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Simple Summary: Osteoarthritis is an incurable chronic disease. For this reason, new therapies are
constantly emerging to improve clinical signs and the quality of life of our pets. Chondroitin sulfate,
glucosamine and hyaluronic acid have been proven effective and are the most widely used in many
formulations. In the present study, adding native type II collagen to the combination of chondroitin
sulfate, glucosamine and hyaluronic acid showed improvements on osteoarthritis progression in
an experimental model of osteoarthritis induced by transection of the cranial cruciate ligament of
the knee in New Zealand white rabbits. Disease progression was monitored at different time points
using magnetic resonance imaging biomarkers, measurement of hyaluronic acid in synovial fluid,
and macroscopic and microscopic evaluations of cartilage, synovial membrane and subchondral bone.
Overall, our results showed that adding native type II collagen to a combination of glycosaminogly-
cans allows a significantly slower osteoarthritis progression, compared to glycosaminoglycans alone.

Abstract: A prospective, experimental, randomized, double blinded study was designed to evaluate
the effects of glycosaminoglycans, with or without native type II collagen (NC), in an osteoarthritis
model induced by cranial cruciate ligament transection. The following compounds were tested:
chondroitin sulfate (CS), glucosamine hydrochloride (GlHCl), hyaluronic acid (HA) and NC. Fifty-
four female 12-week-old New Zealand rabbits were classified into three groups: CTR (control–no
treatment), CGH (CS + GlHCl + HA) and CGH-NC (CS + GlHCl + HA + NC). Each group was subdi-
vided into three subgroups according to survival times of 24, 56 and 84 days. Over time, all rabbits
developed degenerative changes associated with osteoarthritis. CGH-NC showed significantly im-
proved values on macroscopic evaluation, compared to CTR and CGH. Microscopically, significantly
better results were seen with CGH and CGH-NC, compared to CTR, and synovial membrane values
were significantly better with CGH-NC compared to CGH. A significant improvement in magnetic
resonance imaging biomarkers was also observed with CGH-NC in cartilage transversal relaxation
time (T2) and subchondral bone D2D fractal dimension in the lateral condyle. In conclusion, our
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results show beneficial effects on joint health of CGH and CGH-NC and also supports that adding
NC to CGH results in even greater efficacy.

Keywords: osteoarthritis; native type II collagen; glycosaminoglycans; DMOAD; SYSADOA; cartilage;
subchondral bone; hyaluronic acid; MRI

1. Introduction

Osteoarthritis (OA) is one of the most common forms of arthritis. It is a chronic
illness that correlates with pain and discomfort [1]. OA involves all tissues of the synovial
joint including cartilage, subchondral bone, menisci and periarticular soft tissues, and its
treatment has always been an orthopedic challenge due to the lack of an ideal treatment [2].

Non-steroidal anti-inflammatory drugs (NSAIDs) and other painkillers have tradi-
tionally been used in patients with OA, the treatment goal being to alleviate pain and
minimize disability [3,4]. Glucosamine hydrochloride (GlHCl), chondroitin sulfate (CS) and
hyaluronic acid (HA) are considered as symptomatic slow-acting drugs for OA (SYSADOA),
and some of them have also shown a disease-modifying osteoarthritis drug (DMOAD)
effect, as they show a delay on the progression of OA, reducing pain, stiffness, and joint
swelling [5,6], as opposed to NSAIDs, which show less effects on OA progression [7].

CS is a sulfated GAG and one of the major components of the joint cartilage. Some
effects of this GAG include acting as an anti-inflammatory, synthesis stimulation of pro-
teoglycans and hyaluronic acid and inhibiting synthesis of proteolytic enzymes that cause
cartilage matrix damage and death of chondrocytes [8,9]. Glucosamine is a monosaccha-
ride found in the joint cartilage and is clinically effective in reducing pain and improving
functionality and stiffness of the joint, delaying cartilage breakdown [10,11]. Combining
CS with GS has been shown to provide similar effects on pain reduction, stiffness, joint
swelling and effusion as some NSAIDs [5]. HA is also a GAG and a major component of
the extracellular matrix. It has a high molecular weight and can be found in several animal
fluids and tissues, such as synovial fluid, where it is produced by synoviocytes, fibroblasts
and chondrocytes [12]. HA is commonly used for treatment of degenerative joint diseases,
modulating arthritic pain and downregulating cytokines, free radicals and proteolytic en-
zymes in synovial fluid, preventing degradation of the articular cartilage [12,13]. Moreover,
a recent publication reports improvements in OA biomarkers in dogs receiving oral HA
after surgery for cranial cruciate ligament injury [14].

