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CP-25 exerts anti-angiogenic effects on a rat model of
adjuvant-induced arthritis by promoting GRK2-induced
downregulation of CXCR4-ERK1/2 signaling in endothelial cells
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Abstract. Angiogenesis can produce an invasive and destruc-
tive front, also named a pannus, comprised of inflammatory
vascular tissue that covers and erodes articular cartilage,
subchondral bone and peri-articular soft tissues in rheumatoid
arthritis (RA). Paeconiflorin-6'-O-benzene sulfonate (CP-25)
is a novel ester derivative of paeoniflorin. We previously
demonstrated that CP-25 exerts anti-inflammatory and immu-
noregulatory effects. CP-25 also exhibits a marked therapeutic
effect on adjuvant-induced arthritis (AA), and is able to
inhibit synovial and immune cell function, according to our
previous study. However, the effect of CP-25 on angiogenesis
remains unclear. In the present study, AA was initiated in
Sprague-Dawley rats via intradermal immunization in the
right hind metatarsal footpad with heat-killed Mycobacterium
butyricum in liquid paraffin, and rats were divided into four
groups: Normal, AA rat model, CP-25 (50 mg/kg) and metho-
trexate (0.5 mg/kg) groups (n=10 rats/group). Subsequently,
joint synovium in AA rats was pathologically evaluated by
hematoxylin and eosin staining, synovial vascular proliferation
was evaluated by immunofluorescence, the synovial expres-
sion levels of C-X-C motif chemokine ligand 12 (CXCL12)
were detected by immunohistochemistry and ELISA, and
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synovial C-X-C chemokine receptor type 4 (CXCR4) was
detected by western blotting. The results demonstrated that
CP-25 ameliorated clinical signs and pannus formation in the
ankle joint in rats with AA. Furthermore, there was a positive
correlation between pannus score and CXCL12 and CXCR4
expression. In addition, the effects of CP-25 on endothelial cell
function and CXCL12/CXCR4 signaling were studied in vitro
using human umbilical vein endothelial cells (HUVECs). The
results demonstrated that CXCL12 significantly promoted
HUVEC proliferation, migration and tube formation, and
that CP-25 could reverse these abnormalities by inhibiting
plasma membrane localization of G protein-coupled receptor
kinase 2 (GRK2) in HUVECs. These findings suggested
that CP-25 may markedly inhibit pannus formation in AA.
This effect may be associated with a reduction in the plasma
membrane localization of GRK?2 in endothelial cells, an
enhancement of the inhibitory effect of GRK2 on ERK1/2 in
the cytoplasm, a reduction in the phosphorylation of ERK1/2
and in the function of HUVECs.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
that causes synovial hyperplasia and progressive joint degen-
eration (1). The characteristic histopathological features of
arthritis include marked proliferation of synoviocytes, infiltra-
tion of large mononuclear cells, extensive degradation of deep
cartilage and pannus formation (2). These features are also
observed in a rat model of adjuvant-induced arthritis (AA) (3).
Angiogenesis consists of the formation of new blood vessels
from pre-existing vasculature; this process has a critical role
in the pathogenesis of RA. Angiogenesis promotes the infil-
tration of inflammatory cells into the joints and stimulates
the generation of a pannus that covers and erodes articular
cartilage, subchondral bone and peri-articular soft tissues.
This eventually leads to joint destruction and the deformities
observed in chronic arthritis (4-6).

Chemokine C-X-C motif chemokine ligand 12 (CXCL12),
also known as stromal cell-derived factor 1, is released by
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various immune cells, endothelial cells and stem cells, and
is widely expressed in the whole body under physiological
conditions (7,8). C-X-C-motif chemokine receptor 4 (CXCR4),
which is the specific receptor for CXCL12, is expressed on
various cell types, including tumor cells. CXCR4 serves a
crucial role in organ-specific metastasis, where it can direct
the migration of CXCR4-expressing malignant cells towards
microenvironments where its ligand is secreted (9). CXCR4
is also a co-receptor for human immunodeficiency virus
type 1 (10), and is highly expressed in synovial tissue and
endothelial cells in RA (11). It has been reported that aberrant
expression of CXCR4 causes impaired neovascularization (12)
and that CXCL12 is upregulated in the synovial fluid in
RA (13). Furthermore, it has been reported that CXCL12 and
CXCR4 levels in the synovium are associated with clinical
outcome, and with bone and joint destruction, in patients with
RA treated with golimumab (14). The present study confirmed
that the CXCL12/CXCR4 pathway may serve a pathogenic
role via angiogenesis in RA.

