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CP-25, a compound derived from paeoniflorin: research
advance on 1ts pharmacological actions and mechanisms
in the treatment of inflammation and immune diseases

Xue-zhi Yang' and Wei Wei'

Total glycoside of paeony (TGP) has been widely used to treat inflammation and immune diseases in China. Paeoniflorin (Pae) is the
major active component of TGP. Although TGP has few adverse drug reactions, the slow onset and low bioavailability of Pae limit its
clinical use. Enhanced efficacy without increased toxicity is pursued in developing new agents for inflammation and immune
diseases. As a result, paeoniflorin-6’-O-benzene sulfonate (CP-25) derived from Pae, is developed in our group, and exhibits superior
bioavailability and efficacy than Pae. Here we describe the development process and research advance on CP-25. The
pharmacokinetic parameters of CP-25 and Pae were compared in vivo and in vitro. CP-25 was also compared with the first-line
drugs methotrexate, leflunomide, and hydroxychloroquine in their efficacy and adverse effects in arthritis animal models and
experimental Sjogren’s syndrome. We summarize the regulatory effects of CP-25 on inflammation and immune-related cells,
elucidate the possible mechanisms, and analyze the therapeutic prospects of CP-25 in inflammation and immune diseases, as well
as the diseases related to its potential target G-protein-coupled receptor kinases 2 (GRK2). This review suggests that CP-25 is a
promising agent in the treatment of inflammation and immune diseases, which requires extensive investigation in the future.
Meanwhile, this review provides new ideas about the development of anti-inflammatory immune drugs.
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INTRODUCTION

Paeonia lactiflora pall, as a traditional Chinese medicine, has
played an important role in disease prevention and treatment for
thousands of years. Since “Shen Nong's Herbal Classic”, the
analgesic effect of P. lactiflora pall has been described in detail in
many medical manuals from the past dynasties, inspiring the
research and development of modern drugs [1, 2]. Total gluco-
sides of paeony (TGP) is an effective component of the dried roots
of the white peony. The TGP capsule developed by our institution
was officially approved in 1998 as the first anti-inflammatory
immunoregulatory drug in China. TGP mainly contains paeoni-
florin (Pae), albiflorin, paeonin, hydroxyl-Pae, and benzoylpaeoni-
florin, among which Pae is the most important component,
making upmore than 40% of TGP [3].

It has been shown that TGP effectively treats inflammation and
immune diseases without inducing obvious toxicity [4]. However,
the slow onset of action and low bioavailability of TGP, which
have been suggested to be attributable to the low oral
absorption of Pae, limit its clinical application [4, 5]. Pae is a
water-soluble monoterpene with strong hydrophilicity, weak
lipophilicity, and weak transmembrane absorption [4, 5]. The low
absorption of Pae is related to the intestinal first-pass effect and

efflux transporter protein [6-9] in addition to the physicochem-
ical properties of Pae. Extensive studies on improving the
bioavailability of Pae have been conducted. Removing the
hydrophilic pyranose structure of Pae increases its ability to
penetrate Caco-2 cells by 48 times [10]. Furthermore, acetylation
improves the absorption and lipophilicity of Pae in vitro [11] and
increases the bioavailability of benzoylpaeoniflorin sulfonate in a
mouse model [12]. Based on previous studies, we esterified the
pyranose 6-hydroxyl of Pae with benzene sulfonyl chloride and
synthesized paeoniflorin-6’-O-benzene sulfonate (CP-25). CP-25
is a modern compound from a natural herb. The chemical
structure of CP-25 was determinedby mass spectrometry and
nuclear magnetic resonance (Fig. 1).

In this review, we summarize the physiological disposition of
CP-25 and its pharmacological effects in an animal model of
arthritis and in experimental Sjogren’s syndrome (ESS). We
compared the efficacy and adverse effects of CP-25 with those
of TGP as well as the first-line drugs methotrexate (MTX),
leflunomide (LEF), and hydroxychloroquine (HCQ). In addition,
we explored the regulatory effects of CP-25 on various cells and
the possible mechanisms and analyzed the therapeutic prospects
of CP-25 based on its potential target GRK2 to determine its
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Fig. 1 The development process of CP-25. CP-25 is derived from Pae and synthesized by esterification of the pyranose 6-hydroxyl of Pae by

benzene sulfonyl chloride. TGP total glycosides of paeony, Pae paeoniflorin.

potential as an agent for subsequent research and clinical
treatment of immune and inflammatory diseases.