Over the past few years, administration of different types of collagens have been
introduced, with these products showing a good effect compared to placebo groups [15,16].
In addition, a combination of GAGs with a low dose of native collagen type II (NC) can be
effective as a pain reliever by mechanisms that involve protective effects on the cartilage as
reported in a rat osteoarthritic model [17]. On top of this, NC simultaneously used with an
NSAID, such as paracetamol, has revealed superior results than just using paracetamol on
its own [18]. Nevertheless, other studies revealed that a combination of NC with GAGs
leads to a lesser efficacy than GAGs alone [19].

Microscopic histological evaluation of OA has been performed over the past decades
using different scales to evaluate cartilage and subchondral bone damage, such as those
provided by the Osteoarthritis Research Society International (OARSI) [20–22]. Macroscopic
evaluation has been also described by other authors, such as Tsurumoto et al. (2013) in
evaluating osteophyte formation [23] or that described by Cook et al. (2010) evaluating the
cartilage surface [24]. The rabbit cranial cruciate ligament transection (CCLT) OA model
has shown good reproducibility and the ability to modify the gait [25] and achieve changes
on the cartilage surface. In the rabbit model, these lesions are mainly identified on the
lateral femoral condyle [26]. In addition to cartilage damage and osteophyte formation, the
degree of synovitis and the synovial fluid concentration of HA are other parameters which
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can be evaluated and used in the synovial membrane inflammation score described by the
OARSI [27] after quantifying the amount of hyaluronan in this fluid [13].

Among the less invasive methods available for evaluating OA, radiography has
traditionally been one of the most commonly used techniques. Its main limitations are that
only bone structures can be visualized, and that correlation with clinical signs is poor [28].
Conversely, magnetic resonance imaging (MRI) provides high resolution images of soft
tissue joint structures, such as the articular cartilage. It also allows the use of imaging
biomarkers, such as longitudinal relaxation time (T1) to quantify proteoglycan content [29]
and transversal relaxation time (T2) to quantify water content and collagen structure [30],
the latter being a risk factor for OA development [31]. In addition to articular cartilage,
subchondral bone biomarkers can also be assessed by MRI as it means bone volume fraction
(BV/TV), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), trabecular number (TbN),
quality of trabecular score (QTS) and D2D and D3D fractal dimension can be quantified.
These parameters have been described using micro-computed tomography [32] and MRI
scan [33,34].

Among the available animal models of OA, the induced model of anterior cruciate
ligament section in rabbits has shown reproducibility, easy handling, and quick OA de-
velopment [35], creating an unstable joint and leading to progression of the pathology [1].
Despite the anatomical and biomechanical differences between rabbits and humans [36],
this model is reliable, creating changes in cartilage, subchondral bone and periarticular
osteophytosis.

The objective of this study was to evaluate the effects on OA progression of a combina-
tion of CS, GlHCl and HA, with or without NC, for 84 days in a rabbit OA model. For this
purpose, macroscopic and microscopic articular changes, synovial fluid HA concentrations
and MRI cartilage and subchondral bone biomarkers were evaluated.

2. Materials and Methods

A prospective, experimental, randomized, and double-blinded study was designed.
All procedures were performed according to the European legislation on protection of
animals with the approval of the Local Animal Government Animal Protection Ethics
Committee (RD53/2013).

2.1. Animal Model and Test Compounds

Fifty-four, twelve-week-old female New Zealand white rabbits were used in the study.
The CCLT model was used to induce OA on their right stifle, while the left stifle was left as
a non-diseased healthy joint.

The following compounds were used: CS (CS Bioactive®), GlHCl, HA (Mobilee®) and
NC (Collavant n2®). All products and mixes were manufactured and provided by Bioiber-
ica, S.A.U. (Esplugues de Llobregat, Spain). The animals were classified into three groups
(n = 18) and received the following combinations of the above-mentioned products: CTR
(control group–no treatment), CGH (60.38 mg/kg CS + 75.47 mg/kg GlHCl + 3.35 mg/kg
HA) and CGH-NC (60.38 mg/kg CS + 75.47 mg/kg GlHCl + 3.35 mg/kg HA + 0.67 mg/kg
NC). Each group was subdivided into three subgroups (n = 6) and, in each of these sub-
groups, rabbits were euthanized after 24, 56 or 84 days.

The day after CCLT surgery, oral administration of the assigned treatment was started.
Compounds were given orally after diluting them in a 2-mL syringe with tap water. The
treatment was administered by the same researcher, who was unaware of the composition
of each of the different study treatments.

