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Simple Summary: Spontaneous cranial cruciate ligament rupture is one of the most frequently
encountered joint diseases in dogs, often leading to disabling chronic progressive osteoarthritis.
The cause of the progressive intra-articular collagen matrix degradation, leading to tear and mechan-
ical failure, is unknown. A variety of contributing factors has been found, however, an initiating
mediator triggering the collagen degrading cascade remains to be identified. Our finding of strong
relaxin- and relaxin receptor expression on intra-articular target tissues, such as on ligament fibrocytes
and synovial membranes, renders relaxin a candidate for pathogenetic involvement, for collagen lysis,
and progressive ligament fiber disruption. If confirmed, this opens the way for medical treatment of
the disease in its early stages. In addition, further proof of relaxin involvement in canine osteoarthritis
and ligament rupture would constitute a useful spontaneous animal model for human disease.

Abstract: The etiology of spontaneous cranial cruciate ligament rupture in dogs is unknown despite
being one of the most impacting orthopedic diseases in dogs. Numerous studies have contributed to
the understanding of a multifactorial pathogenesis, this, however, without identifying a pivotal link
to explain progressive collagen degeneration and osteoarthritic changes. In human medicine, recent
reports have identified relaxin as a triggering factor in ligament ruptures in knee and metacarpal
joints. We thus hypothesized that relaxin might also play a role in canine cruciate ligament rup-
ture. Relaxin’s primarily known property is connective tissue remodeling through collagenolysis.
We therefore investigated relaxin and its cognate receptors LGR7/LGR8 in 18 dogs with cranial
cruciate ligament disease (CCLD) and compared them to a group of dogs with normal stifle joints.
Applying immunohistochemistry (IHC), double immunofluorescence (dIF), and western blot analysis
(WB), we found strong and significantly increased expression of both relaxin and its receptors in
ruptured cruciate ligaments, and in synovial membranes. Pattern of immuno-staining on dIF strongly
suggests relaxin binding to primed receptors and activation of signaling properties, which in turn
may have affected collagen matrix metabolism. Thus, in canine cranial cruciate ligament disease,
relaxin/receptor signaling may be a primary trigger for collagen fiber degradation and collagen lysis,
eventually followed by ligament rupture.

Keywords: canine; cranial cruciate ligament rupture; relaxin; relaxin receptors

1. Introduction

In cranial cruciate ligament disease (CCLD) a “non-contact” injury leads to rupture
of a previously altered cranial cruciate ligament (CCL). The etiology of this spontaneous
structural failure is still unknown, despite being one of the most impacting lesions in
veterinary orthopedics. The nature of the process, which weakens the CCL progressively
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through collagen matrix degradation and eventually causes failure, still needs to be iden-
tified [1,2]. Multifactorial events including cellular [3], humoral [4], and metabolic [5]
pathogenetic mechanisms have been implicated to contribute to the collagenous tissue de-
generation [6,7]: upregulation and persistence of inflammatory mediators [8–10], especially
matrix metalloproteinases (MMP) [11–14], immune and autoimmune reactivity [15–20]
hypo-vascularity [21,22], biomechanic—[23–26], and genetic factors [27–29] have been
implemented, among others. Matrix metalloproteinase, especially collagenase activation,
seems to be a key factor involved in ligament degeneration and rupture [6,11–13,30]. How-
ever, signaling pathways and the chain of events leading to MMP activation within the
cruciate ligament are ill understood [30,31]. Relaxin, a member of the insulin-like peptide
family, is a potent MMP up-regulator, effectuating collagen lysis by binding to its cognate
cellular receptors LGR7 and LGR8 [32]. Originally known as a facilitator of parturition in
mammalian species, relaxin is now recognized as an effector in the signaling pathways
of different organ systems in both males and females [33]. In connective tissues, relaxin
mediates and modulates fibrolysis and collagenolysis [34]. This is a physiologic and re-
versible process in target tissues during parturition [35,36]. However, there is increasing
evidence of relaxin involvement in processes of progressive connective tissue degradation:
in humans, relaxin has been shown to cause joint laxity and ligament tears such as in the
carpometacarpal joint [37–39], the knee [40], and the hip joint in women [41]. Cyclic relaxin
surges in female athletes, enhancing knee joint laxity and exposing this group to cruciate
ligament rupture [40]. In a guinea pig model, cruciate ligaments lost tensile strength when
challenged with relaxin [42]. Although relaxin-related connective tissue laxity, whether
physiologic or pathologic, is more common in females [42–44], relaxin is also expressed
as the signaling peptide in males of many species [45,46]; for instance, admixed to sperm,
relaxin mediates ovoid penetration [47]. There is evidence that in canines, relaxin is ex-
pressed in the prostate and excess levels and/or receptor activation are likely involved in
connective tissue weakening processes such as in hernia formation [48–50]. That hormone-
related mechanisms may be linked to CCLD has been previously suggested, however,
without considering relaxin involvement [51]. Thus, and based on the cited findings of
relaxin-related ligament alteration in man and hernia formation in dogs, we hypothesized
that relaxin may be a factor in canine CCL degeneration. To that effect, we investigated
immunoexpression and immunolocalization of relaxin and its cognate receptors LGR7 and
LGR8 in CCL’s and in joint membranes of dogs with and without CCLD.

2. Materials and Methods

Samples for histological examination were obtained from 18 client owned dogs with
CCLD, and from seven age- and body weight-matched fresh canine cadavers with nor-
mal stifle joints and intact CCL’s, euthanized for unrelated reasons. Owner consent for
sampling was obtained for dogs in either group. All patients underwent routine surgical
joint-stabilizing procedures including, and according to institutional protocol [52], medial
mini-arthrotomy for the removal of torn ligament fragments, and when indicated, partial
meniscectomy and excision of hypertrophic joint capsule. Tissue samples were divided into
aliquots; for histology, specimens were fixed in 10% neutral buffered formalin, embedded
in paraffin, and sections were stained with hematoxylin-eosin; for immunohistochemistry
(IHC), double immunofluorescence (dIF), and western blot analysis (WB), aliquots were
quick frozen in liquid nitrogen and stored at −80 ◦C. Frozen sections were processed using
the streptavidin-biotin peroxidase method (LSAB Kit DAKO™, Glostrup, Denmark).

2.1. Immunohistochemistry

For IHC, sections were dried at room temperature for 1 h and fixed in acetone at
4 ◦C for 3 min. Endogenous peroxidase was blocked with hydrogen peroxide 0.3% and
dehydrated in absolute methanol for 15 min at room temperature. Primary antibodies
were diluted 1/100 in phosphate-buffered saline (PBS) and incubated overnight at 4 ◦C.
For immunolabeling, negative control sections were incubated with normal serum IgG
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(Dako™) instead of the primary antibody. Samples of canine uterus in meta-estrus and of
canine placenta were used as a positive control. A mixture of biotinylated anti-mouse and
anti-rabbit immunoglobulins (LSAB kit; Dako™) in PBS was used as secondary antibodies
and applied for 30 min. After washing in PBS, the sections were incubated for 30 min
with streptavidin conjugated to horseradish peroxidase in Tris-Cl buffer containing 0.015%
sodium azide (LSAB kit; Dako™). Diaminobenzidine tetrahydrochloride was used as the
chromogen and hematoxylin as the counterstain for immunolabeling detection. Primary
antibodies were directed against relaxin (rabbit polyclonal anti relaxin 2/RLN2 antibody
Abcam™ AB232707), relaxin receptor 1 (rabbit polyclonal anti RXFP1/LGR7 Novus Bi-
ologicals™ NBP2-23674), and relaxin receptor 2 (rabbit polyclonal RXFP2/LGR8 Novus
Biologicals™ NLS4751).

