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Abstract: The G-protein-coupled receptor kinase 2 (GRK2) is an important regulator of inflammation
and pathological macrophage phenotype in a variety of diseases. We hypothesize that Gβγ-GRK2
signaling promotes the early inflammatory response and chondrocyte loss in osteoarthritis (OA).
Using the destabilization of the medial meniscus (DMM) model in 12-week-old male C57BL/6
mice, we determined the role of Gβγ-GRK2 signaling in synovitis, macrophage activation, and
OA development. We achieved Gβγ-GRK2 inhibition at the time of DMM by administering the
Gβγ inhibitor “gallein” and the GRK2 inhibitor “paroxetine” daily, starting from 2 days before
DMM surgery, for a duration of 1 or 12 weeks. Synovial and cartilage structural changes were
evaluated by histomorphometry, and molecular events and macrophage activation were examined.
We studied the direct role of Gβγ-GRK2 in synovitis and macrophage activation in vitro using
SW982 and THP1 cells. Continuous Gβγ-GRK2 inhibition initiated at the time of DMM attenuated
OA development and decreased chondrocyte loss more effectively than delayed treatment. GRK2
expression and the M1 macrophage phenotype were elevated in the inflamed synovium, while early
gallein and paroxetine treatment for 1 and 12 weeks following DMM resulted in their reduction
and an upregulated M2 macrophage phenotype. In vitro experiments showed that Gβγ-GRK2
inhibition attenuated synoviocyte inflammation and the M1 phenotype. We show that early Gβγ-
GRK2 inhibition is of higher therapeutic efficacy in OA than delayed inhibition, as it prevents OA
development by inhibiting the early inflammatory response.

Keywords: osteoarthritis; synovitis; G-protein-coupled receptor kinase 2; therapeutics

1. Introduction

Osteoarthritis (OA) is the major and most common joint disease, characterized by
cartilage damage and resulting in joint pain, disability, subchondral bone remodeling with
the formation of osteophytes, the degeneration of ligaments and menisci, hypertrophy of
the joint capsule, fibrosis of the infrapatellar fat pad, and synovitis [1]. Approximately
19% of the American population is affected by OA, with an especially high incidence rate
for adults over 45 years old [2]. OA is also a significant economic burden that results in
billions of dollars in annual medical care expenditures in the USA. The global prevalence of
knee OA was 16.0% (aged 15 and over) and 22.9% (aged 40 and over), equating to around
654.1 million individuals 40 years or older affected by knee OA in 2020 worldwide [3]. The
precise etiology of OA remains unknown, and a cure or treatment for OA is not available.

A large body of evidence suggests that inflammation of the synovium (synovitis) is
correlated with the pathogenesis and development of OA [4]. It is well-known that most
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OA patients have synovial inflammation in all stages of OA [4]. The synovium is formed
of an intimal lining layer, which consists of synoviocytes and macrophages, as well as a
sub-lining layer composed of connective tissue and blood vessels with few lymphocytes
and macrophages [5]. Synovitis is believed to be a precursor of OA [4], as the secretion of
cytokines from activated fibroblast-like synoviocytes (FLS) and macrophages results in an
inflamed synovium [6,7] and activates chondrocyte inflammation, leading to cartilage dam-
age [8]. Importantly, a recent study reported that synovitis triggers cartilage damage and
osteophyte formation in a surgical model of post-traumatic OA (PTOA) [1]. Macrophages
are classified according to two major pathways of activation. M1 macrophages are acti-
vated by inflammatory stimuli such as interferon (IFN) γ and secrete/trigger numerous
proinflammatory cytokines and chemokines [9]. Conversely, M2 macrophages are anti-
inflammatory [10].

G-protein-coupled receptors (GPCRs) and their GPCR kinase 2 (GRK2) are important
regulators of inflammation [11] and macrophage activation [12,13]. We recently reported
that the inhibition of GPCR G-protein beta-gamma (Gβγ)-GRK2 signaling regulates human
macrophage activation by promoting their switch to the protective M2 phenotype [10]. In
the aforementioned study, we used “gallein” a novel small-molecule Gβγ inhibitor [14,15].
Gallein binds to the GPCR Gβγ subunit and inhibits the recruitment and activation of GRK2.
Furthermore, we showed that Gβγ-GRK2 inhibition initiated in progressing OA attenuates
cartilage degeneration, promotes anabolic signaling in chondrocytes, and reduces synovitis
12 weeks after the destabilization of the medial meniscus (DMM) [16]. We used paroxetine
as a pharmacological GRK2 inhibitor [17,18]. Paroxetine is a selective serotonin reuptake
inhibitor (SSRI), commonly used as an FDA-approved antidepressant, that was found
to bind GRK2 and inhibit its kinase activity. Several studies showed that both gallein
and paroxetine have potent anti-inflammatory effects and regulate the innate immune cell
response in various disease models through their Gβγ-GRK2 inhibitory mechanism [19–21].
However, the role of Gβγ-GRK2 signaling in the early inflammatory response in OA
remains unknown.

We hypothesized that Gβγ-GRK2 signaling is activated in early OA, which promotes
inflammation, triggers chondrocyte death, and promotes OA development. Thus, we
investigated the therapeutic efficacy of the Gβγ-GRK2 inhibitors gallein and paroxetine
in preventing the initial inflammatory response in OA mice using the clinically relevant
DMM model in mice. Treatments were initiated at the time of injury and continued for
either 1 or 12 weeks following DMM to examine the efficacy from the early to late phases
of OA. We determined the effect of treatments on (1) cartilage damage and chondrocyte
loss in the late phase of OA (12 weeks following DMM) and (2) GRK2 expression, synovitis,
and macrophage activation in both the early inflammatory phase (one week following
DMM) and the late phase of OA. Last, we used stable cell lines of human synoviocytes
and macrophages to test the direct effects of gallein and paroxetine in vitro. In order to
control for the SSRI effect of paroxetine, we used the non-GRK2-inhibiting SSRI fluoxetine.
In addition, we used the non-steroidal anti-inflammatory drug (NSAID) indomethacin to
control for the reported anti-inflammatory effects of paroxetine and gallein [16,22].

2. Results
2.1. Early Continuous Gβγ-GRK2 Inhibition Attenuates OA Development in Late-Stage DMM,
with Higher Therapeutic Efficacy Than Delayed Treatment

Twelve weeks after DMM, vehicle-treated DMM mice had extensive cartilage degen-
eration and chondrocyte loss, as reflected in the significant reduction in the uncalcified
cartilage area and the total and anabolic chondrocyte numbers (Figure 1A–C). Continu-
ous Gβγ-GRK2 inhibition by gallein and paroxetine, initiated at the time of DMM and
continued for 12 weeks (Figure 1A–C), decreased cartilage degeneration, as evidenced by
the preserved uncalcified cartilage area (Figure 1D) and the total (Figure 1E) and anabolic
chondrocytes (dark-red color) (Figure 1C,F) at levels similar to those of the sham mice.
While fluoxetine partially rescued the total number of chondrocytes, indomethacin failed
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to confer any protection in the cartilage of DMM mice. These results suggest that con-
tinuous Gβγ-GRK2 inhibition by gallein and paroxetine prevents cartilage degeneration,
chondrocyte loss, and OA development in late-stage PTOA.
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Figure 1. Early continuous Gβγ-GRK2 inhibition prevents PTOA development in mice. (A) Schematic
representation of timeline of drug treatment after sham (n = 5) or DMM surgeries: Two days before
surgery, mice started receiving daily intraperitoneal injections of vehicle (V; n = 5), gallein (G;
10 mg/kg per day, n = 7), paroxetine (Px; 5 mg/kg per day, n = 5), fluoxetine (Fx; 5 mg/kg per
day, n = 6), or indomethacin (Indo; 2.5 mg/kg per day, n = 7). All mice were euthanized 12 weeks
after surgery. Green arrows denote the duration of drug treatment. (B) Representative images of
Safranin-O/Fast-Green-stained knee joints; scale bar, 100 µm. (C) Magnified images of regions
marked by red boxes in (B); scale bar, 50 µm. Arrows indicate representative anabolic matrix-
producing chondrocytes (dark-red color). Yellow dotted line indicates uncalcified cartilage area
in (C). Histomorphometric analyses of all treatment groups, showing changes in (D) uncalcified
cartilage area, (E) total chondrocyte number, and (F) matrix-producing chondrocyte number. (G–I)
Histomorphometric analyses comparing early and delayed continuous gallein (black color points) and
paroxetine (blue color points) treatment groups (0–12 weeks and 8–12 weeks post-DMM), showing
changes in (G) uncalcified cartilage area, (H) total chondrocyte number, and (I) matrix-producing
chondrocyte number. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 using one-way ANOVA.
* p < 0.05, ** p < 0.01, and *** p < 0.001 0–12 weeks vs. 8–12 weeks treatment groups using Welch’s
t-test. Values are expressed as means ± SEM.

