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1. Introduction
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Background. Ankylosing spondylitis (AS) is a chronic inflammatory disease characterized by sacroiliitis and spinal rigidity of the
axial joints. The role of oxidative stress and increased proinflammatory cytokines is well documented in AS pathogenesis.
Punicalagin (2,3-hexahydroxydiphenoyl-gallagyl-D-glucose), an ellagitannin widely present in pomegranates, is found to exhibit
potent anti-inflammatory, antiproliferative, and antioxidative effects. The present study was undertaken to investigate the effects
of punicalagin in a rodent model of AS. Methods. BALB/c mice induced spondylitis were sacrificed 24 h after the last injection of
proteoglycan extract. Histological scoring was done to assess the degree of the disease. The expression of JAK2/STATS3 proteins
and proteins of the nuclear factor-«B (NF-«xB) pathway was determined by immunoblotting. Serum levels of inflammatory
mediators—TNF-q, IL-16, IL-6, IL-17A, and IL-23—were assessed. Levels of lipid peroxidation and reactive oxygen species
(ROS) were quantified. Antioxidant status as a measure of activities of antioxidant enzymes—catalase (CAT), glutathione
peroxidase (GPx), and superoxide dismutase (SOD)—was determined. Results. Punicalagin effectively improved antioxidant
status and decreased lipid peroxidation, ROS production, and serum levels of inflammatory mediators. NF-xB pathway and
JAK2/STATS3 signaling were significantly (p < 0.05) downregulated. Punicalagin effectively regulated the production of cytokines
by the Th17 cells and the IL-17A/IL-23 axis. Conclusion. The observations suggest that punicalagin exerts a protective role in AS
via reducing oxidative stress and regulating NF-xB/TH17/JAK2/STAT3 signal. Punicalagin thus could be explored further as a
potent candidate compound in the treatment of AS.

induction of TNF-« and various other inflammatory cells.
However, the exact mechanism in the AS pathogenesis is still

Ankylosing spondylitis (AS) is a chronic, progressive inflam-
matory condition with a global prevalence rate of 0.1-1.4%
[1]. AS primarily affects the lumbar spine and sacroiliac
peripheral joints, eventually leading to bony ankylosis, pain,
and disability [2]. Spinal fusion due to abnormal syndesmo-
phyte formation limits spinal mobility and reduces the life
quality of patients with AS [3, 4]. Studies have reported dis-
turbed cytokine networks and elevated reactive oxygen spe-
cies (ROS) levels in AS [5-7]. Proinflammatory cytokines
have been involved in the stimulation of osteoclasts and the

under investigation and seems to involve a variety of factors.
Many studies have shown that cytokine network abnormality
is an important feature of AS pathology [6, 7]. Of all the
interleukins secreted by Th17 cells, IL-1, IL-17, and IL-26
are most specific to Th17 cell response [2, 8-11]. NF-«B sig-
naling, one of the significant pathways of the inflammatory
process, is found to be involved in the etiology of AS [12].
NF-«B induces the expression of TNF-w, IL-1f, and other
proinflammatory cytokines [13, 14]. TNF-«a is found to
induce further NF-«B by positive feedback regulation by
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binding to TNF receptors (TNFR1 or TNFR2) [15]. Janus
kinase (JAK) signaling is found to play a key role in bone
development and metabolism [16]. Janus kinases 1/2/3
(JAK1/2/3) and tyrosine kinase 2 (TYK2), along with activa-
tors of transcription (STAT) signaling and signal transduc-
ers, are the major factors in the transmission of pro- and
anti-inflammatory cytokine signals [17, 18]. The JAK2/-
TYK2-STAT3 signal is found to be involved in IL-23-
mediated regulation of Th17 cells. Thus, JAK-2/STATS3 sig-
naling could be considered a major target in the treatment
of AS [19]. Increased levels of ROS have been reported to
be involved in the pathogenesis of AS [20]. During the
inflammatory process, cells as neutrophils produce raised
levels of ROS that lead to oxidative stress. The elevated
ROS further induce the production of inflammatory media-
tors as acute-phase proteins [21, 22].

Several plant-derived compounds have been shown to
possess neuroprotective effects [5, 23, 24]. Punicalagin
(2,3-hexahydroxydiphenoyl-gallagyl-D-glucose) is an ella-
gitannin and is the major bioactive polyphenol widely
present in pomegranates. Punicalagins are water-soluble
and hydrolyzed to smaller phenolic compounds. Punicala-
gin is found to exhibit potent anti-inflammatory, antioxi-
dant, and antiproliferative effects [25, 26]. Previously, it
was reported that punicalagin would be beneficial in some
diseases, including Alzheimer’s disease [27], memory
impairment [28], and endometritis [29], which is due to
its inhibitory effects on MAPK and NF-xB activation. Puni-
calagin treatment effectively inhibits proinflammatory cyto-
kine, nuclear factor kB (NF-xB), and mitogen-activated
protein kinase (MAPK) expression in vitro in osteoporosis
[30]. Punicalagin which has potent anti-inflammatory
effects could be beneficial for ankylosing spondylitis like
chronic progressive inflammatory conditions. However, no
published study has fully investigated the effects of punica-
lagin on the development of AS. Therefore, the present
work studies the effects of systemic administration of puni-
calagin in AS-induced mice to determine whether punicala-
gin administration can relieve ankylosing spondylitis in an
AS mouse model.