2.2. Double Immunofluorescence

For dIF, a two-color immunofluorescence staining method was applied in which
primary antibodies were coupled as follows: relaxin with LGR7 and relaxin with LGR8.
The pre-treatment steps and procedure were the same as for immunoperoxidase labeling.
The rabbit anti-relaxin antibody was diluted 1:10 in the same diluent used for immunoper-
oxidase labeling and applied overnight at 4 ◦C. Slides were washed three times in PBS and
incubated with tetramethyl rhodamine isothiocyanate (TRITC)-conjugated secondary goat
anti-rabbit antibody, diluted 1:100 in PBS for two hours at room temperature. After rinsing
three times in PBS, sections were incubated overnight at 4 ◦C with rabbit anti-RXFP1/LGR7
and rabbit anti-RXFP2/LGR8 antibodies, diluted 1:10, then rinsed three times in PBS
and incubated for two hours at room temperature with fluorescein isothiocyanate (FITC)-
conjugated secondary goat anti-rabbit antibody (Chemicon™, Germany) diluted 1:100
in PBS. Slides were rinsed with PBS and embedded in Fluorescent Mounting Medium
(Dako™). A laser scanning microscope (Leica™ Microsystems, Germany) was used for
scanning and photography. Rabbit polyclonal anti-relaxin antibody bound to TRITC was
illuminated at 543 nm and read with a 560 nm band pass filter. Rabbit polyclonal RXPF1 and
RXFP2 antibodies bound to FITC were illuminated at 488 nm and read with a 505–560 nm
filter. Two-channel frame-by-frame multitracking was used for detection to avoid crosstalk
signals. The different frames were scanned separately, and the optical path for excitation
and emission of each scan was set up according to the manufacturer’s instructions.

2.3. Western Blot

Western blot analysis was performed on four ruptured CL samples and on five normal
CL as controls; only well preserved and quantitatively sufficient samples were chosen,
and gel-electrophoresis was repeated three times. Frozen samples were homogenized in
ice-cold RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM
EDTA, deoxycholate 0.25%), admixed with phosphatase and protease inhibitor cocktails
(Sigma-Aldrich, Milan, Italy) using TissueLyser machinery (Qiagen, Milan, Italy), according
to the manufacturer’s protocol. The lysates were then centrifuged at 3500× g for 30 min
at 4 ◦C. Total proteins were quantified by the Bradford assay (Bio-Rad™, Segrate, Mi-
lan, Italy). Equal amounts of protein lysates were separated by 12% SDS-polyacrylamide
gel electrophoresis and then transferred to polyvinylidene difluoride (PVDF) membranes
(Trans-Blot® Turbo™ Mini PVDF Transfer Packs—Bio-Rad™) using Transblot Turbo appara-
tus (Bio-Rad™, Bio-Rad Laboratories, Segrate, Milan, Italy). The membranes were blocked
with 5% non-fat dry milk in Tris buffered saline (10 mM Tris-HCl, pH 7.4, 165 mM NaCl)
with 0.1% Tween (TTBS), for 1 h at room temperature and incubated overnight at 4 ◦C with
the primary antibodies at the indicated dilutions: anti-relaxin2/RLN2 (Abcam, ab232707,
rabbit polyclonal, 1:1000 dilution), anti-relaxin R1/LGR7 (Novus Biologicals™, NBP223674,
rabbit polyclonal, 1:1000 dilution), anti-relaxin R2/LGR8 (Novus Biologicals™, NLS4751,
rabbit polyclonal, 1:1000 dilution) and for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, Santa Cruz™, sc-47724, mouse monoclonal, 1:1000 dilution) as normalization.
After three washing steps of 10 min, appropriate peroxidase-conjugated secondary an-
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tibodies of anti-mouse IgG, HRP-linked (Cell Signaling Technology™, Antibody #7076,
1:2000 dilution), were applied for 1 h at room temperature at 1:2000 dilution. Following a
further three washings in TTBS, bound antibodies were visualized by enhanced chemilumi-
nescence with Clarity ™ Western ECL Blotting Substrate (Bio-Rad™, Segrate, Milan, Italy).
The glyceraldehyde 3-phosphate dehydrogenase antibody was used as quality control to
check even protein loading.

2.4. Histologic Scoring of Immunoreactivity

Immunostaining was graded by standard methods. On each IHC slide on 10 random
visual fields at 400× magnification, by two independent pathologists (authors BR and
MS), under a light microscope (Nikon E600; Nikon™, Tokyo, Japan), in a blinded semi-
quantitative manner, staining was evaluated as follows:

Grading: four grades, corresponding to the percentage of immuno-stained cells:
Grade 0: absence of stained cells; Grade 1: <10%; Grade 2: 10–30%; Grade 3: 31–60%;
Grade 4: >60%; staining intensity was classified as weak (1), moderate (2), or strong (3).

Then, for each sample, a combined immunoreactivity score (IRS) on a scale between
0 and 12 was calculated by multiplying the values of these two classifications (grade of
stained cells x staining intensity), as published [53].

2.5. Statistical Analysis

All data were expressed as mean ± standard error of the mean (SEM). Comparisons
were made using Student’s t-test or one-way analysis of variance followed by Tukey’s
post hoc test, where appropriate. Analyses were performed using GraphPad Prism v7.0
software (La Jolla, CA, USA), and differences were considered statistically significant when
p < 0.05. Power analysis using the online tool (https://clincalc.com/stats/samplesize.aspx,
accessed 10 January 2022) was performed, confirming the appropriate minimum sample
size for immunohistochemical results with an IRS CCL between 2.42 and 6.38 and an IRS
SM between 2.8 and 7.5.

3. Results

A summary of the results is presented in Table 1. Of the seven dogs in the control group
(CCLc, see Table 1a, there were three intact males and four neutered females; the medians
for age were eight years (range 4–10) and for weight 20 kg (range 7–36). Of the 18 dogs with
CCLD (Table 1b, CCLr), one had a partial ligament rupture and all others had completely
ruptured cranial cruciate ligaments (CCLr). Five were intact males, five intact females,
and eight were neutered females. Medians for age were six years (range 2–15) and for body
weight 17.5 kg (range 5–44). In addition to tissue samples of cruciate ligaments, synovial
membrane was sampled in five of the seven controls and in 14 of the 18 dogs with CCLD.

All dogs were treated surgically with different techniques; the owner-reported times
between injury (spontaneous ligament rupture) and sampling was one month on average,
indicating that patients had developed secondary osteoarthritis (OA) at the time of surgery.
Additionally, marked inflammatory changes were evidenced by proliferative and often
villous synovitis, with characteristic largely mononuclear infiltrates and synovioblast
proliferations (see histologic description below). The number of cases with meniscal
damage (eight out of 18), which was noted intraoperatively and listed in Table 1b, reflects
the general pattern of joint derangement in CCLD.

https://clincalc.com/stats/samplesize.aspx
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Table 1. The two columns to the right show the mean immunoreactivity scores (IRS) on IHC in
cruciate ligaments and synovial membranes, respectively; in each column, the first vertical row of
numbers represents relaxin-specific IRS, the second row LGR7-, and the third LGR8-specific IRS
for each dog. Abbreviations: MP modified Maquet procedure; TTA tibial tuberosity advancement;
TPLO tibial plateau levelling osteotomy; DE ANGELIS extracapsular suture stabilization; M male;
F female; FS female sterilized, NA not available. (a) Seven control dogs without CCL damage (CCLc).
(b) Eighteen dogs with CCLD (CCLr).

(a)

No. Case
Control

Group CCLc

Age
(Years) Breed Body

Weight (kg) Sex IRS IHC Ligaments REL; LGR7;
LGR8 n = 7

IRS IHC Synovial Membranes, REL n = 5;
LGR7 n = 4; LGR8 n = 5

1 5 MIXED BREED 23 FS 1; 1; 1 NA
2 10 MIXED BREED 7 M 2; 2; 2 3; 4; 6
3 8 ROTTWEILER 36 M 2; 1; 4 1; 2; 2
4 9 MIXED BREED 31 FS 4; 4; 4 4; NA; 2
5 6 MIXED BREED 8 FS 1; 1; 2 4; 4; 4
6 10 MIXED BREED 11 FS 2; 4; 2 NA

7 4 ENGLISH
BOULEDOGUE 20 M 3; 4; 3 2; 4; 4

Median 8
Range
4–10

Median 20
Range 7–36

x 2.62 SE 0.59
x 2.42 SE 0.57
x 2.57 SE 0.42

x 2.8 SE 0.58
x 3.5 SE 0.5

x 3.6 SE 0.74

(b)

No. Case
Sample

Group CCLr

Age
(Years) Breed Body

Weight (kg) Sex Surgical
Procedure

Time Since
Injury (Days)

x IRS IHC
Ligaments REL;

LGR7; LGR8
n = 18

x IRS IHC Synovial
Membranes, REL;

