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Arthrofibrosis is a prevalent condition affecting greater than 5%
of the general population and leads to a painful decrease in joint
range of motion (ROM) and loss of independence due to patho-
logic accumulation of periarticular scar tissue. Current treatment
options are limited in effectiveness and do not address the underlying
cause of the condition: accumulation of fibrotic collagenous tissue.
Herein, the naturally occurring peptide hormone relaxin-2 is admin-
istered for the treatment of adhesive capsulitis (frozen shoulder) and
to restore glenohumeral ROM in shoulder arthrofibrosis. Recombinant
human relaxin-2 down-regulates type I collagen and α smoothmuscle
actin production and increases intracellular cAMP concentration in
human fibroblast-like synoviocytes, consistent with a mechanism of
extracellular matrix degradation and remodeling. Pharmacokinetic
profiling of a bolus administration into the glenohumeral joint space
reveals the brief systemic and intraarticular (IA) half-lives of relaxin-2:
0.96 h and 0.62 h, respectively. Furthermore, using an established,
immobilization murine model of shoulder arthrofibrosis, multiple IA
injections of human relaxin-2 significantly improve ROM, returning it
to baseline measurements collected before limb immobilization. This
is in contrast to single IA (sIA) or multiple i.v. (mIV) injections of
relaxin-2 with which the ROM remains constrained. The histological
hallmarks of contracture (e.g., fibrotic adhesions and reduced joint
space) are absent in the animals treated with multiple IA injections
of relaxin-2 compared with the untreated control and the sIA- and
mIV-treated animals. As these findings show, local delivery of relaxin-
2 is an innovative treatment of shoulder arthrofibrosis.
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Arthrofibrosis is an accumulation of fibrotic collagenous tis-
sue within the joint, frequently occurring after trauma,

surgical procedures, inflammation, prolonged joint immobiliza-
tion, or idiopathically (1–5). It manifests as a painful and longstanding
restriction of joint range of motion (ROM) (6). Depending on se-
verity and joint location, patients experience limitations in performing
even basic activities of daily living, such as ambulation, self-care, and
ability to work, thus significantly undermining quality of life for
prolonged periods of a year or more (7).
Most limiting in the shoulder, knee, hip, wrist, and ankle, the

incidences of arthrofibrosis are remarkably high. In the United
States alone, close to 3 million individuals are subjected to
procedures attempting to alleviate arthrofibrosis every year
(Table 1) (8–20). For instance, the incidence of knee arthrofibrosis
cases that require surgical intervention is 14.5% after intra-
articular (IA) fractures or other trauma (21). The prevalence of
arthrofibrosis following anterior cruciate ligament reconstruction
is as high as 35%. The frequency of arthrofibrosis in the shoulder
is up to 5% of the general population, increasing to 36% among
those suffering from diabetes (5, 22–25).
Current treatment options for patients suffering from arthro-

fibrosis are limited in scope and effectiveness. Nonsurgical
treatments, such as physical therapy, IA corticosteroid injections,

NSAIDs, and nerve blockers provide only marginal or temporary
relief of symptoms (5, 26). Current drug treatments target COX-1,
COX-2, and glucocorticoid receptors to reduce symptoms without
addressing the source of inflammation or the accumulation of
fibrotic collagenous tissue. In more severe cases of the disease,
surgical interventions such as physical manipulation of an affected
joint under anesthesia and capsulotomies may improve ROM and
alleviate pain but at the risk of further aggravating the condition
(5) or sustaining other complications.
As an alternative to current arthrofibrosis treatments, we propose

the local delivery of recombinant human relaxin-2 to address the
underlying cause of the condition: accumulation of fibrotic, collag-
enous tissue. Relaxin-2 is a native antifibrotic hormone up-
regulated during pregnancy to increase tissue laxity by promoting
matrix metalloproteinase (MMP) production and by repressing
collagen production and expression of tissue inhibitors of metal-
loproteinases (TIMPs) and TGF-β1 (27–29). The use of relaxin-
2 has been previously studied in other fibrotic disease present in
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the heart, lungs, kidney, and liver (30–35). Our proposal stems
from anecdotal clinical observation among a cohort of
arthrofibrosis-afflicted female patients who experienced lasting
motion restoration and reduced joint pain during and after preg-
nancy (E.K.R.). Consistent with this observation, data collected on
pregnant animal models showed a reduction in joint stiffness,
reduced collagen content, and fewer fibrocartilagenous cells in
the joint, in addition to an increase in MMPs from up-regulated
relaxin expression (27, 36, 37). Given that capsular fibrosis, rather
than myogenic restriction, is primarily responsible for long-term
ROM loss in arthrofibrosis (38), we hypothesize that relaxin-2 will
reduce fibrosis in an immobilization shoulder joint contracture
model, and as such its local administration will alleviate the
symptoms and causes of arthrofibrosis. Herein, we report the ac-
tivity of relaxin-2 to down-regulate collagen I expression in pri-
mary cultured human fibroblast-like synoviocytes (HFLS), the
pharmacokinetic profiling and short in vivo half-life of relaxin-
2 after IA injection into the glenohumeral joint, and the perfor-
mance of relaxin-2 in an established murine model of shoulder
arthrofibrosis (aka frozen shoulder). Multiple IA injections (mIA)
of relaxin-2 into the glenohumeral joint, unlike multiple i.v. in-
jections (mIV) or single IA injection (sIA), restore ROM and
reduce fibrotic collagenous tissue compared with the untreated
control animals.