2. Materials and Methods

Antibodies against JAK2, STAT3, p-JAK2, and p-STAT3
were procured from Cell Signaling Technology (Danvers,
MA, USA). TNF-a, NF-«B p65, IxBa, p-IxBa, p-IKKa, IKKa,
p-IKKp, IKKp, horseradish peroxidase-labeled IgG second-
ary antibodies, and S-actin were purchased from Santa Cruz
Biotechnology (Texas, USA). Punicalagin and the buffers
used in expression studies were purchased from Sigma-
Aldrich (St. Louis, MO, USA). ELISA Kkits for the determina-
tion of cytokines—TNF-«, IL-1f, IL-6, IL-17A, and IL-
23—were obtained from BioLegend (San Diego, CA, USA).
Levels of ROS production and lipid peroxidation (malondial-
dehyde content) were measured using kits from Abcam,
USA. Superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GPx) enzyme activities were assessed
using kits from Abcam, USA. All other reagents and chemi-
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cals used in the study were procured from Sigma-Aldrich,
otherwise mentioned.

2.1. Experimental Animals. BALB/c mice (male, 25-30¢g; n
=60) were sourced from the University Laboratory Animal
Facility. The experimental design and study protocols were
reviewed and approved by the Ethical Committee of the Uni-
versity. The animals were handled with the utmost care, and
the experiments were conducted following the National
Guidelines of the Animal Care Committee in acquiescence
with the International Guidelines for the Study of Laboratory
Animals. The animals were kept in sterile cages (n=6 per
age) under controlled animal house conditions (12h light/-
dark cycle, 23 +£2°C, 55-60% relative humidity). The mice
were provided unlimited access to commercially available
standard mice pelleted diet and water. The mice were accus-
tomed to the animal house environment for five days before
the initiation of the study.

2.2. Study Design. Sixty mice were separated to 6 treatment
groups as follows: (i) normal control—mice received stan-
dard pellet diet; (ii) ankylosing spondylitis group (AS con-
trol)—mice induced with AS and received a standard pellet
diet; and (iii-v) punicalagin treatment groups——mice
induced with AS and received the standard pellet diet and
12.5 mg/kg, 25 mg/kg, and 50 mg/kg of punicalagin, respec-
tively. The doses were chosen based on the results obtained
from previous studies conducted in our laboratory. Punica-
lagin was administered orally every day for 15 days starting
day 1 after the induction of AS. (vi) In the punicalagin con-
trol group, normal mice received a standard diet and
50 mg/kg punicalagin.

2.3. Induction of AS. AS was induced in mice by injecting
(intraperitoneally) human proteoglycan extract (2 mg) dis-
solved in dimethyldioctadecylammonium (DDA; 2mg).
The proteoglycan extract was administered 4 times in two
weeks at an interval of 4 days [31]. Following 2 weeks after
the 1% injection, the animals exhibited symptoms of axial
skeleton ankyloses. The animals were then scored for signs
and symptoms of arthritis as follows: 0—no symptoms, 1—
swelling and reddishness in one of the toes, 2—exhibiting
swelling and redness in more than one toe, 3—stiffness
observed in toes, and 4—deformity in the toes or ankle
involvement. The total score for each mouse was calculated
from the average of scores obtained for each toe [32]. After
24 h of final injection and scoring for symptoms, the animals
were sacrificed, the blood was collected, and the serum was
separated and used for analysis.

2.4. Histological Analysis. The tissue removed from the verte-
bra was exposed to hematoxylin and eosin (H&E) staining.
The extent of the inflammation and spinal damage was
scored as 0 to 4 as described previously ([33]): score 1—pres-
ence of inflammatory cells permeating the annulus fibrosus
and around the intervertebral disc (IVD), 2—Iless than 50%
of the IVD which are affected, 3—greater than 50% of the
IVD which are affected, and 4—presence of bony fusion/fu-
sion of the cartilage in at least 18-22 IVDs (from the cervical
region of the lumbar area).
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2.5. Detection of Oxidative Stress and Antioxidant Enzymes.
Tissues (connective) excised from the vertebra (n=6
/group) were homogenized in ice-cold PBS and centrifuged
at 4°C at 1000 g force for 15min. Activities of antioxidant
enzymes (SOD, CAT, and GPx), lipid peroxidation levels
(MDA content), and ROS production levels were determined
in the supernatant collected. The total protein content in the
supernatant obtained was quantified by the bicinchoninic
acid (BCA) method (protein assay kit, Sigma-Aldrich,
USA). The DCF ROS/RNS Assay Kit (Abcam) was used to
quantify ROS levels. Dichlorodihydrofluorescein DiOxyQ
(DCFH-DiOxyQ), a fluorogenic probe specific to ROS/RNS,
was used in the assay. The fluorescence intensity reflects the
levels of ROS/RNS present in the sample. The intensity was
measured at 480 nm excitation/530 nm emission using Syn-
ergy™ 2 Multi-function Microplate Reader.