LGR7;LGR8
n = 14

1 8 MIXED BREED 25 FS TPLO UNKNOWN 4; 4; 4 6; 9; 6

2 4 LABRADOR
RETRIVER 34 FS

MP TTA +
partial

meniscectomy
14 9; 9; 6 9; 9; 6

3 7 JACK RUSSEL
TERRIER 6 M DE ANGELIS 70 6; 8; 6 9; 4; 4

4 5 MIXED BREED 15 F DE ANGELIS 21 9; 9; 9 9; 9; 9
5 5 CAIRN TERRIER 11 FS DE ANGELIS 60 4; 6; 4 NA
6 11 YORKSHIRE 5 M DE ANGELIS 60 4; 4; 6 NA
7 7 MIXED BREED 9 M DE ANGELIS 30 4; 4; 4 4; 4; 6

8 5 MIXED BREED 18 FS
MP TTA+

partial
meniscectomy

60 6; 9; 9 2; 6; 6

9 2 CORSO 44 F MP TTA 30 4; 9; 9 4; 9; 9
10 15 JACK RUSSEL 6 FS De ANGELIS UNKNOWN 6; 6; 6 NA
11 7 BOXER 33 FS DE ANGELIS 30 9; 9; 9 6; 9; 9
12 8 MIXED BREED 27 F DE ANGELIS 15 4; 4; 4 6; 6; 6
13 8 MIXED BREED 41 F MP TTA 30 4; 4; 4 9; 9; 9
14 7 BARBONE MEDIO 14 M DE ANGELIS 10 4; 6; 6 9; 9; 6
15 2 CORSO 42 F MP TTA 60 4; 9; 4 NA

16 5
AMERICAN

STAFFORDSHIRE
TERRIER

17 FS MP TTA 30 6; 9; 6 6; 4; 6

17 5
AMERICAN

STAFFORDSHIRE
TERRIER

16 FS MP TTA 30 9; 6; 9 4; 9; 6

18 5
AMERICAN

STAFFORDSHIRE
TERRIER

18 M MP TTA 21 6; 9; 9 9; 9; 6

Median 6
Range
2–15

Median 17.5
Range 5–44

Median 30
Range 10–70

x 5.55 SE 0.48
x 6.88 SE 0.51
x 6.33 SE 0.49

x 6.57 SE 0.65
x 7.5 SE 0.58
x 6.7 SE 0.42

3.1. Histologic Features of CCL and SM Samples

In all control ligaments (CCLc), collagen fibers were intact and longitudinally orien-
tated, containing few fibrocytes that were row-like arranged (Figure 1a). In CCLr, there was
a loss of longitudinal orientation, fibrillation, and proliferation of fibroblast-like cells in 14 of
18 cases. In 11 of them, there were also diffuse lymphocytic infiltrates present, admixed with
a few polymorphonuclear granulocytes (PMNs) (Figure 1b). Synovial membrane samples
in the control group (SMc) exhibited a normal monolayer of synoviocytes/histiocytes and
fibrocytes on a loose connective tissue layer (Figure 1c). Synovial membranes of dogs with
CCLr showed polystratification, sometimes forming villi due to synovioblast proliferation,
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diffuse or nodular infiltration of lymphocytes, plasma cells and PMNs as well as numerous,
small vessels reflecting neovascularization (Figure 1d).
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the controls (CCLc) and in remnants of ruptured ligaments (CCLr): (a) CCLc, case 3, collagen fibers 

Figure 1. Histological features of canine cruciate ligaments (CCL) and synovial membranes (SM)
in the controls (CCLc) and in remnants of ruptured ligaments (CCLr): (a) CCLc, case 3, collagen
fibers longitudinally oriented with spindle-like fibrocytes in alignment with fibers; (b) CCLr, case
2, disorganization of collagen fibers, infiltration with lymphocytes and some polymorphonuclear
granulocytes (arrow); (c) SM control (SMc) case 3, a monolayer of histiocytes and fibrocytes overlaying
loose capsular tissue; (d) Altered SM (SMr) of case 2 with CCLr: thickening of synovial membrane,
synovioblast proliferation, diffuse infiltration of lymphocytes and polymorphonuclear granulocytes
(arrow), and angiogenesis, characterized by numerous small vessels. Hematoxylin and eosin staining,
scale bars 50 µm.

3.2. Immunohistochemistry
3.2.1. Cranial Cruciate Ligaments (CCL)

In all seven normal ligaments (CCLc), ligamentous fibrocytes expressed relaxin weakly
(7/7 100%, mean IRS = 2.62 ± 0.59 SE, range 1–4), with a largely diffuse cytoplasmatic
expression pattern (Figure 2a). In the sample group (CCLr), relaxin immunostaining
was strong throughout (18/18 100%, mean IRS = 5.55 ± 0.48 SE, range 4–9) and was
characterized by large numbers of small cytoplasmic granules (Figure 2b).

LGR7 receptors in normal ligaments (CCLc) were expressed by fibrocytes weakly
in four cases and moderately in the remaining three; immunoreactivities were localized
on the fibrocyte cell membranes (CCLc 7/7 100%, mean IRS = 2.42 ± 0.57 SE, range 1–4)
(Figure 2c). In all damaged ligaments, receptor expression was 2.5-fold stronger on the
average (CCLr 18/18 100%, mean IRS = 6.88 ± 0.51 SE, range 4–9); and immunoreactivity
pattern was granular and intracellular (cytoplasmic) (Figure 2d).

LGR8 receptor expression was found to be similar to LGR7 expression in terms of
strength and immunostaining pattern on and in fibrocytes; in CCLc 7/7 100%, mean
IRS = 2.57 ± 0.42 SE, range 1–4, and in all CCLr (18/18 100%, mean IRS = 6.33 ± 0.49 SE,
range 4–9). In CCLc, LGR8 immunoreactivity was characterized by fine granules diffused
in the cytoplasm (Figure 2e) while in CCLr, LGR8 expression was more than 2-fold stronger,
but cytoplasmatic diffuse (not granular) (Figure 2f).
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There was no significant difference in relaxin and/or receptor expression between
dogs of different sexes; however, a trend was seen in the expression of relaxin that was
stronger in ruptured ligaments of neutered females compared to males (mean IRS males
4.8; mean IRS neutered females 6.625 p = 0.1).
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Figure 2. Immunohistochemical labeling of relaxin, LGR7, and LGR8 receptors in canine cruciate
ligaments; controls (CCLc) and ruptured ligaments (CCLr): (a) CCLc, case 5, relaxin IHC, IRS = 1,
weak, diffuse cytoplasmatic immunoreactivity in 9.5% of fibrocytes. (b) CCLr, case 17, relaxin IHC,
IRS = 9, strong immunoreactivity, characterized by few, small cytoplasmic granules in 38.4% of
fibroblast-like cells. (c) CCLc, dog 6, LGR7 IHC, IRS = 4, moderate immunoreactivity localized on cell
membranes in 12.7% of fibrocytes. (d) CCLr, case 17, LGR7 IHC, IRS = 6, moderate immunoreactivity,
characterized cytoplasmic granules in 38.5% of fibroblast-like cells. (e) CCLc, dog 6, LGR8 IHC,
IRS = 2, moderate diffuse cytoplasmatic immunoreactivity in 10.7% of fibrocytes. (f) CCLr, case 17,
LGR8 IHC, IRS = 9, strong immunoreactivity, diffuse and cytoplasmatic in 48.4% of fibroblast-like
cells. Scale bars 50 µm.

3.2.2. Synovial Membranes (SM)

In all five controls (SMc) relaxin was only weakly expressed in synoviocytes in a
membranous pattern, and in vascular endothelial cells (5/5 100%, mean IRS = 2.8 ± 0.58 SE
(range 1–4) (Figure 3a), but strongly expressed in all 14 samples of dogs with CCLr (SMr)
(14/14 100%, mean IRS = 6.57 ± 0.6 SE, range 2–9). The expression was more than 2-fold
stronger than in the controls on average and diffused with a largely intracellular staining
pattern (Figure 3b).

Weak LGR7 receptor expression was found in the five control membranes (SMc)
(5/5 100%, mean IRS = 3.5 ± 0.5 SE, range 2–4), with staining restricted largely to synovio-
cytes and vascular endothelial cell membranes (Figure 3c). On the other hand, all 14 synovial
membranes of dogs with CCLD (SMr) (14/14 100%, mean IRS = 7.5 ± 0.58 SE, range 4–9)
expressed the receptor 2-fold stronger than the controls and largely with a membranous
staining pattern (Figure 3d).