Results
Human Relaxin-2 Effect on Collagen I Expression. In primary HFLS,
basal levels of type I collagen expression in the presence of TGF-
β1 were assessed by Western blotting in the presence and absence
of relaxin-2. Cells treated with 10 and 50 ng/mL relaxin-2 did not
show a difference in type I collagen expression compared with the
untreated control, but treatment with relaxin-2 at 100 ng/mL
resulted in a significant decrease in type I collagen, all relative to
the expression of the housekeeping gene GAPDH (Fig. 1A). The
down-regulation of type I collagen at 100 ng/mL was further vali-
dated with a quantitative cAMP assay (Fig. 1B). Previous studies
showed that relaxin-2 binding to its receptor leads to G protein-
coupled receptor signaling and hence an accumulation of cAMP
(39). A 20-min stimulation of primary human synoviocytes with
relaxin-2 affords an increase in intracellular cAMP levels at
100 ng/mL of relaxin-2 (P < 0.01). Lower concentrations did not
induce a statistically significant increase in intracellular cAMP. Fi-
nally, treatment of human synoviocytes with TGF-β1 results in
myofibroblast differentiation as noted by the up-regulation of
α-smooth muscle actin (αSMA) (Fig. 1 C, II) compared with the

untreated control (Fig. 1 C, I). The presence of relaxin-2 at a
concentration of 100 ng/mL prevents myofibroblast differentia-
tion in the presence of TGFβ1 (Fig. 1 C, III).

Pharmacokinetic Profiling of IA Administration of Relaxin-2. To de-
termine the pharmacokinetic profile of relaxin-2 after IA in-
jection, we locally administrated 10 μg/kg of relaxin-2 directly
into the glenohumeral joint of healthy Sprague-Dawley rats
(Table 2). The resulting relaxin-2 concentrations in the serum,
synovium, and organs were analyzed using compartmental
analysis. A two-compartmental model provided the best good-
ness of fit for the synovial joint space and other organs, and a
single compartmental model provided the best goodness of fit for
serum relaxin-2 (Table 2 and SI Appendix, Fig. S2 and Table S1).
All of the pharmacokinetic parameters are listed in Table 2, but

Table 1. Frequency of arthrofibrosis events requiring further care in select upper and lower
extremity joint cases in the United States per year

No. (%) of patients treated with
interventional or preventative care

Case No. of procedures Surgical Nonsurgical

Lower extremity
Total knee arthroplasty 700,0008 42,000 (6)9 658,000 (94)10

Anterior cruciate ligament repair 222,95011 4,459 (2)12 218,491 (98)13

Meniscus repair 500,00014 5,000 (1)* 495,000 (99)15

Knee trauma 318,66316 15,933 (5) 302,730 (95)5

Upper extremity
Elbow trauma 48,00017 672 (1.4)17 47,328 (98.6)17

Shoulder trauma 370,00018 3,700 (1)* 366,300 (99)†

Frozen shoulder 1,625,0001 162,500 (10) 1,462,500 (90)†

Distal radius fracture 300,00019 3,000 (1)* 297,000 (99)†

Total shoulder replacement 53,00020 530 (1)* 52,470 (99)†

Total 4,137,613 237,794 3,899,819

*Surgical intervention to address arthrofibrosis is rare for these cases.
†Occurrence of arthrofibrosis is all but certain for these conditions.

Fig. 1. In vitro biochemical investigation of relaxin-2 in synoviocytes. (A)
Western blot (Inset) analysis reveals that collagen I expression decreases to
25% with 100 ng/mL of relaxin-2 in the presence of TGF-β relative to a
GAPDH loading control. (B) Relaxin-2 treatment stimulates cAMP production
at 100 ng/mL, consistent with the down-regulation in collagen I. (C) Human
synoviocytes treated with relaxin show a decrease in myofibroblast differ-
entiation. (I) Untreated synoviocytes (red, membrane; blue, nucleus) show
minimal expression of αSMA (green). (II) Synoviocytes treated with 5 ng/mL
TGFβ1 show increased myofibroblast differentiation as denoted by increased
αSMA expression. (III) Treatment with 100 ng/mL relaxin-2 precludes myofi-
broblast differentiation in the presence of TGFβ1.
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of note, the elimination and distribution half-lives in the synovium
were determined to be 0.618 (95% CI: 0.49, 0.65) and 4.61 (1.8,
5.1) h, respectively. In serum, the half-life was found to be 0.957
(0.75, 1.1) h. The mean residence time in each tissue was calcu-
lated to be 0.919 (0.79, 0.97) and 1.38 (1.1, 1.6) h in the synovium
and serum, respectively.
The pharmacokinetic results were validated with immuno- and

histochemical analyses (Fig. 2). Relaxin-2 accumulates in the
tissues surrounding the joint capsule and the humeral head
within the synovial joint space (Fig. 2, Left). Anti-relaxin staining
(Fig. 2, Left) shows the presence of relaxin at all time points.
Intracellular inclusions of relaxin-2 are evident in the chon-
drocytes from the superficial layer of the articular cartilage.
There is a rapid decrease of relaxin-2 staining over the course of
24 h. In this same time frame, the architecture (Fig. 2, Middle)
and the integrity of the joint surface (Fig. 2, Right) are largely
unchanged and show healthy cellular organization and cartilage
content respectively. The distribution of relaxin-2 in the heart, liver,
kidneys, and spleen was also investigated via immunohistochemistry
(SI Appendix, Fig. S3). Briefly, in the heart, anti-relaxin staining was
more predominant in the left ventricle, with an eccentric distribution
pattern. In the kidneys, relaxin-2 accumulation appears to be more
densely associated with the renal cortex at the early time points, and
it begins to shift toward the hilum or the organ at the later time
points. Relaxin-2 is present inside the tubule-glomerular cells of the
nephrons. In the liver, relaxin-2 is organized intracellularly in the
hepatic parenchyma without prominent distribution in any anatom-
ical regions of the organ. The spleen shows an accentuated staining
intensity within the red pulp. All organs show an initial heavy pres-
ence of relaxin-2 within the first 3 and 12 h, which decreases after
24 h. Lingering staining in all organs agrees with the longer distri-
bution half-lives of each organ: these data are consistent with the
pharmacokinetic modeling of these organs (SI Appendix, Table S1).
H&E histochemical staining was also performed in all aforemen-
tioned organs (SI Appendix, Fig. S4), exhibiting no distinct mor-
phological changes in any of the tissues over the course of 48 h after
relaxin-2 injection. In summary, relaxin-2 treatment results in no
aberrant morphological or tissue changes in the synovial space, the
articular cartilage, or in the peripheral organs.