The novel compound paeoniflorin (Pae)-6'-O-benzene
sulfonate (CP-25; C,,H;,0,5S; molecular weight: 620 g/mol;
patent no. in China: ZL.20121003061 6.4; Fig. 1A) (15) is a new
ester derivative of Pae. Pae is the main effective compound
in total glucosides of paeony, which is extracted from the
roots of Paeonia lactiflora Pall, and is a traditional Chinese
medicine that has anti-inflammatory and immunoregula-
tory effects (16-23). However, studies have revealed that Pae
bioavailability is low (3-4%); this phenomenon is mainly
due to the poor absorption of Pae, which is partially caused
by modest permeation, efflux via P-glycoprotein and hydro-
lytic degradation in the intestine (24,25). Our previous study
revealed that the oral and venous pharmacokinetic parameters
of CP-25 are better than Pae (CP-25: t1/2=2.11 h, MRT=4.30 h,
Vd=146.67 l/kg, CL/F=58.17 1/h-kg; Pae: t1/2=1.45 h,
MRT=3.91 h, Vd=17.30 1/kg, CL/F=68.02 1/h-kg) (26). In
addition, CP-25 has superior intestinal absorption compared
with Pae (27). Consistent with another study (28), CP-25 can
attenuate the clinical signs of AA by inhibiting the expression
of pro-inflammatory cytokines, including interleukin (IL)-1p,
tumor necrosis factor (TNF)-a, IL-6 and IL-17, and promoting
the production of the anti-inflammatory cytokine TNF-f1. In
addition, a previous in vitro study reported that CP-25 attenu-
ates the inflammatory response of fibroblast-like synoviocytes
co-cultured with B cell activating factor-activated CD4*
T cells (29). However, the anti-angiogenic effects of CP-25 and
its underlying mechanisms remain unclear.

G protein-coupled receptor kinase 2 (GRK?2) is a member of
the serine/threonine protein kinases family, which has emerged
as a pivotal integrative scaffold in endothelial and fibroblast
cells (30,31). A previous study revealed the dysfunction and
overexpression of GRK2 in patients with RA and animal
models of RA, which suggests that GRK?2 may be considered a
potential target in the treatment of RA (32). The present study
hypothesized that CP-25 may exert anti-angiogenic effects
on AA and could suppress the functions of human umbilical
vein endothelial cells (HUVECsS) in vitro through regulation
of GRK?2 and the CXCL12/CXCR4 pathway. The expression
levels of CXCL12 and CXCR4 were therefore examined in
the synovium of rats with AA and the effects of CP-25 on
HUVEC function was investigated in vitro. To the best of our
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knowledge, the present study is the first to demonstrate the
potential therapeutic effect of CP-25 on AA and to determine
the mechanism underlying its anti-angiogenic effect. The
findings from this study may provide a scientific basis for the
development of novel CP-25-containing drugs in the treatment
of autoimmune diseases.

Materials and methods

Animals. A total of 45 Sprague-Dawley rats (male; age,
6-8 weeks; weight, 180-200 g) were purchased from the
Experimentation Animal Center of Anhui Medical University.
All rats were maintained in a specific pathogen-free animal
laboratory (20-25°C; relative humidity, 50-60%; 12-h light/dark
cycle; free access to food and water) at the Experimentation
Animal Center of Anhui Medical University.

Reagents. RPMI-1640 medium and fetal bovine serum (FBS)
were purchased from HyClone; GE Healthcare Life Sciences.
HUVECs were purchased from All Cells BioTech Co., Ltd.
Cell Counting kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc. An ELISA kit for CXCL12
(cat. no. CSB-E08729r) was purchased from Cusabio, Inc.
Antibodies against a-smooth muscle actin (a-SMA) (cat.
no. ab32575), CXCR4 (cat. no. ab124824), GRK2 (cat.
no. ab228705), ERK1/2 (cat. no. ab79853), phosphorylated
(p)-ERK1/2 (cat. no. ab214362), CXCL12 (cat. no. ab9797), and
[-actin (cat. no. ab115777) were purchased from Abcam. The
Na K-ATPase antibody (cat. no. 3010S) was purchased from
Cell Signaling Technology, Inc.

Drugs. Methotrexate (MTX; 2.5 mg per tablet) was purchased
from Shanghai Xinyi Pharmaceutical Co., Ltd. CP-25 was
provided by the Chemistry Lab of the Institute of Clinical
Pharmacology of Anhui Medical University.

Arthritis induction and treatments. To establish a rat model of
AA, 100 ul (1 mg/rat) heat-killed Mycobacterium butyricum
(provided by Beijing Biological Products Research Institute
Co., Ltd.) in liquid paraffin was intradermally injected into the
right hind metatarsal footpad, as previously described (28,33).
Rats were randomly divided into four groups (n=10/group) as
follows: 1) Normal (no immunization); ii) AA model; iii) CP-25,
AA rats treated with CP-25 (50 mg/kg); and iv) MTX, AA rats
treated with MTX (0.5 mg/kg).

Our previous study demonstrated that 50 and 100 mg/kg
exerted therapeutic effects on AA rats; therefore, 50 mg/kg
CP-25 was used in the present study (28). Although novel
biological agents can ameliorate inflammatory reactions and
protect the joints of patients with rheumatoid disease from
progressive damage, MTX remains one of the most effective
and widely used clinical disease-modifying anti-rheumatic
drugs. Previous studies have used MTX as a positive
control in animal models including rats with AA and mice
with collagen-induced arthritis (CIA). MTX was therefore
used in the present study as a positive control drug, and the
dosage of 0.5 mg/kg was determined according to previous
studies (28,29,34).