LGR8 receptor immunostaining exhibited a pattern and strength similar to the LGR7 expres-
sion in both, the controls and samples, respectively; SMc (5/5 100%, mean IRS = 3.6 ± 0.74 SE,
range 2–6) (Figure 3e) and SMr (14/14 100%, mean IRS = 6.78 ± 0.42 SE, range 4–9) (Figure 3f).

Immunoreactivity scores of IHC data in the controls and samples are summarized and
plotted in Figure 4.
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Figure 3. Immunohistochemical labeling of relaxin, LGR7, and LGR8 receptors in synovial mem-
branes of control dogs (CCLc) and synovial membranes of dogs with CCLr. (a) Control case 3,
relaxin IHC, IRS = 1, weak diffuse cytoplasmatic immunoreactivity in 8.7% of synoviocytes. Relaxin-
immunostaining was also evident in vascular endothelial cells. (b) SMr of CCLr case 14, relaxin
IHC, IRS = 9, strong diffuse cytoplasmatic immunoreactivity in 36.2% of synoviocytes. (c) Control
case 3, LGR7 IHC, IRS = 2, moderate immunoreactivity on the cell membranes in 9.7% of synovio-
cytes, and on vascular endothelial cells (d) CCLr, case 14, LGR7 IHC, IRS = 9, strong membranous
immunoreactivity in 33.9% of fibroblast-like cells. (e) Control case 3, LGR8 IHC, IRS = 2, moderate
diffuse, cytoplasmatic immunoreactivity in 7.9% of synoviocytes. (f) CCLr, case 14, LGR8 IHC,
IRS = 6, strong membranous immunostaining as well as diffused cytoplasmatic staining in 28.2% of
fibroblast-like cells. Scale bars 50 µm.

Animals 2022, 12, x  9 of 16 
 

expressed the receptor 2-fold stronger than the controls and largely with a membranous 
staining pattern (Figure 3d). 

LGR8 receptor immunostaining exhibited a pattern and strength similar to the LGR7 
expression in both, the controls and samples, respectively; SMc (5/5 100%, mean IRS = 3.6 
± 0.74 SE, range 2–6) (Figure 3e) and SMr (14/14 100%, mean IRS = 6.78 ± 0.42 SE, range 4–
9) (Figure 3f). 

Immunoreactivity scores of IHC data in the controls and samples are summarized 
and plotted in Figure 4. 

 
Figure 4. Bar graphs showing expression of relaxin (REL), LGR7, and LGR8 in synovial membranes 
and cruciate ligaments in the control group (n = 7), SMc, and CCLc columns, respectively, and in 
dogs with CCLD (n = 18), SMr and CCLr columns, respectively; values are expressed as mean 
immunoreactivity score (IRS) with standard error bars; significance levels of REL CCLc/CCLr p = 
0.001 (**), LGR7 CCLc/CCLr p < 0.001 (****), LGR8 CCLc/CCLr p = 0.001 (**), REL SMc/SMr p = 0.02 
(**), LGR7 SMc/SMr p = 0.001 (**), LGR8 SMc/SMr p = 0.003 (**). 

3.3. Double Immunofluorescence (IF) Staining 
In control ligaments (CCLc), co-localization of relaxin and the LGR7 receptor was 

absent (Figure 5a); in contrast, a strong relaxin/LGR7 co-localization staining on fibrocyte 
cell membranes was observed in ligament sections of CCLr, indicating relaxin/receptor 
binding (Figure 5b).  

In contrast, a cytoplasmatic relaxin/LGR8 co-localization was present in the controls 
(CCLc) (Figure 5c), while in CCLr, only a few cells expressed a membranous relaxin/LGR8 
co-localization (Figure 5d). 

In control synovial membranes (SMc), no co-localization of relaxin and LGR7 was 
observed; both targets were stained separately (Figure 5e). In contrast, in CCLr, strong 
relaxin expression as well as co-localization of relaxin/LGR7 was found, indicating the 
binding of relaxin to its cognate receptor in altered synovial membranes (Figure 5f). 

Relaxin/LGR8 binding on the control membranes (CCLc) was evidenced by a 
moderate, largely cytoplasmatic co-localization (Figure 5g), while a strong relaxin/LGR8 
co-localization staining was found in SMr, similar to the expression pattern of 
relaxin/LGR7 (Figure 5h). 

Figure 4. Bar graphs showing expression of relaxin (REL), LGR7, and LGR8 in synovial membranes
and cruciate ligaments in the control group (n = 7), SMc, and CCLc columns, respectively, and in dogs



Animals 2022, 12, 819 9 of 15

with CCLD (n = 18), SMr and CCLr columns, respectively; values are expressed as mean immunore-
activity score (IRS) with standard error bars; significance levels of REL CCLc/CCLr p = 0.001 (**),
LGR7 CCLc/CCLr p < 0.001 (****), LGR8 CCLc/CCLr p = 0.001 (**), REL SMc/SMr p = 0.02 (**), LGR7
SMc/SMr p = 0.001 (**), LGR8 SMc/SMr p = 0.003 (**).

3.3. Double Immunofluorescence (IF) Staining

In control ligaments (CCLc), co-localization of relaxin and the LGR7 receptor was
absent (Figure 5a); in contrast, a strong relaxin/LGR7 co-localization staining on fibrocyte
cell membranes was observed in ligament sections of CCLr, indicating relaxin/receptor
binding (Figure 5b).
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Figure 5. Double immunofluorescence (IF) staining: relaxin = cytoplasmic red IF; LGR7 = (membranous
green IF) relaxin/LGR7 co-localization = membranous yellow IF, and relaxin/LGR8 = cytoplasmic
yellow IF; for textual explanation see Results above; CCLc = control dog ligaments in (a,c), and normal
synovial membranes in (e,g); CCLr ruptured ligaments in (b,d), and altered synovial membranes of
dogs with CCLr in (f,h). Full original blots can be found in Figure S1.

In contrast, a cytoplasmatic relaxin/LGR8 co-localization was present in the controls
(CCLc) (Figure 5c), while in CCLr, only a few cells expressed a membranous relaxin/LGR8
co-localization (Figure 5d).

In control synovial membranes (SMc), no co-localization of relaxin and LGR7 was
observed; both targets were stained separately (Figure 5e). In contrast, in CCLr, strong
relaxin expression as well as co-localization of relaxin/LGR7 was found, indicating the
binding of relaxin to its cognate receptor in altered synovial membranes (Figure 5f).

Relaxin/LGR8 binding on the control membranes (CCLc) was evidenced by a mod-
erate, largely cytoplasmatic co-localization (Figure 5g), while a strong relaxin/LGR8 co-
localization staining was found in SMr, similar to the expression pattern of relaxin/LGR7
(Figure 5h).

3.4. Western Blot Analysis

In remnants of ruptured ligaments and in the controls, immunoreactive relaxin, LGR7,
and LGR8-bands with the expected molecular weight were present, confirming cross-
reactivity of the used antibodies in the canine species (Figure 6). An increased expression
of relaxin, LGR-7, and LGR-8 in CCLD was therefore also demonstrated by WB. For two
out of the three proteins, WB confirmed the expression values obtained in IHC and dIF.
Immunoreactive bands for relaxin, LGR7, and LGR8 resulted in all samples with different
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signal intensity; in particular, densitometry confirmed the previously found significantly
higher expression of relaxin and LGR7 in the CCLr samples (Figure 6a,b). However,
the LGR8-bands expressed a higher protein density in the five ligament control samples
compared to the four ruptured ligament samples, which is incongruent with the expression
results obtained by immunostaining in IHC and dIF (Figure 6c).
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Figure 6. Western blot analysis of relaxin (a), LGR7 (b), and LGR8 (c) protein expression in four CCLr
tissue samples and in five CCLc tissues. The bar graphics show the mean ± SEM of relative relaxin,
LGR7, and LGR8 protein expression in the CCLr and CCLc samples. Plots show densitometric
analysis of relaxin, LGR7, and LGR8 protein bands expressed as relaxin, LGR7, or LGR8/GAPDH
densitometry ratio for each tissue sample. Note that GAPDH was identical solo for relaxin and LGR7;
for LGR8, the same GAPDH was applied but on a different membrane. M = molecular weight marker.
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4. Discussion

In the studied cohort of 18 randomly chosen dogs with CCLD, expression of relaxin
and its cognate receptors LGR7 and LGR8 was significantly increased in damaged ligaments
and in reactive joint membranes, compared to the corresponding normal structures of seven
age and weight-matched control dogs. This finding is novel in the CCLD of dogs. Beyond
this, nearly no data are available on relaxin in canine joints, whether normal or altered.
Only one study suggested that in puppies, relaxin absorption through maternal milk may
trigger hip joint laxity and later hip joint dysplasia [54].

