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Diabetes mellitus is one of the most prominent metabolic disorders in the world, and insulin resistance in diabetic patients leads to
several complications including increased inflammation and delayed wound healing. Fibroblast migration and reepithelialization
play a significant role in wound healing. In this study, we explored the effects of IL-1f signaling on proliferation and migration
of human fibroblasts from diabetic wound tissues. We observed elevated levels of IL-1f in samples from diabetic patients when
compared to normal wound tissues. At high concentrations, IL-1f inhibited cell proliferation and migration in ex vivo fibroblast
cultures. Moreover, expression of matrix metalloproteinases (MMPs) was upregulated, and tissue inhibitor of metalloproteinases
(TIMPs) was downregulated in diabetic wound tissues and cells. These effects were regulated by levels of IL-1f. Furthermore,
IL-1p induced p38 phosphorylation thereby activating the p38 MAPK pathway that in turn regulated the expression of MMPs
and TIMPs. Together, our study identifies a novel mechanism behind delayed wound closure in diabetes mellitus that involves

IL-1-dependent regulation of cell proliferation and migration.

1. Introduction

Diabetes mellitus is one of the most prevalent chronic dis-
eases worldwide [1, 2]. In China, 11% of adults lived with
diabetes in 2010 that amount to a total of 109.6 million
individuals [3]. With a rapid increase in the prevalence
of diabetes mellitus, complications such as diabetic ulcers
have become major causes of deformity worldwide [4].
Of the different symptoms associated with diabetes,
impaired wound healing is one of the most prominent
effects observed in patients. Wound healing is an evolu-
tionarily conserved process that involves spatial and tem-
poral overlap of processes such as inflammation,
coagulation, cellular proliferation, and extracellular matrix
(ECM) remodeling [5-8].

Matrix metalloproteinases (MMPs) are ECM remodeling
proteins that play a significant role in various stages of the
wound healing process. A regulated metalloproteinase acti-
vation and inhibition cascade is triggered following injury
for efficient wound closure [9]. Initially, MMPs are involved
in the removal of devitalized tissue following which during

the repair phase, MMPs contribute to angiogenesis, contrac-
tion of the wound matrix, migration of fibroblasts and kera-
tinocytes, and epithelialization. Finally, they are also involved
in the remodeling of newly synthesized connective tissue [9,
10]. MMP activity is regulated by small inhibitory proteins
known as tissue inhibitor of metalloproteinases (TIMPs),
which also contribute to the initiation of cell division and
binding to the ECM as well as the inhibition of angiogenesis
and the induction of apoptosis [11]. Hence, the balance
between MMP and TIMP activity is crucial for effective
wound healing [12, 13].

Serum levels of IL-1f3 are elevated in patients with diabe-
tes [14]. Previous studies identified the contribution of IL-1
towards persistent inflammation in chronic wounds and its
role in impaired wound healing [15]. However, the effects
of IL-1p signaling in the context of diabetic wound healing
have not been studied so far. Therefore, in this study, we
explored the role of IL-18 in diabetic wound closure using
patient tissues and ex vivo fibroblast cultures and identified
a novel mechanism behind delayed wound healing observed
in patients with diabetes mellitus.
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2. Methods

2.1. Clinical Specimens. All patients were recruited from the
Department of Orthopedic Surgery, Shanghai Jiao Tong Uni-
versity Affiliated Sixth People’s Hospital. Patients character-
ized for type 2 diabetes with chronic wounds located on the
foot and nondiabetic patients (control group) with a leg
wound were enrolled in our study. Patients presenting
chronic wounds resulting from pressure ulcer, pyoderma
gangrenosum, vasculitis, and other diseases that cause ische-
mia were excluded. Serum and wound tissue samples of non-
diabetic (n=30) and type 2 diabetic (n =30) patients were
collected. This study was approved by the Ethic Review
Board of Shanghai Six People’s Hospital affiliated to Shang-
hai Jiao Tong University (YS-2019-010) and was in accor-
dance with the principles of the declaration of Helsinki as
amended. Written informed consent was obtained from each
participant.

2.2. Cell Culture. To culture fibroblasts ex vivo, human tissue
specimens were cut into 1-3mm” cubes, digested in 0.15%
collagenase (Roche Applied Science, Indianapolis, IN,
USA), and cultured in DMEM medium (Gibco, Gaithers-
burg, MD, USA) at 37°C for 3 h [16]. Single-cell suspensions
were then filtered through nylon meshes and centrifuged at
1500 rpm for 5min. Pellet containing fibroblasts was resus-
pended and seeded in 10cm plates in fully supplemented
DMEM containing 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA). Cells were cultured at 37°C and 5%
CO,. Confluent cells were passaged and subcultured at 1:3
ratio. Cells were harvested for analysis after the first passage.

2.3. Mouse Skin Wound Samples. Male C57BL/6] mice were
purchased from the Model Animal Research Center of Nan-
jing University. Diabetic (db/db) mice were created by
knocking out the gene coding for the leptin receptor. The
mice were maintained under 12 h light/12h dark cycles and
have unrestricted access to food and water at a controlled
temperature (25°C). The skin wound samples were collected
as previously described. Briefly, 8-week-old mice were anes-
thetized using ether following which the hair of the back skin
was removed with a hair clipper. Two circular full-thickness
wounds were made on the skin with a 6 mm skin biopsy tre-
phine (Kai Industries, Inc., Gifu, Japan). On day 7 post-
wounding, mice were euthanized by cervical dislocation
and 2 mm peripheral skin from the wounded region was col-
lected. The skin samples were immediately immersed in lig-
uid nitrogen and stored at -80°C until further use. All
animal experiments have been approved by the Animal Care
and Use Committee of the Shanghai Jiao Tong University
and guidelines on animal care and use according to the
National Institute of Health (NIH, USA) guidelines were
followed.

2.4. Quantitative Real-Time PCR. Total RNA from cells or
tissues was extracted using TRIzol and was subsequently
reverse transcribed by RevertAid First Strand cDNA Synthe-
sis Kit. Quantitative real-time PCR was performed using
SYBR Green PCR mix on an ABI Prism 7500HT (Applied
Biosystems) with GAPDH as negative control. The primer
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pairs used were as follows: hIL-15, ATGATGGCTTATTA
CAGTGGCAA and GTCGGAGATTCGTAGCTGGA;
hMMP2, TACAGGATCATTGGCTACACACC and GGTC
ACATCGCTCCAGACT; hMMP9, GGGACGCAGACATC
GTCATC and TCGTCATCGTCGAAATGGGC; hTIMP1,
AGAGTGTCTGCGGATACTTCC and CCAACAGTGTA
GGTCTTGGTG; hTIMP2, AAGCGGTCAGTGAGAAGGA
AG and GGGGCCGTGTAGATAAACTCTAT; hGAPDH,
AGCCACATCGCTCAGACAC and GCCCAATACGA
CCAAATCG; mIL-18, GCAACTGTTCCTGAACTCAACT
and ATCTTTTGGGGTCCGTCAACT; mMMP2, CAAG
TTCCCCGGCGATGTC and TTCTGGTCAAGGTCAC
CTGTC; mMMP9, CTGGACAGCCAGACACTAAAG and
CTCGCGGCAAGTCTTCAGAG; mTIMP1, GCAACT
CGGACCTGGTCATAA and CGGCCCGTGATGAGAA
ACT; mTIMP2, TCAGAGCCAAAGCAGTGAGC and
GCCGTGTAGATAAACTCGATGTC; and mGAPDH,
AGGTCGGTGTGAACGGATTTG and TGTAGACCATG
TAGTTGAGGTCA.

2.5. Western Blotting. Tissues and cells were lysed with lysis
buffer containing 50 mM Tris-HCl (pH6.8), 2% sodium
dodecyl sulfate, 10mM dithiothreitol, 10% glycerol,
0.002% bromophenol blue, and protease inhibitor cocktail
(Roche, Basel, Switzerland). Total protein quantification
was performed using Pierce BCA Protein Assay Kit (Ther-
moFisher Scientific). Equal amounts of protein were
loaded and separated by sodium dodecylsulfate (SDS)-
polyacrylamide gel electrophoresis and transferred onto
PVDF membranes (Millipore, Billerica, MA, USA). Mem-
branes were blocked in 5% bovine serum albumin or non-
fat milk and incubated with antibodies overnight at 4°C.
The primary antibodies against IL-18, MMP2, MMP9,
TIMP1, TIMP2, collagenase I, collagenase III, p-p38
mitogen-activated protein kinase (MAPK), p-protein
kinase B (AKT), AKT, p-phosphatidylinositol 3 kinase
(PI3K), PI3K, and B-actin were purchased from Cell Sig-
naling Technology (Danvers, MA, USA). After 3x washing
with TBS-Tween 20, the membranes were incubated with
secondary antibodies coupled to horseradish peroxidase
for 1 hour at room temperature. Protein bands were visu-
alized using chemiluminescence.

