete
Freund’s adjuvant (day 21). CIA mice were randomly
treated daily by intraperitoneal injection of DMSO (n=8)
or punicalagin (50mg/kg/d, n=8) for 14 days, which was

initiated on the second day of booster immunization
(day 22). We also set up a normal control group includ-

ing 8 mice without any treatment.

Assessment of Clinical Scores and Paw
Thickness

When the symptoms of arthritis appeared, the rats were
monitored every other days for signs of arthritis. The
arthritis severity was scored on a scale as follows: 0,
normal joints; 1, swelling and redness of at least 1
joint; 2=swelling in >1 joint; 3, moderate swelling in
the and 4,
ankylosis.?! The total clinical score was recorded as the

entire  paw; joint deformity and/or
sum for all 4 limbs. Swelling was quantified by measur-
ing the thickness of the first arthritic hind paw with

a caliper in all groups.

Assessment of Pathologic Changes in CIA
Joints

After punicalagin (or DMSO) treatments for 14 consecu-
tive days, samples of the hind limbs were freshly collected
and kept in 10% formalin for 48 h for fixation. After
a series of dehydration, waxing and embedding, the joints
were cut into 5 micrometer (um)-thick slices. The slices
were stained by hematoxylin for 5 minutes, then rinsed
with running water. Next, the slices were stained with
eosin solution for 1~3 min, then wash with water.
Images of specimens were captured under microscope.
Level of inflammatory response, hyperplasia and bone
damages were scored as follow: 0, no symptom shown;
1, mild; 3, moderate; and 4, severe. All scoring was

performed by two blinded pathologists.

Assessment of Serum |L-6 and TNF-a in
CIA Mice

Mice plasma was obtained by the centrifugation of blood
in serum separator Microtainer tubes after cardiac punc-
ture. ELISA assay was used to detect serum IL-6 and
TNF-a. The tested serum, standards and the negative con-
trol were incubated at 37°C for 30 min, and then washed
with PBS for 5 times. Add the enzyme-labeled reagent and
incubated for 2h at room temperature, then washed for 5
times. Next, add 0.05% TMB solution developing solution
A, B. Enter the stop solution to stop the reaction, detect in
a 450nm microplate reader, read and calculate OD value.

https:
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Detection of Serum Biochemical

Parameters of CIA

Serum aspartate aminotransferase (AST) was tested by
AST reagent kit (Rate method), serum alanine aminotrans-
ferase (ALT) was examined by ALT reagent kit (Rate
method), Serum creatinine (CR) was tested by CRE
reagent kit (Enzymatic method). All the measurements
were strictly performed according to the manufacturer’s
instructions (NanJing JianCheng Bioengineering Institute).

Statistical Analysis

Data were presented as meantStandard Error of Mean
(SEM) for continuous variables and presented as frequen-
cies and percentages for categorical variables. Comparison
between groups was evaluated with chi-square test or
Fisher exact test for categorical variables. Comparison
between groups was evaluated with 2-tailed student ¢ test
or one-way ANOVA followed by Bonferroni’s post hoc
comparisons for continuous variables with normal distri-
bution. Between-group comparison was evaluated using
the Mann—Whitney U-test for continuous variables with
nonnormal distribution. A P value of less than 0.05 was
considered significant. Statistical analyses of the data were
performed using SPSS, version 13.0 (IBM).

Results
The Effects of Punicalagin on Cell Viability

Firstly, we use MTT staining to explore the effects of
punicalagin on cell viability of RA FLSs. Punicalagin
significantly inhibited cell viability at concentration of
100 uM when compared with non-treated cells (P<0.05,
Figure 1). Punicalagin at the low concentration (12.5, 25,

1.5
= £ 1.0
= 8
= = *
>3
= = 051
g2
t
0.0-
Punicalagin(pM) 0 125 25 50 100

Figure | Effects of punicalagin on cell viability in RA FLSs. Cell viability was tested
by MTT assays in RA FLSs incubated with punicalagin (at the concentration 12.5, 25,
and 50uM) for 48 h. Data are means of three separated experiments+SEM. *P <
0.05, vs control.