In humans, on the other hand, relaxin has been implemented in joint disorders such
as in tearing of the oblique volar ligament in the trapeziometacarpal joint [38] and in
anterior cruciate ligament tears in female athletes [43,55]. In our cohort of dogs with
CCLD, there were also more female (13) than male dogs (five), which is in accordance with
known epidemiologic data in dogs: there is a 2-fold increased risk for developing cruciate
ligament rupture in female dogs [56]. In the joint tissues we investigated, relaxin and relaxin
receptors were nearly equally expressed in males and females. However, there was an
indication of stronger relaxin expression in neutered females, compared to male dogs; this
observation, which lacks statistical significance, merits further investigation. That relaxin
also has paracrine signaling functions in males is now a generally accepted concept [45,57];
this has also been shown in the canine species: relaxin expression in prostate glands and
connective tissues has previously been documented in pathologies typical for male dogs
such as in perineal hernia [48,49]. Thus, the finding of relaxin expression in stifles of dogs of
both sexes including desexed females finds explanation based on the growing knowledge
of relaxin’s sexual dimorphism.

Although LGR7 and LGR8 receptors in the cruciate ligaments of dogs have not been
studied previously, the presence and distribution of these receptors in normal target tissues
(ligaments and tendons) have been described in humans and in laboratory animals [37,58].
In our dogs with CCLD, there was a significant increase in the expression of both cellular
receptor types on cruciate ligaments and joint membranes. As shown by dIF, the co-
localization of relaxin and its cognate receptors indicates relaxin–ligand binding to the
activated receptors LGR7 and LGR8. The binding pattern of the hormone/receptor pairs
on ligamentous fibrocytes and fibrocyte-like cells was membranous and cytoplasmatic,
likely indicating transmembrane signal processing. The primarily known signals of the
relaxin/receptor pair are collagenolytic in nature, largely via activation of MMP path-
ways [34,59] and downregulation of tissue inhibitors of MMPs [60], thereby inducing
collagen matrix breakdown [32]; this, in turn, leads to collagen fiber crimp and fibrillation,
likely even before mechanical failure manifests clinically [61]. This, because rupture occurs
randomly in the degeneratively weakened ligament, and it may therefore well be that
relaxin is already involved in collagen matrix degradation before complete failure has
occurred and before secondary OA has developed. Since tissue sampling in those earlier
stages of the joint disease can rarely be undertaken surgically because of the potential
damage, future studies aided by arthroscopic sampling might help answer this question.

The mediators triggering synthesis of the LGR7/LGR8 receptors on cruciate ligament
fibrocytes, and the mechanisms of receptor priming remain presently unknown in dogs;
however, it has been shown in rats that sex-steroid hormones upregulate these receptors
in ligaments [62]. That humoral factors are likely involved in CCLD has reached wide
consensus [4,63]; thus, it may be assumed that the hormone relaxin reaches target tissues
via humoral pathways, which, in the case of intra-articular tissues, depends on vascularity,
vascular permeability, and synovial fluid diffusion and transfer. The CCL is a poorly
vascularized intra-articular structure, especially in its central section [64,65], making it likely
that relaxin’s bioavailability is mediated primarily by the synovial membrane and synovial
fluid. Although we did not assay relaxin in the plasma or synovial fluids, the cellular
and vascular inflammatory changes in the synovial membranes would facilitate relaxin
transit via synovial fluid: all sampled synovial membranes exhibited increased micro-
vascularity and characteristic, largely mononuclear inflammatory changes, in line with
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previous histologic findings that suggest a humoral component in the pathogenesis of
CCLD [3,4]. In fact, we found strong endothelial expression of relaxin and its cognate
receptors on synovial membranes and its capillary endothelia. Although neovascularization
is a common feature of inflammation, relaxin itself has vascular growth factor-stimulating
properties [66,67], and may therefore contribute to neo-angiogenesis in CCLD-related OA.
Interestingly, local up-regulation of insulin-like growth factors in synovial fluids of stifle
joints in dogs with CCLD and OA has been previously documented [68], and relaxin is
structurally closely related to insulin-like growth factors, belonging to the same family of
insulin-like peptides [57]. Functional comparisons based on structural similarities of the
two peptide hormones must remain speculative in OA; however, the interaction of growth
hormones and relaxin in connective tissue remodeling is well known [69] and it may well
be that in CCLR, growth hormone and relaxin expression reflect both repair attempts
and ligament degradation through collagen lysis. In fact, failure to heal and progressive
ligament lysis after rupture is a characteristic feature of CCLR in dog: in non-treated cases
or in those with surgery delayed by two months or more after ligament rupture, only
stumps or small ligament remnants usually remain [24]. Our cohort included five such
dogs from which samples of remnants were obtained between 60 and 70 days after injury,
and all exhibited strong relaxin and receptor expression; this suggests that relaxin not
only acts in early (partial rupture) but also in later phases of the collagenolytic process.
The intriguing question, whether relaxin stands at the beginning of the collagenolytic
cascade [34,59], that is, perhaps initially altering the structural integrity of the ligament,
remains unanswered and awaits further studies.

Our study has limitations: the number of cases was relatively low, and the control
cases, although age- and weight-matched, were cadaver specimens, and early stages or
onset of CCLD might have remained undetected. This could also be an explanation, at least
in part, for another possible flaw, which was the incongruency of LGR8 protein expression
obtained by WB densitometry compared to the tissue/cellular expression of this receptor in
IHC samples. That is, in WB, LGR8 protein bands were stronger in the five controls than in
the four samples, whereas in IHC, LGR8 was, on average, significantly stronger expressed
in the 18 samples compared to the seven controls, despite the samples and controls being
from the same cohorts.

5. Conclusions

Relaxin and cognate receptor LGR7/LGR8 expression in stifle joints of dogs with
spontaneous cranial cruciate ligament rupture is a new finding, indicating that relaxin-
related collagen matrix degradation is a factor in CCLD. Relaxin likely reaches intra-
articular target tissues via synovial fluid diffusion from neo-vascularized, osteoarthritic
synovial membranes; relaxin/receptor signaling may contribute to ligamentous collagen
degradation, even in early stages of the joint disease. If confirmed in further studies,
targeted pharmacologic treatments may be developed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ani12070819/s1, Figure S1: Full original blots used for Figure 5a–c.

Author Contributions: B.R.: study coordinator as pathologist, conception, evaluation, formal analy-
sis, methodology, supervision writing-review and editing, project administration, validation. M.S.:
histology, immunohistochemistry, western blot analysis, immunofluorescence studies conception,
formal analysis, statistics. G.F. (Gerardo Fatone): performing surgery, tissue sampling, supervision
writing-review and editing. G.D.V.: performing surgery, tissue sampling, reviewing, providing
laboratory materials. F.A.: samples collection and processing, data curation. C.C.: samples collection
and processing, data curation. G.F. (Gianmarco Ferrara): western blot analysis, validation. G.W.N.:
hypothesis, study concept and design, writing, original draft preparation and reviewing, validation.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/ani12070819/s1
https://www.mdpi.com/article/10.3390/ani12070819/s1


Animals 2022, 12, 819 13 of 15

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethical Committee with approval no. 25686-07/01/2022.

Informed Consent Statement: Written owner-consent for sampling and histological examination of
altered tissues was obtained.

Data Availability Statement: Not applicable.

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

References
1. Hayashi, K.; Manley, P.A.; Muir, P. Cranial Cruciate Ligament Pathophysiology in Dogs with Cruciate Disease: A Review. J. Am.

Anim. Hosp. Assoc. 2004, 40, 385–390. [CrossRef] [PubMed]
2. Comerford, E.J.; Smith, K.; Hayashi, K. Update on the Aetiopathogenesis of Canine Cranial Cruciate Ligament Disease. Vet. Comp.