We compared the chondroprotective effect of early continuous treatment with gallein
and paroxetine (from the time of DMM to week 12; 0–12) to our published data with
delayed treatment (from week 8 following DMM to week 12; 8–12) [16]. The early treatment
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was more effective, as evidenced by the higher area of the uncalcified cartilage and the
numbers of total and anabolic chondrocytes (Figure 1G–I).

2.2. Early Gβγ-GRK2 Inhibition Attenuates Chondrocyte Apoptosis and Cytochrome C in the
Acute Inflammatory Phase of DMM

Next, we investigated the possible mechanism behind the higher efficacy of early Gβγ-
GRK2 inhibition in OA. We determined the acute effect of early treatment on chondrocyte
death in the early inflammatory phase (Figure 2A) by examining TUNEL staining 1 week
after DMM. The number of apoptotic chondrocytes was increased in the vehicle-treated
group relative to the sham group and was reduced by the gallein, paroxetine, and fluoxetine
treatments but not by indomethacin (Figure 2B–D). Finally, we quantified the acute changes
in chondrocyte cytochrome C (Cyt c) expression by IF staining in the cartilage 1 week
after DMM. Cyt c expression was elevated in the vehicle-treated mice and was reduced by
gallein and paroxetine but not by fluoxetine or indomethacin (Figure 2E,F).
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Figure 2. Early continuous Gβγ-GRK2 inhibition reduces chondrocyte apoptosis and cytochrome
C expression in mouse early PTOA cartilage. (A) Schematic representation of timeline of drug
treatment after sham (n = 5) or DMM surgeries. Two days before surgery, mice started receiving daily
intraperitoneal injections of vehicle (V; n = 10), gallein (G; 10 mg/kg per day, n = 10), paroxetine (Px;
5 mg/kg per day, n = 7), fluoxetine (Fx; 5 mg/kg per day, n = 9), or indomethacin (Indo; 2.5 mg/kg per
day, n = 9). All mice were euthanized 1 week after surgery. Green arrows denote the duration of drug
treatment. Representative images showing fluorescent staining in the anterior femoral synovium:
(B) TUNEL staining of apoptotic cells; scale bar, 50 µm. (C) Magnified images of regions marked by
yellow boxes in (B); scale bar, 10 µm. (D) Quantification of TUNEL-positive cells. (E) IF staining of
cytochrome C (red); scale bar, 10 µm. (F) Quantification of the percentage of cytochrome-C-positive
cells. DAPI (blue) stains nuclei. n = 5 per group; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001
in 1 week treatment groups using one-way ANOVA. Values are expressed as means ± SEM.

2.3. Elevated Synovial GRK2 Expression in the Early Inflammatory Phase following DMM Is
Reduced by Gβγ-GRK2 Inhibition

We then explored synovial changes in the early and late stages of OA. In early-stage
OA, one week after DMM (Figure 3A), the synovium of vehicle-treated mice was thicker
than that of the sham-operated mice, indicating synovitis with increased inflammatory cell
infiltration (red arrows) (Figure 3B–D). This was corroborated by increased vascular cell
adhesion protein (VCAM) 1 expression in the vehicle-treated DMM mice, with a parallel
increase in GRK2 expression. The Gβγ-GRK2 inhibition by gallein and paroxetine reduced
synovial thickness and inflammatory cell infiltration (Figure 3B–D) and VCAM1 and GRK2
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expression (Figure 3E–H). Treatment with fluoxetine and indomethacin also attenuated
synovial thickness, inflammatory cell infiltration, and VCAM1 and GRK2 expression in
DMM mice when compared with vehicle-treated DMM mice (Figure 3B–H). These results
suggest that Gβγ-GRK2 signaling plays a major role in the initiation of the inflammatory
response and synovitis following traumatic injury in OA, while its inhibition attenuates
synovitis in early OA.
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Figure 3. Early continuous Gβγ-GRK2 inhibition attenuates synovitis in early-stage PTOA.
(A) Schematic representation of timeline of drug treatment after sham (n = 5) or DMM surgeries.
Two days before surgery, mice started receiving daily intraperitoneal injections of vehicle (V; n = 10),
gallein (G; 10 mg/kg per day, n = 10), paroxetine (Px; 5 mg/kg per day, n = 7), fluoxetine (Fx; 5 mg/kg
per day, n = 9), or indomethacin (Indo; 2.5 mg/kg per day, n = 9). All mice were euthanized 1 week
after surgery. Green arrows denote the duration of treatment. (B) Representative images of Safranin-
O/Fast Green staining of the anterior femoral synovial region of mouse knee sections 1 week after
DMM or sham surgery; scale bar, 50 µm. (C) Magnified images of regions indicated in red boxes in
(B); scale bar, 10 µm. Yellow double-headed arrows depict synovial lining thickness, and red arrows
indicate synovial inflammatory cells. (D) Quantification of anterior femoral synovial membrane
thickness. Representative IF staining images showing (E) VCAM1 (red) and (G) GRK2 (green) in
the anterior femoral synovium. DAPI (blue) stains nuclei; scale bar, 50 µm. Quantification of the
percentage of positive cells expressing (F) VCAM1 and (H) GRK2. n = 5 per group; *** p < 0.001 and
**** p < 0.0001 vs. DMM + V group using one-way ANOVA. Values are expressed as means ± SEM.

In late-stage OA, twelve weeks after DMM (Figure 4A), vehicle-treated DMM mice
continued to have a thicker synovium with higher levels of inflammatory cells (red ar-
rows) relative to the sham-operated mice, while the continuous treatment with gallein
and paroxetine attenuated these pathological changes (Figure 4B–D). Interestingly, this
anti-inflammatory effect was comparable to that of indomethacin (NSAID), which is widely
used for pain management in OA patients, and that of the non-GRK2-inhibiting SSRI
fluoxetine (Figure 4B–D). On the cellular level, the synovium of vehicle-treated DMM mice
continued to show high levels of expression of both synoviocyte inflammatory markers,
VCAM1 and GRK2, while both gallein and paroxetine treatments reduced their expression
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(Figure 4E–H). While VCAM1 expression was reduced by indomethacin and not by flu-
oxetine, neither indomethacin nor fluoxetine reduced GRK2 expression in the synovium
of mice 12 weeks after DMM (Figure 4E–H). These findings suggest that Gβγ-GRK2 sig-
naling maintains inflammation and synovitis following traumatic injury in OA, while its
continuous inhibition attenuates synovitis in late OA.
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(A) Schematic representation of timeline of drug treatment after sham (n = 5) or DMM surgeries: Two
days before surgery, mice started receiving daily intraperitoneal injections of vehicle (V; n = 5), gallein
(G; 10 mg/kg per day, n = 7), paroxetine (Px; 5 mg/kg per day, n = 5), fluoxetine (Fx; 5 mg/kg per
day, n = 6), or indomethacin (Indo; 2.5 mg/kg per day, n = 7). All mice were euthanized 12 weeks
after surgery. Green arrows denote the duration of drug treatment. (B) Representative images
of Safranin-O/Fast Green staining of the anterior femoral synovial region of mouse knee sections
12 weeks after DMM or sham surgery; scale bar, 50 µm. (C) Magnified images of regions indicated
in red boxes in (B); scale bar, 10 µm. Yellow double-headed arrows depict synovial lining thickness,
and red arrows indicate synovial inflammatory cells. (D) Quantification of anterior femoral synovial
membrane thickness. Representative IF staining images in the anterior femoral synovium showing
(E) VCAM1 (red) and (G) GRK2 (green). DAPI (blue) stains nuclei; scale bar, 50 µm. Quantification
of the percentage of positive cells expressing (F) VCAM1 and (H) GRK2. n = 5 per group; * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. DMM + V group using one-way ANOVA; values are
expressed as means ± SEM.