The day of the first immunization was defined as day 0.
AA joint inflammation in treated rats reached a maximum
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at days 13-16 following administration of the adjuvant. After
the onset of arthritis on day 16, as determined based on paw
swelling of the rats, rats were administered CP-25 (once per
day) for 14 days and MTX (once every 3 days, five times) by
intragastric administration. Normal rats and rats with AA
received an equal volume of 0.9% saline.

A blinded single observer who had no knowledge of the
treatment groups evaluated AA severity. From day 7 following
immunization, rats were examined every 3 days for paw
volume and body weight. Footpad volume was measured using
a water plethysmometer.

Histological examination. Rats were anesthetized and sacri-
ficed on day 30 after immunization. The left ankle joints were
removed, fixed in 10% neutral-buffered formalin for 2 weeks
at 25°C, decalcified in 10% ethylenediaminetetracetic acid
for 3 months at 25°C and embedded in paraffin. The sections
(5 pm) were stained with 0.2% hematoxylin for 10 min and
0.5% eosin for 10 sec at 25°C and were examined under a fluo-
rescence microscope (80I; Nikon Corporation). Ankle joints
were histopathologically analyzed for inflammation, synovial
proliferation, cellular infiltration, pannus formation and carti-
lage erosion by two blinded observers.

The expression of CXCL12 was detected by immuno-
histochemical staining and was examined by a fluorescence
microscope. The 5-ym paraffin-embedded joint sections
were processed using a standard immunostaining protocol.
Initially, sections were deparaffinized in 100% xylene for
15 min and hydrated in a descending series of alchol at room
temperature. Subsequently, sections were heated at 100°C for
15 min in 0.01 mol/l citric acid buffer (pH 6.0) in a micro-
wave oven for antigen retrieval and were then treated with
3% H,0, for 30 min at 37°C. Sections were incubated with
primary antibodies against CXCL12 (1:100) overnight at 4°C.
Sections were then washed in PBS and incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies
(50 ul; cat. no. PV-9000; OriGene Technologies, Inc.) at 37°C
for 30 min. Subsequently, immunostaining was observed
using 3,3-diaminobenzidine (DAB) (1:20; cat. no. ZLI-9017,
OriGene Technologies, Inc.) for 2 min and counterstaining
was performed using 0.2% hematoxylin for 3 min at 25°C.

Vessel formation was observed via anti-a-SMA immu-
nofluorescence to determine the extent of pannus formation.
Following deparaffinization and hydration, the joint sections
were heated at 100°C for 15 min in a0.01 mol/I citric acid buffer
(pH 6.0) in a microwave oven and blocked with goat serum
(cat. no. ZLI-9022; OriGene Technologies, Inc.) at 37°C for
30 min. Sections were incubated with rabbit anti-rat primary
antibody against a-SMA (1:100; cat. no. ab32575; Abcam)
overnight at 4°C, and incubated with TRITC-conjugated goat
anti-rabbit IgG secondary antibody, (1:100; cat. no. BA1090;
Wuhan Boster Biological Technology, Ltd.) at 37°C for 1 h in
the dark. Tissue sections were washed three times with PBS
after each step.

Pathological evaluations were performed randomly by a
blinded pathologist who had no knowledge of the treatment
groups. The optical density values of CXCL12 protein staining
in the synovium and synovial vessel walls were acquired from
five different fields of view at high power magnification (x400).
All results were transformed to data using Image ProPlus 6.0
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software (Media Cybernetics, Inc.). Inflammatory scoring of
synovial tissue was assessed according to the following criteria:
i) 0, normal; ii) 1, minimal inflammatory infiltration; iii) 2,
moderate infiltration with moderate edema; and iv) 3, marked
infiltration with marked edema. Pannus scores were defined as
synovial tissue intimately invading bone and/or cartilage and
was scored from O to 3 as follows: i) 0, none; ii) 1, minimal;
iii) 2, moderate; and iv) 3, severe.

CXCLI2 detection. Synovial tissue (0.15 g) was collected,
mixed with 100 pl PBS, fully ground and centrifuged at
10,956 x g for 15 min. The supernatant was collected and
reserved at 37°C. CXCLI12 concentrations were subsequently
measured in the synovium using ELISA kit according to the
manufacturer's protocol.