PHYSIOLOGICAL DISPOSITION OF CP-25

Physicochemical properties

Our laboratory has found that CP-25 is slightly soluble in strongly
polar water and the nonpolar solvent petroleum ether and is less
affected by pH than other compounds [13], indicating that the
solubility of orally administered CP-25 delivered by capsules,
granules, tablets, or other conventional preparations in the
gastrointestinal tract is poor and is not conducive to drug
absorption and efficacy. Emulsions, liposomes, and cyclodextrin
encapsulation techniques may be used to improve the intestinal
absorption of drugs. The study of the physicochemical properties
of CP-25 provided experimental bases for establishing quality
standards, designing different formulations, and improving the
storage conditions of CP-25.

Physiological disposition

Our laboratory first demonstrated that the absolute bioavailability of
CP-25 (technical material) is much better than that of Pae in rats [14].
When administered by intravenous injection and gavage, CP-25 (25
or 50 mg/kg) exhibits better oral and intravenous pharmacokinetic
parameters, respectively, than Pae (25 or 50 mg/kg) [14] (Table 1).
The same result has been observed in an in situ model of single-
pass intestinal perfusion in the rat, and passive transport has been
found to be the main absorption mechanism of CP-25 in the small
intestines of rats [15]. Furthermore, the transport volume of CP-25
is positively correlated with its concentration in Caco-2 cells [16].
Improvements in the biological utilization of CP-25 are mainly
attributed to its increased lipid solubility [17] and increased
resistance of the P-gp protein [14]. P-gp is an efflux transporter
that relies on energy generated by ATP hydrolysis to pump drugs
out of the cell to maintain a low intracellular drug concentration
[18]. Reportedly, Pae combined with the P-gp inhibitors verapamil
and quinidine or pharmaceutical excipients that inhibit P-gp (such
as Tween-80) can enhance the absorption of Pae in the intestinal
tract [19]. It has been found that inhibiting the expression and
function of the P-gp protein increases the intracellular concentra-
tion of CP-25. MTX is currently recognized as a first-line drug
against RA, and its resistance is thought to be related to P-gp-
mediated efflux. Our group found that CP-25 combined with MTX
can improve MTX resistance by inhibiting the expression and
function of P-gp in adjuvant-induced arthritis (AA) rats, indicating
the feasibility of CP-25 combined with MTX for the treatment of
RA [20, 21].

SPRINGERNATURE

Table 1. The pharmacokinetic parameters of CP-25 and Pae after

administration in rats.

Routes Doses Tiza  Tizp MRT oty MRT o) AUC(_y AUC_o)
(mg/kg) (h) (h) (h) (h) (mg/L-h) (mg/L-h)

CP-25

i.g. 32.00 135 144 271 517 0.40 0.66

i.g. 64.00 149 212 3.40 543 0.71 0.96

i.g. 128.00 204 211 4.30 5.61 1.78 223

Pae

i.g. 100.00 1.00 145 3.91 5.97 1.31 1.50
(mg/kg) (min) (min)  (min) (min) (mg/L‘min) (mg/L-min)

CP-25

iv. 6.00 428 16199 59.69 115.22 65.13 82.66

iv. 12.00 5.67 152.81 57.76 135.76 154.20 222.51

i.v. 24.00 6.60 153.76 64.75 170.95 335.16 514.51

Pae

iv. 4.50 538 6426 46.80 67.51 97.70 108.16

iv. 9.00 4.08 6036 52.76 7745 270.03 304.68

iv. 18.00 633 64.01 5491 92.07 653.35 780.24

AUC area under the plasma concentration-time, MRT mean residence time,

T1/2a distribution half-life, T1/23 elimination half-life.

CP-25 is distributed in homogeneously throughout all tissues
and organs in SD rats (mainly distributed in the heart, lung,
synovium, kidney, and muscle) and is found at dynamic
concentrations in the circulating blood [14]. The concentration
of CP-25 in both the synovium and brain tissues of rats is
significantly higher than that in Pae rats (unpublished), suggesting
that CP-25 has a higher affinity for the synovium and more easily
penetrates the blood-brain barrier than Pae. The distribution of
CP-25 in vivo is mainly related to the plasma protein-binding rate,
lipid solubility, tissue affinity, and drug transporter levels
[14, 19, 20, 22, 23]. In addition, the concentration of CP-25 in
peripheral blood lymphocytes (PBMCs) of rats is 1.94 times that of
Pae, which may be attributed to the decrease in the expression
and function of P-gp and the increase in its concentration in
PBMCs [22].

The ester bond and glycoside bond of CP-25 are cleaved by
esterase and glycosidase. Under the action of methyltransferase,
CP-25 combines with a methionine-derived methyl donor to
produce monomethylated and dimethylated products [19]. Our
laboratory has also observed that the weakened esterification
modification of CP-25 results from dual metabolic effects of
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enteresterase and hepatic drug enzymes in the intestine and liver,
thus improving the absorption of Pae [19].

