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A B S T R A C T

Apigenin (API) is a plant flavone that is known to exert a protective effect in rheumatoid arthritis (RA), which is
a chronic autoimmune disease. However, the molecular mechanism for API's protective effect against RA is still
unclear. Here, a collagen-induced arthritis (CIA) mouse model was used to assess the protective effect of API on
RA. Histomorphological studies, immunohistochemistry, RT-PCR, and western blot were conducted to elucidate
the roles of synovial hyperplasia, angiogenesis, and osteoclastogenesis in the protective effect of API on RA.
Fibroblast-like synoviocytes (FLSs) were isolated to measure the effect of API on FLS proliferation and apoptosis.
API exhibited a significant protective effect in CIA mice in a dose- and time-dependent manner. An increase in
apoptosis and decrease in proliferation were observed after the API treatment in FLSs, suggesting that API might
inhibit synovial hyperplasia. Moreover, CIA angiogenesis was repressed by API via down-regulation of VEGF and
VEGFR. Furthermore, API regulated the osteoclastogenesis-associated RANKL/RANK/OPG system in CIA mice.
Therefore, API inhibits CIA by repressing synovial hyperplasia, angiogenesis, and osteoclastogenesis. This sug-
gested that API might be a putative low toxicity candidate drug for RA treatment.

1. Introduction

Rheumatoid Arthritis (RA), a chronic autoimmune disease of un-
known etiology, affects about 1% of the population worldwide. It is
characterized by joint synovial inflammation and progressive cartilage
and bone destruction, resulting in gradual immobility [1].

In RA, fibroblast-like synoviocytes (FLSs) can be recruited to the
synovial intimal lining and contribute to the local production of cyto-
kines, small molecule mediators of inflammation, and proteolytic en-
zymes that degrade the extracellular matrix [2]. The imbalance be-
tween FLS proliferation and apoptosis has been regarded as a
contributing factor for the development of RA [3]. In addition, abun-
dant blood vessels were observed in the RA synovium that are likely to
be involved in the development of RA [4]. Furthermore, bone erosion
starts early following the onset of RA and progresses throughout the
course of the disease. As the primary bone resorptive cells, osteoclasts
play an important role in bone destruction in RA [5]. Activation of the
receptor activator in the nuclear factor κB ligand (RANKL) pathway
increases osteoclast formation in the joints, thus promoting bone de-
struction in RA [6–8].

Non-steroidal anti-inflammatory drugs and disease-modifying anti-
rheumatic drugs (DMARDs) have been clinically used for RA treatment.
In particular, the use of DMARDs that act on the immune system sig-
nificantly slows down the progression of RA. However, the potent
synthetic drug treatments cause severe toxicity. For example, metho-
trexate, the first-line therapy for the treatment of RA, resulted in many
adverse effects, including hepatotoxicity, ulcerative stomatitis, leuko-
penia, neurological damage, and memory loss during long-time treat-
ment. Therefore, herbal drugs are gaining interest among RA patients
due to their safety [9].

Apigenin (API, 4, 5, 7-trihydroxy flavone) is a plant flavone that
exists in common fruits and vegetables, including parsley, celery, cel-
eriac, and chamomile tea. It possesses strong anti-inflammatory and
anticancer properties. Epidemiologic studies suggest that flavone-en-
riched diet is related to a decreased risk of certain cancers [10]. It has
also been suggested that API may be protective in autoimmune dis-
eases, such as lupus [11], asthma [12], and RA [13]. API treatment
delayed the onset and reduced the severity of arthritis in collagen-in-
duced arthritic (CIA) mice, diminished secretion of pro-inflammatory
cytokines in the serum, and suppressed dendritic cell maturation and
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migration [13]. However, this mechanism is still not well-understood.
We sought to analyze the effect of API on synovial hyperplasia, an-
giogenesis, and osteoclastogenesis in a CIA mouse model. This work
aimed to clarify the mechanism of API on RA treatment.