2.6. Cell Viability Assay. CCK8 assay was performed to ana-
lyze cell viability. Cells were seeded in 96-well plates in quin-
tuplicates at a density of 1 x 104 cells/well and maintained in
a humidified atmosphere of 5% CO, at 37°C. The plated cells
were incubated with IL-1 at 5, 50, or 100 ng/mL concentra-
tion for different times. Cells were then treated with
10 uL/well CCKS8 solution (Dojindo Molecular Technologies,
Japan) for 2 hours. The OD450 in each well was determined
by a microplate reader, reflecting the amount of total viable
cells under each condition.

2.7. Migration Assay. A scrape wound assay was used to eval-
uate cell motility. Normal healthy fibroblasts or fibroblasts
were seeded from diabetic patients in 6 cm dishes. Confluent
cells were scraped using a sterilized 200 uL tip, and nonad-
herent cells were washed oft with medium. The healthy
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FIGURE 1: IL-1p levels were increased in diabetic wound tissues: (a) levels of IL-1p in the serum of patients as detected by ELISA; (b) mRNA
levels of IL-1f in wound tissues as measured by gPCR; (c) protein levels of IL-1 in wound tissues; (d, ) IL-1f levels in serum and wound

tissues in WT and db/db mice. **p < 0.01; ***p < 0.001.

fibroblast cells were then treated with the indicated dose of
IL-1 for 72 hours. Cells in the migrated fraction was photo-
graphed using a microscope, and the percentage of total area
covered by the cells in each image was calculated using Ima-
ge] (National Institutes of Health, USA). Three independent
experiments were performed.

2.8. ELISA. Measurement of IL-1f3 in the serum from clinical
samples or mice was performed using human or mouse IL-13
Quantikine ELISA Kit (R&D systems), respectively, accord-
ing to manufacturer’s instructions.

2.9. Statistical Analysis. Data was represented as mean +
standard deviation (SD) from at least three or more indepen-
dent experiments. Statistical significance was calculated using
Student’s t-test or one-way ANOVA followed by Tukey’s
post hoc test. p<0.05 was considered as statistically
significant.

3. Results

3.1. IL-1f3 Levels Were Increased in the Wounds of Patients
with Diabetes. To study the role of IL-1f in wound healing
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F1cure 2: High dose of IL-1f inhibits proliferation and migration of fibroblasts ex vivo: (a) CCK8 assay indicating cell viability of normal
(nFB) and diabetic fibroblasts (dFB) under different concentrations of IL-1f (0, 5, 50, 100 ng/mL); (b) cell proliferation of fibroblasts
under different concentrations of IL-1p. Representative images and quantification are shown. *p < 0.05.

in patients with diabetes, we collected serum and wound tis-  IL-18 mRNA levels. We found that IL-1$ was upregulated
sues from normal and diabetic individuals and performed  in the serum of diabetic patients (Figure 1(a)). Consistently,
ELISA/western blots to measure protein levels of IL-1 in ~ mRNA and protein levels were also increased in wound tis-
the serum and tissues, respectively, and qPCR to measure  sues of diabetic patients when compared to normal tissues
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F1GURE 3: Diabetic wounds display elevated MMP expression and reduced TIMP expression: (a) mRNA levels of MMP2, MMP9, TIMP1, and
TIMP2 in nondiabetic and diabetic wound tissues from patients evaluated by qPCR; (b) mRNA levels of MMP2, MMP9, TIMP1, and TIMP2
in control and db/db wound tissues from mice; (c) protein expression of MMP2, MMP9, TIMP1, and TIMP2 in nondiabetic and diabetic
wounds evaluated by western blot; (d, e) mRNA quantification (d) and protein expression (e) in nFB and dFB samples. *p < 0.05.

(Figures 1(b) and 1(c)). We then evaluated levels of IL-1f in
wound tissues from db/db type 2 diabetic wound healing
mouse model and observed that expression of IL-1/ was sig-
nificantly higher in the serum and wounds from diabetic
mice when compared to normal mice (Figures 1(d) and
1(e)). Together, these results indicate that IL-1/ is upregu-
lated in wound tissues under diabetic conditions.

3.2. High Levels of IL-1f3 Inhibit Proliferation and Migration
of Fibroblasts. We cultured primary fibroblasts from normal
or diabetic wound tissues ex vivo and observed a decrease
in cell proliferation in diabetic fibroblasts (dFB) when com-
pared to normal fibroblasts (nFB) (Figure 2(a)). We then
evaluated the effect of IL-1f on fibroblast proliferation and
observed that low dose of IL-1f3 had no effect or promoted
cell proliferation whereas a higher dose significantly inhib-
ited proliferation of fibroblast (Figure 2(a)). Further, scrape
wound assay was used to determined cell motility and we
found that dFB displayed impaired migration capability
when compared to nFB. The effect on migration was depen-
dent on levels of IL-13 as we observed a decrease in cell
migration with increasing concentrations of IL-1f
(Figure 2(b)). Taken together, these results indicate that high

levels of IL-1p impair cell proliferation and migration in
fibroblasts ex vivo.

3.3. Expression of MMPs Is Upregulated in Diabetic Wounds
whereas TIMP Proteins Are Downregulated. As several stud-
ies showed that MMPs were potential predictive markers for
impaired wound closure in diabetic foot ulcers [17], we next
measured protein and mRNA levels of MMP-2, MMP-9,
TIMP1, and TIMP2 in tissues and cultured fibroblasts from
diabetic wound patients and compared them with the normal
control group. We found that the mRNA expression of
MMP2 and MMP9 was significantly upregulated in the
wounds of diabetic patients while the expression of TIMP1
and TIMP2 that are inhibitors of MMP2 and MMP?9, respec-
tively, was significantly downregulated in diabetic wounds
when compared to normal wounds (Figure 3(a)). We then
evaluated TIMP1 and TIMP2 expression in wound tissues
of db/db and control mice and observed a similar effect
(Figure 3(b)). These results were further confirmed at the
protein level by western blot using samples from the wounds
of diabetic and nondiabetic patients. MMP2 and MMP9 pro-
tein expression was significantly higher in diabetic wound
samples when compared to nondiabetic wounds, while
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FIGURE 4: IL-1p induces MMP expression and inhibits TIMP expression ex vivo: (a, b) mRNA and protein levels of MMP2, MMP9, TIMP1,

and TIMP2 in nFB at various doses of IL-1f. *p < 0.05.

TIMP1 and TIMP2 expression levels were significantly lower
in diabetic wound tissues (Figure 3(c)). We then validated
these results in cultured fibroblasts and observed that both
mRNA and protein levels of MMP2 and MMP9 were upreg-
ulated in dFBs while TIMP1 and TIMP2 expression was
downregulated (Figures 3(d) and 3(e)). Taken together, our
results indicate that diabetic conditions increase expression
of MMP proteins in wound tissues while simultaneously
downregulating expression of TIMP proteins.

3.4. IL-1f Induced Expression of MMPs and Downregulated
Expression of TIMP Proteins Ex Vivo. We next evaluated
the effects of IL-13 on the expression of MMPs and TIMPs
in primary fibroblasts ex vivo. IL-1 was found to upregulate
the expression of MMP2 and MMP9 in a dose-dependent
manner as quantified by qPCR, while simultaneously inhibit-
ing the expression of TIMP1 and TIMP2 (Figure 4(a)). We
observed similar results when measuring protein expression
by western blot. IL-1 inhibited the expression of collagenase
I which facilitates wound healing along with TIMP1 and
TIMP2 while simultaneously promoting the expression of
MMP2 and MMP9 (Figure 4(b)). These results indicate that
levels of MMP and TIMP proteins that are involved in the
process of wound healing are directly regulated by IL-1p.

3.5. IL-1p Expression Regulates the Activation of p38 MAPK
Pathway. We measured the effects of IL-1f3 treatment on
the activation of p38 MAPK, PI3K, and AKT pathways in
cultured fibroblasts. IL-1f treatment increased phosphoryla-
tion of p38 in a dose-dependent manner but not AKT and
PI3K (Figure 5(a)). We next measured the expression levels
of MMPs and TIMPs in the presence and absence of p38
MAPK inhibitor SB203580 (10 #M) and observed that treat-
ment with an inhibitor reduced the effects of IL-1f3 on the
expression of ECM remodeling proteins MMPs and TIMPs
and collagenase (Figure 5(b)). Furthermore, inhibitor treat-
ment also reduced the effect of IL-1 on cell proliferation
(Figure 5(c)). Phosphorylated p38 expression was signifi-
cantly higher in sections from diabetic wounds when com-
pared to nondiabetic wound samples (Figure 5(d)).
Together, these results indicate that IL-1§ regulates the
expression of ECM remodeling proteins in wound tissues
via the p38 MAPK pathway in diabetes mellitus.

4. Discussion

In the present study, we confirmed the increase in levels of
IL-1p in patients with type 2 diabetes mellitus that was also
previously reported by several studies [18, 19]. Current
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FIGURE 5: IL-13 activates the p38 MAPK pathway to mediate its effects in wound healing. (a) Activation of p38 MAPK, PI3K, and AKT was
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and TIMP2 were measured. (c) p38 MAPK inhibitor SB203580 (10 M) was used to treat nFB. Cell proliferation of fibroblasts was detected.