Orthop. Traumatol. 2011, 24, 91–98. [CrossRef] [PubMed]
3. Hayashi, K.; Frank, J.D.; Dubinsky, C.; Hao, Z.; Markel, M.D.; Manley, P.A.; Muir, P. Histologic Changes in Ruptured Canine

Cranial Cruciate Ligament. Vet. Surg. 2003, 32, 269–277. [CrossRef] [PubMed]
4. Kuroki, K.; Williams, N.; Cook, J.L. Histologic Evidence for a Humoral Immune Response in Synovitis Associated with Cranial

Cruciate Ligament Disease in Dogs. Vet. Surg. 2021, 50, 1032–1041. [CrossRef]
5. Spreng, D.; Sigrist, N.; Schweighauser, A.; Busato, A.; Schawalder, P. Endogenous Nitric Oxide Production in Canine Osteoarthritis:

Detection in Urine, Serum, and Synovial Fluid Specimens. Vet. Surg. 2001, 30, 191–199. [CrossRef]
6. Muir, P.; Manley, P.A.; Hao, Z. Collagen Fragmentation in Ruptured Canine Cranial Cruciate Ligament Explants. Vet. J. 2006, 172,

121–128. [CrossRef]
7. Niebauer, G.W.; Niedermüller, H.; Skalicky, M. Collagen cross-links in the cruciate ligament of dogs and their relation to

pathological cruciate ligament rupture. Zbl. Vet. Med. A 1983, 30, 688–693. [CrossRef]
8. Neumann, S.; Lauenstein-Bosse, S. Evaluation of Transforming Growth Factor Beta 1 in Dogs with Osteoarthritis. Open Vet. J.

2018, 8, 386–392. [CrossRef]
9. De Bruin, T.; de Rooster, H.; van Bree, H.; Cox, E. Interleukin-8 MRNA Expression in Synovial Fluid of Canine Stifle Joints with

Osteoarthritis. Vet. Immunol. Immunopathol. 2005, 108, 387–397. [CrossRef]
10. Barrett, J.G.; Hao, Z.; Graf, B.K.; Kaplan, L.D.; Heiner, J.P.; Muir, P. Inflammatory Changes in Ruptured Canine Cranial and

Human Anterior Cruciate Ligaments. Am. J. Vet. Res. 2005, 66, 2073–2080. [CrossRef]
11. Malek, S.; Weng, H.Y.; Martinson, S.A.; Rochat, M.C.; Béraud, R.; Riley, C.B. Evaluation of Serum MMP-2 and MMP-3, Synovial

Fluid IL-8, MCP-1, and KC Concentrations as Biomarkers of Stifle Osteoarthritis Associated with Naturally Occurring Cranial
Cruciate Ligament Rupture in Dogs. PLoS ONE 2020, 15, e0242614. [CrossRef] [PubMed]

12. Murakami, K.; Maeda, S.; Yonezawa, T.; Matsuki, N. Synovial Fluid Matrix Metalloproteinase-2 and -9 Activities in Dogs Suffering
from Joint Disorders. J. Vet. Med. Sci. 2016, 78, 1051–1054. [CrossRef] [PubMed]

13. Niebauer, G.W.; Lubec, G. Collagenase activity in the ruptured cruciate ligament in dogs and its inhibition in vitro. Zbl. Vet. Med.
A 1980, 27, 628–634. [CrossRef]

14. Boland, L.; Danger, R.; Cabon, Q.; Rabillard, M.; Brouard, S.; Bouvy, B.; Gauthier, O. MMP-2 as an Early Synovial Biomarker for
Cranial Cruciate Ligament Disease in Dogs. Vet. Comp. Orthop. Traumatol. 2014, 27, 210–215. [CrossRef]

15. Doom, M.; de Bruin, T.; de Rooster, H.; van Bree, H.; Cox, E. Immunopathological Mechanisms in Dogs with Rupture of the
Cranial Cruciate Ligament. Vet. Immunol. Immunopathol. 2008, 125, 143–161. [CrossRef]

16. Carter, S.D.; Bell, S.C.; Bari, A.S.; Bennett, D. Immune Complexes and Rheumatoid Factors in Canine Arthritides. Ann. Rheum.
Dis. 1989, 48, 986–991. [CrossRef]

17. Bari, A.S.; Carter, S.D.; Bell, S.C.; Morgan, K.; Bennett, D. Anti-Type II Collagen Antibody in Naturally Occurring Canine Joint
Diseases. Br. J. Rheumatol. 1989, 28, 480–486. [CrossRef]

18. Menzel, E.J.; Niebauer, G.; Smolen, J.S. Demonstration of C 1 Q-Binding Immune Complexes in Dogs with Arthritis of the
Femoro-Tibial Joints Accompanied by Rupture of the Anterior Cruciate Ligaments. Zbl. Vet. Med. B 1980, 27, 658–667. [CrossRef]

19. Niebauer, G.W.; Menzel, E.J. Immunological Changes in Canine Cruciate Ligament Rupture. Res. Vet. Sci. 1982, 32, 235–241.
[CrossRef]

20. Niebauer, G.W.; Wolf, B.; Bashey, R.I.; Newton, C.D. Antibodies to Canine Collagen Types I and II in Dogs with Spontaneous
Cruciate Ligament Rupture and Osteoarthritis. Arthritis Rheum. 1987, 30, 319–327. [CrossRef]

21. Kuroki, K.; Williams, N.; Ikeda, H.; Bozynski, C.C.; Leary, E.; Cook, J.L. Histologic Assessment of Ligament Vascularity and
Synovitis in Dogs with Cranial Cruciate Ligament Disease. Am. J. Vet. Res. 2019, 80, 152–158. [CrossRef] [PubMed]

22. Arnoczky, S.P.; Rubin, R.M.; Marshall, J.L. Microvasculature of the Cruciate Ligaments and Its Response to Injury. An Experimental
Study in Dogs. J. Bone Jt. Surg. Am. 1979, 61, 1221–1229. [CrossRef]

23. Warzee, C.C.; Dejardin, L.M.; Arnoczky, S.P.; Perry, R.L. Effect of Tibial Plateau Leveling on Cranial and Caudal Tibial Thrusts in
Canine Cranial Cruciate-Deficient Stifles: An in Vitro Experimental Study. Vet. Surg. 2001, 30, 278–286. [CrossRef] [PubMed]

24. Vasseur, P.B.; Pool, R.R.; Arnoczky, S.P.; Lau, R.E. Correlative Biomechanical and Histologic Study of the Cranial Cruciate
Ligament in Dogs. Am. J. Vet. Res. 1985, 46, 1842–1854.

http://doi.org/10.5326/0400385
http://www.ncbi.nlm.nih.gov/pubmed/15347618
http://doi.org/10.3415/VCOT-10-04-0055
http://www.ncbi.nlm.nih.gov/pubmed/21243176
http://doi.org/10.1053/jvet.2003.50023
http://www.ncbi.nlm.nih.gov/pubmed/12784204
http://doi.org/10.1111/vsu.13600
http://doi.org/10.1053/jvet.2001.21397
http://doi.org/10.1016/j.tvjl.2005.03.012
http://doi.org/10.1111/j.1439-0442.1983.tb01839.x
http://doi.org/10.4314/ovj.v8i4.6
http://doi.org/10.1016/j.vetimm.2005.06.013
http://doi.org/10.2460/ajvr.2005.66.2073
http://doi.org/10.1371/journal.pone.0242614
http://www.ncbi.nlm.nih.gov/pubmed/33211763
http://doi.org/10.1292/jvms.15-0711
http://www.ncbi.nlm.nih.gov/pubmed/26902805
http://doi.org/10.1111/j.1439-0442.1980.tb01882.x
http://doi.org/10.3415/VCOT-13-06-0082
http://doi.org/10.1016/j.vetimm.2008.05.023
http://doi.org/10.1136/ard.48.12.986
http://doi.org/10.1093/rheumatology/28.6.480
http://doi.org/10.1111/j.1439-0450.1980.tb01729.x
http://doi.org/10.1016/S0034-5288(18)32421-4
http://doi.org/10.1002/art.1780300311
http://doi.org/10.2460/ajvr.80.2.152
http://www.ncbi.nlm.nih.gov/pubmed/30681360
http://doi.org/10.2106/00004623-197961080-00013
http://doi.org/10.1053/jvet.2001.21400
http://www.ncbi.nlm.nih.gov/pubmed/11340560


Animals 2022, 12, 819 14 of 15

25. Baker, S.J.; Baker, G.J. Surgical versus Nonsurgical Management for Overweight Dogs with Cranial Cruciate Ligament Rupture.
J. Am. Vet. Med. Assoc. 2013, 243, 479.