2. Materials and methods

2.1. Mice

DBA/1J male mice (6–8weeks, 22.5 ± 2.5 g), which were pur-
chased from Beijing Huafukang bioscience CO, were used. Experiments
were performed in accordance with the guidelines of the Animal Care
and Use Committee of Shenyang Medical College.

2.2. Collagen-induced arthritis model and apigenin treatment

Collagen-induced arthritis (CIA) was induced in DBA/1J mice as
previously described [14,15]. Briefly, 2mg/ml chicken type II collagen
(CO II) (Sigma) and complete Freund's adjuvant solution (1:1) (RD)was
slowly inject a 200 μl volume intradermally into the tail, and a sec-
ondary immunization is performed after 21 days of primary injection.
PBS treated mice were used as control.

Apigenin (Sigma) was administered intraperitoneally (20mg/kg
bodyweight) one day before the first collagen injection, with treatment
continued daily for 50 days [13]. The mice were carefully monitored for
the development and severity of joint inflammation, and scored by
using an established semi-quantitative scoring system of 0–4 where
0= normal, 1=mild swelling, 2=moderate swelling, 3= swelling of
all joints and 4= joint distortion and/or rigidity and dysfunction [16].

2.3. H&E staining

Frozen sections were prepared from the joints of the mice, and
stained with haematoxylin and eosin, and the score blinded for signs of
arthritis.

2.4. Immunohistochemistry

Paraffin sections of the joints or FLS were fixed and stained with
antibodies against VEGF, VEGFR1, VEGFR2, RANKL, RANK, OPG,
CD68, (Abcam) Vimentin (proteintech) or anti-goat IgG in 4 °C for
overnight. After washing with PBS, biotin-labeled anti-goat IgG sec-
ondary antibody was incubated for 45min at 37 °C. The visualization
signal was developed with 3,3′-diaminobenzidine tetrachloride (RD).
The images were obtained to analyze the Integrated Optical Density
(IOD).

2.5. Western blot analysis

Synovial tissues were homogenized and lysed in NETN buffer
(20mM Tris-HCl pH 7.4, 0.5% NP40, 420mM NaCl, 1 mM EDTA, 1mM
PMSF, 10 μg/ml aprotinin and 10 μg/ml leupeptin) with sonication at
4 °C for 60min. The supernatants were collected for Western blot
analysis, and protein concentration was determined by the Folin assay.

Equal amounts protein samples were run in SDS-PAGE and trans-
bolting to PVDF membranes. Antibodies against VEGF (1:500), VEGFR1
(1:1000), VEGFR2 (1:1000), RANKL (1:500), RANK (1:1000), OPG
(1:500), β-actin (1:1000) and horseradish perosidase (HRP)-conjugated
secondary antibody (1:5000) were used, and the specific protein levels
were visualized by using ECL as the HRP substrate. The densitometry of
each band was measured by Quantity One 1-D Analysis Software (Bio-
Rad). β-actin was used as an internal control for quantification.

2.6. qRT-PCR

RNA purified from synovial tissues by TRIzol Reagent (Invitrogen).
Various genes expressions were examined by qRT-PCR using SYBR
green real-time PCR Master Mix (TOYOBO). Actb was quantified as
internal control. The primers used are described in Table 1.

2.7. Isolation and culture of fibroblast-like synoviocytes (FLS)

FLS was purified from control and CIA mice as previous our report
[17], and cultured in DMEM medium (Gibco, Grand Island, NY, USA)
supplemented with 15% fetal calf serum, 2mM glutamine (Gibco),
penicillin (100 U/ml) and streptomycin (100 μg/ml), and maintained at
37 °C with CO2 in a humidified atmosphere. Briefly, 8-12pieces (1 mm3)
synovial tissues were evenly placed on the bottom of a culture bottle
and culture for 24 h. Then the synovial pieces were removed and con-
tinue to culture until 70–80% confluence for passage and amplification
in DMEM medium without API. API was added to FLS from CIA mice at
indicated concentration for indicated time.