(d) p-p38 MAPK staining in diabetic and nondiabetic wounds.

theories regarding the pathophysiology of diabetes conceptu-
alize the disease as a proinflammatory state characterized,
among other things, by elevated levels of IL-1p. Blockade of
the effects of IL-1p is therefore a promising focus of study
in diabetes therapeutics [20]. Toll-like receptors and the
Nod-like receptor protein-3 (NLRP3) inflammasome, as well
as interleukin-1p, all appear to participate in the pathogene-
sis of diabetes [21]. Several studies have highlighted the
importance of IL-1 in the pathogenesis of type 2 diabetes
and identified it as a promising therapeutic strategy [22-
25]. Although Mandrup-Poulsen and the AIDA study group

(2013) reported that IL-1 inhibitor treatment is not effective
against type 1 diabetes [26], its outcomes in mitigating type
2 diabetes remain to be evaluated. In order to pursue this
approach as an efficient treatment strategy, the molecular
mechanisms underlying the effects of IL-1 in type 2 diabetes
is necessary.

The role of IL-1f in diabetic wound healing has been
described previously. Mirza et al. reported that IL-1/3 plays
a key role in sustaining the proinflammatory macrophage
phenotype and in impairing the healing of diabetic wounds
[15]. Treatment with an inhibitor of IL-1 receptor reversed
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the impaired wound healing process in a diabetic mouse
model [27]; however, the mechanism behind this effect
was not elucidated. We observed that elevated levels of
IL-1f in diabetic wound tissues triggers the secretion of
MMPs and inhibits expression of TIMP proteins to inter-
fere with ECM remodeling and wound closure. In the pro-
cess of pulmonary fibrosis, IL-18 stimulates the
proliferation of fibroblasts and the production of type I
and III collagen [28]. Furuyama et al. described that IL-
1B induces the secretion of MMP-2 and MMP-9 in fibro-
blasts, thereby inhibiting the formation of basement mem-
brane [29], which is in accordance with our results. These
findings indicate that IL-1f regulates the formation and
degradation of ECM in fibroblasts; however, the discrep-
ancy between the studies may be due to the levels of IL-
1B used as we also observed an inhibitory effect on fibro-
blast proliferation and migration only under high concen-
trations, as observed in diabetic patient samples, whereas
low concentrations of IL-1 promoted cell proliferation.

Remodeling of the ECM is a primary requirement for
wound closure [30] and MMPs are an important family of
cell migration-related proteins that can degrade different
components of the ECM [31]. Our results showed that both
mRNA and protein levels of MMPs were higher in diabetic
wounds than those in the control group, while levels of TIMP
were lower. These results suggest that diabetic wounds are
characterized by greater breakdown of ECM, a phenomenon
that delays wound healing. It is proven by many studies that
levels of MMPs are higher in the exudates of chronic wounds
than in those of acute wounds, as in diabetic foot ulcers [32].
Addition of IL-1f stimulated the expression of MMPs and
inhibited the production of TIMPs and collagenase suggest-
ing that IL-1j promotes ECM degradation and delays the
process of wound healing in diabetes.

We also observed that the action of IL-1/ may at least in
part be mediated by the p38 MAPK pathway. It is well known
that p38 MAPK is capable of regulating a variety of cellular
responses to cytokines and stress, including IL-1 [33]. p38
was found to promote the invasion and migration of gastric
adenocarcinoma cells by increasing the levels of MMPs
[34]. The addition of IL-1f3 to cultured fibroblasts resulted
in increased phosphorylation of p38 in a dose-dependent
manner whereas it showed no effect in AKT and PI3K. Phos-
phorylated p38, the activated form of p38, was also signifi-
cantly higher in sections from diabetic wound tissues than
in nondiabetic wounds and treatment with p38 MAPK inhib-
itor SB203580 reversed the effects of IL-13 on ECM remod-
eling protein expression.

5. Conclusions

Taken together, our study suggests that IL-1 mediates
delayed wound healing in diabetic patients by altering levels
of ECM remodeling proteins through activation of the p38
MAPK pathway thereby impairing cell proliferation and
migration. It also identifies IL-1f as a potential therapeutic
target to treat delayed wound closure in type 2 diabetic
patients.
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Increasing evidence has shown that NLRP3 inflammasome activation participates in chronic aseptic inflammation and is related to
tissue fibrosis. Our last study also revealed the vital role of NLRP3 inflammasome, highly associated with tissue hypoxia, in the onset
and development of knee osteoarthritis (KOA). In this study, we tried to find a possible benign intervention for that pathological
process. Agnuside (AGN), a nontoxic, natural small molecule isolated from the extract of Vitex negundo L. (Verbenaceae), has been
demonstrated to have antioxidation, anti-inflammatory, analgesia, and many other properties as an iridoid glycoside, although its
specific target is still unclear. Therefore, we established MIA-induced KOA model rats and investigated the effects of AGN oral
gavage on oxygen-containing state, NLRP3 inflammasome, synovitis, and fibrosis in KOA. Pimonidazole staining and HIF-1la
immunohistochemical assay both showed that AGN at the oral dose of 6.25mg/kg can effectively relieve local hypoxia in
synovial tissue. Besides, we observed a decrease of HIF-1a, caspase-1, ASC, and NLRP3 after AGN intervention, both in the
mRNA and protein levels. In addition, rats treated with the AGN showed less inflammatory reaction and fibrosis, not only in
the expression of NLRP3, inflammasome downstream factors IL-1f and IL-18, and fibrosis markers TGF- 3, TIMP1, and VEGF
but also in the observation of HE staining, anatomical characteristics, Sirius Red staining, and type I collagen
immunohistochemistry. Subsequently, we established LPS-induced models of fibroblast-like synoviocytes (FLSs) mimicking the
inflammatory environment of KOA and activating NLRP3 inflammasome. FLSs treated with AGN (3 uM) resulted in a
downregulation of HIF-1a and the components required for NLRP3 inflammasome activation. Meanwhile, the content of
proinflammatory factors IL-1f3 and IL-18 in FLS supernatant was also reduced by AGN. In addition, both mRNA and protein
levels of the fibrotic markers were significantly decreased after AGN management. To conclude, this study demonstrates that
AGN alleviates synovitis and fibrosis in experimental KOA through the inhibition of HIF-la accumulation and NLRP3
inflammasome activation. Additionally, not only does it reveal some novel targets for anti-inflammatory and antioxidant effects
of AGN but also announces its potential value in treating KOA in humans.

1. Introduction synovium occurs with pathological changes such as synovitis

and fibrosis, highly associated with the clinical symptoms of
Chronic low-grade inflammation in synovial tissue is a major ~ pain, joint swelling, and stiffness, ultimately leading to dis-
driver of the ongoing joint degeneration in knee osteoarthri-  ability [2]. Moreover, synovium damage may increase oxy-
tis (KOA) [1]. Under this inflammatory condition, KOA  gen consumption, setting the tissue into a state of local
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hypoxia, which has been extensively studied in arthritis dis-
orders, not just KOA [3]. Subsequently, hypoxia-inducible
transcription factor-la (HIF-1a) accumulation triggers cel-
lular responses to adapt to the anoxia environment, thus fur-
ther exacerbating the development of synovitis and fibrosis
[4]. In our last study, the correlation between HIF-1a upreg-
ulation and the nod-like receptor protein (NLRP3) inflam-
masome activation during KOA was investigated in vivo
and in vitro. We also revealed that increased HIF-la in
KOA aggravates synovitis and fibrosis via NLRP3 activation
[5].

The NLRP3 inflammasome is considered the most char-
acteristic of NLR family, which contains NLR protein 3, an
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC), and pro-caspase-1 [6]. The
assembly and activation of the NLRP3 inflammasome will
lead to an inflammatory cascade response based on the mat-
uration and secretion of IL-13, IL-18, HMGBI, and even to
cell pyroptosis [7]. Two steps are generally considered to be
required to complete this process, the NF-«B signaling path-
way activation under inflammatory stimuli and pro-caspase-
1 cleaved (to cleaved caspase-1 pl0 and p20) via pathogen-
associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs). Notably, these
“steps” also play a vital role in the pathology of KOA. Besides,
increasing evidence has shown that NLRP3 activation in dif-
ferent tissues (such as the liver, renal, and airway) partici-
pates in chronic aseptic inflammation and can be related to
tissue fibrosis [8-10]. Therefore, how to treat chronic inflam-
mation via the intervention of NLRP3 inflammasome
becomes a hotspot.

Synovial fibrosis, another important aspect of KOA syno-
vial lesions, has attracted increasing attention in recent years.
Its main pathological changes include extracellular matrix
(ECM) accumulation and angiogenesis [11]. Numerous stud-
ies have confirmed the collagen deposition effect of trans-
forming growth factor-B (TGF-f), while the collagen
degradation inhibition is mainly due to the tissue inhibitor
of metalloproteinase 1 (TIMP1) [12, 13]. They both are cru-
cial in regulating the ECM homeostasis. Previous studies also
made detailed observations of angiogenesis in KOA synovial
fibrosis, which may have highly similar pannus to rheuma-
toid arthritis under magnetic resonance imaging, and such
pathological process is highly associated with vascular endo-
thelial growth factor (VEGF) [14, 15]. Indeed, synovial fibro-
sis may largely be irreversible; therefore, antifibrotic therapy
aimed at slowing down the fibrosis process is of great value
in clinical application in KOA.