Relaxin-2 Activity in an in Vivo Shoulder Arthrofibrosis Model. To test
our hypothesis, we evaluated the efficacy of human relaxin-2 to
treat established shoulder arthrofibrosis. We performed an in

vivo experiment using a rat model (n = 20) where shoulder
arthrofibrosis was produced via an immobilization procedure
(40). In this model, fibrosis is induced after 8 wk of forelimb
immobilization by suturing the humeral shaft to the scapula, as
measured by histochemical and biomechanical analyses (SI Ap-
pendix, Figs. S5 and S6). At a healthy baseline before forelimb
immobilization, all rats attained a full ROM, with the total
ROM, defined as the sum of the internal and external ROM, of
159.17° ± 0.94°. After surgical induction of shoulder joint con-
tracture followed by 8 wk of immobilization and subsequent
suture removal, a significant reduction in total ROM of the
forelimb was observed in all animals (91.17° ± 10.11°, 43.22 ±
6.31%; Fig. 3A) compared with healthy baseline (P < 0.01).
After forelimb immobilization and formation of arthrofibrosis,

the animals were randomly selected to receive relaxin-2 by a
single IA injection at 6 μg/kg, multiple IA doses of relaxin-
2 every 2 d for 10 d (five relaxin-2 doses of 2 μg/kg for a total
dose of 10 μg/kg), or multiple i.v. tail vain injections every 2 d for
10 d (five relaxin-2 doses of 680 μg/kg for a total dose of 3.4 mg/kg).
No differences in ROM were observed between the untreated
control group and all treatment groups at the beginning of the ex-
periment, that is, immediately after suture removal [mIA (P = 0.48),
sIA (P = 0.93), and mIV (P = 0.99)]. The animals did not exhibit
any adverse events or modified behavior toward either relaxin-
2 injection or biomechanical measurements. This observation is
consistent with the lack of toxicity observed in previous studies,
which administered a single dose of up to 463 μg/kg (41, 42).
The ROM measurements over the subsequent 8 wk are pre-

sented in Table 3 and Fig. 3. The total ROM of untreated
control group remained constricted by −24.0°, or −14.8% (P <
0.01) for the duration of the experiment compared with healthy
baseline, a finding consistent with previous studies (42, 43).
Similarly, the mIV treatment group displayed a significant re-
striction of −31.0°, or −19.3% (P < 0.01) in total ROM over the
8 wk compared with healthy baseline. For the sIA treatment
group, in comparison with the untreated controls, there was a
temporary improvement in the total ROM measurement directly
following the treatment (P = 0.025). However, the animals in the
sIA group returned to a restricted total ROM by day 14 and
remained restricted by −21.0°, or −13.5% (P < 0.01) for the
duration of the experiment. The results from the mIA treatment
group were significantly improved compared with the untreated

Table 2. Pharmacokinetic profile of IA relaxin-2 (10 μg/kg) in the synovial joint space

Parameter
Synovium

(low 95% CI, high 95% CI)
Serum

(low 95% CI, high 95% CI)

k10, h
−1 1.12 (1.3, 1.0) 0.724 (0.92, 0.63)

k12, h
−1 0.00411 (3.6 × 10−2, 3.0 × 10−3) —

k21, h
−1 0.151 (0.39, 0.13) —

t1/2α, h 0.618 (0.49, 0.65) 0.957 (0.75, 1.1)
t1/2β, h 4.61 (1.8, 5.1) —

C0, pg/mL 2.91 x 105 (2.0 × 105, 3.9 × 105) 1.84 x 105 (1.7 × 105, 2.1 × 105)
V, mL 8.56 (12, 6.4) 135 (140, 120)
CL, mL/h 9.57 (17, 6.7) 98.2 (130, 77)
V2, mL 0.233 (1.1, 0.14) —

CL2, mL/h 0.0353 (0.45, 1.9 × 10−2) —

AUC0–24h, pg·h/mL 2.61 x 105 (1.5 × 105, 3.7 × 105) 2.54 x 105 (1.9 × 104, 3.2 × 104)
AUMC, pg·h2/mL 2.40 x 105 (1.2 × 105, 3.6 × 105) 3.51 x 105 (2.0 × 104, 5.1 × 104)
MRT, h 0.919 (0.79, 0.97) 1.38 (1.1, 1.6)
Vss, mL 8.80 (13, 6.6) 135 (140, 120)

k10, k12, k21, rate constants associated with elimination (k10) and flux between compartments (k12 and k21); t1/2a,
elimination half life of relaxin; t1/2b, terminal half life of relaxin; C0, intial relaxin concentration after administration;
V2, volume of distribution (per compartment); CL2, clearance (per compartment); AUC0-24h, area under the concen-
tration vs. time curve from 0–24 h; AUMC, area under first moment curve; MRT, mean residence time; Vss, volume of
distribution at steady state.
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control group (P < 0.01) and not statistically different from the
healthy baseline measurements (P = 0.94).
Separate analyses of forelimb internal and external ROM

measurements of the sIA and mIV treatment groups indicated
no significant differences with the untreated control group (P
values in Table 3). Also, no differences were observed in the
external ROM among all treatment groups and the untreated
control group at the final measurement (P values in Table 3 and
Fig. 3B). Significant improvements in internal ROMwere observed
only in the mIA group (P < 0.01). Improvements in ROM in the
mIA group occurred at the second measurement time point and
continued until the final measurement (Fig. 3 A and C). The mIA
and the healthy baseline groups exhibited identical torque per angle
profiles, while the profiles of the sIA and mIV deviated from that of
the healthy baseline (Fig. 3D). Restoration of full internal ROM for
the mIA group was also observed, whereas other treatment groups
showed similarly constricted internal ROM compared with the un-
treated control group (Fig. 3C). Fig. 3B highlights the similarity of
external ROM across all groups. The healthy contralateral forelimbs
showed no significant change from healthy baseline for the final
ROM measurements across all groups except for mIV, which be-
came more restricted at the final measurement (Table 4 and SI
Appendix, Fig. S6). There was no indication of an increase in con-
tralateral joint laxity across treatment groups. All data were normally
distributed based on the Shapiro–Wilk test for normality (P = 0.54).