CP-25 (50 mg/kg) administered i.g. to rats is mostly excreted
through the feces, but low amounts are also excreted through bile
and urine [14]. Furthermore, the metabolism and excretion of CP-
25 in rats are affected by gender [14, 24]. Maximum excretion
through the feces and urine requires more time in female rats
than in male rats. Maximum excretion rate through the bile is
achieved 6h after drug administration in both male and
female rats.

Pharmacological effects of CP-25

TGP has been widely used to treat autoimmune diseases,
including RA, systemic lupus erythematosus (SLE), psoriasis,
allergic contact dermatitis, etc. Our previous studies indicated
that the anti-inflammatory and immunoregulatory effects of CP-25
are superior to those of TGP and Pae. CP-25 inhibits chronic
inflammation in dermatitis mice with a lower IC5y value than Pae
and TGP (unpublished). The same results have been confirmed in
animal models of arthritis and Sjogren’s syndrome (SS) models.

Autoimmune arthritis. RA is a systemic autoimmune disease that
is characterized by systemic immune dysfunction and synovial
inflammation and has a high disability rate and a serious impact on
quality of life. The AA model and collagen-induced arthritis (CIA)
model have been used to investigate the anti-arthritic activity of
CP-25. In general, CP-25 treatment delays the onset of arthritis and
alleviates clinical manifestations in AA rats and CIA mice in a dose-
dependent manner [25, 26]. CP-25 significantly decreases ankle
joint and spleen histopathological scores in arthritis models,
indicating that it has anti-inflammatory and protective effects
against joint damage. Cytokine networks regulate a wide range of
inflammatory processes that have been identified to play a role in
the pathogenesis of RA. A significant decrease in inflammatory
factors along with an increase in anti-inflammatory factors has
been detected in the serum and the supernatant of fibroblast-like
synovial cells (FLSs) and macrophages after CP-25 treatment [25].
Our group also studied the role of CP-25 in rats with carrageen an-
induced inflammation and mice with delayed allergic reaction
(unpublished). CP-25 can significantly improve spleen histopathol-
ogy, inhibit the proliferation of T cells in the thymus and spleen,
and restore the balance of cytokine secretion.

CP-25 improves clinical symptoms in AA rats and CIA mice at an
earlier time point than TGP and Pae at the same dose (50 mg/kg)
[25, 26]. For example, in a previous study CP-25 (50 or 100 mg/kg),
but not TGP or Pae, had a significant effect starting from day 26
after AA induction. In addition, CP-25 exerts better anti-
rheumatism effects than TPG and Pae. For example, CP-25 strongly
inhibits cartilage erosion, cellular infiltration, and synovial pro-
liferation, whereas TGP and Pae exert mild effects against these
processes [25]. Specifically, CP-25 (25, 50, or 100 mg/kg), but not
TGP or Pae, decreases the production of the Th17 cytokine IL-17.

MTX, as the gold standard for the treatment of RA, exerts
obvious therapeutic effects. CP-25 (100 mg/kg) shows similar
efficacy as MTX in the AA and CIA models [25, 26]. These findings
indicate that CP-25 is a potent agent for inhibiting the progression
of RA. Notably, disease-modifying antirheumatic drugs (DMARDs),
including MTX, have side effects when administered at high doses
or for a long period of time. Consistent with a previous report, MTX
(0.5 mg/kg) treatment induced obvious lack of movement and
weight, and appetite loss in our study [25]. However, these
symptoms were not observed following CP-25 treatment, indicat-
ing that CP-25 causes fewer adverse reactions at the tested doses.
DMARD monotherapy often fails to achieve good efficacy in
middle- and late-stage RA patients [27, 28]. For example, although
MTX is the anchor drug for RA, 1/3 of RA patients respond poorly to
MTX therapy [29]. According to the American College of
Rheumatology and European League Against Rheumatism,
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combination DMARD treatment is recommended for RA since
DMARD monotherapy does not achieve the expected efficacy. MTX
and LEF are widely used as the corner stones of combination
DMARD treatment for RA [30-32]. Reportedly, TGP reduces
hepatotoxicity caused by combination MTX treatment in RA
patients [33, 34]. Moreover, CP-25 has been demonstrated to be
effective in relieving the clinical manifestation of arthritis in animal
models without inducing significant adverse effects [25]. Therefore,
our laboratory compared the efficacy of MTX (0.5 mg/kg) or LEF
(10 mg/kg) monotherapy and that of CP-25 (50 mg/kg) combined
with MTX or LEF in an AA rat model [35]. Combination treatments
exerted better therapeutic effects than all of the monotherapies
based on clinical assessment, H&E staining of the joints and spleen,
and analysis of cytokine regulation. However, MTX- or LEF-induced
liver damage and decreased white blood cell counts were
observed in the MTX or LEF monotherapy and combination
groups. Considering that dose is an important factor affecting drug
toxicity, the therapeutic effects and adverse effects of CP-25 (50
mg/kg) combined with a semiconventional dose of MTX (0.25 mg/
kg) or LEF (5mg/kg) were also determined [35]. The same
therapeutic effects were induced by semiconventional combina-
tion therapy as MTX or LEF monotherapy, but combination therapy
resulted in fewer adverse effects. The above mentioned studies
suggest the use of a new strategy involving combination therapy
with CP-25 and semiconventional doses of DMARDs for RA that
minimizes toxicity and side effects, while ensuring efficacy,
providing a reliable experimental basis for the clinical treatment
of RA with CP-25.