The activity of enzymes SOD, CAT, and GPx was deter-
mined by ELISA following instructions specified by the man-
ufacturer. Lipid peroxidation levels in terms of
malondialdehyde (MDA) content were measured using a
lipid peroxidation assay kit (Abcam, USA), and the levels
were expressed as nM MDA formed/mg of protein.

2.6. Determination of Levels of Cytokine and NO. The inflam-
matory cytokine levels of TNF-q, IL-6, Il-17A, IL-1f3, and IL-
23 in the serum were determined by ELISA using kits from
BioLegend according to the manufacturer’s protocol. Levels
of NO were evaluated as nitrite accumulation using Griess
reagent (NO assay kit, Abcam).

2.7. Immunoblotting. Protein expression analysis was per-
formed at 24h after the final injection of proteoglycan
extract. The excised vertebral tissues were homogenized
using cell lysis buffer from Cell Signaling Technology, USA
[20mM Tris-HCI (pH7.5), 1 mM EGTA, 1 mM Na,EDTA,
1% Triton, 150 mM NaCl, 2.5mM sodium pyrophosphate,
1 mM Na,VO,, 1 ug/mL leupeptin, and 1 mM beta-glycero-
phosphate]. The whole-cell extracts obtained were subjected
to centrifugation (1000 g-force, 15 min) at 4°C. The collected
supernatant was used for analysis. Cytosol and nuclear frac-
tions were separated from the whole-cell homogenate using
ReadyPrep™ Protein Extraction Kit (cytoplasmic/nuclear)
from Bio-Rad (CA, USA). The total protein contents of the
whole-cell extracts and in the cytosol and nuclear fractions
were quantified using kits from Thermo Fisher Scientific.
Protein samples of equal concentration (60 pg) from whole
cell, cytoplasmic, and nuclear extracts were loaded on 12%
SDS-PAGE gels and electrophoretically separated. The size-
fractionated protein bands obtained were blot-transferred
onto polyvinylidene difluoride (PVDF) membranes
(Thermo Fisher Scientific). The blotted membranes were
blocked using 5% skimmed milk for 60min to exclude
any endogenous peroxidase activity. Membranes washed
with Tris-buffered saline and Tween-20 (TBST) were
treated with primary antibodies at 4°C overnight. Following
incubation, the membranes were washed with TBST and
incubated further with secondary antibody (horse radish
peroxidase-conjugated; 1:2000, Santa Cruz Biotechnology)
at room temperature for 60 min. Post washing with TBST,

the bands were visualized using an enhanced chemilumi-
nescence system (Millipore, USA). The positive bands
obtained were scanned and analyzed using Image] software
(SuperSignal; Pierce, IL, USA).

2.8. Statistical Analysis. The results of the present study were
statistically analyzed (SPSS software, Version 21.0, IBM Cor-
poration, USA). The data were analyzed by one-way analysis
of variance (ANOVA) and Duncan’s multiple range test
(DMRT). Values at p <0.05 were regarded as statistically
significant.

3. Results

3.1. Punicalagin Reduces the Severity of Disease Progression.
Following 24 h of the last injection, the mice were observed
for symptoms of arthritis and ankyloses. The mice exhibiting
signs and symptoms of arthritis and axial skeleton ankyloses
were scored from 1 to 4 accordingly. The AS control group
animals presented with scores of 3.8 + 0.10 (Figure 1). Puni-
calagin administration resulted in significantly lower scores
(p<0.05). 50mg/kg punicalagin-administered mice pre-
sented scores of 1.5 + 0.08. Punicalagin treatment prevented
stiffness of deformity in the toes.

3.2. Effects of Punicalagin on the Extent of the Inflammation
and Spinal Damage. Histological analysis revealed the extent
of spinal damage. Systemic supplementation of punicalagin
to AS-induced mice was found to significantly (p < 0.05)
delay the progression of the peripheral disease as shown in
Figure 2. The scores of H&E-stained intervertebral joints
showed significant infiltration of inflammatory cells into
the IVD area following AS induction. The observations also
revealed the fusion of the cartilage. Punicalagin at all three
tested doses substantially reduced the infiltration of inflam-
matory cells and prevented damage. AS control animals pre-
sented with scores of 3.6 + 0.22 vs. 1.8 + 0.07 in mice treated
with 50 mg punicalagin.

3.3. Punicalagin Reduces Oxidative Stress. Oxidative stress is
well established in the pathogenesis of AS [5]. ROS and lipid
peroxidation levels were measured in vertebral tissues 24 h
after the last injection of AS. A significant increase in ROS
and MDA levels was observed in AS-induced mice. As shown
in Figures 3(a) and 3(b). ROS generation increased multifold
(410.6%) in the AS control vs. the normal control group.
MDA content was observed to rise to 18.20 nM/mg protein
in AS control mice vs. 1.06 nM/mg protein in the normal
control. Interestingly, treatment with punicalagin signifi-
cantly decreased (p <0.05) ROS levels. The 50mg and
25mg doses were found to be more effective in decreasing
ROS levels in comparison to a lower dose of 12.5 mg. Consis-
tent with the ROS levels, MDA content was also significantly
(p < 0.05) reduced in punicalagin treatment in comparison to
AS control. The punicalagin alone-treated group was pre-
sented with ROS and MDA levels close to normal control.