Histology. Histological comparison of the mIA group with the
untreated group as well as the healthy untreated control group
was performed to examine any morphological changes in the
only group that displayed significant restorative biomechanical
changes. The H&E-stained sections of the untreated control

group showed morphological changes to the surrounding capsular
tissue compared with the healthy baseline. In the healthy baseline
joint, a well-delineated separation was observed between the
capsule and the articular surface on the humeral head (Fig. 4 A, I).
The synovial membrane and the articular cartilage showed normal
cellular organization. However, the joint in the untreated control
group lacked this separation in the most inferior aspect of the
glenohumeral joint and showed evidence of capsular adhesions
(Fig. 4 A, II, yellow arrow). The capsule tightly surrounded the
humeral head and obliterated peripheral spaces around the joint
cavity, characteristic of a contracture (44) (Fig. 4 A, II, green ar-
row). The membrane and cartilage nuclei failed to maintain the
expected tangential orientation to the humeral head within the
superficial zone (tangential zone), and some of the surrounding
fibrotic cells showed an orthogonal directionality from the
expected surface contour (Fig. 4 A, II, white box).
In contrast to the untreated control, the mIA group lacked any

apparent adhesions (Fig. 4 A, III). The synovial membrane and the
articular cartilage surfaces remained separated from one another.
Analogous to the healthy baseline, proper cellular organization of
these membranes was observed. However, in the mIA group, the
amount of surrounding connective tissue was less observed compared
with the tissue found in the healthy baseline. All histological sections
in the mIA group also displayed fibrillation within the articular
surface, which was not observed in the healthy baseline (Fig. 4 A,
III, black arrows). These changes in articular cartilage quality in
the mIA group were mild, akin to a grade 1 based on the Osteo-
arthritis Research Society International grading system (45, 46).
Sections stained for fibronectin showed an increase in fibrotic

tissue and capsular tissue thickness in the untreated control
group in comparison with the healthy baseline (Fig. 4 B, I and II,
red bracket). Additionally, evidence of adipocyte infiltration was
observed inferiorly within this tissue (Fig. 4 B, II, black arrows).
These results are consistent with those reported by Kim et al.
(47). The mIA group displayed a return to normal thickness in
capsular tissue as well as a reduction in peroxidase intensity in
and around the capsular tissue (Fig. 4 B, III, red bracket).

Discussion
Idiopathic, trauma-related, and postsurgical arthrofibroses affect
millions of patients in the United States alone and tens of mil-
lions of individuals worldwide. Current pharmacological treat-
ments are palliative and do not reduce or eliminate the fibrous
tissue buildup within the joint. Surgery can remove some of the
fibrotic burden; however, the surgical process itself further incites
the inflammation cascade and results in rescarring of the joint
capsule in addition to common potential procedural complications
and limited long-term efficacy (48). Thus, there is a clinical need for
alternative treatments that minimize IA disruption such as mini-
mally invasive surgical procedures, or preferably, pharmacological
interventions. Our search for a promising therapeutic modality for
arthrofibrosis that addresses the underlying cause of the condition,
accumulation of fibrotic collagenous tissue, led us to the reproductive
hormone, relaxin-2.
Relaxin-2 is a 6-kDa peptide that induces growth and soften-

ing of the cervix, and is up-regulated naturally during child birth
(25). Repurposing this peptide therapeutic for the treatment of
arthrofibrosis provides an unprecedented opportunity to treat
this disease with a first-in-kind therapy. Several studies report
that relaxin-2 acts at multiple levels to inhibit fibrogenesis and
collagen up-regulation associated with fibrosis and is able to
prevent and treat pulmonary, renal, cardiac, and hepatic fibrosis
in animal models (22, 24)—providing further motivation and a
basis for this musculoskeletal application. In fact, relaxin-2 was
assessed clinically for the treatment of heart failure, but the
phase III clinical trial was halted due to limited efficacy after i.v.
administration (42, 43). We propose that a localized injection
into the synovial joint space may prolong its residence time at the

Fig. 2. Relaxin-2 does not change the healthy architecture of the synovial
joint space. Over the course of 24 h, the integrity of the synovial joint space
is maintained. (Left) Anti-relaxin-2 staining shows the accumulation of
relaxin-2 around the periphery of the synovial joint space without infiltration
into the humeral head. After 24 h (Bottom Left), relaxin-2 staining is minimal,
indicating that it has been dispersed from the synovial joint. (Middle) The
cellular organization and architecture of the relaxin-2 treatment remains
healthy. There is no notable increase in cell death. (Right) Safranin-O staining
shows that the integrity of the joint is maintained. After 24 h, the margins of
GAG and cartilage content remain the same as indicated by the orange surface
on the humeral head and the joint capsule.
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site and tissues of interest due to retention within the semipermeable
synovial membrane and avascular anatomy of the articular surface of
the joint. Here we describe the local IA administration of human
relaxin-2 as a potential pharmacological treatment for frozen
shoulder (i.e., shoulder arthrofibrosis).
Human relaxin-2 is expected to have biological, antifibrotic