Primary Sjégren’s syndrome. Primary Sjogren’s syndrome (pSS) is
a chronic inflammatory autoimmune disease characterized by
various immune abnormalities in moisture-producing glands. The
first-line treatment for pSS is artificial teardrops and saliva
substitutes [36]. Unfortunately, there are no specific agents to
treat pSS, and current treatments are primarily based on those
used for other autoimmune diseases. According to the latest
Sjogren’s Syndrome Foundation Clinical Practice Guidelines, HCQ
is prescribed as a first-line therapy for inflammatory musculoske-
letal pain associated with pSS [37]. Pae alleviates SS-like
manifestations by improving inflammatory infiltration and cyto-
kine production in vivo [38]. In addition, Pae ameliorates the
manifestation of ESS associated with cysteine angiogenesis
inducer 61 (Cyr61) expression [38, 39], which is upregulated in
the salivary gland epithelial cells of autoantigen-induced experi-
mental Sjogren’s syndrome (ESS) mice. Therefore, the therapeutic
effects of CP-25,which has better bioavailability and efficacy than
Pae, on pSS have been studied.

NODY/Ltj mice and salivary gland protein-injected C57BL/6 mice
are used as ESS models. CP-25 (35 mg/kg, 70 mg/kg) decreases the
salivary gland index and thymus index and increases the salivary
flow rate [36, 40]. Although HCQ also decreases the salivary gland
index, it has no significant effect on the thymus index. CP-25 also
reduces the viability of thymocytes and splenocytes [36], the
infiltration of Th1/Th2 cells in the salivary glands, and the ratio of
Th17/Treg cells in the spleen [40]. Moreover, the levels of anti-La/
SSB and IgG antibodies and inflammatory cytokines in the serum
are reduced by CP-25 treatment [40]. Taken together, these
findings suggest that CP-25 may act as a therapeutic agent for pSS
by regulating the function of lymphocytes.

EFFECTS OF CP-25 ON CELLS AND POSSIBLE MECHANISMS
Effect of CP-25 on diverse cellular populations

The dysfunction of immune cells and nonimmune cells in
inflammation and immune diseases has been widely reported.
CP-25 has been demonstrated to exert its anti-inflammatory
immunoregulatory effect by regulating the functions of diverse
cellular populations (Table 2, Fig. 2).
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Fig. 2 Effects of CP-25 on cells and possible mechanisms. CP-25 regulates the function of various cells, influencing the numbers of B-cell
subtypes, Th1/Th2 and Th17/Treg balance, FLS-secreted cytokines and FLS proliferation, EC activation, macrophage polarization, and DC
maturation. The anti-inflammatory and immunomodulatory functions of CP-25 are attributed to its target, GRK2, which is a multifunctional
hub of signaling networks and GPCR pathways. In addition, CP-25 can also inhibit the BAFF-induced TRAF2/NF-xB pathway. CP-25 has been
proven to be effective in improving the clinical manifestations of arthritis in animal models and ESS in mice, but further clinical trials are
needed. The role of CP-25 in immune, inflammatory and GRK2-related diseases is also worthy of further study. BAFF B-cell-activating factor,
NF-kB nuclear transcription factor-xB, TRAF2 tumor necrosis factor receptor-associated factor 2, RA rheumatoid arthritis, pSS primary Sjogren’s
syndrome, MS multiple sclerosis, AS ankylosing spondylitis, ACD allergic contact dermatitis, PsA psoriasis arthritis, SLE systemic lupus

erythematosus.

Table 2.