2.4. Gβγ-GRK2 Inhibition Promotes M2 over M1 Macrophage Phenotype in Early and Late DMM

One week after DMM (Figure 5A), the expression of the M1 macrophage phenotype
markers inducible nitric oxide synthase (iNOS) and cluster of differentiation (CD) 80 were
elevated (Figure 5B–E), while the macrophage M2 marker CD163 trended lower in the
synovium of vehicle-treated DMM mice (Figure 5F,G), indicating increased macrophage
activation, infiltration, and M1 phenotype. Treatment with gallein and paroxetine attenu-
ated iNOS and CD80 expression, while increasing CD163 expression (Figure 5B–G). Both
the fluoxetine and indomethacin treatments reduced iNOS and CD80 expression but had
no effect on CD163 expression (Figure 5B–G). Altogether, these results suggest that gallein
and paroxetine reverse the M1 macrophage phenotype in favor of the M2 phenotype in the
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early phase of DMM. On the other hand, as fluoxetine and indomethacin only inhibit M1
markers, their anti-inflammatory effects are less potent than gallein and paroxetine.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 17 
 

 

the fluoxetine and indomethacin treatments reduced iNOS and CD80 expression but had 
no effect on CD163 expression (Figure 5B–G). Altogether, these results suggest that gallein 
and paroxetine reverse the M1 macrophage phenotype in favor of the M2 phenotype in 
the early phase of DMM. On the other hand, as fluoxetine and indomethacin only inhibit 
M1 markers, their anti-inflammatory effects are less potent than gallein and paroxetine. 

 
Figure 5. Early continuous Gβγ-GRK2 inhibition switches synovial macrophage phenotype to M2 
in early-stage PTOA. (A) Schematic representation of timeline of drug treatment after sham (n = 5) 
or DMM surgeries. Two days before surgery, mice started receiving daily intraperitoneal injections 
of vehicle (V; n = 10), gallein (G; 10 mg/kg per day, n = 10), paroxetine (Px; 5 mg/kg per day, n = 7), 
fluoxetine (Fx; 5 mg/kg per day, n = 9), or indomethacin (Indo; 2.5 mg/kg per day, n = 9). All mice 
were euthanized 1 week after surgery. Green arrows denote the duration of drug treatment. Repre-
sentative images of IF staining of (M1 markers) (B) iNOS, (D) CD80, and (F) CD163 (M2 marker) in 
the in the anterior femoral synovium of sham and DMM mouse knee sections 1 week after DMM or 
sham surgery. Target proteins are represented in red. DAPI (blue) stains nuclei; scale bar, 50 µm. 
Quantification of the percentage of positive cells expressing (C) iNOS, (E) CD80, and (G) CD163. n 
= 5 per group; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. DMM + V group using one-
way ANOVA. Values are expressed as means ± SEM. 

Twelve weeks after DMM (Figure 6A), iNOS and CD80 expression remained at levels 
higher than those of sham-operated mice (Figure 6B–E). All drug treatments reduced 
iNOS and CD80 expression, but only gallein and paroxetine increased CD163 expression 
(Figure 6B–G). These results indicate that the Gβγ-GRK2 inhibitors gallein and paroxetine 
inhibit synovial inflammation and promote the switch from the M1 to the M2 macrophage 
phenotype throughout the DMM disease course from early- to late-stage PTOA. 

Figure 5. Early continuous Gβγ-GRK2 inhibition switches synovial macrophage phenotype to M2 in
early-stage PTOA. (A) Schematic representation of timeline of drug treatment after sham (n = 5) or
DMM surgeries. Two days before surgery, mice started receiving daily intraperitoneal injections of
vehicle (V; n = 10), gallein (G; 10 mg/kg per day, n = 10), paroxetine (Px; 5 mg/kg per day, n = 7),
fluoxetine (Fx; 5 mg/kg per day, n = 9), or indomethacin (Indo; 2.5 mg/kg per day, n = 9). All
mice were euthanized 1 week after surgery. Green arrows denote the duration of drug treatment.
Representative images of IF staining of (M1 markers) (B) iNOS, (D) CD80, and (F) CD163 (M2 marker)
in the in the anterior femoral synovium of sham and DMM mouse knee sections 1 week after DMM
or sham surgery. Target proteins are represented in red. DAPI (blue) stains nuclei; scale bar, 50 µm.
Quantification of the percentage of positive cells expressing (C) iNOS, (E) CD80, and (G) CD163.
n = 5 per group; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. DMM + V group using
one-way ANOVA. Values are expressed as means ± SEM.

Twelve weeks after DMM (Figure 6A), iNOS and CD80 expression remained at levels
higher than those of sham-operated mice (Figure 6B–E). All drug treatments reduced
iNOS and CD80 expression, but only gallein and paroxetine increased CD163 expression
(Figure 6B–G). These results indicate that the Gβγ-GRK2 inhibitors gallein and paroxetine
inhibit synovial inflammation and promote the switch from the M1 to the M2 macrophage
phenotype throughout the DMM disease course from early- to late-stage PTOA.

2.5. Gβγ-GRK2 Inhibition Ameliorates Human Synoviocytes and M1 Macrophage Inflammatory
Differentiation In Vitro

We determined the direct effect of Gβγ-GRK2 inhibition on both macrophage and
synoviocyte inflammatory signaling by treating FLS-differentiated human SW982 cells and
M1-differentiated human THP1 cells with gallein and paroxetine in vitro. Treatment with
gallein and paroxetine inhibited the mRNA expression of the synoviocyte inflammatory
marker tumor necrosis factor (TNF) α (Figure 7A). On the other hand, only paroxetine inhib-
ited VCAM1 expression, with gallein treatment being statistically insignificant (Figure 7B).
Further, paroxetine and gallein attenuated mRNA expression of M1 macrophage marker
CD80 (Figure 7C) and upregulated M2 macrophage marker C-C motif chemokine (CCL) 22
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(Figure 7D). In contrast, indomethacin and fluoxetine treatment had no effect on inflamma-
tory gene expression in either synoviocytes or macrophages (Figure 7A–D). Therefore, these
results show that the Gβγ-GRK2 pharmacological inhibition by gallein and paroxetine
directly attenuates the inflammatory phenotypes of synoviocytes and macrophages under
inflammatory conditions in vitro, which resemble PTOA.
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in human cells. Changes in mRNA gene expression of synoviocyte inflammatory markers (A) TNFα
and (B) VCAM1 in human synoviocytes (FLS-differentiated SW982 cells and undifferentiated cells
(UD)). IL-1β-stimulated SW982 cells were treated with vehicle (IL-1β + V) gallein (1β + G), paroxetine
(1β + Px), fluoxetine (1β + Fx), and indomethacin (1β + Indo). Changes in mRNA gene expression of
macrophage phenotype markers (C) CD80 and (D) CCL22 in human macrophage cells (M1- and M2-
differentiated THP1 cells). Macrophage cells differentiated into M1 or M2 macrophage phenotypes
and resting macrophages (M0) were treated with vehicle (M1/M2 + V), gallein (M1/M2 + G), paroxe-
tine (M1/M2 + Px), fluoxetine (M1/M2 + Fx), and indomethacin (M1/M2 + Indo). RT-qPCR from n = 3
experimental replicates. Data are normalized to expression of GAPDH. * p < 0.05 vs. IL-1β + V group;
** p < 0.01 and **** p < 0.0001 vs. M1 + V group; * p < 0.05 and ** p < 0.01 vs. M0 + V group using
one-way ANOVA. Values are expressed as means ± SEM.

3. Discussion

In the current study, we investigated the therapeutic efficacy of Gβγ-GRK2 inhibition
in attenuating inflammation and preventing OA development when administered at the
time of injury in DMM mice. We recently reported that Gβγ-GRK2 inhibition attenuates
cartilage degeneration and synovitis in ongoing PTOA when administered from week 8
to week 12 following DMM [16]. Here, we found that Gβγ-GRK2 inhibition, by gallein
and paroxetine treatment at the time of injury, exerted a strong anti-inflammatory effect
extending from the early stages to the late stages of DMM. This early intervention protects
the chondrocytes from apoptosis in the early phase of OA, thereby preserving the articular
cartilage and ameliorating OA development.

Osteoarthritis is the most common joint disease, leading to severely affected quality of
life and mobility due to degenerative joint changes, including cartilage degeneration, sub-
chondral bone remodeling, osteophytes formation, synovitis, the degeneration of ligaments
and menisci of the knee, and hypertrophy of the joint capsule [1].