26. Slocum, B.; Devine, T. Cranial Tibial Thrust: A Primary Force in the Canine Stifle. J. Am. Vet. Med. Assoc. 1983, 183, 456–459.
27. Wilke, V.L.; Conzemius, M.C.; Rothschild, M.F. SNP Detection and Association Analyses of Candidate Genes for Rupture of the

Cranial Cruciate Ligament in the Dog. Anim. Genet. 2005, 36, 519–521. [CrossRef]
28. Clements, D.N.; Short, A.D.; Barnes, A.; Kennedy, L.J.; Ferguson, J.F.; Butterworth, S.J.; Fitzpatrick, N.; Pead, M.; Bennett, D.;

Innes, J.F.; et al. A Candidate Gene Study of Canine Joint Diseases. J. Hered. 2010, 101, 54–60. [CrossRef]
29. Ayers, D.; Clements, D.N.; Salway, F.; Day, P.J.R. Expression Stability of Commonly Used Reference Genes in Canine Articular

Connective Tissues. BMC Vet. Res. 2007, 3, 7. [CrossRef]
30. Fujita, Y.; Hara, Y.; Nezu, Y.; Schulz, K.S.; Tagawa, M. Proinflammatory Cytokine Activities, Matrix Metalloproteinase-3 Activity,

and Sulfated Glycosaminoglycan Content in Synovial Fluid of Dogs with Naturally Acquired Cranial Cruciate Ligament Rupture.
Vet. Surg. 2006, 35, 369–376. [CrossRef]

31. Hofer, D.; Forterre, S.; Schweighauser, A.; Krayer, M.; Doherr, M.; Schawalder, P.; Zurbriggen, A.; Spreng, D. Selective INOS-
Inhibition Does Not Influence Apoptosis in Ruptured Canine Cranial Cruciate Ligaments. Vet. Comp. Orthop. Traumatol. 2009, 22,
198–203. [CrossRef] [PubMed]

32. Ahmad, N.; Wang, W.; Nair, R.; Kapila, S. Relaxin Induces Matrix-Metalloproteinases-9 and -13 via RXFP1: Induction of MMP-9
Involves the PI3K, ERK, Akt and PKC-ζ Pathways. Mol. Cell. Endocrinol. 2012, 363, 46–61. [CrossRef]

33. Baccari, M.C.; Calamai, F. Relaxin: New Functions for an Old Peptide. Curr. Protein Pept. Sci. 2004, 5, 9–18. [CrossRef]
34. Naqvi, T.; Duong, T.T.; Hashem, G.; Shiga, M.; Zhang, Q.; Kapila, S. Relaxin’s Induction of Metalloproteinases Is Associated with

the Loss of Collagen and Glycosaminoglycans in Synovial Joint Fibrocartilaginous Explants. Arthritis Res. Ther. 2005, 7, R1–R11.
[CrossRef] [PubMed]

35. Wiqvist, I.; Norström, A.; O’Byrne, E.; Wiqvist, N. Regulatory Influence of Relaxin on Human Cervical and Uterine Connective
Tissue. Acta Endocrinol. 1984, 106, 127–132. [CrossRef] [PubMed]

36. Downing, S.J.; Sherwood, O.D. The Physiological Role of Relaxin in the Pregnant Rat. IV. The Influence of Relaxin on Cervical
Collagen and Glycosaminoglycans. Endocrinology 1986, 118, 471–479. [CrossRef] [PubMed]

37. Lubahn, J.; Ivance, D.; Konieczko, E.; Cooney, T. Immunohistochemical Detection of Relaxin Binding to the Volar Oblique
Ligament. J. Hand Surg. 2006, 31, 80–84. [CrossRef] [PubMed]

38. Clifton, K.B.; Rodner, C.; Wolf, J.M. Detection of Relaxin Receptor in the Dorsoradial Ligament, Synovium, and Articular Cartilage
of the Trapeziometacarpal Joint. J. Orthop. Res. 2014, 32, 1061–1067. [CrossRef]

39. Wolf, J.M.; Scher, D.L.; Etchill, E.W.; Scott, F.; Williams, A.E.; Delaronde, S.; King, K.B. Relationship of Relaxin Hormone and
Thumb Carpometacarpal Joint Arthritis. Clin. Orthop. Relat. Res. 2014, 472, 1130–1137. [CrossRef]

40. Galey, S.; Konieczko, E.M.; Arnold, C.A.; Cooney, T.E. Immunohistological Detection of Relaxin Binding to Anterior Cruciate
Ligaments. Orthopedics 2003, 26, 1201–1204. [CrossRef]

41. Parker, E.A.; Meyer, A.M.; Goetz, J.E.; Willey, M.C.; Westermann, R.W. Do Relaxin Levels Impact Hip Injury Incidence in Women?
A Scoping Review. Front. Endocrinol. 2022, 13, 827512. [CrossRef] [PubMed]

42. Dragoo, J.L.; Padrez, K.; Workman, R.; Lindsey, D.P. The Effect of Relaxin on the Female Anterior Cruciate Ligament: Analysis of
Mechanical Properties in an Animal Model. Knee 2009, 16, 69–72. [CrossRef] [PubMed]

43. Dragoo, J.L.; Lee, R.S.; Benhaim, P.; Finerman, G.A.M.; Hame, S.L. Relaxin Receptors in the Human Female Anterior Cruciate
Ligament. Am. J. Sports Med. 2003, 31, 577–584. [CrossRef] [PubMed]

44. Wolf, J.M. The Influence of Ligamentous Laxity and Gender: Implications for Hand Surgeons. J. Hand Surg. Am. 2009, 34, 161–163.
[CrossRef]

45. Weiss, G. Relaxin in the Male1. Biol. Reprod. 1989, 40, 197–200. [CrossRef]
46. Feugang, J.M.; Greene, J.M.; Sanchez-Rodríguez, H.L.; Stokes, J.V.; Crenshaw, M.A.; Willard, S.T.; Ryan, P.L. Profiling of Relaxin

and Its Receptor Proteins in Boar Reproductive Tissues and Spermatozoa. Reprod. Biol. Endocrinol. 2015, 13, 1–15. [CrossRef]
47. Agoulnik, A.I. Relaxin and Related Peptides in Male Reproduction. In Relaxin and Related Peptides; Advances in Experimental

Medicine and Biology, Book Series; Springer: New York, NY, USA, 2007; Volume 612, pp. 49–64.
48. Niebauer, G.W.; Shibly, S.; Seltenhammer, M.; Pirker, A.; Brandt, S. Relaxin of Prostatic Origin Might Be Linked to Perineal Hernia

Formation in Dogs. Ann. N. Y. Acad. Sci. 2005, 1041, 415–422. [CrossRef]
49. Merchav, R.; Feuermann, Y.; Shamay, A.; Ranen, E.; Stein, U.; Johnston, D.E.; Shahar, R. Expression of Relaxin Receptor LRG7,

Canine Relaxin, and Relaxin-Like Factor in the Pelvic Diaphragm Musculature of Dogs with and Without Perineal Hernia. Vet.
Surg. 2005, 34, 476–481. [CrossRef]

50. Shahar, R.; Shamir, M.H.; Niebauer, G.W.; Johnston, D.E. A Possible Association between Acquired Nontraumatic Inguinal and
Perineal Hernia in Adult Male Dogs. Can. Vet. J. 1996, 37, 614–616.