Abbreviations: RA, rheumatoid arthritis; FLSs, fibroblast-like synoviocytes; MTT,
methyl-thiazol tetrazolium cytotoxicity.

50un) has no effect on cell viability. In the subsequent
experiments, we choose the punicalagin concentrations
(12.5, 25, 50uM) that did not affect the cell viability.

Punicalagin Inhibits TNF-a Induced Pro-

Inflammatory Cytokines Production

In order to mimic the local inflammatory microenviron-
ment of the synovium in RA, 10ng/mL of TNF-a was
added to stimulate RA FLSs for 24 h. Under this condi-
tion, punicalagin was able to decrease the mRNA levels of
pro-inflammatory cytokines (IL-1B, IL-6, IL-8 and IL-
17A) induced by TNF-a in RA FLSs (Figure 2A-D).
Moreover, punicalagin also decreased the concentration
of IL-1pB, IL-6, IL-8 and IL-17A in the supernate (Figure
3A-D). These results indicated that punicalagin inhibited
TNF-a induced pro-inflammatory cytokine production in
RA FLSs.

Punicalagin Inhibits Cell Proliferation of
RA FLSs

Aberrant proliferation of FLSs plays a key role in the
process of synovial hyperplasia and pannus formation.
Thus, the effects of punicalagin on the cell proliferation
of RA FLSs were studied. Punicalagin inhibited the pro-
liferation of RA FLSs dose-dependently (Figure 4A-B).
Above results showed that punicalagin exerted an inhibi-
tory effect on the cell proliferation of RA FLSs.

Punicalagin Inhibits in vitro Migration of
RA FLSs

Subsequently, we evaluated the functions of punicalagin
in the migrations of RA FLS by Transwell chamber
assay. The results showed that treatment with punicala-
gin markedly suppressed migrations of RA FLSs in
a dose-dependent manner (Figure 5A). Then, we use
wound healing assays to confirm the effect of punicala-
gin on the migration ability. The results showed that
punicalagin significantly inhibited RA FLSs migrate
into the wounded area (Figure 5B). Dynamic reorganiza-
tion of the actin cytoskeleton is critical for RA FLSs
migration. Therefore, we investigated whether punicala-
gin inhibited the reorganization of the actin cytoskeleton.
As shown in Figure 5C, treatment with punicalagin
inhibited actin stress fiber formation. The above indi-
cated that punicalagin controlled RA FLSs migration
might be via

regulating the reorganization of

cytoskeleton.
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Figure 2 Punicalagin decreased the mRNA expression of pro-inflammatory cytokines in RA FLSs. RA FLS were stimulated with TNF-o (10ng/mL) for 12 h in the presence or
absence of punicalagin (at the concentration 12.5, 25, and 50puM). Quantitative real-time PCR was used to measure the levels of mMRNA expression. A-D, the expression of
mRNA levels of IL-1, IL-6, IL-8 and IL-17A, respectively. Data were normalized to B-Actin. Data represent the mean+SEM of 3 independent experiments. *P < 0.05 vs

control, #p < 0.05 vs TNF-o.

Abbreviations: TNF, tumor necrosis factor; PCR, polymerase chain reaction; RA, rheumatoid arthritis; FLSs, fibroblast-like synoviocytes; IL, interleukin.

Punicalagin Inhibits TNF-a-Induced MMPs

Production

Activated RA FLSs can express high levels of MMPs, which
play key roles in the destruction of cartilage and bone in RA.
Next, we used qPCR and ELISA to detect the production of
MMPs in RA FLSs. The result of qPCR verified that the
mRNA expression of MMP-1 and MMP-13 in RA FLSs was
significantly decreased in the punicalagin group compared
with the untreated group (Figure 6A and B). This was con-
firmed again with ELISA showing significantly decreased
secreted forms of MMP-1 and MMP-13 in the culture super-
natant (Figure 6C and D). As we know, MMPs play irre-
placeable roles in cell invasion, so the results indicated that
punicalagin might inhibit in vitro invasion of RA FLSs by
attenuating MMPs expression.