A large body of evidence suggests that inflammation of the synovium (synovitis)
correlates with the pathogenesis and development of OA [4,23,24]. We hypothesized that
early Gβγ-GRK2 inhibition can impart protection to prevent or decelerate OA development
in the early inflammatory phase following DMM due to their outlined anti-inflammatory
effects [10,16]. Therefore, we compared the chondroprotective and chondroregenerative
effects of gallein and paroxetine treatment initiated in the early-stages (at the time of in-
jury) to our recently reported results with delayed treatment initiation (8 weeks following
DMM) [16]. The early treatment was more chondroprotective and matrix-regenerative,
where the area of uncalcified cartilage was maintained at levels close to those of sham mice,
indicating attenuated OA development. To determine the possible mechanism behind this
effect, we investigated changes in chondrocyte apoptosis one week after DMM. In early OA,
inflammatory synoviocytes and macrophages secrete cytokines that lead to cartilage dam-
age and OA development [1,8], and apoptosis plays a major role in this process [25]. The
excess production of reactive oxygen species and inflammation triggers [26] programmed
cell death [27], leading to cartilage degradation and OA development [28]. Moreover, plenty
of experimental and clinical data recapitulated the release of Cyt c from dying cells, either
due to apoptosis or necrosis [29], which in turn induces a series of biochemical reactions
that result in subsequent cell death [30]. In DMM mice, we found increased chondrocyte
apoptosis one week after injury, with a parallel increase in high Cyt c expression. Both
apoptosis and Cyt c expression were reduced following gallein and paroxetine treatment.
Interestingly, fluoxetine-treated mice also had reduced chondrocyte apoptosis. Although
their Cyt c expression was not less than that of the vehicle-treated DMM group, it was not
significantly higher than that of the sham mice; similar results were previously reported
in vitro [31]. On the other hand, indomethacin treatment increased chondrocyte apoptosis
and Cyt c expression, also previously reported in vitro [32,33]. Accordingly, these results
suggest that gallein, paroxetine, and fluoxetine protect articular chondrocytes from apopto-
sis following DMM, with the possible involvement of mitochondrial dysfunction. However,
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further studies are warranted to dissect the exact molecular mechanism involved. From a
therapeutic point of view, an earlier initiation of treatment with gallein and paroxetine can
reduce chondrocyte apoptosis and loss, which in combination with their anabolic effect [16],
attenuates OA development and progression, thereby providing a superior therapeutic
benefit in OA.

We then explored the effect of continuous Gβγ-GRK2 inhibition on early- to late-stage
inflammation in OA. One week after DMM, mice had significant synovitis, which declined
with time but remained at levels higher than in sham mice 12 weeks after DMM. Impor-
tantly, at both stages, synovitis was associated with high levels of GRK2 expression in
the synovium. Continuous Gβγ-GRK2 inhibition with gallein and paroxetine from the
time of injury to week 12 exerted an anti-inflammatory effect, as evidenced by reduced
synovial lining thickness, inflammatory cell infiltration, and VCAM1 expression, com-
parable to that of indomethacin, an NSAID that is widely used for pain management
in OA patients. This agrees with the reported effects of targeted GRK2 kinase domain
inhibition to reverse synoviocyte dysfunction and ameliorate collagen-induced arthritis in
a rat model [34]. Fluoxetine, an SSRI that lacks GRK2-inhibiting properties, also exerted
anti-inflammatory effects in DMM mice, as previously reported in other models [35,36]. The
anti-inflammatory effects of all treatments were associated with reduced GRK2 expression
in the synovium, which shows a direct correlation between GRK2 inhibition and attenuated
synovitis, regardless of the anti-inflammatory drug mechanism. Notably, neither fluoxetine
nor indomethacin conferred protection in the cartilage of OA mice, unlike gallein and parox-
etine, which might be attributed to the different anti-inflammatory mechanisms involved,
in addition to the direct chondroprotective effect of gallein and paroxetine on chondrocytes
that we recently reported [16] and their protective effect against mitochondrial dysfunction
and apoptosis, as discussed above.

To investigate the possible protective anti-inflammatory mechanisms of early Gβγ-
GRK2 inhibition, we investigated macrophage activation and phenotype in DMM mice
receiving different treatments. Various immune cells are responsible for the development
of synovitis in OA patients. Of these cells, macrophages are a highly abundant population
of the infiltrate in synovial tissues of OA patients [37], where they represent approximately
65% of the infiltrating immune cells [38]. Macrophages are classified according to two
major subtypes: proinflammatory M1 and anti-inflammatory M2. The deleterious effects
of M1 macrophages on joint inflammation and cartilage degeneration have been reported
in OA [39,40]. The chondroprotective effects of M2 macrophages were also reported in
an OA mouse model [1], while the depletion of both M1 and M2 macrophages increases
inflammation and does not attenuate OA [41]. Furthermore, a macrophage phenotypic
switch from M2 to M1 is a driving pathological mechanism in experimental OA [1]. Impor-
tantly, GRK2 is known to regulate pathologic macrophage activation [12,13], and we have
reported that Gβγ-GRK2 inhibition promotes the switch to the protective M2 phenotype in
human macrophages in vitro [10]. In DMM mice, we found increased M1 macrophages in
the synovium 1 week after injury, which continued until week 12. Gallein and paroxetine
attenuated M1 and promoted M2 macrophages in the synovium of OA mice 1 week after
DMM and continued until week 12. On the other hand, fluoxetine and indomethacin
attenuated M1 macrophages but had no effect on M2 macrophages. This effect by in-
domethacin has been reported in different tissues and diseases [42,43]. Altogether, this
suggests that Gβγ-GRK2 inhibition exerts superior anti-inflammatory effects in OA by
attenuating the proinflammatory M1 macrophages and promotes healing by increasing the
anti-inflammatory M2 macrophages, in contrast to fluoxetine and indomethacin, which
inhibit both M1 and M2 macrophages.

Finally, we confirmed a direct anti-inflammatory effect of gallein and paroxetine
on synoviocyte inflammation and macrophages in vitro. Both gallein and paroxetine
attenuated the SW982 human synoviocyte FLS inflammatory phenotype, while fluoxetine
and indomethacin had no effect. In THP1 human macrophages, gallein and paroxetine
suppressed M1 but not M2 macrophage marker expression. Interestingly, in opposition to
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their in vivo effect, fluoxetine and indomethacin did not inhibit M1 macrophage marker
expression. Altogether, this supports our in vivo results where Gβγ-GRK2 inhibition by
gallein and paroxetine favored the M2 over the M1 macrophage phenotype, thus promoting
healing in OA.

An overwhelming majority of people with OA have synovitis. Synovial inflammation
is present in all the stages of OA and is associated with the initiation and progression
of cartilage degeneration [4]. We recently reported the chondroprotective and matrix-
regenerative effects of the Gβγ-GRK2 inhibitors gallein and paroxetine in DMM mice when
treatment was initiated in progressing OA to attenuate OA progression [16]. In the current
study, we demonstrate the protective effects of treatment with the Gβγ-GRK2 inhibitors
gallein and paroxetine in DMM-induced PTOA when treatment was initiated at the time of
injury to attenuate OA development through early intervention. The mechanisms behind
this effect include the promotion of a pro-healing, anti-inflammatory signaling cascade in
the synovium, the inhibition of chondrocyte apoptosis, and increased anabolic signaling, as
we recently reported [16]. These results present early Gβγ-GRK2 inhibition as a protective
therapeutic approach in PTOA.

This study has some limitations. The exact mechanisms involved in the effects of
Gβγ-GRK2 inhibition in DMM mice, particularly on the cartilage and synovium, were not
investigated in this study, mainly due to the technical limitation of the small size of the
mouse joint. Studies using larger animals that enable protein and RNA isolation will shed
light on these mechanisms. In the in vitro experiments, we used the SW982 cell line, which
was derived from a synovial sarcoma. Further studies using human primary synoviocytes
will increase the translational application of this pathway in the human synovium. Finally,
we showed that Gβγ-GRK2 inhibition favored an M2 phenotype in DMM mice. However,
whether it directly inhibits macrophage infiltration or reverses their phenotype warrants
further studies.

4. Materials and Methods
4.1. Materials

Drugs were purchased from several vendors: gallein, TOCRIS biosciences (Bristol,
UK); paroxetine hydrocholoride, Calbiochem, Millipore, Burlington, MA, USA; fluoxetine
and indomethacin, EMD Millipore, Burlington, MA, USA. Unless otherwise stated, all the
reagents used were of analytical grade and were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

4.2. Study Design

The sample size was determined using the G*Power 3.1 software (3.1.9.7; Heinrich-
Heine-Universität Düsseldorf, Düsseldorf, Germany). Based on our previous experience
and studies, synovial thickness, the area of uncalcified tibial cartilage, and the total number
of chondrocytes are the main parameters affected by DMM. Based on the differences in these
parameters between the sham- and DMM-operated mice, we calculated the sample size
required for each group to reach 5% significance and 0.80 power. A power analysis showed
that at least five mice in each group were required. Thus, we increased the number of mice
to 5–10 to account for any unexpected side effects due to surgery or treatments. The end
points of 1 week and 12 weeks post-DMM were chosen based on our and others’ experience
with the DMM model related to early-stage inflammation peaks [44] and late-stage OA
development [16,45–47]. The surgeon and lab personnel performing daily drug injections
were blinded to the animal identity and treatment. All animals were randomized for
treatment. All collected mouse samples were coded and analyzed in a blinded manner until
the data were obtained and quantification was completed. The data were then decoded and
matched to the corresponding groups, the results were charted, and the statistical analysis
was performed. Outlier data, determined by Grubb’s test, were excluded. All studies were
performed according to the ARRIVE guidelines 2.0.
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4.3. Animals

Twelve-week-old male C57BL/6J mice were purchased from The Jackson Laboratories.
All mice were housed in groups of three to five mice per micro-isolator cage in a room
with a 12 h light/dark schedule. All animal procedures were performed according to
the National Institute of Health (NIH) guide for the care and use of laboratory animals
and were approved by the Animal Care and Use Committee of the Pennsylvania State
University (approval number and date: PRAMS201747946, 21 January 2022).