The mechanisms of CP-25 on diverse cellular population in particular diseases.

Diseases models

Related cells

Involved targets/pathway References

AA rats

CIA mice

ESS mice

BAFF-induced inflammation
PGE2/ TNF-a induced
Inflammation

IgD-induced T cells activation
IFN-induced HSGE activation

FLS, EC and DC

FLS and EC
Macrophage

T lymphocytes and FLS
B lymphocytes

T lymphocytes

T lymphocytes and FLS
B lymphocytes

DC

T lymphocytes

HSGE cells

PGE2-EP4-cAMP pathway [
CXCR4-ERK1/2 and GRK2-p-ERK1/2 pathway [
PGE2-EP4-cAMP pathway [
B2-AR pathway [
CXCR5-GRK2-ERK/p38 pathway [36]
Anti-SSB/La and IgG antibody [
BAFF-R pathway [
BAFF-BAFFR-NF-xB pathway [
CD40, CD80, CD83, CD86, MHC-I [
Lck (Tyr 394)
JAK1-STAT1-CXCL13 pathway [55]

Activated T cells secrete large amounts of proinflammatory
cytokines, causing multiple organ damage. Our laboratory found
that the infiltration of Th1/Th2 cells in the salivary glands is
inhibited in CP-25-treated ESS mice. Th17, Treg, Th1, and Th2 cells
play significant roles in mediating joint inflammatory cytokines,
such as IL-17, IL-2, and IFN-y. CP-25 reduces T-cell proliferation and
regulates the balance between Th1/Th2 and Th17/Treg in the
spleens of AA rats and CIA mice [25, 26]. Furthermore, CP-25 can
downregulate the level of IL-17 and upregulate the level TGF-$
secreted by T cells [25]. Immunoglobulin D (IgD), as a hallmark of
autoimmune diseases in patients, binds to the IgD receptor (IgDR)
on CD4™" T cells from human PBMCs, leading to the activation and
proliferation of T cells [41-43]. CP-25 represses the IgD-induced
activation and proliferation of CD4" T cells by inhibiting Lck (Tyr
394) phosphorylation [43].

SPRINGERNATURE

The excessive proliferation and activation of B cells have been
reported to be involved in the pathogenesis of RA and SS
[26, 36, 44, 45]. B-cell-activating factor (BAFF) or TNF-a can induce
B-cell proliferation in vitro, which is suppressed by CP-25 treatment
[45]. CP-25 also reduces the numbers of B-cell subtypes, including
CD19", CD19"CD20", CD19"CD27", and CD19'CD20"CD27" B
cells [44]. Moreover, CP-25 moderately restores hyperactivated B-
cell function, whereas rituximab and etanercept have more obvious
effects on B-cell function [44]. Consistent with the findings in vitro,
CP-25 reduces the activation and number of CD19" B cells and the
level of inflammatory factors in CIA mice [26, 45]. CP-25 also
improves the pathology of the salivary glands and spleen by
reducing the numbers of B-cell subtypes, including CD19",
CD19"CD27%, PDCA1"CD19™ B cells, and regulating B-cell function
in ESS [36].
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In addition, dendritic cells (DCs), as antigen-presenting cells, also
participate in the pathological process of RA. In bone marrow DCs
isolated from BALB/c mice and stimulated with PGE2 and TNF-a
[46, 47], the expression of surface markers (CD40, CD80, CD83, CD86,
and MHC-l) and DC antigen uptake are inhibited by CP-25
treatment. In addition, DC-mediated proliferation of T cells is also
inhibited by CP-25 when DCs are cocultured with T cells [47].

Hyperplastic macrophages in the synovium are an early
hallmark of RA [48]. Our laboratory found that CP-25 can regulate
the balance of cytokines secreted by macrophages in AA rats [25],
suggesting that CP-25 might restore macrophage polarization to
alleviate inflammation. Consistent with this finding, CP-25 was
further suggested to decrease proinflammatory macrophage
markers (CD86 and iNOS) and increase proresolving macrophage
markers (CD206 and Arg1) in the peritoneal macrophages, bone
marrow-derived macrophages, and synovial macrophages of CIA
mice (unpublished).

Activated FLSs migrate to cartilage and bone, leading to pannus
formation and joint destruction. Our laboratory found that CP-25
in vitro inhibited the enhanced migration of CXCL12-treated
MH7A cells [49]. Excessive FLS proliferation and elevated levels of
PGE2 and TNF-a are detected in AA rats, and CIA mice and are
alleviated by CP-25 treatment [26, 35, 50]. In a T cell and FLS
coculture system, CP-25 was found to inhibit the proliferation of
FLSs and production of proinflammatory cytokines in FLSs by
inhibiting the BAFF receptor in CD4" T cells, suggesting that CP-25
can interfere with the crosstalk between T cells and FLSs in vitro
[51].