In the long-term practice of orthopedic treatment, we
found “Sanse Powder,” an external application, of traditional
Chinese medicine, had a good clinical effect on treating KOA
[16]. Subsequent studies explored the pharmaceutical com-
ponents of “Sanse Powder” using ultraperformance liquid
chromatography and identified agnuside (AGN), a nontoxic,
natural small molecule isolated from the extract of Vitex
negundo L. (Verbenaceae), as a part of medicinal effective
ingredients [17]. Meanwhile, accumulating evidence has
demonstrated the antioxidation, anti-inflammatory, analge-
sia, and many other properties of AGN as an iridoid glyco-
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side [18-20]. Nevertheless, the medicinal effects of AGN
evaluated in existing studies are still very limited, nor are
the targets of AGN’s efficacy clear.

In summary, KOA shows a combination of oxygen deficit
and a state of low-grade inflammation, such pathological fea-
tures are reflected in synovitis and fibrosis mediated by HIF-
lae accumulation and NLRP3 activation. By targeting HIF-
1a/NLRP3, AGN may have exerted antioxidation and anti-
inflammatory effects. Accordingly, we hypothesized that
AGN should alleviate synovitis and fibrosis in KOA through
the inhibition of HIF-1a and NLRP3 inflammasomes.

2. Materials and Methods

2.1. In Vivo Animal Experimental Design. Twenty-four 2-
month-old SD male rats, weight ranging from 210g to
250 g (provided by Beijing Vital River Laboratory Animal
Technology Co., Ltd.), were used. Animals were housed in
a specific pathogen-free, laminar-flow housing apparatus
under controlled temperature, humidity, and 12 h light/dark
regimen and maintained on a standard rodent pellet diet. All
animal protocols were approved by the Animal Care and Use
Committee of the Nanjing University of Chinese Medicine.
All experiments were conducted in accordance with the
National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. After one week of adaptive feed-
ing, the first day of the experiment was recorded as Day 1.

Rats were randomly assigned to three groups: normal,
KOA, and KOA+AGN, with eight rats in each group. On
Day 1, the KOA model was constructed by inducing by
intra-articular injection of 1mg monosodium iodoacetate
(MIA) as described previously, on both knees. 14 days after
surgery (Day 14), the KOA model was successfully estab-
lished, and drug administration began. 6.25mg of AGN
(Yuanye Bio-Technology Co., Ltd., Shanghai, China; HPLC
> 98%) was prepared as suspension in 0.5% w/v sodium car-
boxymethyl cellulose in 10 ml sterilized physiologic saline.
The KOA+AGN group received an oral dose (1ml/100g
body weight/1 day) by oral gavage, while the other two
groups received an equal volume of sodium carboxymethyl
cellulose solution. After 21 days of AGN administration
(Day 35), all rats were anesthetized with Nembutal, then
abdominal aortic serum and synovial tissues were collected.
The dosage, concentration, and intervention time of AGN
are all referred to the previous study [19, 20].

2.2. Histological Analysis. Synovial tissues were fixed in 10%
neutral formalin after rats were executed, embedded in paraf-
fin, and cut into slices for routine staining. We followed
Kenn’s criteria in scoring and analyzing sections to evaluate
synovitis [21].

Sirius Red staining was carried out according to the
instructions of Sirius Red Stain kit (Beyotime Biotechnology,
Shanghai, China). Sections were mounted and viewed under
a Leica DMI3000B microscope (Leica, Germany), with the
use of bright fields.

2.3. Immunohistochemical Assay. Immunohistochemistry
stainings were performed to observe the expression of HIF-



Mediators of Inflammation

la and type I collagen in synovial tissue. We followed the
methods of Peimin Wang et al. [22]. Briefly, sections were
incubated in antigen retrieval buffer to unmask the antigen
after a standard deparaffinization and rehydration process.
Sections were treated with 3% hydrogen peroxide for
10min. After that, the sections were permeabilized with
0.1% Triton X-100 in PBS for 5min at room temperature,
blocked with 1% BSA at room temperature for 1h, and then
incubated with primary antibodies (in 1% BSA, 0.1% Triton
X-100) at 4°C overnight. For secondary reactions, species-
matched HRP-labelled secondary antibody was used (1:500
in 1% BSA, 1h) at 37°C. DAB was used as chromogen, and
hematoxylin was used to counterstain. High-quality images
were captured in six fields per sample, and semiquantitative
analysis was measured by determining percentage of positive
areas with Image].

2.4. Pimonidazole Staining and Immunofluorescence. To
investigate synovium tissue hypoxia, rats were injected with
pimonidazole HCI (Hypoxyprobe™-1 Plus Kit, Burlington,
MA, USA) at a dosage of 60 mg/kg for 45 min prior to sacri-
fice as previously described [4]. Subsequent immunofluores-
cence staining followed the kit instructions. The image was
observed by inverted fluorescence microscope (Leica
DMI3000B, Germany).

2.5. Cell Preparation and Treatment. Primary rat fibroblast-
like synoviocytes (FLSs) were obtained from additional nor-
mal rats. In brief, synovial tissues were washed for 2-3 times
with phosphate-buffered saline (PBS) and then minced into
pieces of 2-3mm?, digested in 0.1% collagenase type II
(Sigma, St. Louis, MO, USA) for 30 min. Following cell disso-
ciation, the samples were filtered through a cell strainer. After
dissociation, fibroblasts were pelleted by centrifugation at
1500 rpm for 4 min and cultured in DMEM supplemented
with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA) and antibiotics (100 U/ml pen-
icillin, 100 pg/ml streptomycin; Invitrogen, CA, USA). Cells
were identified as our previous study [23]. Passages 3-6 of
the synovial fibroblasts were used for the experiments.

Lipopolysaccharide (LPS), obtained from Sigma-Aldrich
(St Louis, MO, USA), was used to simulate the inflammatory
environment of KOA and activate the NLRP3 inflamma-
some. FLSs were stimulated with LPS (10 pyg/ml) in DMEM
for 6h as the KOA group or exposed to DMEM with the
same volume of PBS served as the normal group. The LPS
+AGN group was treated with AGN (3 uM) for 24h after
the challenge of LPS, while the remaining groups were
treated with PBS. The concentration and intervention time
of AGN are all referred to the previous study [19, 20].

2.6. Caspase-1 Activity Analysis. After the treatment of AGN
and/or LPS, FLSs were harvested and used to detect caspase-1
activity via Caspase-1 Activity Assay Kit (Beyotime Biotech-
nology, Shanghai, China) according to the manufacturer’s
instructions. The absorbance of the samples was measured
at 405nm using a microplate reader (PerkinElmer EnSpire,
USA). All samples were quantified following comparison to

the normal group and calculated the relative changes of
caspase-1 activity.

2.7. ELISA Assay. IL-1 and IL-18 levels in the rat serum and
culture media were determined using a commercially avail-
able rat IL-18 and IL-18 enzyme-linked immunosorbent
assay (ELISA) kit (Nanjing Jin Yibai Biological Technology
Co. Ltd., Nanjing, China) according to the manufacturer’s
instructions.

2.8. Western Blotting. Briefly, synovial tissues or FLSs were
mixed with RIPA lysate and grinded for 10-15 min, respec-
tively. The protein levels were quantified with a BCA protein
assay kit (Beyotime Biotechnology, Shanghai, China). Then,
the samples were electrophoresed in SD-PAGE to separate
protein bands. Proteins were transferred from the gel onto
PVDF membranes and blocked with 5% nonfat dry milk
for 2h. The membrane was incubated with the first antibody
(1:1000, Abcam, Cambridge, UK) for overnight at 4°C and
then a second antibody (Thermo Fisher Scientific, Shanghai,
China) for 2h.

Later, bands were visualized by exposure to ECL method,
and the overall gray value of protein bands was quantified
actin as an internal marker, namely, target protein gray
value/internal reference overall gray value.

2.9. Quantitative Real-Time PCR. We followed the methods
of Wang et al. [24, 25]. Total RNA was extracted with TRIzol
and assessed by spectrophotometer. Then, reverse transcrip-
tion of RNA from each group was performed using Prime
Script RT reagent Kit (Beyotime Biotechnology, Shanghai,
China). Primer was designed and synthesized by Shanghai
Biotechnology Service Company in accordance with Gene
sequence in GenBank Gene sequence design, together with
Oligo v6.6 (sequences as Table 1). qPCR was performed
using Premix Ex Taq SYBR-Green PCR (Takara) according
to the manufacturer’s instructions on an ABI PRISM 7300
(Applied Biosystems, Foster City, CA, USA). The mRNA
level of individual genes was normalized to GAPDH and cal-
culated by 27*““Tdata analysis method.