4.4. DMM Surgery

Twelve-week-old male mice were administered DMM surgery to the right knee and
sham surgery to the left knee, as described in [46]. Briefly, mice were anesthetized via an
intraperitoneal injection of ketamine (60 mg/kg) and xylazine (4 mg/kg), and a 5 mm-long
incision was made on the medial side of the knee. Under a dissecting microscope, an
incision was made along the medial side of the patellar tendon, opening the joint space.
Using a #11 scalpel, the medial meniscotibial ligament (MMTL) was transected, enabling
the medial meniscus to move freely. A similar skin incision was made in the sham knees,
but the joint structure was not disturbed. For the sham group, both the right and left knees
had sham surgeries. After surgery, 4–0 silk sutures were used to close the incision using an
interrupted pattern. The mice were provided analgesia via an intraperitoneal injection of
buprenorphine (0.5 mg/kg) every 12 h for 72 h, and the sutures were removed after 7 days.
The mice were sacrificed at the indicated time points by anesthesia followed by whole-
animal perfusion using 10% neutral buffered formalin (NBF). The knees were harvested and
fixed for 7 days in 10% NBF, decalcified for 7 days in 10% w/v ethylenediaminetetraacetic
acid (EDTA), embedded in paraffin, and 5 µm sections were cut and mounted for Safranin-
O/Fast Green or IF staining.

4.5. Experimental Groups

In 12-week-old male wild-type C57BL/6 mice that received DMM surgeries, vehicle
(PBS), paroxetine (5 mg/kg per day), fluoxetine (5 mg/kg per day), gallein (10 mg/kg per
day), or indomethacin (2.5 mg/kg per day) were administered daily by intraperitoneal
injection. The drug concentrations were selected based on the clinically relevant doses of
paroxetine, fluoxetine, and indomethacin and on the minimum effective dose of gallein, as
described by us and others [16]. The drug treatments were initiated two days before DMM
to achieve Gβγ-GRK2 inhibition at the time of injury and continued for 1 or 12 weeks
(early phase and late phase of OA). The mice were euthanized 1 or 12 weeks post-DMM to
determine the role of Gβγ-GRK2 signaling in synovitis and OA progression. The knees
were collected, formalin-fixed, and paraffin-embedded for further analyses.

4.6. Histomorphometry (Safranin-O/Fast Green) Coupled with Histomorphometry Using the
Osteomeasure® System

Using Safranin-O/Fast-Green-stained sections, the OsteoMetrics system (OsteoMea-
sure7 v4.3.0.1, Decatur, GA, USA) was used to quantify the above parameters on three
sections from representative levels (50 mm apart) of the medial compartment of the joint
for each sample. Live images of the center of the knee joint were collected through an
Olympus microscope (10× objective) outfitted with a camera, and a stylus was used to
trace the regions of interest (ROIs). A blinded observer quantified the uncalcified articular
cartilage area, the total chondrocyte number, the matrix-producing chondrocyte number
(cells stained by dark-red color), and the synovial membrane thickness using the built-in
area calculation algorithms and quantification functions of the OsteoMeasure® system [47].
Briefly, the total cartilage area was measured by the first line that was drawn across the
superior edge of the cartilage surface, where the cartilage meets the joint space. A second
line was drawn at the chondro-osseous junction, where the calcified cartilage meets the
subchondral bone. The calcified cartilage was determined with a line drawn along the
tide mark, which is the naturally occurring line separating the calcified and uncalcified
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regions of the articular cartilage. A second line was drawn at the chondro-osseous junction,
where the calcified cartilage meets the subchondral bone. The uncalcified cartilage area was
determined by subtracting the calcified cartilage area from the total area of cartilage. The
total chondrocyte number and the matrix-producing chondrocyte number were counted
within the uncalcified cartilage region using count functions within the histomorphometry
system. The matrix-producing chondrocytes were counted based on presence of Safranin-O
staining within the extracellular matrix surrounding the articular chondrocyte, indicat-
ing the maintenance of matrix homeostasis by anabolic signaling. Similarly, the anterior
femoral synovial thickness was measured using OsteoMeasure® software. The synovial
membrane thickness extending from the anterior horn of the medial meniscus to the femur
was determined by drawing a line from the inner insertion point on the femur towards
the attachment on the meniscus. A second line was drawn from the outer insertion of the
femur towards the attachment to the meniscus. The synovial thickness was calculated by
dividing the total synovial area by the synovial perimeter [47].

4.7. Immunofluorescence (IF) Staining

Paraffin sections were deparaffinized in three changes of xylene for five minutes each,
rehydrated in ethanol (two changes of 100% ethanol, followed by two changes of 95%
ethanol, for five minutes each, followed by one change of 70% ethanol for two minutes),
and rinsed twice in deionized water for one minute each. Antigen retrieval was performed
for 10 min at 37 ◦C using 0.4% pepsin (Sigma P-7000) in 0.1 M hydrochloric acid (HCl) and
was followed by permeabilization for 30 min at room temperature using 0.03% Triton X in
tris-buffered saline (TBS). The sections were then blocked for 1 h at room temperature in
10% normal goat serum in 1X TBS. The tissue sections were incubated overnight at 4 ◦C
with the specific primary antibody for the target protein (detailed in Table S1). Following
three 5 min washes in 1X TBS, the slides were incubated for 1 h at room temperature
with a biotinylated secondary antibody (Life Technologies, Waltham, MA, USA), washed
again with three changes of 1X TBS, and incubated for 1 h at room temperature with Alexa
fluor 647 Streptavidin. The antibody concentrations were determined based on titration
experiments for each antibody. Finally, slides were washed with three changes of 1X TBS
for 5 min each, followed by one wash in 0.03% Triton X in 1X TBS, and a final 5 min
wash in 1X TBS. Mounting and nuclear staining were performed using ProLongTM Gold
antifade reagent with DAPI (Invitrogen, Waltham, MA, USA). After staining, imaging
was performed using a Zeiss Axio Observer 7 upright wide-field microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany) with a uniform exposure time for all the samples within
one staining experiment. An image analysis to quantify the percentage of fluorescence area
was performed. Using Zen Blue Advanced Image Analysis Software, we quantified the
percentage of fluorescence-positive cells: the number of positively stained cells divided by
the total number of cells. Then, the fold change relative to the sham group was calculated.

4.8. Cell Culture and Treatment

The human monocytes THP1 and synoviocytes (SW982) cell lines were obtained
from the American Type Culture Collection (ATCC, Rockville, MD, USA) and were cul-
tured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (Gibco-BRL, Gaithersburg, MD, USA) at 37 ◦C in a 5% CO2 in-
cubator. To determine the direct role of Gβγ-GRK2 signaling in macrophages and FLS
inflammatory signaling:

(i) Human THP1 cells were differentiated into resting (MΦ) macrophages (by treating
with 100 nM phorbol 12-myristate 13-acetate (PMA) for 72 h). Next, these MΦ
macrophages were differentiated into M1 macrophages (by treating with 100 ng/mL
lipopolysaccharides (LPS) and 20 ng/mL IFN γ for 48 h) or M2 macrophages (by
treating with 100 ng/mL interleukin (IL)-4 for 48 h) [48]. At the time of M1 and M2
macrophage differentiation, we treated cells with phosphate-buffered saline (PBS)
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(vehicle), 10 µM paroxetine (GRK2 inhibitor), 10 µM gallein (Gβγ inhibitor), 10 µM
fluoxetine (SSRI control), or 50 µM indomethacin (anti-inflammatory control) for 48 h.

(ii) SW982 synoviocytes were differentiated into the inflammatory phenotype (FLS) by
treating cultures with 5 ng/mL IL-1β for 24 h [49]. At the time of synoviocyte
differentiation, we treated with vehicle, paroxetine (10 µM), gallein (10 µM), fluoxetine
(10 µM), or indomethacin (50 µM) for 24 h.