activity within the rat synovium due to its pleiotropic nature (49,
50), its structural homology to rat relaxin-1, and the presence of
RXFP1 receptors in the rat shoulder joint and periphery (SI
Appendix, Fig. S7) (47, 51). This human ortholog binds the rat
RXFP1 more selectively and stimulates the antifibrotic cascade at
a concentration two orders of magnitude less than its endogenous
rat counterpart in vitro (52). Furthermore, relaxin-2’s cross-species
promiscuity and efficacy in previously reported in vivo rat (41),
monkey (53), and human (54) tissues supports this conclusion (55).
Relaxin-2 up-regulates MMP production and fibronectin

degradation and down-regulates collagen production and ex-
pression of TIMPs and TGF-β1 (27–29), leading to a net break-
down of extracellular matrix components (33, 56, 57). For example,
relaxin-2 treatment of human fibroblasts causes a reduction in
collagen types I and III and fibronectin. In cultured renal fibro-
blasts, epithelial cells, and mesangial cells, relaxin-2 decreases
TGF-β1–induced fibronectin levels and increases fibronectin deg-

radation (38). In vivo, relaxin-2 reduces bleomycin-induced colla-
gen deposition in the lung and restores tissue to a healthy state
(37). Finally, in pregnant animal models, relaxin-2 expression alters
cartilage stiffness by activating MMP-1 and MMP-3, reducing
collagen content and expression of fibrocartilagenous cells. Our
results with HFLS, a major cellular component of the synovial
joint, are consistent with these prior findings. In an in vitro setting,
collagen expression decreases upon relaxin-2 treatment in the
presence of TGF-β1 (Fig. 1A). Previous studies have shown that
relaxin-2 binding to its G-coupled protein receptor (GPCR), RXFP1,
inhibits TGF-β1 signaling and subsequently down-regulates collagen
expression (58, 59). This GPCR activation is observed with relaxin-
2 stimulation through production of cAMP (Fig. 1B). Furthermore,
we show that relaxin-2 treatment prevents synovial fibroblast differ-
entiation into myofibroblasts (Fig. 1C), as demonstrated by the lack
of expressed αSMA fibers. Myofibroblasts are a major contributor to
the fibrotic burden of the arthrofibrotic joint (60–62).
The role of relaxin-2 as a hormone to prime the pubic sym-

physis during pregnancy occurs with an increase in serum con-
centration before birth, followed by a rapid decrease postpartum
(63–66). Several pharmacokinetic profiling studies of recombi-
nant human relaxin-2 in humans, monkeys, and rats reveal its
short elimination half-life [t1/2 = 7 to 11 h (54), 3 to 7 min (53),

Fig. 3. mIA relaxin-2 induces a significant change in total ROM postsurgery. (A) Temporal results of the total ROM are presented as means with a 95% CI. Healthy
baseline describes a healthy control, whereas untreated control describes the immobilized control groupwithout any treatment. Day 0 signifies suture removal and the
first measurement. Significance is defined at α = 0.05. (B) Temporal results of external ROM. (C) Temporal results of internal ROM. (D) Normalized torque-angle curve
of the final measurement; shaded colored regions signify a 95% CI. Negative angles and torques denote external rotation and positive angles denote internal rotation.
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and 1 to 2 min (41), respectively] after bolus i.v. injection. As the half-
life after IA injection and the residence time in the glenohumeral
joint are unknown and both are important for this particular appli-
cation, we performed a pharmacokinetic study in rats. We hypoth-
esize that when administered directly into the synovial joint space,
relaxin-2 will exhibit an increased residence time due to the semi-
permeable nature of the synovial membrane and the avascular na-
ture of the articular surface. The elimination half-life of relaxin-2 in
the synovium is 0.61 (95%CI: 0.49, 0.65) h with a terminal half-life of
4.61 (1.8, 5.1) h, while the elimination half-life of relaxin-2 in the
serum is 0.957 (0.75, 1.1) h. This serum half-life is not significantly
longer than previously reported i.v. half-lives and is most likely
influenced by the elimination and distribution from the synovial
joint space. Furthermore, previous studies modeled the phar-
macokinetics of systemic relaxin-2 via a noncompartmental

analysis, whereas this study is based on a two-compartmental
model that separately accounts for accumulation of relaxin-2 in
each tissue. Notably, the IA administration allows the relaxin-
2 to remain in high concentration in the synovium. For instance,
the synovial concentration at 15 min after administration is
220 ng/mL and decreases to 120 ng/mL and then 1.83 ng/mL after
0.6 and 4.6 h, respectively (Table 2, SI Appendix, Fig. S2 and Table
S1, and Dataset S1). The concentration in the serum after one
half-life is 9.16 ng/mL and greater than baseline serum levels
of <2 ng/mL (67). During rat pregnancy, relaxin is up-regulated to
concentrations of 50 to 100 ng/mL in the serum (68). The ele-
vated relaxin-2 concentration in the synovium after IA injection
bodes well for performance in an efficacy study and suggests that
multiple IA injections will perform superior to a single IA
injection.

Table 3. Comparison of immobilized joint ranges of motion for each treatment group

Difference

Group Baseline ROM, ° Final ROM, ° ROM (%Δ°) 95% CI (Δ°) F P

Total ROM
Untreated 159 ± 1.3 135 ± 14 −14.8 −32.5 −16.7 116 —

mIA 158 ± 1.0 159 ± 6 0.21 −4.70 3.00 <0.01*
sIA 160 ± 0.90 138 ± 15 −13.5 −30.1 −13.1 0.99
mIV 158 ± 1.2 127 ± 16 −19.3 −41.1 −23.0 0.92

External ROM
Untreated 59.3 ± 0.97 64.1 ± 10 8.09 −1.52 9.79 —

mIA 59.6 ± 0.58 60.2 ± 11 1.01 −5.86 6.39 0.99
sIA 60.0 ± 0.71 63.1 ± 14 5.22 −4.73 11.0 0.99
mIV 59.3 ± 0.85 54.6 ± 15 −7.87 −13.8 3.14 0.71