2.10. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 6.0 Software (San Diego, CA, USA).
Data are presented as mean + standard deviation (SD).
Group comparisons were assessed with one-way ANOVA
or Student’s t-test with Bonferroni’s post hoc test for com-
parison of multiple columns. A value of P < 0.05 (two-tailed)
was considered statistically significant. Higher significance
levels were established at P < 0.01.

3. Results

3.1. Agnuside Relieves the State of Hypoxia in KOA Rats. The
chemical structure of AGN is shown as Figure 1(a). Similar to
our previous study, the synovial tissues of MIA-induced
KOA model rats showed aggravated hypoxia compared with
the normal group observed by pimonidazole staining. AGN
(6.25mg/kg) could be able to relieve this situation
(Figure 1(b)). Subsequently, immunohistochemistry was per-
formed to evaluate the protein expression of HIF-la in
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TaBLE 1: Nucleotide sequences of primers used for RT-PCR amplification.

Target gene Forward primer

Reverse primer

HIF-1a CCGCAACTGCCACCACTGATG
Caspase-1 ATGGCCGACAAGGTCCTGAGG
NLRP3 GAGCTGGACCTCAGTGACAATGC

ASC AGAGTCTGGAGCTGTGGCTACTG

TGF- GCAACAATTCCTGGCGTTACCTTG
VEGF AGCGTTCACTGTGAGCCTTGTTC
TIMP1 GCGTTCTGCAACTCGGACCTG
GAPDH GGCCTTCCGTGTTCCTACC

TGAGGCTGTCCGACTGTGAGTAC
GTGACATGATCGCACAGGTCTCG
ACCAATGCGAGATCCTGACAACAC
ATGAGTGCTTGCCTGTGTTGGTC
TGTATTCCGTCTCCTTGGTTCAGC
CCGCCTTGGCTTGTCACATCTG
GTGTAGGCGAACCGGATATCTGTG
ACTCGACACCTGCCCTCA

synovial tissue (Figures 1(c) and 1(d)). The percentage of
HIF-1a-positive areas in the KOA group showed a significant
upregulation compared with the normal group (P < 0.05),
while the KOA+AGN group showed a significant downregu-
lation compared with the KOA group (P < 0.05). The mRNA
levels of HIF-1aw measured by PCR in each group were con-
sistent with the immunohistochemistry assay (Figure 1(e)).

3.2. Agnuside May Inhibit NLRP3 Inflammasome and
Alleviate Synovitis in KOA Rats. To observe the effect of
AGN on NLRP3 inflammasome in KOA, PCR and WB were
performed to quantitatively study the expression of pro-cas-
pase-1, caspase-1 pl0, ASC, and NLRP3 protein
(Figures 2(a)-2(c)). Both the mRNA and protein levels of
these substances in the KOA group were significantly higher
than the normal group (P < 0.05), and the KOA+AGN group
resulted in a reduced expression compared with the KOA
group (P < 0.05). Subsequently, we analyzed the serum con-
tent of IL-18 and IL-18 in each group with ELISA
(Figure 2(d)). As the downstream of NLRP3 inflammasome
activation, these proinflammatory factors resulted in an
upregulation in the KOA group compared with the normal
group (P < 0.05) while the KOA+AGN group showed a sig-
nificant downregulation compared with the KOA group
(P <0.05). Besides, we evaluated synovial inflammation
overall in all groups of rats. Under the observation of HE sec-
tions, the KOA+AGN group showed orderly arranged syno-
vial lining cells, loose connective tissue, and less
inflammatory cell infiltration compared with the KOA group
(Figure 2(e)). Same results were obtained from the synovitis
score according to Kenn’s criteria in scoring HE sections
(Figure 2(f)).

3.3. Agnuside Alleviates Synovial Fibrosis in KOA Rats. To
evaluate the effect of AGN on synovial fibrosis in KOA, ana-
tomical characteristics and pathological sections of synovial
tissue were observed. The KOA group showed markedly
increased collagen deposition, while this change was rela-
tively lessened in the KOA+AGN group observed under
anatomy (Figure 3(a)). The same results can be observed by
Sirius Red staining (Figure 3(b)). Subsequently, we per-
formed a semiquantitative analysis by immunohistochemical
staining of type I collagen (Figures 3(c) and 3(d)). In the
KOA group, the percentage of collagen I-positive areas was
significantly higher in comparison with the normal group

(P <0.05). But in the KOA+AGN group, collagen I deposi-
tion was significantly alleviated compared with the KOA
group (P <0.05). More specifically, we measured both
mRNA and protein expressions of fibrotic markers TGF-f3,
TIMP1, and VEGF in synovial tissues (Figures 3(e)-3(g)).
We found that there was a significant decrease level of profi-
brotic substances in the KOA+AGN group.

3.4. Agnuside Inhibits HIF-1a Accumulation and NLRP3
Inflammasome Activation in LPS-Treated FLSs. The LPS-
induced model of FLSs was established mimicking the
inflammatory environment of KOA and activating NLRP3
inflammasome. We first observed the effect of AGN on the
caspase-1 activity in KOA FLSs (Figure 4(a)). LPS stimula-
tion significantly increased the activity of caspase-1 in nor-
mal FLSs, and AGN (3um) significantly reduced the
increased caspase-1 activity of LPS challenge (P < 0.05). Fur-
thermore, we investigated the effects of AGN on HIF-1« and
NLRP3 inflammasome components in vitro (Figures 4(b)-
4(d)). In the LPS group, both mRNA and protein levels of
HIF-1a were upregulated compared with the normal
(P <0.05), AGN significantly prevented this upregulation
(P <0.05). LPS also promoted the mRNA expression of cas-
pase-1, ASC, and NLRP3, and this trend was reversed by
AGN. Same changes occurred in protein expression, not only
the precursors of caspase-1 but also the cleavage caspase-1
p10. In addition, we studied the effect of AGN on the down-
stream product of NLRP3 inflammasome activation. The
content of IL-1f3 and IL-18 (Figure 4(e)) in the supernatant
of the LPS+AGN group was significantly lower than that in
the LPS group (P < 0.05).

3.5. Agnuside Downregulates Fibrosis Marker Expression in
LPS-Treated FLSs. After AGN-treated for 24 hours, both
mRNA and protein expressions of TGF-S, TIMP1, and
VEGF in FLSs were assessed (Figures 5(a)-5(c)). These fibro-
sis markers showed a significant upregulation in the LPS
group compared with the normal group (P < 0.05), and the
LPS+AGN group resulted in a downregulation compared
with the LPS group (P < 0.05).

4. Discussion

The current study indicates that AGN may alleviate synovitis
and fibrosis in KOA through the inhibition of HIF-l«
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F1GURE 1: Agnuside relieves the state of hypoxia in KOA rats. (a) The chemical structure of AGN. (b) Representative synovial tissues stained
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the normal group. *P < 0.05, compared with the KOA group.

accumulation and NLRP3 inflammasome activation.
According to our literature search, the number of studies
on AGN is very small. Fortunately, these few studies have
provided us with the effective dose of AGN in vivo and
in vitro, the time of intervention, distribution in vivo, and
so on, which provide great convenience for our work [19,
20]. Therefore, we chose an oral dose at 6.25 mg/kg and a cel-

lular dose of 3 uM to continue our experiment. We select
MIA intra-articular injection to construct the KOA model.
MIA induces cartilage degeneration and subchondral bone
sclerosis, which mimics the pathological changes observed
in human OA [26]. More importantly, synovitis and fibrosis
in the MIA method develop rapidly compared with surgical
modeling such as anterior cruciate ligament or meniscus
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FIGURE 2: Agnuside may inhibit NLRP3 inflammasome and alleviate synovitis in KOA Rats. (a) mRNA levels of caspase-1, ASC, and NLRP3
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group. “*P < 0.01, compared with the KOA group.

resection; it could be more suitable to research the effect of
AGN intervention. For the same reason, we selected LPS at
the dose of 10 ug/ml to operate in vitro experiments.

To the best of our knowledge, this may be the first study
to reveal the target of AGN efficacy. Previous studies have
focused more on the extraction and purification of AGN
from a chaste trees (Vitex agnus cactus L., Family Verbena-

ceae), or a preliminary observation on the anti-
inflammatory and antioxidant capacity of AGN. In this
study, we revealed that HIF-1a and NLRP3 inflammasomes
are effective intervention targets for AGN. We also con-
ducted a series of quantitative studies to demonstrate that
AGN prevents HIF-1a accumulation and NLRP3 inflamma-
some activation, thereby alleviating KOA synovitis and
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(g

fibrosis. Since the symptoms of KOA are directly related to As a motor joint, it is widely accepted that the local tissue
the severity of synovitis and fibrosis, the findings of this paper ~ of the KOA joint is deficient in oxygen [27]. When oxygen
may suggest a potential value in KOA treatment. demand exceeds supply, a cascade of intracellular events is
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activated, increasing the expression of HIF-1a. Qing et al.
proved that the expression of HIF-1« in the synovial fluid
and articular cartilage is associated with the disease severity
in KOA [28]. HIF-1a promotes the development of inflam-
mation; besides, as a transcription factor, HIF-1a directly
regulates the expression of genes encoding proteins involved
in fibrosis, such as TGF-B and VEGF [29]. Thus, hypoxia
may be common upstream of synovitis and fibrosis in
KOA. A variety of plant extracts have antioxidant proper-
ties, in our study; AGN, a compound isolated from the
extract of Vitex negundo L., significantly improved the
oxygen-containing state of synovial tissue in KOA rats.
Our findings are based on the direct observation of anoxic
probes and the quantitative detection of HIF-1a; in vitro
experiments with FLSs yielded the same conclusions. These
evidences suggest that AGN can reduce the accumulation of
HIF-1a.