4.9. RNA Purification and Real Time-Quantitative Polymerase Chain Reaction (RT-qPCR)

mRNA was isolated from human cartilage using the method we published recently [16],
yielding RNA integrity number (RIN) values above 7.0 [50]. cDNA was prepared using an
Iscript cDNA synthesis kit from Bio-Rad following the manufacturer’s protocol. cDNAs
were amplified using TaqMan Gene Expression Assays with the 7500 Fast Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA), with GAPDH as the housekeeping gene
(Thermo Fisher Scientific, Waltham, MA, USA; described in Table S2).

4.10. TUNEL Staining

The apoptosis of articular chondrocytes in cartilage tissues was determined by a
TUNEL assay using the FragEL™ DNA Fragmentation Detection kit from EMD Millipore
(QIA39-1EA, Billerica, MA, USA). The specimens were visualized under a fluorescence
microscope. The number of apoptotic chondrocytes in relation to the total number of cells
was quantified in tissue sections.

4.11. Statistical Analyses

Multiple responses of various physiological and biochemical assays were analyzed
using a one-way ANOVA, as indicated in the mouse studies. The homogeneity of data was
tested by running the Brown–Forsythe test, and if the standard deviations were different
(p ≤ 0.05), the Brown–Forsythe test, Welch’s ANOVA, and an unpaired Welch’s t-test were
performed; Tukey’s post-hoc analysis was performed if statistical significance (p ≤ 0.05)
was achieved. All calculations were performed using Graph Pad Prism 9.0.

5. Conclusions

We show that early Gβγ-GRK2 inhibition by gallein and paroxetine is of higher thera-
peutic efficacy in OA. It attenuates OA development by inhibiting the early inflammatory
response and by protecting the cartilage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms23147933/s1.

Author Contributions: V.K. and F.K. conceived and designed the experiments. V.K. and W.P. per-
formed the experiments. V.K., W.P., N.Y., R.E. and F.K. analyzed the data and wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by NIH NIAMS R01 AR071968 (to F.K.), ANRF Arthritis Research
Grant (to F.K.), and NIH NIDDK R01 DK121327 (to R.A.E.).

Institutional Review Board Statement: All animal procedures were performed according to the
National Institute of Health (NIH) Guide for the care and use of laboratory animals and were
approved by the Animal Care and Use Committee of the Pennsylvania State University (approval
number and date: PRAMS201747946, 21 January 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors have no conflict of interest to declare.

https://www.mdpi.com/article/10.3390/ijms23147933/s1
https://www.mdpi.com/article/10.3390/ijms23147933/s1


Int. J. Mol. Sci. 2022, 23, 7933 15 of 17

References
1. Zhang, H.; Lin, C.; Zeng, C.; Wang, Z.; Wang, H.; Lu, J.; Liu, X.; Shao, Y.; Zhao, C.; Pan, J.; et al. Synovial macrophage M1

polarisation exacerbates experimental osteoarthritis partially through R-spondin-2. Ann. Rheum. Dis. 2018, 77, 1524–1534.
[CrossRef] [PubMed]

2. Wallace, I.J.; Worthington, S.; Felson, D.T.; Jurmain, R.D.; Wren, K.T.; Maijanen, H.; Woods, R.J.; Lieberman, D.E. Knee os-
teoarthritis has doubled in prevalence since the mid-20th century. Proc. Natl. Acad. Sci. USA 2017, 114, 9332–9336. [CrossRef]
[PubMed]

3. Cui, A.; Li, H.; Wang, D.; Zhong, J.; Chen, Y.; Lu, H. Global, regional prevalence, incidence and risk factors of knee osteoarthritis
in population-based studies. eClinicalMedicine 2020, 29–30, 100587. [CrossRef] [PubMed]

4. Atukorala, I.; Kwoh, C.K.; Guermazi, A.; Roemer, F.W.; Boudreau, R.M.; Hannon, M.J.; Hunter, D.J. Synovitis in knee osteoarthritis:
A precursor of disease? Ann. Rheum. Dis. 2016, 75, 390–395. [CrossRef]

5. Smith, M.D.; Barg, E.; Weedon, H.; Papengelis, V.; Smeets, T.; Tak, P.P.; Kraan, M.; Coleman, M.; Ahern, M.J. Microarchitecture
and protective mechanisms in synovial tissue from clinically and arthroscopically normal knee joints. Ann. Rheum. Dis. 2003, 62,
303–307. [CrossRef]

6. Wu, T.J.; Chang, S.L.; Lin, C.Y.; Lai, C.Y.; He, X.Y.; Tsai, C.H.; Ko, C.Y.; Fong, Y.C.; Su, C.M.; Tang, C.H. IL-17 Facilitates VCAM-1
Production and Monocyte Adhesion in Osteoarthritis Synovial Fibroblasts by Suppressing miR-5701 Synthesis. Int. J. Mol. Sci.
2022, 23, 6804. [CrossRef]

7. Lee, H.R.; Yoo, S.J.; Kim, J.; Park, C.K.; Kang, S.W. Reduction of Oxidative Stress in Peripheral Blood Mononuclear Cells Attenuates
the Inflammatory Response of Fibroblast-like Synoviocytes in Rheumatoid Arthritis. Int. J. Mol. Sci. 2021, 22, 12411. [CrossRef]

8. Fernandes, J.C.; Martel-Pelletier, J.; Pelletier, J.P. The role of cytokines in osteoarthritis pathophysiology. Biorheology 2002, 39,
237–246.

9. Fahy, N.; de Vries-van Melle, M.L.; Lehmann, J.; Wei, W.; Grotenhuis, N.; Farrell, E.; van der Kraan, P.M.; Murphy, J.M.; Bastiaansen-
Jenniskens, Y.M.; van Osch, G.J. Human osteoarthritic synovium impacts chondrogenic differentiation of mesenchymal stem cells
via macrophage polarisation state. Osteoarthr. Cartil. 2014, 22, 1167–1175. [CrossRef]

10. Karuppagounder, V.; Bajpai, A.; Meng, S.; Arumugam, S.; Sreedhar, R.; Giridharan, V.V.; Guha, A.; Bhimaraj, A.; Youker, K.A.;
Palaniyandi, S.S.; et al. Small molecule disruption of G protein betagamma subunit signaling reprograms human macrophage
phenotype and prevents autoimmune myocarditis in rats. PLoS ONE 2018, 13, e0200697.

11. Eijkelkamp, N.; Heijnen, C.J.; Willemen, H.L.; Deumens, R.; Joosten, E.A.; Kleibeuker, W.; den Hartog, I.J.; van Velthoven, C.T.;
Nijboer, C.; Nassar, M.A.; et al. GRK2: A novel cell-specific regulator of severity and duration of inflammatory pain. J. Neurosci.
Off. J. Soc. Neurosci. 2010, 30, 2138–2149. [CrossRef]

12. Willemen, H.L.; Huo, X.J.; Mao-Ying, Q.L.; Zijlstra, J.; Heijnen, C.J.; Kavelaars, A. MicroRNA-124 as a novel treatment for
persistent hyperalgesia. J. Neuroinflamm. 2012, 9, 143. [CrossRef]

13. Yang, X.; Li, S.; Zhao, Y.; Li, S.; Zhao, T.; Tai, Y.; Zhang, B.; Wang, X.; Wang, C.; Chen, J.; et al. GRK2 Mediated Abnormal
Transduction of PGE2-EP4-cAMP-CREB Signaling Induces the Imbalance of Macrophages Polarization in Collagen-Induced
Arthritis Mice. Cells 2019, 8, 1596. [CrossRef] [PubMed]

14. Lehmann, D.M.; Seneviratne, A.M.; Smrcka, A.V. Small molecule disruption of G protein beta gamma subunit signaling inhibits
neutrophil chemotaxis and inflammation. Mol. Pharmacol. 2008, 73, 410–418. [CrossRef]

15. Kamal, F.A.; Travers, J.G.; Schafer, A.E.; Ma, Q.; Devarajan, P.; Blaxall, B.C. G Protein-Coupled Receptor-G-Protein betagamma-
Subunit Signaling Mediates Renal Dysfunction and Fibrosis in Heart Failure. J. Am. Soc. Nephrol. JASN 2017, 28, 197–208.
[CrossRef] [PubMed]