3.4. Punicalagin on the Activities of Antioxidant Enzymes.
The activities of SOD, CAT, and GPx were assessed following
AS induction. Figures 4(a)-4(c) illustrate the significantly
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FIGURE 1: Punicalagin reduces peripheral disease progression. The results are presented as the mean + SD (n = 6). # represents p < 0.05 vs. AS
control. A-E represent the mean from different treatment groups that differ at p < 0.05.
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FIGURE 2: Punicalagin reduced IVD damage progression. The results are presented as the mean + SD (1 =6). # represents p < 0.05 vs. AS
control. A-E represent the mean values of experimental groups that differ at p < 0.05.

(p <0.05) declined activities of enzymes in AS control ani-
mals vs. the enzyme activities observed in normal control
mice. In AS control, the activities of SOD, CAT, and GPx
were decreased significantly. Punicalagin  markedly
(p<0.05) enhanced the enzyme activities of SOD, CAT,
and GPx activities which were increased.

3.5. Punicalagin Regulated NF-«xB Signaling Cascade. Oxida-
tive stress conditions are known to activate NF-«B signaling,
and proinflammatory cytokines present in AS are also
important/classical activators of the NF-«B signaling path-
way. The pathway is found to be associated with AS patho-
genesis. AS induction caused activation of (p <0.05)
nuclear NF-«B (p65) with substantially (p < 0.05) lower cyto-
solic levels of NF-«xB (p65) (Figures 5(a) and 5(b)). The
observations reveal activation of NF-«B as reflected by upreg-
ulated levels of TNF-« and levels of phosphorylation of the
regulatory kinases such as IKKa, IKKfS, and IxBa
(Figures 5(a)-5(c)). Punicalagin supplementation resulted
in a significant suppression (p < 0.05) of NF-xB p65 (nuclear

fraction) expression vs. AS control. 50 mg dose of punicala-
gin significantly (p < 0.05) inhibited NF-xB p65 levels in the
nuclear fraction. The expressions were found to be decreased
from 190.2% to 112.3%, while 25 mg punicalagin reduced to
149.7%. Punicalagin at the tested doses of 12.5mg/kg,
25mg/kg, and 50 mg/kg significantly (p <0.05) downregu-
lated phosphorylation of regulatory kinases IKKa, IKKJ,
and IxBa vs. the AS control group. Enhanced TNF-«
observed in AS reduced to 127.34% from 191.35% (p < 0.05,
50 mg punicalagin vs. AS control) in animals administered
with punicalagin. In expression analysis of phosphorylated
proteins, the expression of p-protein was normalizing by
the respective non-p-protein expression, and so the increase
or decrease phosphorylation is due to pathway modulation.
These observations suggest the effective inhibition of NF-xB
signaling by punicalagin.

3.6. Punicalagin Reduced Serum Cytokine Levels. Significantly
(p<0.05) elevated serum levels of cytokines—IL-1f, IL-6,
1L-17A, IL-23, and TNF-a, were noticed in AS induction
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(Figure 6). Punicalagin-mediated inhibition of NF-xB signal-
ing cascade was reflected by markedly (p <0.05) declined
serum levels of IL-1p, IL-6, and TNF-a. The serum levels of
IL-13, IL-6, and TNF-a were observed to be decreased signif-
icantly (p < 0.05) on treatment with punicalagin. The levels
of IL-17A and IL-23 were markedly (p < 0.05) reduced on
punicalagin supplementation. Serum levels of NO were sub-
stantially reduced by punicalagin in a dose-dependent fash-
ion. The observations suggest the effective downregulation
of the inflammatory mediators by punicalagin. 50 mg dose
was noted to exert maximal anti-inflammatory effects in
comparison to the other two doses studied.

3.7. Punicalagin Regulates the JAK2/STAT3 Signal. The influ-
ence of punicalagin on the JAK2/STAT3 signaling was
assessed by analyzing the protein expressions by western
blotting. JAK2/STAT?3 signaling was found to be upregulated
following induction of AS as reflected by significantly
(p<0.03) elevated phosphorylation of JAK2 and STAT3
(Figure 7). The expressions of total JAK2 and STAT3 though
were also substantially upregulated vs. normal control. Inter-
estingly, the activation of the pathway was significantly

(p <0.05) downregulated by systemic administration of
punicalagin for 15 days. Increased phosphorylation levels of
JAK2 and pSTAT3 AS control mice were decreased on treat-
ment with punicalagin. Mice administrated with punicalagin
alone presented almost near control levels of p-JAK and p-
STAT3 expressions. The results suggest that punicalagin
effectively regulated the JAK2/STAT3 signal.

4. Discussion

Inflammatory responses implicated in the pathogenesis of
ankylosing spondylitis (AS) lead to erosive osteopenia and
unusual bony overgrowth [34]. Infiltration of inflammatory
cells such as macrophages and lymphocytes, joint fibrosis,
synovial thickening, and bone ankyloses is observed in the
joints [23, 35]. Considering the delay in diagnosis and insuf-
ficient effective therapeutic options available, identification
and development of more effective compounds become inev-
itable. Recently, much research has been focused on the effi-
cacy of plant-derived compounds in AS [24].