HUVEC proliferation, Transwell migration and tube forma-
tion assays. HUVECs were cultured in RPMI-1640 containing
20% FBS, 100 ug/ml streptomycin and 100 U/ml penicillin
at 37°C in a humidified incubator containing 5% CO,. Cells
were harvested and collected in the logarithmic phase, and
were seeded into 96-well plates at a density of 1x10° cells/well
and in triplicate for each group. Cells were cultured with
fresh medium containing CXCL12 (cat. no. ab9798; 50 ng/ml;
Abcam) alone or in combination with CP-25 at the specified
concentrations (1x107, 1x10%, 1x107, 1x10°% and 1x10”° mol/l).
After treatment at 37°C for 48 h, 10 ul CCK-8 reagent was
added to each well, and the plates were incubated at 37°C
for 1 h. Absorbance was read using an Infinite M1000 PRO
microplate reader at 450 nm (Tecan Group, Ltd.).

A cell migration assay was performed using Transwell
culture chambers (24 wells; 8-um pore size; Costar; Corning
Inc.). Cells were seeded at 1x105 cells/well in 100 ul
serum-free Dulbecco's modified Eagle's medium (DMEM;
cat. no. PYG0074; Wuhan Boster Biological Technology, Ltd.)
containing CXCL12 alone or in combination with CP-25 at
the specified concentrations. After incubation at 37°C for 24 h,
cells that migrated to the bottom chamber were stained with
0.1% crystal violetat 37°C for 15 min. Afterair-drying, migrated
cells in each chamber were counted under a light microscope
(magnification, x200; BX53; Olympus Corporation). These
experiments were performed independently three times.

Prior to the tube formation assay, HUVECs were treated
with CXCL12 with or without CP-25 for 24 h. Cells were then
washed with PBS, harvested and seeded in 96-well plates coated
with Matrigel (BD Bioscience) at a density of 2x10* cells/well
in DMEM containing 20% FBS for 6 h at 37°C. Images of tube
formation were captured using a 1X71 Olympus microscope
(Olympus Corporation), and branch point quantifications
were assessed using Image Pro Plus 6.0 software (Media
Cybernetics, Inc.).

Western blotting. Synovium was homogenized in ice-cold
RIPA lysis buffer (cat. no. PO013C; Beyotime Institute of
Biotechnology) with a homogenizer. Samples were centri-
fuged at 10,956 x g for 20 min at 4°C and supernatants
were collected. Furthermore, proteins were extracted from
HUVECs using RIPA lysis buffer. Protein concentration
was determined using the Bradford assay. Equal amounts
of protein samples were mixed with 5X sample buffer (4:1)
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(Bio-Rad Laboratories, Inc.) and heated in boiling water for
10 min. Proteins (20 pl; 10 pug/ul) were then separated by
12% SDS-PAGE and transferred onto polyvinylidene fluoride
membranes (EMD Millipore). Membranes were blocked for
1 h at room temperature in 5% skimmed milk and incubated
overnight at 4°C with primary antibodies against CXCR4
(1:1,000; cat. no. ab124824; Abcam) and GRK2 (1:1000;
cat. no. ab228705; Abcam). Membranes were washed with
Tris-buffered saline containing 0.05% Tween-20 (TBST) three
times for 10 min and were then incubated with HRP-conjugated
secondary antibodies (1:10,000; cat. no. ab205718; Abcam). for
2 h at room temperature. Membranes were washed three times
with TBST and bands were detected using enhanced chemi-
luminescence substrate (Pierce; Thermo Fisher Scientific,
Inc.). Autoradiographs were scanned using an ImageQuant
LAS 4000 mini-system (GE Healthcare Life Sciences).
Relative expression levels of the specific bands were quantified
using Image]J software 1.8.0 (National Institutes of Health).

In addition, HUVECs were treated with CXCL12 for
30 min and with CP-25 at the specified concentrations for
24 h. Cells were then lysed in RIPA lysis buffer and the total
proteins were collected following centrifugation at 10,956 x g
for 10 min at 4°C. Membrane and cytoplasmic proteins were
separated from total proteins using a cell membrane protein
and cytoplasmic protein extraction kit (cat. no. P0O033;
Beyotime Institute of Biotechnology) by ultracentrifuga-
tion at 559,000 x g for 60 min at 4°C. The protein fractions
then underwent western blotting as aforementioned. The
primary antibodies used included ant-CXCR4, anti-GRK2,
anti-ERK1/2 and anti-p-ERK1/2 (1:1,000). The secondary
antibody used was a HRP-conjugated secondary antibody
(1:10,000; cat. no. ab205718; Abcam).