Punicalagin Suppresses TNF-a-Induced

NF-kB Pathway Activation
Nuclear Factor Kappa-B (NF-kB) is recognized as one of the
main inflammatory pathways in RA, which exhibits high

levels of pro-inflammatory cytokines linked to bone erosion
and disease progression.”” Thus, we try to investigate the
effects of punicalagin on the NF-kB pathway activation. We
found that phosphorylation of IKK and IkBo was markedly
increased after TNF-a stimulation at 15 min. Treatment of
punicalagin (50uM) significantly decreased phosphorylated
IKKp and IkBa in TNF-a-stimulated RA FLSs (Figure 7A).
p65 was a major subunit of NF-kB pathway. Then we ana-
lyzed whether punicalagin affected p65 nuclear translocation.
Immunofluorescence staining showed that TNF-o increased
p65 translocation into the nucleus, and punicalagin signifi-
cantly reduced the level of p65 in the nucleus (Figure 7B).

Punicalagin Attenuates of the Severity of
Arthritis in CIA Mice

Next, we use CIA mice to investigate the in vivo effects of
punicalagin in RA. Histological examinations indicated that
mice received punicalagin had a reduction in pathological
disease severity, as indicated by inflammatory cell infiltra-
tion, synovial hyperplasia and cartilage damage when

1906 "

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove Huang et al
100 600 7
A . 801 B
E E 400 4
2 60 - E
= —
T 5
= = 200 4
204
0- 0 -
Punicalagin vy~ 0 0 12.5 25 50 Punicalagin uM; 0 0 125 25 50
TNF-u (l0ng/mL) - e 1 ! ' TNF-u (10ng/mL) - - c + +
600 < * 200 -
c D =
= = 150
= 400 4 g
= )
® E
& = 100 -
o -
= 200 D
= 504
0- 04
Punicalagin (uM) 0 0 12.5 25 50 Punicalagin (uM) 0 0 12.5 25 S0
TNF-a (10ng/mL> - oS 7t i + TNF-a (l0ng/mL) - = + + *

Figure 3 Punicalagin decreased the supernatant concentration of pro-inflammatory cytokines of RA FLS. RA FLS were stimulated with TNF-a (10ng/mL) for 24 h in the
presence or absence of punicalagin (at the different concentration 12.5, 25, and 50uM). (A-D) The levels of pro-inflammatory cytokines (IL-1B, IL-6, IL-8 and IL-17A) in
supernatants of cell culturing medium were tested by ELISA assays. The data represent the mean * SEM of 3 independent experiments. *P < 0.05 vs control, P < 0.05 vs

TNF-o.

Abbreviations: RA, rheumatoid arthritis; FLSs, fibroblast-like synoviocytes; IL, interleukin; TNF, tumor necrosis factors.

compared to CIA controls (Figure 8A). Evaluation of clini-
cally relevant endpoints showed that the clinical score and
paw thickness in the punicalagin treated group (50 mg/kg/d)
were significantly less than the control group (Figure 8B and
C). To confirm the in vivo effect of punicalagin on the
production of pro-inflammatory cytokines, we used ELISA
assays to detect the serum levels of IL-6 and TNF-a in CIA
mice. We found that the serum levels of IL-6 and TNF-a
were markedly decreased by punicalagin (Figure 8D). The
peripheral blood of mice was obtained to examine the toxi-
city of CIA mice in vivo. The serum levels of ALT, AST and
CRE in the punicalagin group were similar when compared
to that of the control group (Figure 8E and F). These results
suggested that punicalagin attenuated synovial inflammation
and bone destruction of CIA mice. Moreover, punicalagin
did not show any evidence of hepatocyte or glomerular injury
as determined by serum biochemical parameter tests.