In this study, we investigated the effects of systemic
administration of punicalagin in AS-induced mice.
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Punicalagin, an ellagitannin that is the most abundant poly-
phenol, shows significant pharmacological activities, includ-
ing antioxidant, anticancer, and anti-inflammatory
activities. The results of the study demonstrated that punica-

lagin administration significantly decreased the progression
of the disease and decreased the damage of the intravertebral
discs (IVD). Further, a remarkable reduction in the levels of
ROS and lipid peroxidation (MDA) was noticed in
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punicalagin treatment. Oxidative stress has been well docu-
mented as a major factor in the pathogenesis of AS and
reported to be involved in elevated MDA levels in patients
with AS compared to healthy individuals [5, 20, 21]. SOD,
CAT, and GPx are the important antioxidant enzymes that
play crucial roles in scavenging superoxide radicals in cells,
thus reducing radical-induced damage to the biomolecules
and other cellular components [21]. Decreased activities of
the enzymes observed in AS could be due to the excessive
ROS. The excessive and uncontrolled elevated levels of ROS
lead to oxidative stress conditions [36]. Punicalagin effec-
tively improved the activities of all these enzymes such as
CAT, GPx, and SOD which could have in part contributed
to the reduced levels of ROS and MDA content. The signifi-
cant decrease in ROS production levels could also be due to
the direct antioxidant activity of punicalagin.

Abnormal or aberrant inflammatory cytokine pathways
have been well documented in the pathogenesis of AS [37].
Here, we assessed the effects of punicalagin on NF-«B signal-
ing and TNF-a, IL-13, IL-6, IL-23, and IL-17. NF-«B, a chief
transcription factor, is well documented in the regulated
expression of many proteins that are involved in immune

responses [38]. Here, we noticed significantly upregulated
NEF-«B activation as reflected by the increased expression of
NF-«B p65 in nuclear fraction along with elevated levels of
IL-1f, IL-6, and TNF-« in the serum of AS-induced mice.
A previous study by Liu et al. [24] has also demonstrated
increased NF-xB p65 and raised levels of IL-1p, IL-6, and
TNF-« in AS. Punicalagin mediated significantly downregu-
lated phosphorylation of regulatory proteins (IxBa, IKKa,
and IKK-f3) which consequently could have resulted in sup-
pressed activation of NF-«B. Suppression activation of NF-
kB signaling is beneficial as this leads to the decline in the
expressions of several inflammatory response genes regulated
by NF-«xB [24]. NO is known to play a significant role in
inflammatory and immune responses [39]. Punicalagin-
mediated reduced TNF-a, IL-1p, IL-6, and NO serum levels
in AS-induced mice illustrate the anti-inflammatory efficacy.
Further, it has been shown that Janus kinases (JAK) are
major transducers of cytokine signals in Th17 cells [40, 41].
Th17 cells, which is a key player in AS, secrete various
inflammatory mediators such as IL-17, IL- 6, IL-22, IL-26,
interferon- (IFN-) y, and TNF-« [8]. Aberrantly, activation
of IL-23/IL-17 cytokine axis has been noticed in AS [42].
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Melis et al. [43] reported raised serum IL-23 levels in AS. It
has been shown that IL-23R exerts its effects via the JAK2/-
STAT3 signaling upon binding of IL-23 [19]. IL-23 is
regarded as a dominant factor in the inactivation of the
JAK2/STAT3 pathway. The JAK-STAT pathway plays a vital
role in signal transduction activated by growth factors and
cytokines [44]. Our findings illustrated that punicalagin
treatment interfered with the NF-«xB and MAPK pathways,
including JNK and STAT phosphorylation. In immunity
and inflammation, the NF-«B and MAPK pathways play an
important role in regulating the gene levels of the primary
proinflammatory ~ mediators  [45-47].  Interestingly,
punicalagin-mediated downregulated phosphorylation of
JAK2 and STATS3 indicates inhibition of the JAK2/STAT3
signal. A marked decrease in IL-23 and IL-17A levels in the
serum of AS-induced mice was observed on punicalagin
treatment which in part could have contributed to the
reduced levels of serum IL-17A. Also, Mathur et al. [48]
reported that STAT3 phosphorylation is considered an
important event in IL-6 signaling. Thus, punicalagin-
mediated downregulation of the JAK2/STAT3 signal and
IL-23 levels could have contributed to the decrease in IL-17
levels. The results illustrate that punicalagin effectively
reduced the levels of ILs and inflammatory responses. These
observations propose the potent anti-inflammatory roles of
punicalagin.

4.1. Limitation of the Study. We do mention here that the
DCF ROS/RNS assay kit which was used to quantify
ROS/RNS which is meant to use for cell lysates, biofluids,
and culture supernatant. In our study, the homogenization
and centrifugation processes were necessary to prepare the
tissue (connective) samples excised from the vertebra. Con-
sidering the very unstable nature of ROS/RNS and prolonged
homogenization, there is a possibility that we would not have
achieved the very accurate measurement of ROS. However,
results stand valid and significant as all the samples were
processed in similar manners without any variation.