Internal ROM
Untreated 99.7 ± 0.72 71.2 ± 14 −28.5 −36.8 −20.6 —

mIA 99.1 ± 0.61 98.8 ± 10 −0.27 −7.02 4.80 <0.01*
sIA 100 ± 0.69 75.2 ± 15 −24.8 −33.3 −16.0 0.99
mIV 99.3 ± 0.53 73.2 ± 10 −26.2 −32.4 −21.0 0.99

A complete ROM is expected to be near 160°. A negative change in ROM describes a difference in final ROM
that is lower than a normal ROM. A positive change indicates a final ROM that is greater than the baseline
measurement. Significance is determined at α = 0.05. The P value is the result of a comparison between the
untreated control ROM and the ROM of each of the different treatment groups.*Significance at P < 0.05.

Table 4. Contralateral joint ranges of motion for each group to examine potential joint laxity

Difference

Group
Baseline
ROM, °

Final
ROM, ° ROM (%Δ°) 95% CI (Δ°) F P

Total ROM
Untreated 159 ± 1.3 151 ± 7.2 −4.98 −18.8 2.90 158 —

mIA 158 ± 1.0 156 ± 11 −0.75 −12.0 9.67 0.99
sIA 160 ± 0.9 148 ± 6.4 −5.81 −20.8 2.26 0.99
mIV 158 ± 1.2 137 ± 11 −13.0 −31.2 −10.4 0.70

External ROM
Untreated 59.3 ± 0.9 49.2 ± 14 −6.56 −21.3 0.38 —

mIA 59.6 ± 0.5 62.4 ± 11 2.26 −7.25 14.4 0.99
sIA 60.0 ± 0.7 37.0 ± 12 −14.1 −34.1 −11.0 0.99
mIV 59.3 ± 0.8 51.6 ± 15 −4.70 −17.9 2.85 0.99

Internal ROM
Untreated 99.7 ± 0.7 102 ± 15 1.58 −8.35 13.3 —

mIA 99.1 ± 0.6 94.3 ± 14 −3.01 −15.6 6.05 0.99
sIA 100.1 ± 0.6 111 ± 14 8.34 1.79 24.8 0.99
mIV 99.3 ± 0.5 86.0 ± 8.0 −8.31 −23.6 −2.93 0.18

A complete ROM is expected to be near 160°. A negative change in ROM describes a difference in final ROM
that is lower than a normal ROM. A positive change indicates a final ROM that is greater than the baseline
measurement. Significance is determined at α = 0.05. The P value is the result of a comparison between the initial
baseline ROM and the final ROM of each of the different groups. Significance at P < 0.05.
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In an established arthrofibrotic contracture model (40, 47, 69),
treatment with multiple IA injections of relaxin-2 significantly
improves total ROM, returning it to baseline levels measured
before limb immobilization. A return to normal ROM is not
observed with the sIA and mIV treatment groups, even though the
sIA single dose was threefold greater than the single dose of the
mIA, and the total mIV treatment dose was 340-fold greater in

concentration than that of the total mIA dose. For the sIA
treatment group, a temporary and significant improvement in
ROM occurs immediately after the single injection (Fig. 3), but
its effect is short-lived. This result is consistent with the short in
vivo half-life of relaxin-2. By the second measurement, the mIA
group received its second dosage of treatment of 2.0 μg/kg,
whereas the sIA group received none. This suggests that a sustained,

Fig. 4. Coronal histologic sections of the affected humeral head show a reversal of the fibrotic phenotype. Lateral and medial directions correspond to the left
and the right of the image, respectively. Colored planes transect the humerus, where the color-coordinated slices were obtained. (A) H&E images are taken at 2.5×
magnification. Subsequent H&E images are taken at 10× magnification. (B) Section stained for fibronectin taken at 2.5× magnification. Subsequent fibronectin
images are taken at 5× magnification. (I) denotes healthy baseline, (II) denotes untreated control, and (III) denotes mIA relaxin-2–treated group.
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lower-level dosage is more effective at treatment than a singular
large dose (2.0 μg/kg vs. 6 μg/kg), as the rate of improvement by
the second measurement was higher in the mIA case. Further-
more, this dose did not lead to seroconversion as titers against
human relaxin-2 were not detectable in the rat serum over the
course of 8 wk (SI Appendix, Fig. S8).
Final torque values in the mIA treatment group also recover

to baseline values (Fig. 3D), unlike those in the sIA and mIV
treatment groups. The similarity between the final ROM and
torque values obtained with the mIA treatment group and those
measured at baseline demonstrate full recovery of mobility and
biomechanical normalcy within the joint after relaxin-2 treatment.
When examining external and internal ROM separately, external
ROM shows minimal change due to the externally rotated starting
position of the rat’s forelimb during measurement. As a result, the
ROM improvements are predominantly observed during internal
rotation. Also, the absence of ROM increases in the contralateral
limb indicates that there are no apparent systemic effects on joint
laxity from IA application in a distant joint. However, a general trend
toward decreased ROM over all groups within their contralateral
shoulders may suggest that the immobilization technique in the tar-
get shoulder may mildly discourage mobility in the contralateral joint
as well (Table 4 and SI Appendix, Fig. S6).
The histological hallmarks of contracture are present in the