2.8. MTT analysis

FLSs were seeded into 96-well plates and incubated overnight. FLSs
were treated with or without API (15, 25, 50, 75, 100, 150, 200 μM) for
24, 48, 72 and 96 h and then collected for MTT analysis as previously
[18]. Cells were washed three times by PBS and incubated in 100 μl of
0.5 mg/ml MTT solution at 37 °C for 3 h. The residual cell layer was
dissolved in 150 μl of DMSO, the optical density was measured at
490 nm wavelength using a microplate reader (Thermo Scientific,
Shanghai, China). Inhibition ratio was calculated.

2.9. Flow cytometric analysis

FLSs were treated with or without 15, 25 and 50 μM API for 24 h.
Apoptosis cells were labeled by Annexin V-FITC Apoptosis Detection Kit
(Beyotime, C1062S). For cell cycle analysis, FLSs was fix in 70% EtOH
at 4 degree for overnight. PI was used for DNA straining with RNase A.
After washing, the cells were scraped and suspended in PBS, and 10,000
cells were analyzed by a FACScan flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA).

2.10. Statistical analysis

Analyses were performed using SPSS 21.0. Data are presented as
mean ± standard deviation (SD). The difference of means among

Table 1
Primer sequences of qRT-PCR.

Name Forward primer Reverse primer

Tnfsf11 CATCGGGTTCCCATAAAG GAAGCAAATGTTGGCGTA
Tnfrsf11a CAAGGAGGCCCAGGTTTA CAGATTAGCTGTCAGCGTTTT
Tnfrsf11b CATACCACTTTCCCAAAACCGTC TCAACTGCCATTTCAAGAGCC
Vegf CTGACGGACAGACAGACAGACAC GCCCAGAAGTTGGACGAAAA
Vegfr-1 CGGAGAAATCTGCTCGCTAT CTTGGAAGGGACGACACG
Vegfr-2 TAACTATCCGAAGGGTGA AAGGAGCCAGAAGAACAT
Actb GGAGATTACTGCCCTGGCTCCTAGC GGCCGGACTCATCGTACTCCTGCTT
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groups were compared by one-way analysis of variance (ANOVA) fol-
lowed by post hoc LSD (least significant difference) tests.

3. Results

3.1. API inhibits arthritis symptoms in CIA mice

A CIA mouse model, the most commonly studied autoimmune
model of RA, was used for the analysis of API function. In CIA mice,
arthritic symptoms were observed on day 24 and the arthritic index (AI)
representing the severity of RA rapidly increased over time and reached
a peak on day 48. The addition of API significantly repressed the CIA-
induced increase of the AI score on day 40 (Fig. 1A). This indicated that
API could inhibit the arthritic symptoms of RA. Furthermore, joint
histomorphological studies indicated that the API addition reduced the
CIA-induced increase of synovial hyperplasia, inflammatory cell in-
filtration, dilatation, and congestion in blood vessels and pannus

(Fig. 1B). This indicated that API could inhibit the arthritic symptoms
by repressing the synovial hyperplasia, angiogenesis, and osteoclast
activation.

3.2. API inhibits FLS proliferation and induces FLS apoptosis in CIA mice

FLSs were isolated from synovial tissue and identified by im-
munohistochemistry. Vimentin-positive and CD68-negative signals
were detected, confirming that the cells were indeed FLSs (Fig. 2A). The
cell growth curves were measured to clarify the role of API in FLS
proliferation. API treatment significantly repressed the FLS prolifera-
tion in a time and dose-dependent manner (Fig. 2B). FACS analysis was
also used to analyze cell cycle progression (Fig. 2C) and apoptotic cell
percentage (Fig. 2D). In CIA mouse FLSs, G2/S phase was increased and
G1 phase was decreased, indicating that cell proliferation was en-
hanced. After the API addition, G1 phase cell number was significantly
increased and G2/S phase cell number was significantly decreased in a