5. Conclusion

Punicalagin was found to exert antioxidative and anti-
inflammatory effects via reducing ROS and lipid peroxida-
tion levels and by regulating the major pathways of inflam-
matory response of NF-xB and JAK2/STAT3 signaling
pathways. Punicalagin could be proved to be a therapeutic
option for ankylosing spondylitis and other chronic inflam-
matory diseases.

Data Availability

All data are provided in this study, and raw data can be
requested to the corresponding author.

Ethical Approval

All procedures performed in studies involving human partic-
ipants were following the ethical standards of the institu-
tional and/or national research committee and with the

BioMed Research International

1964 Helsinki Declaration and its later amendments or com-
parable ethical standards.

Consent

Informed consent was obtained from all individual partici-
pants involved in the study.

Conflicts of Interest

The authors declare there is no conflict of interest.

References

[1] J. Braun and J. Sieper, “Ankylosing spondylitis,” Lancet,
vol. 369, no. 9570, pp. 1379-1390, 2007.

[2] D. Baeten, J. Sieper, J. Braun et al, “Secukinumab, an
interleukin-17A inhibitor, in ankylosing spondylitis,” The
New England Journal of Medicine, vol. 373, no. 26, pp. 2534-
2548, 2015.

[3] J. A. Smith, “Update on ankylosing spondylitis: current con-
cepts in pathogenesis,” Current Allergy and Asthma Reports,
vol. 15, no. 1, p. 489, 2015.

[4] N. Vanaki, S. Aslani, A. Jamshidi, and M. Mahmoudi, “Role of
innate immune system in the pathogenesis of ankylosing spon-
dylitis,” Biomedicine & Pharmacotherapy, vol. 105, pp. 130-
143, 2018.

[5] B. Dong, “Protective effects of sinomenine against ankylosing
spondylitis and the underlying molecular mechanisms,” Med-
ical Science Monitor, vol. 24, pp. 3631-3636, 2018.

[6] E.Gracey, Z. Qaiyum, I. Almaghlouth et al., “IL-7 primes IL-17
in mucosal-associated invariant T (MAIT) cells, which con-
tribute to the Th17-axis in ankylosing spondylitis,” Annals of
the Rheumatic Diseases, vol. 75, no. 12, pp. 2124-2132, 2016.

[7] V. Ranganathan, E. Gracey, M. A. Brown, R. D. Inman, and
N. Haroon, “Pathogenesis of ankylosing spondylitis - recent
advances and future directions,” Nature Reviews Rheumatol-
ogy, vol. 13, no. 6, pp- 359-367, 2017.

[8] C.Dong, “TH17 cells in development: an updated view of their
molecular identity and genetic programming,” Nature Reviews
Immunology, vol. 8, no. 5, pp. 337-348, 2008.

[9] C. Jandus, G. Bioley, J. P. Rivals, J. Dudler, D. Speiser, and
P. Romero, “Increased numbers of circulating polyfunctional
Th17 memory cells in patients with seronegative spondylar-
thritides,” Arthritis and Rheumatism, vol. 58, no. 8,
pp. 2307-2317, 2008.

[10] H. Park, Z. Li, X. O. Yang et al., “A distinct lineage of CD4
T cells regulates tissue inflammation by producing interleu-
kin 17,” Nature Immunology, vol. 6, no. 11, pp. 1133-1141,
2005.

[11] D. Yen, J. Cheung, H. Scheerens et al., “IL-23 is essential for T
cell-mediated colitis and promotes inflammation via IL-17 and
IL-6,” The Journal of Clinical Investigation, vol. 116, no. 5,
pp. 1310-1316, 2006.

[12] J. Sode, Steffen Bank, U. Vogel et al., “Genetically determined
high activities of the TNF-alpha, IL23/IL17, and NFkB path-
ways were associated with increased risk of ankylosing spon-
dylitis,” BMC Medical Genetics, vol. 19, no. 1, p. 165, 2018.

[13] W. Barakat, N. Safwet, N. N. el-Maraghy, and M. N. M.
Zakaria, “Candesartan and glycyrrhizin ameliorate ischemic
brain damage through downregulation of the TLR signaling



BioMed Research International

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

[24]

(25]

[26]

(27]

(28]

cascade,” European Journal of Pharmacology, vol. 724, pp. 43—
50, 2014.

A. Williams, J. Dave, and F. Tortella, “Neuroprotection with
the proteasome inhibitor MLN519 in focal ischemic brain
injury: relation to nuclear factor kB (NF-«B), inflammatory
gene expression, and leukocyte infiltrationst,” Neurochemistry
International, vol. 49, no. 2, pp. 106-112, 2006.

L. Verstrepen, T. Bekaert, T. L. Chau, J. Tavernier, A. Chariot,
and R. Beyaert, “TLR-4, IL-1R and TNF-R signaling to NF-
kappaB: variations on a common theme,” Cellular and Molec-
ular Life Sciences, vol. 65, no. 19, pp. 2964-2978, 2008.