Discussion
Due to the high cost and the increasing risk of serious
infections, the application of biologics is limited in clinical

practice, especially in developing countries. Therefore,
effective and safe treatments are urgently needed. Recent
investigations provided evidences for the potential bene-
ficial effects of natural polyphenols. It was demonstrated
that polyphenol enriched foods produce protective effects
against several chronic diseases, such as diabetes,>
Alzheimer’s disease,”* and cardiovascular diseases.?
However, its effects on RA and its mechanism are not
clear. In this study, we focused on polyphenols extracted
from natural sources, and found a novel function of on
inhibition of inflammation and tumor-like properties of
RA FLSs. Our results also suggested punicalagin blocked
the TNF-a-simulated activations of NF-kB signaling path-
way. Treatments of punicalagin alleviated synovial inflam-
mation and bone destruction in vivo without hepatocyte or
glomerular injury. Collectively, our findings suggested that
punicalagin was a potential treatment for RA.

RA synovium produces various of pro-inflammatory
cytokines including TNF-q, IL-1B, IL-6, and IL-17A which
is involved in synovial pannus formation, osteoclast activa-
tion and joint destruction via activation of macrophages,
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Figure 4 Punicalagin inhibited the cell proliferation of RA FLSs. (A) Cell proliferation was tested by EdU incorporation assays. Representative images show the proliferation
of RA FLSs (A) labeled with EdU (red) (original magnification, x200). (B) The bar represents the relative proliferation rate of RA FLSs. Graphs in A indicated the mean *
SEM of 3 independent experiments involving 6 different RA patients. *P < 0.05 vs control.

Abbreviations: RA, rheumatoid arthritis; FLSs, fibroblast-like synoviocytes.
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Figure 5 Punicalagin suppressed in vitro migration of RA FLSs. (A) Chemotaxic migration of RA FLSs was evaluated using a Transwell assay. Representative images (original
magnification, X100) are shown. Graphs indicate the relative migration rates. The relative migration rate represents the number of migrated cells normalized to the control.
(B) The migration of RA FLSs was analyzed using a wound-healing assay. Representative images are shown (original magnification, x50). (C) Effect of punicalagin on the actin
cytoskeleton reorganization of RA FLSs. F-actin (red) and nucleus (blue) were stained with phalloidin and DAPI, respectively. Representative images are shown (original
magnification, x100). Data are shown as the mean + SEM of 3 independent experiments involving 5 different RA patients. *P < 0.05 vs control.

Abbreviations: RA, rheumatoid arthritis; FLSs, fibroblast-like synoviocytes.

1908 "o Journal of Inflammation Research 2021:14

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Huang et al

Fold change of MMP-1
mRNA expression

U -
Punicalagin (uM)

TNF=¢ (10ng/mL) - . + +

600

400 1

200 A

MMP-1(pg/ml)

0 -
Punicalagin (uM)

TNF-¢ (10ng/mL) - = + + +

Fold change of MMP-13
mRNA expression

0 -
Punicalagin (uM) o 0 12.5 25 50

TNF-a (10ng/mL} - ” 2 + +

200 4 * *

MMP-13(pg/ml)

Punicalagin (uM) 0 0 12.5 25 50

TNF-a (10ng/mL) = * + + +

Figure 6 Effects of punicalagin on the production of MMPs in RA FLSs. (A-B) RA FLS were stimulated with TNF-a (10ng/mL) for 12 h in the presence or absence of
punicalagin (at different concentration 12.5, 25, and 50uM). mRNA expression levels of MMP-1 (A) and MMP-13 (B) were measured by q-RT PCR. (C-D) The levels of MMP-
I (C), and MMP-13 (D) secreted in culture media by TNF-a stimulated (10ng/mL for 24 h) RA FLSs were measured with ELISA. Data represent the mean+SEM of 3

independent experiments. *P < 0.05 vs control, “P < 0.05 vs TNF-o.

Abbreviations: RA, rheumatoid arthritis; FLSs, fibroblast-like synoviocytes; MMPs, metalloproteinases.