NLRP3 inflammasome activation may be one of the con-
sequences of HIF-1a accumulation [30]. How to relieve local
inflammation by inhibiting NLRP3 has also become a focus
of anti-inflammatory therapy due to the critical role of

NLRP3 in mediating inflammatory cascade amplification. A
variety of herbal or herbal extracts have been confirmed
benign intervention on NLRP3 inflammasome. Wang et al.
studied the effect of isochlorogenic acid A intervention on
NLRP3 inflammasome in an acute lung injury model and
proved the expressions of NF-¥B/NLRP3 signaling pathway
were inhibited by isochlorogenic acid A [31]. Huang et al.
demonstrated that salvianolic acid B suppressed oxidative
stress and neuroinflammation via regulating NLRP3 inflam-
masome activation [32]. Besides, Coptidis Rhizoma and
others all have anti-inflammatory effects by targeting NLRP3
inflammasome [33-35]. In this study, we confirmed that
AGN decreased caspase-1 activity and the protein level of
cleaved caspase-1 (caspase-1 p10). Moreover, AGN was able
to reduce both gene and protein expressions of caspase-1,
ASC, and NLRP3 proteins, which assemble NLRP3 inflam-
masome during activation. Meanwhile, proinflammatory fac-
tors IL-1f and IL-18, downstream of NLRP3 inflammasome
activation, were also downregulated after AGN intervention.
Our results indicate that AGN may attenuate synovitis by
inhibiting NLRP3 activation in KOA.
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Increasing evidence has shown that NLRP3 inflamma-
some activation in different tissues such as the liver, renal,
and airway participates in chronic aseptic inflammation
and can be related to tissue fibrosis. The response to TGF-f8
is a key event in the onset of synovial fibrosis in KOA, in
addition to TIMP1 and VEGF, which are important indica-
tors for evaluating synovial fibrosis [36]. Antifibrosis therapy
can play a positive role in the prevention and treatment of
joint stiffness. Accordingly, we first examined the effect of
AGN on fibrosis under anatomical observations; synovial tis-
sue in rats with AGN intervention showed less collagen
deposition. The same results can be observed by Sirius Red
staining or immunohistochemical staining of type I collagen.
Subsequently, we measured both the mRNA and protein
expressions of TGF- 3, TIMP1, and VEGF to evaluate fibrosis
in vivo and in vitro. AGN-treated group showed a downreg-
ulation of all these profibrotic substances compared to the
KOA group. Our results support the antifibrotic effect of
AGN, which is likely to be achieved by inhibiting NLRP3
inflammasome activation.

The current study still has a few limitations. First, the
effects of different doses or concentrations of AGN on KOA

synovitis and fibrosis were not examined. This is because
on the one hand, other studies have made a detailed observa-
tion; on the other hand, we were not very sure whether AGN
can act on HIF-1a or NLRP3 inflammasome. Secondly, we
did not set up a positive control group, and the difference
in efficacy between monomers was not the focus of our study.
Besides, the sample size of experimental animals would be
bigger if possible.

5. Conclusion

In summary, this study demonstrates that AGN alleviates
synovitis and fibrosis in experimental KOA through the inhi-
bition of HIF-1a accumulation and NLRP3 inflammasome
activation. Additionally, not only does it reveal some novel
targets for anti-inflammatory and antioxidant effects of
AGN but also announces its potential value in treating
KOA in humans.

Abbreviations

KOA: Knee osteoarthritis
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HIF-1a: Hypoxia-inducible transcription factor-1a

NLRP: Nucleotide-binding and oligomerization domain-
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ASC:  Apoptosis-associated speck-like protein with a
caspase-recruitment domain
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TGF-B: Transforming growth factor-f3
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VEGF: Vascular endothelial growth factor
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The interleukins (ILs) are a pluripotent cytokine family that have been reported to regulate ischemic stroke and cerebral
ischemia/reperfusion (I/R) injury. IL-22 is a member of the IL-10 superfamily and plays important roles in tissue injury and
repair. However, the effects of IL-22 on ischemic stroke and cerebral I/R injury remain unclear. In the current study, we
provided direct evidence that IL-22 treatment decreased infarct size, neurological deficits, and brain water content in mice
subjected to cerebral I/R injury. IL-22 treatment remarkably reduced the expression of inflammatory cytokines, including IL-15,
monocyte chemotactic protein- (MCP-) 1, and tumor necrosis factor- (TNF-) a, both in serum and the ischemic cerebral cortex.
In addition, IL-22 treatment also decreased oxidative stress and neuronal apoptosis in mice after cerebral I/R injury. Moreover,
IL-22 treatment significantly increased Janus tyrosine kinase (JAK) 2 and signal transducer and activator of transcription
(STAT) 3 phosphorylation levels in mice and PC12 cells, and STAT3 knockdown abolished the IL-22-mediated neuroprotective
function. These findings suggest that IL-22 might be exploited as a potential therapeutic agent for ischemic stroke and cerebral
I/R injury.

1. Introduction

A report from the Global Burden of Disease (GBD) 2016
Stroke Collaborators showed that although the prevalence
and mortality of stroke have decreased in the past 20 years,
stroke remains the second leading cause of death and long-
term disability worldwide [1, 2]. Among them, ischemic

stroke is the most common type and occurs when cerebral
arteries are occluded [3, 4]. Currently, restoring blood perfu-
sion is an approved therapy for cerebral ischemic injury,
including intravenous thrombolytic and endovascular ther-
apy [5-8]. However, the degree of brain injury may be further
aggravated following the reperfusion process, which is called
cerebral ischemia/reperfusion (I/R) injury [9, 10]. Increasing
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evidence has shown that cerebral I/R can cause secondary
brain injury, including cerebral hemorrhage, cerebral edema,
and even death [11, 12]. Thus, it is necessary to clarify the
pathological mechanism underlying cerebral I/R injury and
explore novel therapeutic agents for ischemic stroke and
cerebral I/R injury.

The interleukins (ILs) are a pluripotent cytokine family
that have been reported to regulate ischemic stroke and cere-
bral I/R injury [13, 14]. In clinical experiments, higher IL-33
levels in acute ischemic stroke patients were positively corre-
lated with better prognosis and could be used to predict out-
comes and recurrences in acute ischemic stroke patients [15].
In addition, an IL-1 receptor antagonist (IL-1Ra) signifi-
cantly decreased plasma concentrations of IL-6 and C-
reactive protein in patients with ischemic stroke, indicating
that IL-1Ra can improve clinical outcomes by reducing
inflammation [16]. IL-35 pretreatment significantly reduced
brain infarction and neurological deficits after cerebral I/R
injury [17]. In addition, inhibition of IL-32 significantly
reduced the infarct volume and neurological deficits follow-
ing cerebral I/R injury by suppressing proinflammatory cyto-
kine secretion [18].

IL-22 is a member of the IL-10 superfamily and plays
important roles in tissue injury and repair [19, 20]. IL-22
has been reported to participate in various biological pro-
cesses, including the inflammatory response, oxidative stress,
endoplasmic reticulum stress, autophagy, apoptosis, and cell
death [21-24]. Takahashi et al. reported that IL-22 treatment
ameliorated I/R-induced myocardial injury and apoptosis by
activating the signal transducer and activator of transcription
(STAT) 3 signaling pathway [25]. Xu et al. also reported that
IL-22 treatment or IL-22 overexpression prevented renal
injury and inflammation after renal I/R in mice [26]. How-
ever, it remains unclear whether IL-22 is involved in ischemic
stroke and cerebral I/R injury. Thus, the aim of this study was
to determine the roles of IL-22 in cerebral I/R injury and to
explore the underlying mechanism.

2. Materials and Methods

2.1. Animals and Animal Model. Male C57BL/6] mice were
purchased from Beijing HFK Biotechnology Co., Ltd. (Bei-
jing, China). All mice were maintained in standard housing
conditions under a 12h light-dark cycle and were allowed
free access to standard rodent food and water. Animal care
and procedures were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and
approved by the Animal Ethics Committee of Anhui Medical
University.

A middle cerebral artery occlusion (MCAO) model was
generated according to previous research [27]. After 45 min
of ischemia, the suture was removed to initiate reperfusion.
The sham-operated mice underwent the same procedures
but did not receive sutures. Thirty minutes before reperfu-
sion, the mice were injected intraperitoneally with recombi-
nant mouse IL-22 protein (rIL-22). The doses and times
were selected according to our pilot experiments and previ-
ous research. The 90 mice were randomly allocated into the
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following three groups (n = 30/group): sham group, MCAO
group, and rIL-22 group.