16. Carlson, E.L.; Karuppagounder, V.; Pinamont, W.J.; Yoshioka, N.K.; Ahmad, A.; Schott, E.M.; Le Bleu, H.K.; Zuscik, M.J.;
Elbarbary, R.A.; Kamal, F. Paroxetine-mediated GRK2 inhibition is a disease-modifying treatment for osteoarthritis. Sci. Transl.
Med. 2021, 13, eaau8491. [CrossRef] [PubMed]

17. Thal, D.M.; Homan, K.T.; Chen, J.; Wu, E.K.; Hinkle, P.M.; Huang, Z.M.; Chuprun, J.K.; Song, J.; Gao, E.; Cheung, J.Y.; et al.
Paroxetine is a direct inhibitor of g protein-coupled receptor kinase 2 and increases myocardial contractility. ACS Chem. Biol. 2012,
7, 1830–1839. [CrossRef]

18. Schumacher, S.M.; Gao, E.; Zhu, W.; Chen, X.; Chuprun, J.K.; Feldman, A.M.; Tesmer, J.J.; Koch, W.J. Paroxetine-mediated GRK2
inhibition reverses cardiac dysfunction and remodeling after myocardial infarction. Sci. Transl. Med. 2015, 7, 277ra31. [CrossRef]

19. Wang, Q.; Wang, L.; Wu, L.; Zhang, M.; Hu, S.; Wang, R.; Han, Y.; Wu, Y.; Zhang, L.; Wang, X.; et al. Paroxetine alleviates T
lymphocyte activation and infiltration to joints of collagen-induced arthritis. Sci. Rep. 2017, 7, 45364. [CrossRef]

20. Han, C.; Li, Y.; Wang, Y.; Cui, D.; Luo, T.; Zhang, Y.; Ma, Y.; Wei, W. Development of Inflammatory Immune Response-Related
Drugs Based on G Protein-Coupled Receptor Kinase 2. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2018, 51,
729–745. [CrossRef]

21. Kamal, F.A.; Mickelsen, D.M.; Wegman, K.M.; Travers, J.G.; Moalem, J.; Hammes, S.R.; Smrcka, A.V.; Blaxall, B.C. Simultaneous
adrenal and cardiac g-protein-coupled receptor-gbetagamma inhibition halts heart failure progression. J. Am. Coll. Cardiol. 2014,
63, 2549–2557. [CrossRef] [PubMed]

22. Yassin, N.Z.; El-Shenawy, S.M.; Abdel-Rahman, R.F.; Yakoot, M.; Hassan, M.; Helmy, S. Effect of a topical copper indomethacin
gel on inflammatory parameters in a rat model of osteoarthritis. Drug Des. Dev. Ther. 2015, 9, 1491–1498.

http://doi.org/10.1136/annrheumdis-2018-213450
http://www.ncbi.nlm.nih.gov/pubmed/29991473
http://doi.org/10.1073/pnas.1703856114
http://www.ncbi.nlm.nih.gov/pubmed/28808025
http://doi.org/10.1016/j.eclinm.2020.100587
http://www.ncbi.nlm.nih.gov/pubmed/34505846
http://doi.org/10.1136/annrheumdis-2014-205894
http://doi.org/10.1136/ard.62.4.303
http://doi.org/10.3390/ijms23126804
http://doi.org/10.3390/ijms222212411
http://doi.org/10.1016/j.joca.2014.05.021
http://doi.org/10.1523/JNEUROSCI.5752-09.2010
http://doi.org/10.1186/1742-2094-9-143
http://doi.org/10.3390/cells8121596
http://www.ncbi.nlm.nih.gov/pubmed/31818003
http://doi.org/10.1124/mol.107.041780
http://doi.org/10.1681/ASN.2015080852
http://www.ncbi.nlm.nih.gov/pubmed/27297948
http://doi.org/10.1126/scitranslmed.aau8491
http://www.ncbi.nlm.nih.gov/pubmed/33568523
http://doi.org/10.1021/cb3003013
http://doi.org/10.1126/scitranslmed.aaa0154
http://doi.org/10.1038/srep45364
http://doi.org/10.1159/000495329
http://doi.org/10.1016/j.jacc.2014.02.587
http://www.ncbi.nlm.nih.gov/pubmed/24703913


Int. J. Mol. Sci. 2022, 23, 7933 16 of 17

23. Krasnokutsky, S.; Belitskaya-Levy, I.; Bencardino, J.; Samuels, J.; Attur, M.; Regatte, R.; Rosenthal, P.; Greenberg, J.; Schweitzer, M.;
Abramson, S.B.; et al. Quantitative magnetic resonance imaging evidence of synovial proliferation is associated with radiographic
severity of knee osteoarthritis. Arthritis Rheum. 2011, 63, 2983–2991. [CrossRef]

24. Roemer, F.W.; Guermazi, A.; Felson, D.T.; Niu, J.; Nevitt, M.C.; Crema, M.D.; Lynch, J.A.; Lewis, C.E.; Torner, J.; Zhang, Y. Presence
of MRI-detected joint effusion and synovitis increases the risk of cartilage loss in knees without osteoarthritis at 30-month
follow-up: The MOST study. Ann. Rheum. Dis. 2011, 70, 1804–1809. [CrossRef]

25. Ansari, M.Y.; Ball, H.C.; Wase, S.J.; Novak, K.; Haqqi, T.M. Lysosomal dysfunction in osteoarthritis and aged cartilage triggers
apoptosis in chondrocytes through BAX mediated release of Cytochrome c. Osteoarthr. Cartil. 2021, 29, 100–112. [CrossRef]

26. Aguer, C.; Harper, M.E. Skeletal muscle mitochondrial energetics in obesity and type 2 diabetes mellitus: Endocrine aspects. Best
Pract. Res. Clin. Endocrinol. Metab. 2012, 26, 805–819. [CrossRef] [PubMed]

27. Zhuang, C.; Ni, S.; Yang, Z.C.; Liu, R.P. Oxidative Stress Induces Chondrocyte Apoptosis through Caspase-Dependent and
Caspase-Independent Mitochondrial Pathways and the Antioxidant Mechanism of Angelica Sinensis Polysaccharide. Oxidative
Med. Cell. Longev. 2020, 2020, 3240820. [CrossRef]

28. Blanco, F.J.; Valdes, A.M.; Rego-Perez, I. Mitochondrial DNA variation and the pathogenesis of osteoarthritis phenotypes. Nat.
Rev. Rheumatol. 2018, 14, 327–340. [CrossRef]

29. Jiang, X.; Wang, X. Cytochrome C-mediated apoptosis. Annu. Rev. Biochem. 2004, 73, 87–106. [CrossRef]
30. Jemmerson, R.; LaPlante, B.; Treeful, A. Release of intact, monomeric cytochrome c from apoptotic and necrotic cells. Cell Death

Differ. 2002, 9, 538–548. [CrossRef]
31. Nahon, E.; Israelson, A.; Abu-Hamad, S.; Varda, S.B. Fluoxetine (Prozac) interaction with the mitochondrial voltage-dependent

anion channel and protection against apoptotic cell death. FEBS Lett. 2005, 579, 5105–5110. [CrossRef] [PubMed]
32. Fujii, Y.; Matsura, T.; Kai, M.; Matsui, H.; Kawasaki, H.; Yamada, K. Mitochondrial cytochrome c release and caspase-3-like

protease activation during indomethacin-induced apoptosis in rat gastric mucosal cells. Proc. Soc. Exp. Biol. Med. 2000, 224,
102–108. [CrossRef]

33. de Groot, D.J.; Timmer, T.; Spierings, D.C.; Le, T.K.; de Jong, S.; de Vries, E.G. Indomethacin-induced activation of the death
receptor-mediated apoptosis pathway circumvents acquired doxorubicin resistance in SCLC cells. Br. J. Cancer 2005, 92, 1459–1466.
[CrossRef] [PubMed]

34. Han, C.; Li, Y.; Zhang, Y.; Wang, Y.; Cui, D.; Luo, T.; Zhang, Y.; Liu, Q.; Li, H.; Wang, C.; et al. Targeted inhibition of GRK2 kinase
domain by CP-25 to reverse fibroblast-like synoviocytes dysfunction and improve collagen-induced arthritis in rats. Acta Pharm.
Sin. B 2021, 11, 1835–1852. [CrossRef] [PubMed]

35. Sacre, S.; Medghalchi, M.; Gregory, B.; Brennan, F.; Williams, R. Fluoxetine and citalopram exhibit potent antiinflammatory
activity in human and murine models of rheumatoid arthritis and inhibit toll-like receptors. Arthritis Rheum. 2010, 62, 683–693.
[CrossRef]