One of the typical histopathological features of arthritis in RA is
the development of the pannus [52]. Previous studies have found
that CP-25 can improve pannus formation in AA rats and CIA mice
and inhibit the proliferation, migration, and tube formation of
endothelial cells (ECs) stimulated by PGE2 or CXCL12, suggesting
that CP-25 has an antiangiogenic effect in RA [53, 54].

In addition to the T/B cells mentioned earlier, we also
investigated the effect of CP-25 on human salivary gland epithelial
(HSGE) cells in vitro [55]. Increased expression of proteins
associated with the JAK1-STAT1-CXCL13 axis and IFN has been
found in human tissue isolated from pSS patients. After
stimulation with IFN-q, the levels of CXCL13 in HSGE cells increase,
while CP-25 counteracts the secretion of CXCL13 by inhibiting the
JAK1-STAT1/2-CXCL13 signaling pathway.

Potential target of CP-25

Structurally, the cyclohexane with dioxane in CP-25 is similar to
the benzo diamene ring in paroxetine, which has been reported to
inhibit the activity of G-protein-coupled receptor kinase 2 (GRK2).
Through molecular simulation docking and microscale thermo-
phoresis experiments, CP-25 has been confirmed to inhibit GRK2
activity (unpublished). The binding capacity of CP-25 for GRK2 is
higher than that of paroxetine for GRK2, indicating that GRK2 is a
potential target of CP-25. Based on the inhibitory effect of CP-25
on GRK2, our laboratory found that GRK2 is overexpressed in FLSs
[35, 50], DCs [48], macrophages [56], CD4™ T cells [26] and ECs [53]
in the peripheral blood of RA patients and arthritis animal models.
Regulation of GRK2 activity by CP-25 can inhibit excessive FLS
proliferation, proinflammatory macrophage polarization and
angiogenesis in RA through related signaling pathways (the GPCR
pathway, MAPK pathway, TRAF2/NF-kB pathway, PI3K/AKT path-
way, etc.), suggesting the potential importance of targeting GRK2
for RA treatment.

GRKs are kinases associated with the rapid desensitization of G
protein-coupled receptors (GPCRs) [56]. Reportedly, GRK2 is widely
expressed in immune cells and nonimmune cells, and is involved
in the development of multiple diseases [57-59]. Under normal
physiology, GRK2 is mainly located in the cytoplasm, affects the
desensitization and resensitization of GPCRs and regulates
(inhibits or activates) a variety of signaling molecules
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[35, 53, 56]. Under constant stimulation by inflammatory factors,
GRK2 is transported to the membrane, leading to (1) abnormal
signal transduction downstream of GRK2-phosphorylated GPCRs
[60]. (2) GRK2 loses its original ability to inhibit or activate
molecules, resulting in abnormal signal transduction related to
these molecules [60].

Prostaglandin E2 (PGE2) is a potent lipid mediator, and its level
is significantly increased in the serum and synovium in RA [56].
Reportedly, PGE2 regulates the proliferation of FLSs, the activation
of ECs, and the maturation of DCs and promotes proresolving
macrophage polarization by increasing the cAMP level. PGE2
mediates inflammation through its four PGE2 receptors (EPs)
(EP1-4). Our laboratory found that constant stimulation of FLSs
[35, 47], DCs [46], macrophages [56], and ECs [53] by PGE2 in AA
and CIA models increases GRK2 transport to the membrane,
leading to over desensitization of EP4 and abnormal transduction
of EP4/cAMP signals. CP-25 can restore PGE2/EP4/cAMP signal
transduction by inhibiting GRK2 activity both in vivo and in vitro,
thereby restoring the functions of these cells and allowing it to
exert its anti-inflammatory and immunoregulatory functions.