Co-immunoprecipitation. The co-expression of GRK2 with
CXCR4 and p-ERK1/2 was analyzed by co-immunoprecip-
itation. HUVECSs were divided into three groups as follows:
i) Control group (untreated HUVECs); ii) CXCL12 group
(HUVECS treated with 100 ng/ml CXCL12 for 30 min at 37°C);
and iii) CP-25 group (HUVECs treated with 100 ng/ml
CXCL12 for 30 min and with 1x10°® mol/l CP-25 for 24 h
at 37°C). Subsequently, cells were lysed in RIPA lysis buffer
and total proteins were collected following centrifugation at
10,956 x g for 10 min at 4°C. A supernatant (20 ul) was taken
as the input fraction and the remainder was frozen at -80°C
prior to use. The GRK?2 protein in the control group served as
control for co-immunoprecipitation. Briefly, 10 xl antibodies
(anti-CXCR4, anti-GRK?2, anti-p-ERK; 1:1,000) were conju-
gated to 50 pl protein G agarose (cat. no. P2053; Beyotime
Institute of Biotechnology) and diluted with RIPA lysis buffer
to a volume of 500 ul. The mixture was shaken slowly for 2 h
at 4°C, and was incubated overnight at 4°C following centrifu-
gation at 56 x g for 5 min at 4°C. Subsequently, the sample
was centrifuged at 56 x g for 2 min at 4°C. The supernatant
was discarded and the pellet at the bottom of the tube was
centrifuged again with 500 pl RIPA lysis buffer at 56 x g for
2 min at 4°C. Proteins were eventually evaluated by western
blotting as aforementioned. The expression of GRK2 was
used as a loading control and the relative expression levels of
the specific bands were semi-quantified using ImagelJ soft-
ware 1.8.0 (National Institutes of Health).
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Statistical analysis. Data are expressed as the means =+ stan-
dard deviation. Each experiment was repeated at least three
times independently. Statistical analysis was performed using
SPSS 16.0 for Windows (SPSS, Inc.). Statistical differences
among groups were analyzed by one-way analysis of vari-
ance and pairwise comparisons were performed using the
Bonferroni test. Spearman correlation was used for correlation
analysis of two variables. P<0.05 was considered to indicate a
statistically significant difference.

Results

CP-25 attenuates the clinical signs and pannus formation in
the ankle joint of rats with AA. The effect of CP-25 was evalu-
ated using a murine AA model. Arthritis developed rapidly in
rats following a single injection of Mycobacterium butyricum.
By day 17-29 following immunization, paw swelling in the AA
group had increased compared with that in the normal group.
By day 20-29 following immunization, paw swelling was
significantly reduced in the MTX and CP-25 groups compared
with that in the AA group (Fig. 1B). CP-25 and MTX treat-
ments therefore resulted in a significant decrease in paw
volume. By day 17-29 following immunization, body weight
in the AA, CP-25 and MTX groups was lower than that in the
normal group (AA group, 12.5+2.5%; CP-25 group, 8.8+1.0%;
MTX group, 12.1+1.8%; average of five time points). By
day 26-29 following immunization, body weight in the CP-25
group was increased compared with in the AA group, whereas
MTX caused a substantial reduction in body weight (Fig. 1C).

The typical characteristics of RA include synovial
hyperplasia and progressive joint destruction. Rats with AA
developed severe arthritis, which was characterized by marked
synovial proliferation, pannus formation and infiltration of
inflammatory cells. Histopathological examination of the
ankle joints revealed that there were marked differences in
cell proliferation and inflammatory infiltration at the synovial
margin among the four groups, and the inflammatory scores of
synovial tissue in the CP-25 or MTX groups were significantly
lower than in the AA group (Fig. 1D and F). Compared with in
the AA group, the number of blood vessels and pannus score
of synovial tissue was significantly reduced in rats with AA
following administration of CP-25 and MTX (Fig. 1E and G).

CP-25 alters the expression of CXCLI2/CXCR4 in the
synovium of rats with AA. Immunohistochemistry was
performed to detect the expression of CXCL12 in synovium
and in the wall of blood vessels in the synovium. The results
demonstrated that the expression of CXCL12 in the AA
group was increased compared with in rats in the normal
group. Compared with in the AA group, CXCLI12 was mark-
edly decreased in rats treated with CP-25 (Fig. 2A and B).
Furthermore, the optical density value of CXCL12 was consis-
tent with the immunohistochemical results (Fig. 2C and D).
As presented in Fig. 2, CXCL12 and CXCR4 expression was
increased in synovial tissues from the AA group compared
with in those from the normal group. Compared with in the
AA group, CXCL12 and CXCR4 expression was significantly
decreased in CP-25 and MTX-treated rats (Fig. 2E and F).
In addition, there was a positive correlation between pannus
score and CXCL12 and CXCR4 expression (Fig. 2G and H).
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Figure 1. (A) Structure of CP-25. (B) Swelling of the non-injected hind paw and (C) body weights of rats in each group were assessed at 3-day intervals (days 17,
20, 23, 26 and 29). (D) Representative histological changes of hematoxylin and eosin-stained sections of the joints (magnification, x100). (E) Representative
micrographs of pannus formation in synovial tissue assessed by immunofluorescence (original magnification, x200). (F) Inflammatory and (G) pannus scores
of synovial tissue (>10 microscopic fields were observed in each section). 7/P<0.01 vs. normal; “P<0.05, “P<0.01 vs. AA group; ¥P<0.05 vs. MTX group (n=10/
group). AA, adjuvant-induced arthritis; CP-25, paeoniflorin-6’-O-benzene sulfonate; MTX, methotrexate.