FLSs, helper T (Th) cells and osteoclasts.?® In addition, IL-8
is an important chemokine, which promotes neutrophil che-
motaxis to the inflammation site.”” With the promoting
effects of pro-inflammatory cytokines, RA FLSs are able to
release the chemokines and MMPs to enhance synovial
inflammation and bone destruction. Recent in vitro studies
indicate that punicalagin potently suppressed the production
of pro-inflammatory cytokines in LPS-activated microglia
and RAW264.7.5%2% Besides, in vivo researches reported
that punicalagin attenuated ischemia/reperfusion injury and
lung edema through inhibiting IL-6 and TNF-a productions
in mice.***' In addition, punicalagin significantly decreased
protease-activated receptor-2-induced increases in IL-8,
IFN-y, and TNF-a in the human podocyte cell line.
Notably, punicalagin significantly alleviated kidney injury
in NZB/W F1 mice. The results suggest that punicalagin is
a potential therapeutic agent for lupus nephritis.*? Another
study also suggested the punicalagin exerted a protective role
in ankylosing spondylitis via reducing oxidative stress and
the production of inflammation cytokines by the Th17 cells

and the IL-17A/IL-23 axis.> In our findings, we

demonstrated that the treatments of punicalagin significantly
down-regulated the expression and secretion of IL-1p3, IL-6,
IL-8 and IL-17A. These findings make punicalagin
a promising target for anti-inflammatory therapies of RA.
RA FLSs are the most common cell type that contri-
bute to joint destruction through their production of cyto-
kines, chemokines, and MMPs and by migrating and
invading joint cartilage. Therefore, regulation the migra-
tion of RA FLSs might be a new treatment strategy for the
joint destruction progress of RA. Recently, several
that inhibited

in vitro migration in many tumor cell lines, such as breast
2 34

researches demonstrated punicalagin

cancer cells,'> osteosarcoma cells,>* ovarian carcinoma
cells, cells.!*

Consistently, our findings suggested that punicalagin treat-

and non-small cell lung cancer
ments inhibited migration of RA FLSs, revealed by both
transwell assay and wound healing assay. Cell cytoskele-
ton rearrangement plays an essential role in regulating the
direction of cell migration and invasion. Our study demon-
strated that punicalagin prevented F-actin remodeling in

RA FLSs. All of the results indicated punicalagin inhibited
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Figure 7 Punicalagin inhibits TNF-o induced NF-kB pathway activation and pé5 relocation. (A) RA FLSs were pre-incubated with punicalagin for 24 h and TNF-o (10 ng/mL)
for |5 min. Phosphorylation of IKK and IkBo induced by TNF-o was analyzed by Western blot analysis. The right panel shows a densitometric analysis of Western blots. The
experiment was repeated at least three times. Each bar represents mean * SD from 6 RA patients. *P < 0.05 vs control, *P < 0.05 vs TNF-q. (B) Immunofluorescence
staining analysis of p65 localization. RA FLSs were pre-incubated with 50uM punicalagin for 24 h and TNF-a (I0ng/mL) for 15 min, fixed, and then underwent
immunofluorescence assay. The cells were stained with anti-p65 (in green) and DAPI (in blue). Representative 200% images.

in vitro migration of RA FLSs. Many previous studies
have shown that the high expression of MMPs in RA
FLSs were essential to cell invasion and collagen
degradations.®® In our study, we found punicalagin
decreased the production of both MMP-1 and MMP-13.
This finding was consistent with the previous finding in
human PM10-exposed keratinocytes.>” More interestingly,
it has been reported that punicalagin had an effect of

ameliorating mitigate osteoarthritis-induced cartilage
erosion.”®

NF-«B is a transcription factor that participates in regu-
lating the expression of pro-inflammatory genes. In RA,
activated NF-kB pathway was a key regulator in the devel-
opment of synovial inflammation and joint destruction.*
NF-kB activation could be modulated at multiple steps. In

this study, we observed that punicalagin suppressed the TNF-

1910

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove Huang et al

Normal CIA+DMSO CIA+Punicalagin
- [E Normal

B CIA+DMSO

[ ClA+Punicalagin

'S

Histology score

- CIA+DMSO -= CiA+Punicalagin

%71 = cla+DMSO ~+ Normal

P -= ClA+Punicalagin
5 %
k> 10 -~
w £ B
8 e E
2 =
= * kK a
[ * *
1 2 4 6 8 10 12 14 1 2 4 6 8 10 12 14
Treatment time(days) Treatment time(days)
150 % 150
o *
= E
E 100 Ep 100
% # e #
£ 5
) E 50
o [}
B & &
& s"go & +°‘6$ -0“?0 &
F & ¥ 5
¥ ¥

m
M

o
-1

g

-
=1

Cr (pmol/L)
=

AST (U/L)
¥
ALT (U/L)