X. Baraliakos, H. Haibel, J. Listing, J. Sieper, and J. Braun,
“Continuous long-term anti-TNF therapy does not lead to an
increase in the rate of new bone formation over 8 years in
patients with ankylosing spondylitis,” Annals of the Rheumatic
Diseases, vol. 73, no. 4, pp. 710-715, 2014.

K. Ghoreschi, A. Laurence, and J. J. O’Shea, “Janus kinases in
immune cell signaling,” Immunological Reviews, vol. 228,
no. 1, pp. 273-287, 2009.
K. L. Winthrop, “The emerging safety profile of JAK inhibitors
in rheumatic disease,” Nature Reviews Rheumatology, vol. 13,
no. 4, pp. 234-243, 2017.

C. Parham, M. Chirica, J. Timans et al., “A receptor for the het-
erodimeric cytokine IL-23 is composed of IL-12Rf1 and a
novel cytokine receptor subunit, IL-23R,” Journal of Immunol-
0gy, vol. 168, no. 11, pp. 5699-5708, 2002.

D. Solmaz, D. Kozacy, 1. Sar1 et al., “Oxidative stress and related
factors in patients with ankylosing spondylitis,” European
Journal of Rheumatology, vol. 3, no. 1, pp. 20-24, 2016.

L. D. Kozaci, I. Sari, A. Alacacioglu, S. Akar, and N. Akkoc,
“Evaluation of inflammation and oxidative stress in ankylosing
spondylitis: a role for macrophage migration inhibitory fac-
tor,” Modern Rheumatology, vol. 20, pp. 34-39, 2014.

B. V. Kural, A. Orem, G. Cimsit, Y. E. Yandi, and
M. Calapoglu, “Evaluation of the atherogenic tendency of
lipids and lipoprotein content and their relationships with oxi-
dant antioxidant system in patients with psoriasis,” Clinica
Chimica Acta, vol. 328, no. 1-2, pp. 71-82, 2003.

X. Gu, H. Wy, and P. Fu, “Allicin attenuates inflammation and
suppresses HLA-B27 protein expression in ankylosing Spon-
dylitis mice,” BioMed Research International, vol. 2013, Article
ID 171573, 6 pages, 2013.

K. Liu, L. Wu, X. Shi, and F. Wu, “Protective effect of naringin
against ankylosing spondylitis via ossification, inflammation
and oxidative stress in mice,” Experimental and Therapeutic
Medicine, vol. 12, no. 2, pp. 1153-1158, 2016.

D. Atrahimovich, A. O. Samson, A. Khattib, J. Vaya, and
S. Khatib, “Punicalagin decreases serum glucose levels and
increases PONI activity and HDL anti-inflammatory values in
Balb/c mice fed a high-fat diet,” Oxidative Medicine and Cellular
Longevity, vol. 2018, Article ID 2673076, 8 pages, 2018.

F. Danesi, P. A. Kroon, S. Saha, D. de Biase, L. F. D'Antuono,
and A. Bordoni, “Mixed pro- and anti-oxidative effects of
pomegranate polyphenols in cultured cells,” International
Journal of Molecular Sciences, vol. 15, no. 11, pp. 19458-
19471, 2014.

E.J. Seo, N. Fischer, and T. Efferth, “Phytochemicals as inhib-
itors of NF-xB for treatment of Alzheimer’s disease,” Pharma-
cological Research, vol. 129, pp. 262-273, 2018.

Y. E. Kim, C. J. Hwang, H. P. Lee et al., “Inhibitory effect of
punicalagin on lipopolysaccharide-induced neuroinflamma-

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

11

tion, oxidative stress and memory impairment via inhibition
of nuclear factor-kappaB,” Neuropharmacology, vol. 117,
pp. 21-32, 2017.

A. Lyu, J. J. Chen, H. C. Wang et al., “Punicalagin protects
bovine endometrial epithelial cells against lipopolysaccharide-
induced inflammatory injury,” Journal of Zhejiang University-
SCIENCE B, vol. 18, no. 6, pp. 481-491, 2017.

W. Wang, J. Bai, W. Zhang et al., “Protective effects of punica-
lagin on osteoporosis by inhibiting osteoclastogenesis and
inflammation via the NF-xB and MAPK pathways,” Frontiers
in Pharmacology, vol. 11, p. 696, 2020.

K. R. Haynes, A. R. Pettit, R. Duan et al., “Excessive bone for-
mation in a mouse model of ankylosing spondylitis is associ-
ated with decreases in Wnt pathway inhibitors,” Arthritis
Research & Therapy, vol. 14, no. 6, p. R253, 2012.

R.J. U. Lories, I. Derese, and F. P. Luyten, “Modulation of bone
morphogenetic protein signaling inhibits the onset and pro-
gression of ankylosing enthesitis,” The Journal of Clinical
Investigation, vol. 115, no. 6, pp. 1571-1579, 2005.

T. Bardos, Z. Szabo, M. Czipri et al., “A longitudinal study on
an autoimmune murine model of ankylosing spondylitis,”
Annals of the Rheumatic Diseases, vol. 64, no. 7, pp. 981-987,
2005.