Fig. 1. API inhibits arthritic symptoms in CIA mice. (A) Arthritis index was measured between day 24 and day 64 after the first CO II or PBS treatment. PBS (Ctrl), CO
II (CIA), and API (API) were administered as described in the Materials and methods section. Data are expressed as mean ± SD, n= 10, *p < 0.05, **p < 0.01. (B)
Representative HE staining images of synovial tissues from control, CIA, and API-treated CIA mice on day 48. Synovial hyperplasia (black arrows) and pannus (blue
arrows) are marked. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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dose-dependent manner (Fig. 2C). This suggested that API slowed cell
cycle progression and thereby inhibited cell proliferation in CIA mice.
Moreover, Annexin V (AV)-PI staining indicated that the late apoptosis
cell ratio was significant, since AV-positive and PI-positive cell pro-
portion was around 40% in control mice. CIA significantly repressed the
apoptotic cell numbers, while the apoptotic cell percentage was sig-
nificantly increased after the API treatment in a dose-dependent
manner (Fig. 2D). Thus, API could rebalance the proliferation and

apoptosis status in RA.

3.3. API can inhibit VEGF and VEGFR expression in CIA mice

Potent pro-angiogenic cytokine vascular endothelial growth factor
(VEGF) and its receptor VEGFR have been demonstrated to have a
central involvement in the angiogenic process and pannus formation in
RA [19,20]. Therefore, VEGF and VEGFR expression levels were

Fig. 2. API induces FLS apoptosis and cell cycle arrest. (A) Representative FLS immunostaining images for CD68 and vimentin. CD68-negative and vimentin-positive
cells were observed among the FLSs. Vimentin-negative control was stained without antibody. (B) The inhibition ratio of API on FLS was measured by MTT assay.
FLSs form CIA mice was treated with or without 15, 25, 50, 75, 100, 150, and 200 μM API for 24, 48, 72, and 96 h. Data are expressed as mean ± SD, n=3. (C) API
induced G2/S cell arrest in FLSs. Cell cycle was measured by FACS with PI staining. FLSs from CIA mice were treated with 15, 25, and 50 μM API for 48 h. The
percentages of FLSs in G1 and G2/S phases are shown as mean ± SD, n=4, **p < 0.01, ***p < 0.001. (D) API-induced increased FLS apoptosis was measured by
FACS with Annexin V and PI staining. FLSs from CIA mice were treated with 15, 25, and 50 μM API for 48 h. AV-positive and PI-positive cells represented the
apoptotic cells. Apoptotic cell percentages are shown as mean ± SD, n= 4, ***p < 0.001.

Fig. 3. API represses VEGF and VEGFR expression in synovial tissues of CIA mice. (A) Representative IHC staining images for VEGF, VEGFR-1, and VEGFR-2 in mouse
synovial tissue on day 48. PBS (Ctrl), CO II (CIA), and API (API) were administered as described in the Materials and methods section. Integrated optical density (IOD)
representing the expression levels was measured. Data are expressed as mean ± SD, n=3, **p < 0.01 vs. Ctrl group, # p < 0.05 vs. CIA group. (B) Western blot
was used to measure the protein levels of VEGF, VEGFR-1, and VEGFR-2 in synovial tissues from control, CIA, and API mice on day 48. The relative densitometry
ratios to β-actin are shown below. (C) mRNA levels of Vegf, Vegfr-1, and Vegfr-2 genes were measured by qRT-PCR on day 48. Actb was measured as an internal
control. The relative expression levels are shown as mean ± SD, n= 4, ***p < 0.001.
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analyzed by IHC (Fig. 3A) and western blot (Fig. 3B). Both IHC and
western blot results indicated higher levels of VEGF, VEGFR 1, and
VEGFR 2 expression in synovial tissues of CIA mice. API significantly
decreased the protein levels of VEGF, VEGF1, and VEGFR2. The mRNA
levels were measured by qRT-PCR (Fig. 3C). Similar results were ob-
served, where API repressed the Vegf, Vegf1, and Vegf2 gene tran-
scription in CIA mice. Thus, it was suggested that API could repress
VEGF and VEGFR expression in RA.