These results indicated that CP-25 inhibited pannus formation ~ with downregulation of CXCL12/CXCR4 expression in the
in the synovium of rats with AA, which may be associated  synovium.
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Figure 2. Expression of CXCL12 level in the synovium and the wall of blood vessel from rats. Representative immunohistochemical analyses of CXCL12
expression in the (A) synovium and (B) blood vessel walls, illustrating alterations in the joints of each group of rats (magnification, x400). ODVs of CXCL12 in
the (C) synovium and (D) vessel were markedly decreased in rats with AA following administration of CP-25 and MTX (>10 microscopic fields were observed
in each section). (E) Levels of CXCL12 in the synovium assessed by ELISA. (F) Representative western blotting demonstrating CXCR4 expression in rat
synovium. Western blotting data are expressed as the means + standard deviation of three independent experiments. “P<0.01 vs. AA group (n=8-10 per group).
(G and H) Correlation between pathological alterations in the pannus score and the expression of CXCL12 and CXCR4 in synovium. AA, adjuvant-induced
arthritis; CP-25, paeoniflorin-6’-O-benzene sulfonate; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C chemokine receptor type 4; MTX, metho-
trexate; ODV, optical density value.

Effects of CP-25 on proliferation, migration and tube forma-  tube formation assays were used to examine HUVEC prolif-
tion of HUVECs treated with CXCL12. CCK-8, Transwell and  eration, migration and tube formation, respectively. Cells were
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Figure 3. Effects of CP-25 on CXCLI12-induced HUVEC proliferation, migration and tube formation. (A-C) Quantitative analysis of HUVEC proliferation,
migration and tube formation induced by various concentrations of CXCL12 for 24 h. (D-F) Quantitative analysis of HUVEC proliferation, migration and
tube formation following treatment with CXCLI12 alone or in combination with CP-25 for 24 h. (G and H) Representative images of the Transwell and tube
formation assays of HUVECs (magnification, x200). Data are expressed as the means + standard deviation of three independent experiments. *P<0.05,
#P<0.01 vs. control; “P<0.05, “P<0.01 vs. CXCL12. CP-25, paeoniflorin-6’-O-benzene sulfonate; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C
chemokine receptor type 4.

incubated with various concentrations of CXCL12 for 24 h. The  and 200 ng/ml CXCL12 significantly promoted the migration
results demonstrated that treatment with high concentrations  and tube formation of HUVECs (Fig. 3B, C and G). HUVECs
of CXCL12 (50, 100 and 200 ng/ml) significantly promoted  were then treated with 50 ng/ml CXCL12 alone or in combina-
HUVEC proliferation (Fig. 3A). In addition, 12.5, 25, 50, 100  tion with increasing concentrations of CP-25 (1x10”, 1x10%8,
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Figure 4. Effects of CP-25 on GRK?2 and CXCR4 expression in HUVECS treated with CXCL12. Representative images of western blotting of (A) total, (D) cyto-
plasmic and (G) membrane expression of GRK2 and CXCR4. (B, C, E, F, H and I) Western blotting semi-quantification of GRK2 and CXCR4 expression.
Data are expressed as the means + standard deviation of three independent experiments. “P<0.05, #P<0.01 vs. control; "P<0.05, “P<0.01 vs. CXCLI12. CP-25,

paeoniflorin-6’-O-benzene sulfonate; CXCL12, C-X-C motif chemokine ligand
receptor kinase 2.

1x107, 1x10°® and 1x107 mol/l) for 24 h. The results revealed
that CP-25 significantly inhibited CXCL12-induced cell prolif-
eration (at 1x10-% and 1x10-° mol/I), migration (at 1x10-, 1x10°%,
1x107, 1x10-6 and 1x10~ mol/l) and tube formation (at 1x10°8,
1x107, 1x10°° and 1x10~° mol/l) (Fig. 3D-F and H).

Effects of CP-25 on GRK2 and CXCR4 expressionin HUVECs
treated with CXCLI2. Western blotting was performed to
measure the expression of GRK2 and CXCR4 in HUVECs
treated with 100 ng/ml CXCL12. The results demonstrated
that GRK?2 expression in cells treated with CXCL12 was
significantly upregulated compared with that in the control
group. Compared with in CXCL12-treated cells, GRK2
expression in cells treated with CP-25 (1x107, 1x10*° and
1x10”° mol/l) and CXCL12 was significantly downregulated.
Notably, CXCR4 expression was not significantly altered
by CXCL12 or CP-25 treatments (Fig. 4A-C). Furthermore,
the cytoplasmic expression of GRK2 in CXCL12-treated
cells was significantly downregulated compared with that

12; CXCR4, C-X-C chemokine receptor type 4; GRK2; G protein-coupled

in the control group. Compared with in the CXCL12-treated
group, the cytoplasmic expression of GRK2 was signifi-
cantly upregulated in cells treated with CP-25 (1x10°® and
1x10”° mol/1). Conversely, CXCR4 expression was significantly
downregulated in the cytoplasm in response to CP-25 (1x10°®
and 1x10% mol/l) (Fig. 4D-F). The membrane expression of
GRK?2 in cells treated with CXCL12 was significantly upregu-
lated compared with that in the control cells. Compared with
CXCLI12 treatment, the membrane expression of GRK?2 in cells
treated with CP-25 (1x10°° and 1x10° mol/l) was significantly
reduced. The expression of CXCR4 was significantly upregu-
lated in cells treated with CP-25 (1x107 mol/l) (Fig. 4G-).