36. Kao, C.Y.; He, Z.; Zannas, A.S.; Hahn, O.; Kuhne, C.; Reichel, J.M.; Binder, E.B.; Wotjak, C.T.; Khaitovich, P.; Turck, C.W. Fluoxetine
treatment prevents the inflammatory response in a mouse model of posttraumatic stress disorder. J. Psychiatr. Res. 2016, 76, 74–83.
[CrossRef]

37. Diaz-Torne, C.; Schumacher, H.R.; Yu, X.; Gomez-Vaquero, C.; Dai, L.; Chen, L.X.; Clayburne, G.; Einhorn, E.; Sachdeva, R.M.;
Singh, J.A.; et al. Absence of histologic evidence of synovitis in patients with Gulf War veterans’ illness with joint pain. Arthritis
Rheum. 2007, 57, 1316–1323. [CrossRef]

38. Pessler, F.; Chen, L.X.; Dai, L.; Gomez-Vaquero, C.; Diaz-Torne, C.; Paessler, M.E.; Scanzello, C.; Cakir, N.; Einhorn, E.;
Schumacher, H.R. A histomorphometric analysis of synovial biopsies from individuals with Gulf War Veterans’ Illness and joint
pain compared to normal and osteoarthritis synovium. Clin. Rheumatol. 2008, 27, 1127–1134. [CrossRef]

39. Liu, B.; Zhang, M.; Zhao, J.; Zheng, M.; Yang, H. Imbalance of M1/M2 macrophages is linked to severity level of knee osteoarthritis.
Exp. Ther. Med. 2018, 16, 5009–5014. [CrossRef]

40. Blom, A.B.; van Lent, P.L.; Holthuysen, A.E.; van der Kraan, P.M.; Roth, J.; van Rooijen, N.; van den Berg, W.B. Synovial lining
macrophages mediate osteophyte formation during experimental osteoarthritis. Osteoarthr. Cartil. 2004, 12, 627–635. [CrossRef]

41. Wu, C.L.; McNeill, J.; Goon, K.; Little, D.; Kimmerling, K.; Huebner, J.; Kraus, V.; Guilak, F. Conditional Macrophage Depletion
Increases Inflammation and Does Not Inhibit the Development of Osteoarthritis in Obese Macrophage Fas-Induced Apoptosis-
Transgenic Mice. Arthritis Rheumatol. 2017, 69, 1772–1783. [CrossRef] [PubMed]

42. Na, Y.R.; Yoon, Y.N.; Son, D.; Jung, D.; Gu, G.J.; Seok, S.H. Consistent inhibition of cyclooxygenase drives macrophages towards
the inflammatory phenotype. PLoS ONE 2015, 10, e0118203. [CrossRef] [PubMed]

43. Na, Y.R.; Yoon, Y.N.; Son, D.I.; Seok, S.H. Cyclooxygenase-2 inhibition blocks M2 macrophage differentiation and suppresses
metastasis in murine breast cancer model. PLoS ONE 2013, 8, e63451. [CrossRef] [PubMed]

44. Takahashi, I.; Takeda, K.; Matsuzaki, T.; Kuroki, H.; Hoso, M. Reduction of knee joint load suppresses cartilage degeneration,
osteophyte formation, and synovitis in early-stage osteoarthritis using a post-traumatic rat model. PLoS ONE 2021, 16, e0254383.
[CrossRef] [PubMed]

45. Culley, K.L.; Dragomir, C.L.; Chang, J.; Wondimu, E.B.; Coico, J.; Plumb, D.A.; Otero, M.; Goldring, M.B. Mouse models of
osteoarthritis: Surgical model of posttraumatic osteoarthritis induced by destabilization of the medial meniscus. Methods Mol.
Biol. 2015, 1226, 143–173. [PubMed]

http://doi.org/10.1002/art.30471
http://doi.org/10.1136/ard.2011.150243
http://doi.org/10.1016/j.joca.2020.08.014
http://doi.org/10.1016/j.beem.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23168281
http://doi.org/10.1155/2020/3240820
http://doi.org/10.1038/s41584-018-0001-0
http://doi.org/10.1146/annurev.biochem.73.011303.073706
http://doi.org/10.1038/sj.cdd.4400981
http://doi.org/10.1016/j.febslet.2005.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16139271
http://doi.org/10.1046/j.1525-1373.2000.22407.x
http://doi.org/10.1038/sj.bjc.6602516
http://www.ncbi.nlm.nih.gov/pubmed/15812552
http://doi.org/10.1016/j.apsb.2021.01.015
http://www.ncbi.nlm.nih.gov/pubmed/34386323
http://doi.org/10.1002/art.27304
http://doi.org/10.1016/j.jpsychires.2016.02.003
http://doi.org/10.1002/art.23006
http://doi.org/10.1007/s10067-008-0878-0
http://doi.org/10.3892/etm.2018.6852
http://doi.org/10.1016/j.joca.2004.03.003
http://doi.org/10.1002/art.40161
http://www.ncbi.nlm.nih.gov/pubmed/28544542
http://doi.org/10.1371/journal.pone.0118203
http://www.ncbi.nlm.nih.gov/pubmed/25680189
http://doi.org/10.1371/journal.pone.0063451
http://www.ncbi.nlm.nih.gov/pubmed/23667623
http://doi.org/10.1371/journal.pone.0254383
http://www.ncbi.nlm.nih.gov/pubmed/34270585
http://www.ncbi.nlm.nih.gov/pubmed/25331049


Int. J. Mol. Sci. 2022, 23, 7933 17 of 17

46. Glasson, S.S.; Blanchet, T.J.; Morris, E.A. The surgical destabilization of the medial meniscus (DMM) model of osteoarthritis in the
129/SvEv mouse. Osteoarthr. Cartil. 2007, 15, 1061–1069. [CrossRef]

47. Pinamont, W.J.; Yoshioka, N.K.; Young, G.M.; Karuppagounder, V.; Carlson, E.L.; Ahmad, A.; Elbarbary, R.; Kamal, F. Standardized
Histomorphometric Evaluation of Osteoarthritis in a Surgical Mouse Model. JoVE 2020, 159, e60991. [CrossRef]

48. Zhou, Y.; Zhang, T.; Wang, X.; Wei, X.; Chen, Y.; Guo, L.; Zhang, J.; Wang, C. Curcumin Modulates Macrophage Polarization
Through the Inhibition of the Toll-Like Receptor 4 Expression and its Signaling Pathways. Cell. Physiol. Biochem. Int. J. Exp. Cell.
Physiol. Biochem. Pharmacol. 2015, 36, 631–641. [CrossRef]

49. Castejon, M.L.; Rosillo, M.A.; Montoya, T.; Gonzalez-Benjumea, A.; Fernandez-Bolanos, J.G.; Alarcon-de-la-Lastra, C. Oleuropein
down-regulated IL-1beta-induced inflammation and oxidative stress in human synovial fibroblast cell line SW982. Food Funct.
2017, 8, 1890–1898. [CrossRef]

50. Le Bleu, H.K.; Kamal, F.A.; Kelly, M.; Ketz, J.P.; Zuscik, M.J.; Elbarbary, R.A. Extraction of high-quality RNA from human articular
cartilage. Anal. Biochem. 2017, 518, 134–138. [CrossRef]

http://doi.org/10.1016/j.joca.2007.03.006
http://doi.org/10.3791/60991
http://doi.org/10.1159/000430126
http://doi.org/10.1039/C7FO00210F
http://doi.org/10.1016/j.ab.2016.11.018

	Introduction 
	Results 
	Early Continuous G-GRK2 Inhibition Attenuates OA Development in Late-Stage DMM, with Higher Therapeutic Efficacy Than Delayed Treatment 
	Early G-GRK2 Inhibition Attenuates Chondrocyte Apoptosis and Cytochrome C in the Acute Inflammatory Phase of DMM 
	Elevated Synovial GRK2 Expression in the Early Inflammatory Phase following DMM Is Reduced by G-GRK2 Inhibition 
	G-GRK2 Inhibition Promotes M2 over M1 Macrophage Phenotype in Early and Late DMM 
	G-GRK2 Inhibition Ameliorates Human Synoviocytes and M1 Macrophage Inflammatory Differentiation In Vitro 

	Discussion 
	Materials and Methods 
	Materials 
	Study Design 
	Animals 
	DMM Surgery 
	Experimental Groups 
	Histomorphometry (Safranin-O/Fast Green) Coupled with Histomorphometry Using the Osteomeasure® System 
	Immunofluorescence (IF) Staining 
	Cell Culture and Treatment 
	RNA Purification and Real Time-Quantitative Polymerase Chain Reaction (RT-qPCR) 
	TUNEL Staining 
	Statistical Analyses 

	Conclusions 
	References