3.4. API regulates RANKL/RANK/OPG system in CIA mice

The RANKL/RANK/OPG system plays a key role in osteoclastogen-
esis. RANKL binds to the RANK receptor on osteoclast precursors and
subsequently drives osteoclastogenesis, while osteoprotegerin (OPG) in
osteoblasts acts as a decoy receptor for RANKL, which prevents RANKL
binding to RANK [21,22]. Therefore, we analyzed the RANKL/RANK/
OPG system in API-treated CIA mice. IHC and western blot results in-
dicated that RANKL and RANK expression levels were significantly re-
duced after the API treatment in CIA mice. The expression of OPG was

Fig. 4. API regulates RANKL/RANK/OPG system in synovial tissues of CIA mice. (A) Representative IHC staining images for RANKL, RANK, and OPG in synovial
tissues from control, CIA, and API mice on day 48. CO II (CIA) and API (API) were administered as described in the Materials and methods section. IOD representing
the expression levels were measured. Data are expressed as mean ± SD, n=3, *p < 0.05, **p < 0.01 vs. Ctrl group, #p < 0.05 vs. CIA group. (B) Western blot
was used to measure the protein levels of RANKL, RANK, and OPG in synovial tissues from control, CIA, and API mice on day 48. The relative densitometry ratios to
β-actin are shown below. (C) mRNA levels of Tnfsf11, Tnfrsf11a, and Tnfrsf11b genes were measured by qRT-PCR on day 48. Actb was measured as an internal control.
The relative expression levels are shown as mean ± SD, n=4, **p < 0.01, ***p < 0.001.
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significantly increased in API-treated CIA mice (Fig. 4A, B). RT-PCR was
used to quantify the mRNA levels of Tnfsf11, Tnfrsf11a, and Tnfrsf11b
encoding RANKL, RANK, and OPG, respectively. Decreased Tnfsf11 and
Tnfrsf11a, and increased Tnfrsf11b expression levels were observed in
API-treated groups in CIA mice. This suggested that API repressed os-
teoclastogenesis via the RANKL/RANK/OPG system in RA.

4. Discussion

In RA, imbalance between FLS proliferation and apoptosis has been
regarded as a contributing factor for the development of RA, since ex-
cessive growth of the FLSs promotes hyperplasia of synovial tissues and
induces its invasion into the bone and cartilage, eventually leading to
joint deformity and dysfunction [3,23]. However, FLSs in RA rarely
undergo apoptosis (< 2% in CIA mice, Fig. 2D), since high levels of Bcl-
2 expression might block the mitochondria/caspase apoptosis pathway
in the RA joints [24]. Here, API was found to promote apoptosis and
induce G2/S phase cell cycle arrest in cultured FLSs, since API exerts
transient effect in CIA mice (daily administration) and the long time
FLSs isolation and culture process in DMEM without API might omit the
pro-apoptosis function of FLSs. Furthermore, API was reported to in-
duce the mitochondrial redox impairment and increased mitochondria
reactive oxygen species (ROS) levels in human cervical cancer-derived
cell lines [25]. The mitochondria/caspase pathway was also reported to
participate in API-induced cell apoptosis in human breast cancer [26].
Thus, API inhibition of FLS growth and synovial hyperplasia in RA
might occur through regulation of ROS and mitochondria/caspase
pathway in RA.