On the other hand, it is worth noting that the changes in GRK2
expression and functionality in cells might also affect non-GPCR
targets. The level of CXCL12 in the synovium of RA patients is
correlated with disease activity, and CXCR4 is associated with joint
degeneration [61, 62]. Our laboratory has demonstrated that
CXCL12/CXCR4 signals result in FLS migration and EC activation in
AA rats, which is attributed to decreased inhibition of ERK1/2 by
GRK2. As a member of the MAPK family, ERK1/2 can be activated
by inflammatory factors, mitogens, and growth factors and plays
an important role in cell growth, proliferation, differentiation, and
survival [63]. In general, under physiological conditions, GRK2 and
ERK1/2 are mainly located in the cytoplasm, and GRK2 inhibits the
phosphorylation of ERK1/2 [64, 65]. Under CCL12 stimulation,
GRK2 is transported to the cell membrane, and p-ERK1/2 is
transported to the nucleus, leading to decreased inhibition of
ERK1/2 by GRK2, which is restored by CP-25 treatment [49]. In
addition, B-cell hyperactivity has been confirmed to be involved in
the pathogenic mechanism of pSS. CXCL13, which is secreted by
the salivary glands, plays a vital role in the progression of pSS and
directs B-cell chemotaxis [66]. CXCR5, as the receptor of CXCL13, is
related to lymphocyte migration and B-cell follicle migration
[67, 68]. Our laboratory has demonstrated that CXCL13/CXCR5
signal-induced p-ERK1/2 activation results in B lymphocyte
migration in ESS, which is restored by CP-25-induced inhibition
of GRK2 [36]. Consistent with these findings, PGE2/EP4 signal-
induced GRK2 transfer to the membrane has been confirmed to
promote FLS proliferation [35] and EC activation [53] through
decreased inhibition of the ERK1/2 pathway in AA rats. CP-25
inhibits excessive proliferation of FLSs and ECs activation through
context-specific molecular mechanisms.

BAFF activates NF-kB signaling, promoting B-cell survival via the
BAFF receptor. Tumor necrosis factor receptor-associated factor 2
(TRAF2) interacts with multiple signaling molecules (GRKs, JAKs,
NF-kB, etc.) to mediate signal transduction disorders [69]. Our
laboratory found that CP-25 inhibits activated B-cell function by
inhibiting the BAFF/TRAF2/NF-kB pathways in CIA mice [45], while
the direct effect of CP-25 on TRAF2 requires further study. TNF-a-
induced TNFR1, TRADD, TRAF2, and NF-kB are also inhibited
by CP-25 in DCs, suggesting that CP-25 modulates DC immune
function by regulating the TNF-a/TNFR1/TRADD/TRAF2/NF-kB
pathways [46].

Therapeutic prospects of CP-25

Our previous study proved that CP-25 has anti-inflammatory and
immune regulatory effects in AA, CIA, and ESS, while further clinical
trials of CP-25 in RA and pSS patients are still needed. TGP has been
widely used in inflammation and immune diseases, and Pae has
been reported to exhibit anti-inflammatory [70, 71], anti-neoplastic
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[72], anti-hyperglycemia [73], and neuroprotective effects [74].
Because CP-25 is derived from Pae, its efficacy in the existing
applications of TGP and Pae can be further studied.

Because GRK2 is the regulator of GPCR pathways and a
multifunctional hub of numerous signaling networks. CP-25 is a
promising candidate for the treatment of multiple disorders. The
levels and activity of GRK2 are increased in patients and preclinical
models of heart failure (HF), cardiac hypertrophy, hypertension,
obesity, insulin resistance, and nonalcoholic fatty liver disease, and
these increases favor pathological processes induced by mechan-
isms related to the multifunctional roles of GRK2 [75-80].
Specifically, enhanced GRK2 expression has been reported in
failing human hearts and in experimental models of HF [77, 78].
Cardiac GRK2 mRNA and protein levels appear to be increased in
HF patients with dilated or ischemic cardiomyopathy. GRK2 levels
are increased in peripheral blood samples from HF or acute
myocardial infarction patients, but the potential pathophysiologi-
cal impact of such altered levels remains to be determined. In
addition, GRK2 is overexpressed in obese animals and humans,
and downregulation of GRK2 levels in hemizygous GRK2™~ mice
can protect against TNF-induced alterations in glucose home-
ostasis and insulin signaling, which provides evidence for a key
role for GRK2 in the modulation of insulin sensitivity [79]. GRK2
inhibits insulin receptor (InsR) expression and tyrosine phosphor-
ylation of insulin receptor substrate 1 (IRS1), resulting in impaired
insulin action and insulin resistance via inhibition of the InsR/IRS1/
PI3K signaling pathway. Inhibition of GRK2 improves glycogen
synthesis in mouse liver FL83B cells and glucose metabolism in
db/db mice. In autoimmune diseases, GRK2 expression is increased
in the synovium of CIA rats during inflammation [80]. GRK2 is also
associated with an increase in NF-kB transcriptional activity and
upregulation of NF-kB activity, leading to the production of
inflammatory cytokines, enhancement of inflammatory cell
infiltration, and damage to cartilage and bone [45]. Therefore,
genetic GRK2 deletion or pharmacological inhibition is protective
in animal models recapitulating these pathological settings.