51. Innes, J. Do Hormones Play a Role in Canine Cruciate Disease? J. Small Anim. Pract. 2003, 44, 520.
52. Della Valle, G.; Caterino, C.; Aragosa, F.; Micieli, F.; Costanza, D.; di Palma, C.; Piscitelli, A.; Fatone, G. Outcome after Modified

Maquet Procedure in Dogs with Unilateral Cranial Cruciate Ligament Rupture: Evaluation of Recovery Limb Function by Use of
Force Plate Gait Analysis. PLoS ONE 2021, 16, e0256011. [CrossRef] [PubMed]

53. Fedchenko, N.; Reifenrath, J. Different Approaches for Interpretation and Reporting of Immunohistochemistry Analysis Results
in the Bone Tissue—A Review. Diagn. Pathol. 2014, 9, 221. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1365-2052.2005.01355.x
http://doi.org/10.1093/jhered/esp088
http://doi.org/10.1186/1746-6148-3-7
http://doi.org/10.1111/j.1532-950X.2006.00159.x
http://doi.org/10.3415/VCOT-08-09-0078
http://www.ncbi.nlm.nih.gov/pubmed/19448875
http://doi.org/10.1016/j.mce.2012.07.006
http://doi.org/10.2174/1389203043486928
http://doi.org/10.1186/ar1451
http://www.ncbi.nlm.nih.gov/pubmed/15642129
http://doi.org/10.1530/acta.0.1060127
http://www.ncbi.nlm.nih.gov/pubmed/6587712
http://doi.org/10.1210/endo-118-2-471
http://www.ncbi.nlm.nih.gov/pubmed/3943482
http://doi.org/10.1016/j.jhsa.2005.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16443109
http://doi.org/10.1002/jor.22640
http://doi.org/10.1007/s11999-013-2960-4
http://doi.org/10.3928/0147-7447-20031201-08
http://doi.org/10.3389/fendo.2022.827512
http://www.ncbi.nlm.nih.gov/pubmed/35185802
http://doi.org/10.1016/j.knee.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18964043
http://doi.org/10.1177/03635465030310041701
http://www.ncbi.nlm.nih.gov/pubmed/12860548
http://doi.org/10.1016/j.jhsa.2008.09.012
http://doi.org/10.1095/biolreprod40.2.197
http://doi.org/10.1186/s12958-015-0043-y
http://doi.org/10.1196/annals.1282.062
http://doi.org/10.1111/j.1532-950X.2005.00072.x
http://doi.org/10.1371/journal.pone.0256011
http://www.ncbi.nlm.nih.gov/pubmed/34379677
http://doi.org/10.1186/s13000-014-0221-9
http://www.ncbi.nlm.nih.gov/pubmed/25432701


Animals 2022, 12, 819 15 of 15

54. Steinetz, B.G.; Williams, A.J.; Lust, G.; Schwabe, C.; Büllesbach, E.E.; Goldsmith, L.T. Transmission of Relaxin and Estrogens
to Suckling Canine Pups via Milk and Possible Association with Hip Joint Laxity. Am. J. Vet. Res. 2008, 69, 59–67. [CrossRef]
[PubMed]

55. Arnold, C.; van Bell, C.; Rogers, V.; Cooney, T. The Relationship between Serum Relaxin and Knee Joint Laxity in Female Athletes.
Orthopedics 2002, 25, 669–673. [CrossRef]

56. Adams, P.; Bolus, R.; Middleton, S.; Moores, A.P.; Grierson, J. Influence of Signalment on Developing Cranial Cruciate Rupture in
Dogs in the UK. J. Small Anim. Pract. 2011, 52, 347–352. [CrossRef]

57. Summers, R.J. Recent progress in the understanding of relaxin family peptides and their receptors. Br. J. Pharmacol. 2017, 174,
915–920. [CrossRef]

58. Kim, J.H.; Lee, S.K.; Lee, S.K.; Kim, J.H.; Fredericson, M. Relaxin Receptor RXFP1 and RXFP2 Expression in Ligament, Tendon,
and Shoulder Joint Capsule of Rats. J. Korean Med. Sci. 2016, 31, 983. [CrossRef]

59. Kapila, S.; Wang, W.; Uston, K. Matrix Metalloproteinase Induction by Relaxin Causes Cartilage Matrix Degradation in Target
Synovial Joints. Ann. N. Y. Acad. Sci. 2009, 1160, 322–328. [CrossRef]

60. Samuel, C.S.; Royce, S.G.; Hewitson, T.D.; Denton, K.M.; Cooney, T.E.; Bennett, R.G. Anti-fibrotic Actions of Relaxin. Br. J.
Pharmacol. 2017, 174, 962–976. [CrossRef]

61. Han, S.; Cheon, H.; Cho, H.; Kim, J.; Kang, J.H.; Yang, M.P.; Lee, Y.; Lee, H.; Chang, D. Evaluation of Partial Cranial Cruciate
Ligament Rupture with Positive Contrast Computed Tomographic Arthrography in Dogs. J. Vet. Sci. 2008, 9, 395–400. [CrossRef]

62. Dehghan, F.; Muniandy, S.; Yusof, A.; Salleh, N. Sex-Steroid Regulation of Relaxin Receptor Isoforms (RXFP1 & RXFP2) Expression
in the Patella Tendon and Lateral Collateral Ligament of Female WKY Rats. Int. J. Med. Sci. 2014, 11, 180–191. [CrossRef]
[PubMed]

63. Little, J.P.; Bleedorn, J.A.; Sutherland, B.J.; Sullivan, R.; Kalscheur, V.L.; Ramaker, M.A.; Schaefer, S.L.; Hao, Z.; Muir, P. Arthroscopic
Assessment of Stifle Synovitis in Dogs with Cranial Cruciate Ligament Rupture. PLoS ONE 2014, 9, e97329. [CrossRef] [PubMed]

64. Arnoczky, S.P. Blood Supply to the Anterior Cruciate Ligament and Supporting Structures. Orthop. Clin. N. Am. 1985, 16, 15–28.
[CrossRef]

65. Hayashi, K.; Bhandal, J.; Rodriguez, C.O.J.; Kim, S.Y.; Entwistle, R.; Naydan, D.; Kapatkin, A.; Stover, S.M. Vascular Distribution
in Ruptured Canine Cranial Cruciate Ligament. Vet. Surg. 2011, 40, 198–203. [CrossRef] [PubMed]

66. Jeyabalan, A.; Shroff, S.G.; Novak, J.; Conrad, K.P. The Vascular Actions of Relaxin. In Relaxin and Related Peptides; Advances in
Experimental Medicine and Biology; Springer: Berlin/Heidelberg, Germany, 2007; Volume 612, pp. 65–87. [CrossRef]

67. Leo, C.H.; Jelinic, M.; Ng, H.H.; Marshall, S.A.; Novak, J.; Tare, M.; Conrad, K.P.; Parry, L.J. Vascular Actions of Relaxin: Nitric
Oxide and Beyond. Br. J. Pharmacol. 2017, 174, 1002–1014. [CrossRef]

68. Fernihough, J.K.; Innes, J.F.; Billingham, M.E.J.; Holly, J.M.P. Changes in the Local Regulation of Insulin-Like Growth Factors I and
II and Insulin-Like Growth Factor-Binding Proteins in Osteoarthritis of the Canine Stifle Joint Secondary to Cruciate Ligament
Rupture. Vet. Surg. 2003, 32, 313–323. [CrossRef]

69. Steinetz, B.G.; Manning, J.P. Influence of Growth Hormone, Steroids and Relaxin on Acid Phosphatase Activity of Connective
Tissue. Proc. Soc. Exp. Biol. Med. 1967, 124, 180–184. [CrossRef]

http://doi.org/10.2460/ajvr.69.1.59
http://www.ncbi.nlm.nih.gov/pubmed/18167088
http://doi.org/10.3928/0147-7447-20020601-18
http://doi.org/10.1111/j.1748-5827.2011.01073.x
http://doi.org/10.1111/bph.13778
http://doi.org/10.3346/jkms.2016.31.6.983
http://doi.org/10.1111/j.1749-6632.2009.03830.x
http://doi.org/10.1111/bph.13529
http://doi.org/10.4142/jvs.2008.9.4.395
http://doi.org/10.7150/ijms.6283
http://www.ncbi.nlm.nih.gov/pubmed/24465164
http://doi.org/10.1371/journal.pone.0097329
http://www.ncbi.nlm.nih.gov/pubmed/24892866
http://doi.org/10.1016/S0030-5898(20)30464-8
http://doi.org/10.1111/j.1532-950X.2010.00778.x
http://www.ncbi.nlm.nih.gov/pubmed/21204860
http://doi.org/10.1007/978-0-387-74672-2_6
http://doi.org/10.1111/bph.13614
http://doi.org/10.1053/jvet.2003.50037
http://doi.org/10.3181/00379727-124-31695

	Introduction 
	Materials and Methods 
	Immunohistochemistry 
	Double Immunofluorescence 
	Western Blot 
	Histologic Scoring of Immunoreactivity 
	Statistical Analysis 

	Results 
	Histologic Features of CCL and SM Samples 
	Immunohistochemistry 
	Cranial Cruciate Ligaments (CCL) 
	Synovial Membranes (SM) 

	Double Immunofluorescence (IF) Staining 
	Western Blot Analysis 

	Discussion 
	Conclusions 
	References