Effects of CP-25 on ERKI/2 expression in HUVECs treated
with CXCLI2. As presented in Fig. 5, there was no difference
in ERK1/2 expression among the treatment groups. However,
the expression of p-ERK1/2 and the ratio of p-ERK/ERK
in CXCL12-treated cells were significantly upregulated
compared with those in the control group. Compared with in
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Figure 5. Effects of CP-25 on ERK1/2 expression in HUVECs treated with CXCL12. (A) Representative images of western blotting of the expression of ERK1/2
and p-ERK1/2. (B and C) Western blotting semi-quantification of ERK1/2 and p-ERK1/2. (D) Ratio of p-ERK/total-ERK. (E) Representative images of
western blotting for the co-expression of GRK2 and CXCR4, and GRK2 and p-ERK1/2. (F and G) Western blotting semi-quantification of the binding between
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type 4; GRK2; G protein-coupled receptor kinase 2; p, phosphorylated.

the CXCL12 treatment group, the expression of p-ERK1/2 and
the ratio of p-ERK/ERK in CP-25-treated cells (1x107, 1x10°°
and 1x10 mol/1) was significantly downregulated (Fig. 5A-D).
Co-immunoprecipitation and western blotting was also
performed to investigate the interaction between GRK2 and
CXCR4, and between GRK2 and p-ERK1/2 in HUVECs
treated with CXCL12. Following CXCL12 (100 ng/ml) cell
stimulation for 30 min and treatment with CP-25 (1x10-° mol/I)
for 24 h, the results demonstrated that CXCL12 increased the
interaction between GRK2 and CXCR4, and downregulated
the interaction between GRK?2 and p-ERK1/2. Conversely,
CP-25 could downregulate the interaction between GRK2 and
CXCR4, and upregulate the interaction between GRK?2 and
p-ERK1/2 (Fig. SE-G).

Discussion

The present study investigated the anti-angiogenic activity of
CP-25, which is a novel ester derivative of Pae. The results from
this study suggested that treatment with CP-25 may inhibit
the biological function of endothelial cells that contribute to
the progression of autoimmune arthritis by reducing synovial
angiogenesis.

The rat model of AA has been used in numerous studies
to elucidate the pathogenesis of RA and to determine poten-
tial therapeutic targets. The arthritic etiology of AA and RA
exhibits similar pathological and immunological features,
including immune dysfunction, synoviocyte proliferation and
pannus formation (3,32). In RA, pannus formation corresponds
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Figure 6. Regulation of CXCR4 activity and signaling. (A) Upon ligand binding, CXCR4 could activate numerous signaling cascades, which may result in
increased GRK2 membrane localization, weakening the inhibitory effect of GRK2 on ERK1/2 in the cytoplasm and enhancing ERK1/2 phosphorylation.
(B) CP-25 could inhibit ERK1/2 phosphorylation by reducing the membrane localization of GRK?2 and enhancing the inhibitory effect of GRK2 on ERK1/2 in
the cytoplasm. CP-25, paeoniflorin-6’-O-benzene sulfonate; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C chemokine receptor type 4; GRK2;

G protein-coupled receptor kinase 2; p, phosphorylated.

to an invasive and destructive front of inflammatory vascular
tissue that covers and erodes articular cartilage, subchondral
bone and peri-articular soft tissues. Therapeutic options
aiming to suppress angiogenesis may therefore represent a
useful strategy for preventing RA progression. CP-25 has
a clear therapeutic effect in AA, and our previous studies
demonstrated that it inhibits synovial and immune cell
functions (26,35). However, the anti-angiogenic effects and
underlying mechanism of CP-25 remain unclear. In the present
study, CP-25 treatment significantly attenuated the clinical
features of AA, synovial proliferation, and inflammatory and
pannus scores in vivo. Furthermore, there was a positive corre-
lation between pannus score and the expression of CXCLI12
and CXCR4 in the synovium.

Endothelial cells serve a crucial role in angiogenesis.
The effect of CP-25 on endothelial cell function and
CXCL12/CXCR4 signaling was therefore examined using
HUVEGCs. Synovial angiogenesis and pannus formation may
represent specific features that make RA difficult to cure.
Circulating pro-angiogenic factors are commonly increased in
patients with RA, and the joint microenvironment is frequently
characterized by low oxygen levels and numerous inflam-
matory factors and active pro-angiogenic molecules (36). A

previous study reported that CXCL12 levels in the synovium
of patients with RA treated with golimumab are correlated
with disease activity, and that CXCR4 is associated with joint
degeneration (14). Notably, small molecules acting as CXCR4
antagonists have exhibited promising outcomes in animal
models of arthritis (37); for example, AMD3100, which is a
CXCR4 antagonist, inhibits CIA in interferon-y-deficient
mice (38).