2.2. Neurological Impairment Scores. After 24 h of reperfusion,
neurological impairment was evaluated as previously described
[28]. The neurological scoring system ranged from 0 (no neu-
rological deficits) to 4 (inability to walk spontaneously).

2.3. Measurement of Infarct Area. After neurological evalua-
tion, the brains were rapidly removed and subsequently cut
into coronal sections and then incubated with 2,3,5-triphe-
nyltetrazolium chloride (TTC) at 37°C for 20min. The
sections were fixed in 4% paraformaldehyde and photo-
graphed using an HD camera. The infarct area was analyzed
using Image], and the infarct volume was calculated as previ-
ously described [29].

2.4. Brain Water Content. After 24 h of reperfusion, the mice
were sacrificed and the brain tissues were rapidly removed
and then immediately weighed to obtain the wet weight. Sub-
sequently, the brain tissues were dried in a desiccating oven
at 105°C to obtain the dry weight. The brain water content
was calculated according to the previous described [30].

2.5. Cell Culture and Treatment. PC12 cells procured from
the Culture Collection of the Chinese Academy of Science
(Shanghai, China) were cultured in DMEM containing 10%
fetal bovine serum and 1% penicillin/streptomycin. Oxygen
and glucose deprivation/reperfusion (OGD/R) was estab-
lished by culturing the cells in glucose-free DMEM and hyp-
oxic conditions with 95%N,/5%CO,. After 2h of hypoxia,
the cells were transferred back to full culture medium under
normal atmosphere and incubated for 24h. At 3h before
OGD/R, rIL-22 (100 ng/mL) was administrated. To knock-
down JAK2 and STATS3 expression, PC12 cells were trans-
fected with si-JAK2 and si-STAT3, respectively, using
Lipofectamine 2000 according to the manufacturer’s
recommendation.

2.6. ELISA. After 24 h of reperfusion, blood specimens were
obtained from mice and centrifuged to separate the serum.
The levels of IL-13, monocyte chemotactic protein- (MCP-)
1, and tumor necrosis factor- (TNF-) a were measured by
ELISA kits (R&D Systems, USA) according to the manufac-
turer’s instructions.

2.7. Oxidative Stress Detection. After 24 h of reperfusion, the
brain tissues were rapidly removed and prepared as homog-
enates, and then, the supernatants were collected. For the
cells, PC12 cells were harvested and lysed, and then, the
supernatants were collected. The activity of total superoxide
dismutase (SOD) and glutathione (GSH) and the concentra-
tion of malondialdehyde (MDA) were measured by commer-
cial assay kits (Beyotime Biotechnology, China) according to
the manufacturer’s instructions.

2.8. Apoptosis Assay. Cell apoptosis was measured by a termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay kit, as previously described [31].
Briefly, the slices were incubated with TUNEL reagents, and
DAPI solution was prepared according to the manufacturer’s
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TaBLE 1: Primer sequences for RT-PCR assays.
Gene Species Sequence (5'-3")
Forward GGGCCTCAAAGGAAAGAATC
IL-18 Mouse
Reverse TACCAGTTGGGGAACTCTGC
L1 Rat Forward GTGCTGTCTGACCCATGTGA
P : Reverse CACAGGGATTTTGTCGTTGCT
Forward GAGGTCACTCCTATCCTCTGG
MCP-1 Mouse
Reverse GCCATTTCCTCCGACTTTTCTC
Forward AGCATCCACGTGCTGTCTC
MCP-1 Rat
Reverse GATCATCTTGCCAGTGAATGAG
Forward CCCAGGGACCTCTCTCTAATC
TNF-«a Mouse
Reverse ATGGGCTACAGGCTTGTCACT
INF Rat Forward CTACTCCCAGGTTCTCTTCAA
- a
Reverse GCTGACTTTCTCCTGGTATGA
. Forward TATTGGCAACGAGCGGTTCC
B-Actin Mouse
Reverse GGCATAGAGGTCTTTACGGATGT
. Forward CAAGAAGGTGGTGAAGCAG
B-Actin Rat
Reverse AAAGGTGGAAGAATGGGAG

instructions. The number and ratio of TUNEL-positive cells
were calculated based on the apoptosis index evaluated by
an investigator blinded to the experiment.

2.9. Quantitative Real-Time RT-PCR. Total RNA was
extracted from the ischemic hemisphere and PC12 cells using
a TRIzol reagent and then reverse transcribed into cDNA
according to the manufacturer’s protocol. Real-time PCR
analysis was performed using a LightCycler 480 qPCR Sys-
tem. The relative expression of target genes was normalized
against -actin mRNA. The primer sequences are presented
in Table 1.

2.10. Western Blotting. Protein was extracted from the
ischemic hemisphere and PC12 cells and then separated
using SDS-PAGE. The proteins were transferred onto an
Immobilon-P membrane (Millipore, USA). The membranes
were incubated with primary antibodies against Bax, Bcl-2,
p-JAK2, JAK2, p-STATS3, STAT3, and f-actin, followed by
incubation with the secondary antibody. Finally, proteins
on the membranes were detected using an Odyssey infrared
imaging system (LI-COR, USA), and the protein expression
levels were normalized to that of S-actin.

2.11. Statistical Analysis. Statistical analyses were performed
using SPSS software. Normally distributed data are expressed
as the mean =+ standard deviation (SD). One-way analysis of
variance (ANOVA) was used for comparisons among multi-
ple groups, and when the differences were statistically signif-
icant, a post hoc Tukey test was carried out. Nonnormally
distributed data are expressed as the median and quartiles.
The Kruskal-Wallis H test was used for comparisons among
multiple groups, and when the differences were statistically
significant, the Mann-Whitney U test was carried out
followed by Bonferroni correction. The Bonferroni correc-
tion is &' = 0.05/K, where K is the number of comparisons.

P values less than 0.05 were considered statistically
significant.

3. Results

3.1. IL-22 Treatment Ameliorated Cerebral I/R Injury. After
ischemia-reperfusion, significant cerebral infarction was
observed in the MCAO group, but IL-22 treatment signifi-
cantly decreased the infarct volume of mice (Figures 1(a)
and 1(b)). In addition, IL-22 administration significantly
ameliorated neurological deficits and brain water content
after cerebral I/R injury (Figures 1(c) and 1(d)).

3.2. IL-22 Treatment Inhibited the Inflammatory Response
after Cerebral I/R Injury. Compared with the sham group,
serum levels of inflammatory cytokines, including IL-1p,
MCP-1, and TNF-g, in the MCAO group were significantly
increased, while IL-22 treatment reduced the serum levels
of these cytokines (Figures 2(a)-2(c)). Furthermore, IL-22
treatment also decreased the mRNA expression of IL-1f,
MCP-1, and TNF-a in the ischemic cerebral cortex
(Figures 2(d)-2(f)).

3.3. IL-22 Treatment Attenuated Oxidative Stress and
Neuronal Apoptosis after Cerebral I/R Injury. Compared with
the sham group, the activities of SOD and GSH in the MCAO
group were significantly decreased and the levels of MDA
were significantly increased after cerebral I/R injury
(Figures 3(a)-3(c)). Interestingly, the activities of SOD and
GSH in the brain tissues were significantly increased, and
the levels of MDA were significantly reduced in the rIL-22
group compared with those in the MCAO group
(Figures 3(a)-3(c)). The TUNEL staining results also showed
that IL-22 treatment significantly decreased neuronal apo-
ptosis after cerebral I/R (Figure 3(d)).
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FIGURE 1: IL-22 treatment ameliorated cerebral I/R injury. (a) Representative sections of TTC staining in each group (n=6). (b)
Quantification of infarct volume in each group (n=6). (c) Neurological deficits were assessed in each group (n=8). (d) Brain water
content was calculated in each group (1 =6). *P < 0.05 vs sham group; *P < 0.05 vs MCAO group.

3.4. IL-22 Treatment Inhibited OGD/R-Induced Inflammation ~ GSH and reduced the levels of MDA compared with the
and Oxidative Stress. Our results showed that IL-22 treatment sig- OGD/R group (Figures 4(d)-4(f)).

nificantly decreased the mRNA expression of IL-13, MCP-1,and

TNF-« after OGD/R (Figures 4(a)-4(c)). In addition, IL-22 3.5. IL-22 Treatment Attenuated OGD/R-Induced Neuronal
treatment significantly increased the activities of SOD and  Apoptosis. The TUNEL staining results showed that the
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FIGURE 2: IL-22 treatment inhibited the inflammatory response after cerebral I/R injury. Serum levels of IL-1f3 (a), MCP-1 (b), and TNF-« (c)
were measured by ELISA (n=8). The mRNA expression of IL-1f (d), MCP-1 (e), and TNF-« (f) was detected in brain tissues (1 = 8).
*P<0.05 vs. sham group; “P<0.05 vs. MCAO group.
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FIGURE 3: IL-22 treatment attenuated oxidative stress and neuronal apoptosis after cerebral I/R injury. The levels of SOD (a), GSH (b), and
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vs. OGD/R group.

apoptotic index in the OGD/R group was significantly lower
than that in the PBS group, while IL-22 treatment significantly
diminished OGD/R-induced cell apoptosis (Figure 5(a)). In
addition, IL-22 treatment significantly attenuated the restored
Bcl-2 expression and reduced Bax expression after OGD/R
insult (Figure 5(b)).