untreated control animals with the presence of fibrotic adhesions
and loss of joint space. Fibronectin staining shows thickening of
the axillary pouch and adipocyte infiltration. Upon mIA injection
of relaxin-2 the fibrotic adhesions are no longer present, there is a
lack of adipocyte infiltration, the joint space is clearly defined, and
the cellular organization along the capsular surface returns to the
normal tangential orientation. Both biomechanically and histo-
logically, arthrofibrosis is reversed to a healthier joint state. Upon
closer examination, minor cellular fibrillation is present in the
relaxin-2 mIA treatment group sections compared with the
healthy baseline. This suggests that an excess of collagen reuptake
may have occurred. Thus, an optimized dose, which is likely joint-
size-dependent, requires careful titration to achieve the thera-
peutic goal of restoring joint motion while minimizing off-target
effects. The toxicity, pharmacokinetic profile, and adverse side
effects of relaxin-2 have been evaluated previously (42). In the
abovementioned phase III clinical trial evaluating the use of
relaxin-2 for the treatment of acute heart failure, patients safely
received a dosage of 30 μg/kg over a 48-h infusion, suggesting that
our effective mIA dosing of 10 μg/kg will be well tolerated (42, 43).
Translation of this finding to evaluation in a human clinical

trial will require a number of subsequent steps. Although the
efficacy study was performed in an established shoulder joint
contracture model, its evaluation in a second murine study
containing both female and male rats as well as a larger animal
model will likely be needed. The former is of interest, because
progesterone and high doses of estrogen up-regulate RXFP1,
while testosterone down-regulates the same receptor (70–72). As a
result, using only female rats is a limitation of this study, as the
efficacy of relaxin-2 in females may differ from that in males.
However, males also naturally express relaxin-2 and RXFP1 at
baseline levels similar to females and show active RXFP1 ex-
pression in ligaments, tendons, and joint capsular tissues (51, 73,
74). Relaxin-2 must be prepared under good manufacturing
practice for subsequent safety testing as required by a regulatory
body. A dosing study will be required to determine the minimally
effective relaxin-2 tissue concentrations necessary to reverse the
arthrofibrotic phenotype while accounting for other factors that
may desensitize the RXFP1 receptor in a human (75). As a po-
tential protein therapeutic for arthrofibrosis, human relaxin-2
joins a substantial list of proteins regulatory-approved, undergo-
ing clinical evaluation, or in preclinical development (76). Relaxin-
2 has already been used in clinical studies to assess its antifibrotic
potential in scleroderma and for cervical ripening (77–79).

Its localized administration may prove to be more efficacious
than systemic administration so that it reaches the target tissues at
the requisite therapeutic dose before being rapidly cleared or
degraded. Although relaxin-2 has shown limited success in trans-
lation from rodent models to humans to date (77), its efficacy may
be altered and improved by its means of delivery as shown in this
work. This in combination with high selectivity, specificity, and in
vivo safety inherent to protein therapeutics makes relaxin-2 a
strong contender for translation to the clinic (80–82).
In summary, IA injection of relaxin-2 alleviates arthrofibrosis

in a murine model of shoulder contracture. Arthrofibrosis is not
restricted to the shoulder and is a widespread disease, occurring
in all joints after trauma, surgical procedures, prolonged joint
immobilization, or from continued daily use. Its high incidence,
limited treatment options, and poor patient outcomes call for
alternative and effective nonsurgical solutions. Our findings
support further development and clinical evaluation of relaxin-
2 as a first-in-kind therapy for arthrofibrosis, a condition af-
fecting millions of individuals annually.

Materials and Methods
Detailed description of materials, methods, and associated protocols can be
found in SI Appendix, along with Western blot and cAMP accumulation
analyses, confocal imaging, and pharmacokinetic studies including immuno-
and histochemical and relaxin-2 quantitation.

Human Relaxin-2. Recombinant human relaxin-2 was obtained from the Re-
laxin RRCA Foundation and previously validated by published cAMP accu-
mulation assay andWestern blot. Silver-stained SDS/PAGE analysis shows that
relaxin-2 is pure (SI Appendix, Fig. S1A) and MALDI-TOF analysis shows the
correct molecular weights of the complete protein as well as its A and B
chain constituents (SI Appendix, Fig. S1B)

Cell Culture Maintenance. Primary HFLS were maintained in complete synoviocyte
growth medium (Cell Applications Inc.). HFLS were incubated in a humidified
37 °C incubator with 5% CO2.

In Vivo Experiments. With the approval of the Institutional Animal Care and
Use Committee (IACUC) at Beth Israel Deaconess Medical Center (BIDMC), 20
Female Sprague-Dawley rats (250 to 300 g; Charles River Laboratories, Inc.)
were chosen for this study. Baseline ROMmeasurements were taken for both
forelimbs of each rat. Torque measurements were recorded at 100° of in-
ternal rotation (τINT) and 60° of external rotation (τOUT), totaling a full 160 o

ROM (SI Appendix, Figs. S5 and S6). These measurements were required, as
they indicate a healthy baseline for normal torque necessary to achieve both
rotations. The specific rotation angles were chosen under fluoroscopic
guidance to ensure minimal scapular recruitment, while simultaneously
allowing for maximum humeral rotation within the joint space. Each ROM
measurement was repeated three times to ensure consistency. All mea-
surements were also performed under anesthesia to prevent any active
muscle activation from interfering with the passive capsular resistance. An-
imals were anesthetized with 5% isoflurane inhalation at induction, fol-
lowed by a 2% isoflurane maintenance dose.

After the baseline measurements and under anesthesia, 20 rats were
subjected to the immobilization procedure, as outlined by Villa-Camacho
et al. (40), to induce fibrosis. Briefly, an incision was created longitudinally
on the left limb, perpendicular to the scapular spine, to expose both the
scapula and the humerus. A no. 2-0 Ethibond polyester suture (Ethicon) was
used to immobilize the humerus to the scapula by passing two loops
through the medial border of the scapula and against the humeral shaft (SI
Appendix, Figs. S5A). Care was taken to ensure the sutures avoided critical
vasculature, musculature, and nerves. Each rat was maintained under fixa-
tion for 8 wk. At the conclusion of the eighth week, the suture fixations
were removed, and the rats were randomly placed in four groups: (i) IA
relaxin-2, single dose (sIA) (n = 5); (ii) IA relaxin-2, multiple doses (mIA) (n = 5);
(iii) i.v. relaxin-2, multiple doses (mIV) (n = 5); and (iv) untreated surgical
controls (n = 5). The sample size was determined with a power of 0.80 and
α = 0.05 for a 10% change in ROM from contracted state.