-
wm

o
P S £ F £ S
. c}"’ & ,Qoﬁ * (__\?f 3,,9@ ﬁ 0\?50 3\»“"?@
& ¥ &

Figure 8 Punicalagin attenuated arthritis severity of CIA mice. Mice were treated with either dimethyl sulfoxide (DMSO; vehicle) or punicalagin (50 mg/kg/day) for 14 consecutive
days. (A) H&E staining in the upper panel was used to observe synovial infiltration, hyperplasia, and bone destruction (% 100). Safranin O/Fast green staining to proteoglycan
depletion was shown in the lower panel (Original magnificationx 100). The blue arrow represents inflammation infiltration, the black arrow represents bone erosion, the white
arrow represents the hyperplasia. *P < 0.05 vs Normal, “P < 0.05 vs CIA. (B-C) Punicalagin ameliorated clinical scores and paw swelling (change in paw thickness) of mice. Data
represent the mean+SEM of 3 independent experiments. *P < 0.05 vs DMSO. (D) Punicalagin decreased the serum levels of IL-6 and TNF-a of CIA mice. The levels of the cytokines
were measured by ELSIA. (E) Serum level of aspartate aminotransferase (AST) and alanine aminotransferase (ALT). (F) Serum level of creatinine (CRE), respectively. *P< 0.05 vs
normal control, P < 0.05 vs DMSO.

Abbreviation: H&E staining, hematoxylin and eosin staining.
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o induced phosphorylation of IKK and IkBa, and the intra-
cellular translocation of p65, suggesting that punicalagin
regulated NF-kB pathway activation via interfering in early
IKK signaling pathway. Consistent with our data, previous
studies have shown that punicalagin inhibited activation of
NF-«B signal pathway in RAW264.7 macrophages,® BCPAP
cells,*” osteoblast cell lines.** Our findings suggested that the
regulations of NF-xB pathway was potentially involved in
the beneficial effects of punicalagin.

CIA model is commonly used in the studies of RA. To
confirm whether punicalagin have effect on RA in vivo, CIA
mice received treatments of punicalagin (50 mg/kg/day) in our
study. We demonstrated that punicalagin alleviated limb
edema and swelling in CIA mice. Punicalagin decreased
serum levels of both IL-6 and TNF-a
Pathological analysis indicated punicalagin treatments signifi-

in CIA mice.

cantly attenuated the cellular infiltration, synovial hyperplasia,
and cartilage destruction in CIA mice. Thus, our research
demonstrated that punicalagin exert anti-arthritis effects
of CIA.

To the best of our knowledge, this is the first study to
report that punicalagin can exert a potent curative effect in
CIA mice without obvious toxicity. We also confirmed that
punicalagin had multiple effects on RA FLSs in vitro.
However, it had its own limitations. More researches are
needed to further explore the underlying mechanism of puni-
calagin in the treatment of RA. Moreover, studies are
required in the human body after consumption of punicalagin
from pomegranate juice, thus promote its future application.

Conclusions

Our findings provided new in vivo and in vitro evidences
for the anti-arthritis effects of punicalagin in RA. We
identified the inhibitory effects of punicalagin in the pro-
duction of pro-inflammatory cytokines and MMPs by sup-
pressing activations of NF-kB pathway. Punicalagin also
suppressed the proliferation and migration of RA FLSs.
Moreover, punicalagin alleviated arthritis severity and
bone destruction, and decreased serum levels of both IL-
6 and TNF-a in CIA mice. In summary, these results
indicated that punicalagin was one of the natural therapeu-
tic compounds to prevent and treat of RA.
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