In the present study, HUVECs were used to explore the
effects and underlying mechanisms of CP-25 on angiogen-
esis. Currently, CXCL12 is considered to have significant
effects on promoting angiogenesis in RA and certain types
of cancer (39,40). As demonstrated in the present study,
high levels of CXCL12 (50, 100 and 200 ng/ml) significantly
promoted the proliferation, migration and tube formation
of HUVECs. Furthermore, CP-25 significantly inhibited
CXCL12-induced cell proliferation, migration and tube
formation, in a dose-dependent manner, which suggested that
CXCLI12 may have a crucial role in HUVEC functions, and
that CP-25 may inhibit these functions.

GRK?2, a member of the serine/threonine protein kinases
family, can specifically recognize and phosphorylate
agonist-activated G protein-coupled receptors (GPCRs), and
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is emerging as a key integrative node in various signaling
pathways (41). The expression and activity of GRK2 may be
important in the pathophysiology of RA (20). A previous study
reported that GRK?2 exerts some effects on cell chemotaxis
due to its ability to trigger desensitization or internalization
of specific chemokine receptors (42). Our previous study also
demonstrated that paroxetine, which is a GRK2 antagonist,
can attenuate the symptoms of rats with CIA (43). GRK2, a
labile protein ordinarily degraded via the ubiquitin/protea-
some pathway, can be phosphorylated by numerous kinases,
including ERK1/2 and MAPK (43,44). CXCL12 binds to
CXCR4 to activate downstream signaling pathways, including
phosphoinositide 3-kinase-protein kinase B, phospholipase
C-protein kinase C and Raf-MAPK kinase-ERK1/2, which
increase cell chemotaxis and proliferation ability (45). Arrestin
proteins can bind and regulate GPCR cell-surface expression,
often functioning together with GRK2. Furthermore, GRK?2
overexpression enhances CXCR4 internalization and inhibits
the function of CXCL12 (46). In addition, ERK1/2 activation
is reduced by GRK2 in the cytoplasm, which may inhibit the
proliferation of endothelial cells induced by CXCL12 (47). In
the present study, the interaction between CXCR4 and GRK2
in HUVECs treated with CXCL12 and CP-25 was examined
in order to investigate the mechanisms underlying the effects
of CP-25 on HUVEC:s. The results demonstrated that CXCL12
significantly promoted the proliferation, migration and tube
formation of HUVECs. In addition, CXCL12 (100 ng/ml)
upregulated the expression of total GRK2, membrane GRK2,
cytoplasmic CXCR4 and p-ERK1/2, downregulated the
expression of cytoplasmic GRK2 and membrane CXCR4, but
had no effect on the expression of total CXCR4 and ERK1/2.
Furthermore, CXCL12 (100 ng/ml) upregulated the interaction
between GRK2 and CXCR4, and downregulated GRK2 and
p-ERK1/2 interaction. Following CP-25 administration, this
trend induced by CXCL12 was reversed, which indicated that
CXCL12 could improve HUVECsS function by increasing the
membrane localization of GRK?2, weakening the inhibitory
effect of GRK2 on ERK1/2 in the cytoplasm, and stimulating
ERK1/2 phosphorylation (Fig. 6A). In addition, CP-25 regulated
HUVEC:s function by reducing the membrane localization of
GRK2, enhancing the inhibitory effect of GRK2 on ERK1/2
in the cytoplasm, and reducing ERK1/2 activation to alter
HUVEC:s function (Fig. 6B). Unfortunately, this study did not
analyze the B-arrestins, which may affect the internalization
of CXCR4 (48). This was one limitation in the present study;
however, our group is currently studying the translocation of
[-arrestins and their role in regulating CXCR4 function.

In conclusion, CP-25 markedly inhibited pannus formation
in a rat model of AA. The results suggested that upregulation
of CXCLI12 and its receptor CXCR4 may be associated with
synovial inflammatory lesions and angiogenesis in AA rats.
Furthermore, the therapeutic effects of CP-25 on AA may be
related to inhibition of angiogenesis. CP-25 inhibited GRK2
transfer from the cytoplasm to the membrane, thus restoring
cytoplasmic GRK2 expression, which may inhibit the activa-
tion of ERK; this is the potential mechanism underlying the
inhibitory effects of CP-25 on proliferation, migration and
tube-forming ability of HUVECs. The findings from the present
study provided a potential novel mechanism for the anti-angio-
genic activity of CP-25 in the treatment of RA. However, in
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order to increase our understanding of the anti-inflammatory
and immunomodulatory effects of CP-25 in RA, further inves-
tigation is required at clinical and molecular levels.
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