3.6. IL-22 Treatment Activated the JAK2/STAT3 Signaling
Pathway. Our results showed that the phosphorylation levels
of JAK2 and STATS3 in the MCAO group were significantly
higher than those in the sham group, and IL-22 treatment
turther increased JAK2 and STAT3 phosphorylation levels
(Figure 6(a)). In addition, our results also showed that IL-
22 treatment upregulated JAK2 and STAT3 phosphorylation
levels in PC12 cells after OGD/R insult (Figure 6(b)).

3.7. JAK2 and STAT3 Knockdown Abolished IL-22-Mediated
Neuroprotection. To further confirm the effect of the JAK2/-
STATS3 signaling pathway in IL-22-mediated neuroprotection,
transfection with si-JAK2 and si-STAT3 was performed to
knock down JAK2 and STAT3 expression in vitro, respec-
tively. The results showed that JAK2 and STAT3 knockdown
abolished the IL-22-mediated anti-inflammatory effects by
increasing IL-1, MCP-1, and TNF-a mRNA expression
(Figures 7(a)-7(c)). In addition, JAK2 and STAT3 knockdown
also attenuated IL-22-mediated antioxidative stress and antia-
poptotic effects (Figures 7(d)-7(g)). The above results revealed

that the JAK2/STAT?3 pathway plays a central role in IL-22-
mediated neuroprotective effects.

4. Discussion

In the current study, we investigated the protective effect of
IL-22 against cerebral I/R injury. We provided direct evi-
dence that IL-22 treatment decreased infarct size, neurologi-
cal deficits, and brain water content in mice subjected to
cerebral I/R injury. IL-22 treatment remarkably attenuated
the inflammatory response, oxidative stress, and neuronal
apoptosis after cerebral I/R injury. In addition, IL-22 treat-
ment decreased the inflammatory response, oxidative stress,
and apoptosis of PC12 cells after OGD/R insult. Moreover,
IL-22 treatment significantly increased JAK2 and STAT3
phosphorylation levels in mice and PC12 cells, and STAT3
knockdown abolished the IL-22-mediated neuroprotective
function. These findings suggest that IL-22 could be
exploited as a potential therapeutic agent for ischemic stroke
and cerebral I/R injury.

Based on similarities in structure and receptor subunits,
the IL-10 family comprises six members, including IL-10,
IL-19, IL-20, IL-22, IL-24, and IL-26 [32-34]. As an anti-
inflammatory cytokine, the neuroprotective effect of IL-10
on cerebral I/R injury has been identified in numerous stud-
ies [35, 36]. In addition, IL-19 administration also reduced
ischemia-induced brain infarct and neurological deficits in
mice after experimental ischemic stroke, indicating that IL-19
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FIGURE 6: IL-22 treatment activated the JAK2/STAT3 signaling pathway. (a) The expression of p-JAK2, JAK2, p-STAT3, STAT3, and f-actin
in the brain was detected by western blotting (n = 4). (b) The expression of p-JAK2, JAK2, p-STAT3, STAT3, and f-actin in PC12 cells was
detected by western blotting (1 =4). * P < 0.05 vs. the sham or PBS group; “P < 0.05 vs. the MCAO or OGD/R group.

is a novel therapeutic target for cerebral I/R injury [37]. How-
ever, IL-20 expression was upregulated in the serum and brain
tissue of rats after cerebral I/R, and anti-IL-20 neutralizing anti-
body administration ameliorated MCAO-induced brain infarc-
tion in rats [38]. IL-22 was first identified as a product of CD4+
T cell subsets, and subsequent studies demonstrated that IL-22
is also secreted by macrophage, natural killer cells, and natural
killer T cells [24, 39]. Previous studies reported that IL-22 was
expressed in human brain tissue and mouse brain, and IL-22
treatment protected nutriment-deprived astrocytes from cell
death [40, 41]. Liu et al. also reported that IL-22 treatment
significantly inhibited serum starvation-induced PCI12 cell
death, indicating that IL-22 may confer a neuroprotective
function [42].

The results showed that rIL-22 administered in advance
significantly decreased the infarct volume and ameliorated
neurological deficits and brain water content after cerebral
I/R injury in mice. In addition, IL-22 treatment also dimin-
ished OGD/R-induced neuronal injury and apoptosis
in vitro. These findings demonstrated that IL-22 exerts a neu-
roprotective effect on cerebral ischemic injury.

The inflammatory response plays a pivotal role in the
pathophysiology of I/R-induced cerebral injury. After stroke,
the interruption and reperfusion of blood flow in brain tissue
trigger inflammatory cell infiltration and cause a robust
inflammatory response, which induces neuronal apoptosis
and death [43, 44]. Multiple inflammatory-related cytokines

are released in ischemic brain injury and participate in the
damage and repair process of brain tissue, including ILs,
TNF, interferon, and chemokines [45, 46]. In addition,
numerous data suggest that the inflammatory response is
closely related to oxidative stress and aggravating I/R-
induced cerebral injury [47, 48]. Thus, it is clear that thera-
peutic drugs targeting the inflammatory response and oxida-
tive stress can be very effective in improving cerebral I/R
injury. Previous research has shown that IL-22 is an
inflammation-related cytokine and has anti-inflammatory
and antioxidative stress effects. Thus, we investigated
whether IL-22 affects the inflammatory response and oxida-
tive stress in MCAO-induced cerebral I/R injury.

Our results showed that serum levels of inflammatory
cytokines, including IL-18, MCP-1, and TNF-a, in the
MCAO group were significantly higher than those in the
sham group, while IL-22 treatment significantly reduced
the serum levels of these cytokines. In addition, IL-22
treatment also decreased the mRNA expression of IL-1f,
MCP-1, and TNF-« in brain tissue after cerebral I/R injury.
To assess the effects of IL-22 on cerebral I/R-induced oxi-
dative stress, we measured the SOD and GSH activities
and MDA contents in brain tissues. The results showed that
the activities of SOD and GSH in the brain tissues were sig-
nificantly increased and the levels of MDA were signifi-
cantly reduced in the rIL-22 group compared with those
in the MCAO group.
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Signaling through the JAK/STAT pathway is important
for the progression of neurological diseases, including stroke,
traumatic brain injury, status epilepticus, brain tumors, and
neurodegenerative diseases [49, 50]. Many lines of evidence
have indicated that JAK2/STAT3 signaling is activated in
the early stage of cerebral ischemia and mediates oxidative
stress, the inflammatory response, and neuronal apoptosis
[49, 51]. Kinouchi et al. reported that pioglitazone protects
against cerebral I/R injury by activating the JAK2/STAT3 sig-
naling pathway [52]. Liu et al. reported that diosmin inhibits
neuronal apoptosis by activating the JAK2/STAT3 signaling
pathway after cerebral ischemia in mice [53]. Accumulating
evidence suggests that JAK2/STAT3 is a major downstream
signal of IL-22 and mediates its hepatoprotective and cardio-
protective functions [25, 39].

In the current study, we investigated the role of IL-22
treatment in JAK2/STAT3 signaling after cerebral I/R. The
results showed that the phosphorylation levels of JAK2 and
STAT3 were upregulated in mice after cerebral I/R injury

and in PC12 cells following OGD/R. In addition, IL-22 treat-
ment further increased JAK2 and STAT3 phosphorylation
levels, and STAT3 knockdown abolished the IL-22-
mediated neuroprotective function. These findings indicate
that the neuroprotective actions of IL-22 are related to the
JAK2/STATS3 signaling pathway.

Over the last decade, evidence supporting combination
therapies has been obtained from a variety of studies in many
types of animal models [54, 55]. The combination of throm-
bolysis and neuroprotection has been considered a promising
approach for the treatment of acute ischemic stroke [55, 56].
Tissue plasminogen activator (tPA) is the only treatment
approved by the USA FDA for acute ischemic stroke; it dis-
solves the obstructive clot to restore cerebral blood flow
[57]. Neuroprotective agents attenuate the inflammatory
response and suppress molecules that mediate thrombosis
and blood-brain barrier disruption induced by ischemia such
that the benefits of tPA may be extended [55, 56]. Our study
shows that IL-22 may be a promising neuroprotective agent;
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however, the combined effect of IL-22 and tPA is still unclear
and will be the focus of our next study.

In conclusion, our findings provide preliminary evidence
demonstrating the roles of IL-22 in cerebral I/R injury. IL-22
treatment prevented I/R-induced cerebral injury and neuro-
logical deficits by alleviating the inflammatory response, oxi-
dative stress, and neuronal apoptosis. Our data indicate that
IL-22 may serve as an attractive therapeutic target for treat-
ing ischemic stroke and cerebral I/R injury.
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