Mechanical Testing Apparatus. The mechanical testing apparatus was as-
sembled with four core components and controlled with a computer through
custom-built software written on MATLAB 7.13.0.564 (The MathWorks, Inc.).
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Movement of the forelimb was mediated by a stepper motor controlled by a
microcontroller (UNO R3; Arduino). The motor was then positioned axially
with the reaction torque sensor (TFF400; FUTEK Advanced Sensor Technology,
Inc.), which measured torque and was utilized as an input feedback for the
system. Along the same axis, the arm clamp and the three-axis inclinometer
(3DM-GX3-15;MicroStrain, Inc.)were attachedon the sensing side of the torque
sensor. The inclinometer also provided both positional feedback as well as
angular measurements for the system. The entire assembly was positioned
above the rat with the sensing plane parallel to the ground to ensure that
gravity had little impact on the torque measurements (SI Appendix, Fig. S5).
The apparatus was programmed to move to a specified torque or angle for
internal and external rotation for each rat. Plastic zip ties were used to secure
the rat forelimb in the apparatus. Care was taken to prevent any injury, and
the apparatus was programmed with an internal and external limit switch
in the case the apparatus operated abnormally.

Treatment and Measurement of Study Groups. Immediately after removal of
the restraining sutures, relaxin-2 was administered to the non-control-group
rats. There were three different treatment groups: mIA, sIA, and mIV. For the
groups requiring IA treatment, human relaxin-2 was administered by IA
injection into the anesthetized rats under fluoroscopic guidance and was
dosed at 1.50 μg relaxin-2 diluted in 100 μL of PBS (6 μg/kg). For the groups
that required multiple doses, IA doses of relaxin-2 were administered every
2 d for 10 d (five relaxin-2 doses of 2 μg/kg for a total dose of 10 μg/kg).
Relaxin-2 that was dispensed by i.v. injection through the tail was dosed at
680 μg/kg relaxin-2 diluted in 100 μL PBS. Multiple i.v. tail vain injections
were also given every 2 d for 10 d (five relaxin-2 doses of 680 μg/kg for a
total dose of 3.4 mg/kg). For days where treatment and ROM measurement
overlapped, treatment was administered first. Injection of each IA aliquot of
relaxin-2 was performed with a 27-gauge needle (PrecisionGlide; Becton,
Dickinson and Company).

Subsequent kinetic measurements were performed randomly and in a
blinded manner after treatment. Each measurement was longitudinally
spaced in the follow-up period of 8wk as determined by a previous study (40).
These measurements examined the change in ROM angles by using the τINT
and τOUT recorded at baseline as a reference threshold. The apparatus was
programmed so that each rat was measured based on its own individual
baseline torque values. This was done to eliminate any variation across rats,
allowing each rat to reach an individualized torque that corresponds to their
specific baseline ROM (40). Each of these measurements occurred twice per
week within the first 2 wk and then weekly throughout the follow-up pe-
riod. This scheduling was done to limit specimen exposure to isoflurane.
Additionally, kinetic changes had been found to occur rapidly only within
the first 2 wk and became generally steady for the remainder of the 8 wk
(40). Each measurement was taken under anesthesia and repeated three
times for both forelimbs to ensure accuracy.

Immunohistologic Analysis. After the follow-up period, the rats were
handled according to IACUC guidelines. The rats were weighed and then sub-

jected to CO2 and bilateral thoracotomy. The shoulders were bilaterally harvested
by disarticulating the humerus from the ulna, and removing the scapula from the
clavicle and the thoracic cavity. Excess muscle tissue not immediately surrounding
the glenohumeral joint capsule was removed. The excised shoulders were
decalcified for 2 mo in a solution of EDTA, which was changed four times per
week. Once decalcified, the shoulders were affixed in a solution of 10% formalin
and then mounted in paraffin stacks for histological sectioning at BIDMC His-
tology Core. These stacks were mounted so that coronal slicing could be
obtained. The slices were stained with H&E and examined for any morphological
changes. These slices were taken from a posterior region of the humeral head to
better find evidence of periarticular adhesions (83, 84). Further slices, taken
midcoronally, were also stained with mouse monoclonal antibody to fibronectin
(1:200 concentration; Novus Biologicals) and incubated with peroxidase-
conjugated donkey anti-mouse secondary antibody and DAB (3,3-dia-
minobenzidine) as an enzyme substrate. Harris hematoxylin was used as a
counterstain. Collagen III, αSMA, and other acute fibrotic markers were not
chosen for analysis, since histologic sectioning would occur 4 mo after
contracture creation.

The specimens chosen to undergo histological analysis were the untreated
control group and the mIA group. The mIA group was chosen because this
group presented with the greatest change in joint ROM in response to
therapy and therefore was the best candidate to showcase any morphologic
changes due to relaxin-2 administration. The contralateral shoulders from the
untreated control group were used to model a healthy control shoulder for
histologic comparisons.

Data and Statistical Analysis. Comparisons in kinetic changes were done by
comparing the change in ROM between the baseline measurement and the
measurements that followed immobilization and treatment. The change in
ROM was calculated using a MATLAB script to maintain proper randomi-
zation and blinded data processing for the comparisons. ROMmeasurements
were shown as total ROM averages along with 95% CIs. SDs described all
variances. Changes in ROM were examined across groups at each measure-
ment time point. Statistical differences across groups were performed by
repeated measures ANOVA and Tukey honestly significant difference test.
Significance was determined using an alpha level of 0.05 (P < 0.05), and CIs of
95% were chosen. Tests for normality were defined using the Shapiro–Wilk
test for normality.
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