M. Y. Shiau, M. K. Lo, C. P. Chang, T. P. Yang, K. T. Ho, and
Y. H. Chang, “Association of tumour necrosis factor alpha
promoter polymorphisms with ankylosing spondylitis in Tai-
wan,” Annals of the Rheumatic Diseases, vol. 66, no. 4,
pp. 562-563, 2007.

L. S. Tam, K. Y. Chan, and E. K. Li, “The influence of illness
and variables associated with functional limitations in Chinese
patients with ankylosing spondylitis,” The Journal of Rheuma-
tology, vol. 34, no. 5, pp. 1032-1039, 2007.

K. Okano, K. Kimura, Y. Tanaka, K. Tsuchiya, T. Akiba, and
K. Nitta, “Direct measurement of reactive oxygen species in
leukocytes during hemodialysis therapy,” International Jour-
nal of Clinical and Experimental Medicine, vol. 8, no. 11,
pp- 20959-20964, 2015.

H. S. Hreggvidsdottir, T. Noordenbos, and D. L. Baeten,
“Inflammatory pathways in spondyloarthritis,” Molecular
Immunology, vol. 57, no. 1, pp. 28-37, 2014.

M. Karin, Y. Cao, F. R. Greten, and Z. W. Li, “NF-«B in cancer:
from innocent bystander to major culprit,” Nature Reviews
Cancer, vol. 2, no. 4, pp. 301-310, 2002.

Y. Lv, Y. Qian, L. Fu, X. Chen, H. Zhong, and X. Wei, “Hydro-
xysafflor yellow A exerts neuroprotective effects in cerebral
ischemia reperfusion-injured mice by suppressing the innate
immune TLR4-inducing pathway,” European Journal of Phar-
macology, vol. 769, pp. 324-332, 2015.

A. Hammitzsch, L. Chen, J. de Wit et al., “Inhibiting ex-vivo
Th17 responses in ankylosing spondylitis by targeting Janus
kinases,” Scientific Reports, vol. 8, no. 1, p. 15645, 2018.

C. Klasen, A. Meyer, P. S. Wittekind, I. Waqué, S. Nabhani,
and D. M. Kofler, “Prostaglandin receptor EP4 expression by
Th17 cells is associated with high disease activity in ankylosing
spondylitis,” Arthritis Research & Therapy, vol. 21, no. 1,
p. 159, 2019.

S. P. Raychaudhuri and S. K. Raychaudhuri, “IL-23/IL-17 axis
in spondyloarthritis bench to bedside,” Clinical Rheumatology,
vol. 35, no. 6, pp. 1437-1441, 2016.

L. Melis, B. Vandooren, E. Kruithof et al., “Systemic levels of
IL-23 are strongly associated with disease activity in



12

[44]

(45]

[46]

(47]

(48]

rheumatoid arthritis but not spondyloarthritis,” Annals of the
Rheumatic Diseases, vol. 69, no. 3, pp. 618-623, 2010.

S. K. Raychaudhuri and S. P. Raychaudhuri, “Janus kinase/-
signal transducer and activator of transcription pathways in
spondyloarthritis,” Current Opinion in Rheumatology,
vol. 29, no. 4, pp. 311-316, 2017.

A. Oeckinghaus, M. S. Hayden, and S. Ghosh, “Crosstalk in
NF-«B signaling pathways,” Nature Immunology, vol. 12,
no. 8, pp. 695-708, 2011.

J. M. Kyriakis and J. Avruch, “Mammalian MAPK signal trans-
duction pathways activated by stress and inflammation: a 10-
year update,” Physiological Reviews, vol. 92, no. 2, pp. 689-
737, 2012.

F. Gao, Q. Yuan, P. Cai et al.,, “Au clusters treat rheumatoid
arthritis with uniquely reversing cartilage/bone destruction,”
Advanced Science, vol. 6, no. 7, p. 1801671, 2019.

A. N. Mathur, H. C. Chang, D. G. Zisoulis et al., “Stat3 and
Stat4 direct development of IL-17-secreting Th cells,” Journal
of Immunology, vol. 178, no. 8, pp. 4901-4907, 2007.

BioMed Research International



	Punicalagin Exerts Protective Effects against Ankylosing Spondylitis by Regulating NF-κB-TH17/JAK2/STAT3 Signaling and Oxidative Stress
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Animals
	2.2. Study Design
	2.3. Induction of AS
	2.4. Histological Analysis
	2.5. Detection of Oxidative Stress and Antioxidant Enzymes
	2.6. Determination of Levels of Cytokine and NO
	2.7. Immunoblotting
	2.8. Statistical Analysis

	3. Results
	3.1. Punicalagin Reduces the Severity of Disease Progression
	3.2. Effects of Punicalagin on the Extent of the Inflammation and Spinal Damage
	3.3. Punicalagin Reduces Oxidative Stress
	3.4. Punicalagin on the Activities of Antioxidant Enzymes
	3.5. Punicalagin Regulated NF-κB Signaling Cascade
	3.6. Punicalagin Reduced Serum Cytokine Levels
	3.7. Punicalagin Regulates the JAK2/STAT3 Signal

	4. Discussion
	4.1. Limitation of the Study

	5. Conclusion
	Data Availability
	Ethical Approval
	Consent
	Conflicts of Interest