API inhibits VEGF and VEGFR, which might contribute to anti-an-
giogenesis in RA, since VEGF is the most endothelial-cell-specific factor
and induces vascular permeability. Serum VEGF was elevated in RA and
correlated with the radiographic progression of vascularity over the
subsequent year. [4] VEGFR-1 and VEGFR-2 are closely related receptor
tyrosine kinases and are required for normal development and angio-
genesis [27]. Deletion of the tyrosine kinase domain of VEGFR-1 de-
creases the incidence and clinical symptoms of RA, such as in-
flammatory infiltration, while the pannus formation becomes milder in
Vegfr-1 mutant mice [28]. On the other hand, API suppresses the ex-
pression of VEGF via degradation of hypoxia-inducible factor (HIF)-1α
protein in endothelial cells and human lung cancer cells [29,30]. In-
terestingly, HIF-1α is a key transcriptional factor that is highly ex-
pressed in the RA synovium to regulate the adaptive responses to this
hypoxic environment. Both HIF-1α and HIF-2α have been shown to
increase the expression of VEGF in the inflammatory joint region and to
further induce angiogenesis [31,32]. Thus, the anti-angiogenic activity
of API might occur via the HIF-1α/VEGF pathway in RA.

The RANKL/RANK/OPG system is a well understood signaling
pathway that contributes to osteoclastogenesis and bone destruction in
RA. In postoperative joint specimens of patients with RA, increased
number of osteoclasts and RANKL expression levels were found [33].
Therefore, API could repress and delay in the osteoclastogenesis process
in RA by regulating the RANKL/RANK/OPG system. Moreover, the
expression of RANKL/RANK/OPG is mainly regulated by hormones,
growth factors, and cytokines, including IL-1, IL-6, IL-11, IL-17, and
TNFα [34]. In mouse osteoblast cells, API inhibits the osteoclastogenic
cytokines, IL-6 RANTES, MCP-1, and MCP-3 in a dose-dependent
manner, further repressing the RANKL expression [35]. This suggests
that API might regulate the expression of the RANKL/RANK/OPG
system by regulating various cytokines. Here, inflammatory cell in-
filtration was repressed after the API treatment (Fig. 1A), which partly
indicated that API regulates the RANKL/RANK/OPG system via some
inflammatory cytokines in RA. Furthermore, API was also reported to
target the RANKL/RANK/OPG system in in silico research [36]. Based
on the three-dimensional structure models of RCSB RANK-RANKL and
RANKL-OPG, API easily interacts with the RANK-RANKL and RANKL-
OPG systems. Thus, the anti-osteoclastogenesis activity of API might act

by not only changing the expression of the RANKL/RANK/OPG system
but also regulating the interaction of RANK-RANKL and RANKL-OPG in
RA.α.

The majority functions of flavones result from their strong anti-
oxidative properties, API was therefore thought to scavenge mi-
tochondria ROS, which regulates numerous intracellular signal trans-
duction pathways as well as the activities of various transcription
factors [37,38]. Increased ROS level has been reported to active HIF-
1α/VEGF pathway and contribute to angiogenesis [39] and regulate
osteoclastogenic cytokines expression and mediate RANK signaling
[40]. Moreover, inflammatory cytokines, such as IL-6, TNF-α, in the
synovium of RA patients could be augmented by the generation of ROS
in the FLSs, since N-acetylcysteine, ROS scavenger, inhibited the IL-6
and TNF-α in FLSs [41]. And ROSs and inflammatory cytokines were
found to be elevated in RA patients in comparison with the healthy
controls [42]. Therefore, the multi-functions of API might be due to the
antioxidative properties. But API has been reported to induce ROS and
apoptosis in cancer cell lines [25]. The complex and controversial role
of API in ROS generation might be because different subtypes ROS were
regulated by API in different directions [43]. Thus, the multi-functions
of API in RA could be due to a common molecular target mitochondria
ROS.

Thus, API might repress the pathogenesis process of RA to improve
the arthritic symptoms by inhibiting synovial hyperplasia, angiogen-
esis, and osteoclastogenesis. API-induced decreased FLS proliferation
and increased FLS apoptosis could act against synovial hyperplasia, the
anti- angiogenesis function of API might inhibit VEGF and VEGFR ex-
pression, while its anti-osteoclastogenesis activity can regulate the
RANKL/RANK/OPG system. Therefore, API might be a putative low
toxicity candidate drug for RA treatment.
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