Drugs targeting GRK2 are still being developed. Recent studies
have utilized paroxetine, Takeda's CMPD101, and two amide
derivatives of GSK180736A [81], termed CCG215022 and
CCG224063, in in vivo and in vitro experiments. By regulating
the level and function of GRK2 in these disease-related preclinical
models, disease progression is inhibited to varying degrees,
suggesting that CP-25 may play the same role by regulating GRK2.
Moreover, GRK2 also interacts with non-GPCR substrates and
cellular interactors, including signal transduction kinases
(p38MAPK, ERK1/2, PI3K/Akt, MEK1, and AMPK), receptor tyrosine
kinases and their downstream molecules (IRS1, EGFR, and PDGFR),
transcription factors and their regulatory proteins (Smad2/3 and
IkBa), ubiquitin ligases (Mdm2 and Nedd4-2), cytoskeletal proteins
and modulators (ezrin, tubulin, GIT1, and HDAC6), G protein
subunits and modulators (Gaq, Gy, phosducin, RhoA, RalA, and
EPAC1), and different enzymes relevant for signaling (Pin1 and
eNOS) [82, 83]. These molecules and signals are widely involved in
various diseases, and CP-25 might regulate GRK2 to improve
disease progression.

CONCLUSION

Nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids,
DMARDs, and biologicals are currently available to treat immune
and inflammatory diseases [27, 28]. However, NSAIDs reduce
disease symptoms without changing the course of the disease.
DMARD monotherapies often fail to achieve good efficacy in
middle- and late-stage RA patients. High costs and the need for
repeated injections limit the widespread use of biologicals. Poor
response rates and high costs associated with treatments
mandate the search for new therapies.

SPRINGERNATURE

CP-25, derived from the active ingredient of the natural herb P.
lactiflora pall, presents special advantages in arthritis animal
models and ESS model. First, CP-25 has better bioavailability and
therapeutic effects than TGP and Pae [14, 25]. In addition, similar
to first-line drugs such as MTX and LEF, CP-25 (50, 100 mg/kg)
affects the course of arthritis early on, while TGP does not [25].
Moreover, CP-25 (100 mg/kg) has equivalent efficacy as MTX and
HCQ in the treatment of AA, CIA, and ESS [25, 26, 36, 40]. More
importantly, the optimal efficacy and low adverse effects of CP-25
ensure that it has similar effects as MTX (0.5 mg/kg) and LEF (10
mg/kg) when combined with a semiconventional dose of MTX or
LEF in AA rats [35]. In particular, the universality of CP-25 in
regulating the function of various types of cells is largely due to its
targets, i.e., GRK2 and GRK2-related pathways.

The excessive inflammatory immune response (lIR) is the
pathological basis of the occurrence and development of multiple
systemic diseases. Inhibition of the pathogenic effects of cytokines
is often a target in the development of therapeutic drugs for IR in
multiple diseases. In fact, moderate IR plays an important role in
protecting the body from pathological damage to the internal and
external environment [84]. However, the excessive regulation of
the network balance of cytokines results in serious adverse drug
reactions. For example, the JAK-STAT pathway is involved in many
important biological processes, such as cell proliferation, differ-
entiation, and apoptosis [85]. Inactivated mutant JAK3 causes
immune deficiency. JAK3 is an intracellular molecule necessary for
the maintenance of normal immune cell development by various
cytokines, hematopoietic cell survival signals, and immunoglobu-
lin class conversion. Tofacitinib, a JAK3 inhibitor used for the
treatment of RA, inhibits multiple inflammatory factors through a
common target, but inhibition of the activity of JAK3 also disrupts
cell physiological functions. Therefore, we propose that soft
regulation of inflammatory immune responses (SRIIR) with regards
to balanced regulation of the activity of common key molecules in
multiple target cells is an important direction for treating
inflammatory immune responses [84]. Because GRK2 acts as a
multifunctional hub of GPCR and non-GPCR pathways and various
signal networks, CP-25 may exert a soft regulatory role in
inflammatory immune diseases. Accordingly, better knowledge
of the time course of changes in GRK2 levels in pathological
situations and their functional impacts is required to better
determine the correct timing of therapeutic strategies
targeting GRK2.

The concept of SRIIR is ideal and should be used for drug
development. Balanced regulation of the common key molecular
activities of multiple target cells is an important research direction
for the development of drugs for the treatment of IIR-related
diseases. However, there are still many topics, including structural
modification, dose adjustment, and deeper exploration of
mechanisms of CP-25, that need to be studied. Altogether, the
data suggest that CP-25 has the potential to be useful for
subsequent research and clinical application for immune and
inflammatory diseases.
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