Once each subgroup reached their survival times, MRI was performed immediately af-
ter sacrifice. Following MRI, synovial fluid and synovial membrane samples were collected.
Thereafter, stifles were photographed for macroscopic analysis, and both samples and
stifles were labeled and preserved individually in a freezer at -80◦C for further microscopic
and biochemical analyses.
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2.2. Histological Evaluation

a. Macroscopic evaluation

Following sacrifice, left and right stifles were dissected. By craniolateral approach to
the skin, periarticular soft tissues dissection was performed. A 1.5-cm osteotomy proximal
to the femoral trochlea and distal to the tibial plateau was done to retrieve the stifles. Once
the stifle was isolated, periarticular soft tissues were meticulously dissected to retrieve the
target biological samples. After removing all the stifle soft tissue, direct visualization of
the joint was performed to score the samples following the macroscopic scale described by
Laverty et al. (2010) [22] and the osteophyte stage described by Tsurumoto et al. (2013) [23].

b. Microscopic evaluation

Once anatomical samples were retrieved and after macroscopic evaluation had been
performed, lateral femoral condyle and synovial membrane samples were extracted and
fixed in formol. Following fixation with formaldehyde 4% and decalcification with EDTA
(Osteodec®, LABOLAN, Navarra, Spain), these were included in 4-µm longitudinal section
cuts of paraffin using a microtome. Femoral condyles were stained using hematoxylin
and eosin and Masson’s Trichrome stain, and synovial membrane samples stained with
hematoxylin and eosin. After staining, slides were digitalized for evaluation using a specific
slide viewer software (CaseViewer 2.2®, 3DHISTECH Ltd., Budapest, Hungary).

Lastly, microscopic evaluation was done using the OARSI semi-quantitative scale
described by Laverty et al. (2010) [22] to evaluate matrix stain, cartilage structure, chondro-
cyte density and cluster formation. The researchers also added an additional parameter,
which was the outcome of adding the results of all measured variables as a total combined
score. Structure of subchondral bone and disposition of cells in the synovial membrane
were evaluated using semi-quantitative scales from OARSI described by Gerwin et al.
(2010) [27].

2.3. Synovial Fluid Hyaluronic Acid Measurements

Synovial fluid HA extraction and analysis were performed following the methodology
described by Liu et al. (2016) [37]. Lateral stifle arthrocentesis was performed to retrieve the
synovial fluid by inoculating 1.5 mL of normal saline into the stifle joint. Approximately
10–15 movements of flexion and extension were performed to create a dilution of the
synovial fluid to allow aspiration and preserved in Eppendorf tubes at −80 ◦C. Control
samples of synovial fluid were taken from left stifles of a treatment group, prior to perform-
ing CCLT and administration of study treatments. HA measurement was performed using
an ELISA test (TECO® HA, TECOmedical, Headquarters, Sissach, Switzerland).

2.4. MRI Quantitative Biomarkers Analysis

MRI analysis was only performed in the CTR and CGH-NC group at survival time
84 days. Both stifles of each rabbit were analyzed considering the right stifles as osteoarthri-
tis stifles (OA) and left as healthy stifles (Healthy).

a. Acquisition, preparation and processing of the images A 3 Tesla clinical scanner
(Philips Achieva 3.0 TX, Madrid, Spain) with a 16-channel coil was used to perform
the study. Cartilage imaging was performed with 3 different sequences on the sagittal
plane for each individual stifle. A scan of the subchondral bone trabecula was per-
formed with 3D high-resolution T1-weighted balanced Fast Field Echo (T1-FFE-3D)
acquired on the transversal plane. Cartilage and subchondral bone images were
transformed to NIfTI (Neuroimaging Informatics Technology Initiative) format to
allow evaluation using the free distribution ITK-Snap software [38,39]. Femoral and
tibial cartilage parcellation was done following the 6 segment scheme: medial anterior
region (TM), lateral anterior region (TL), medial central region (CM), lateral central
region (CL), medial posterior region (PM) and lateral posterior region (PL) [32,40]
(Figure 1). Subchondral bone parcellation followed the 2-parcel scheme labeling both
as medial and lateral [40]. Prior to the cartilage image processing, open code Elastix
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toolbox [41]. was used for the spatial recording of the different eco times and flip
angles into a common geometric space corresponding to a high-resolution Turbo
Spin Echo T1 weighted sequence with fat suppression (T1 TSE SPIR). The imaging
biomarkers were extracted using an ad-hoc program written in MATLAB (R2016b,
Mathworks, Natick, MA, USA) for both cartilage and subchondral bone.

b. Articular cartilage biomarkers Cartilage longitudinal T1 relaxation time analysis was
computed with the flip angles (2, 5, 10, 15, 25 and 45◦) in a voxel-wise approach.
The calculation for the longitudinal relaxation time was performed using the method
described by Fram et al. (1987) [42,43]. The cartilage transversal T2 relaxation time
analysis used all the echo times (2.7, 4.1, 5.5, 6.9, 8.3, 9.7, 11.1, 12.5, 13.9, 15.3, 16.7,
18.1, 19.5, 20.9, 22.3, 23.7) and the method described by Li et al. (1996) [44]. Cartilage
volume and thickness analysis for each cartilage segments were obtained as described
by Alberich-Bayarri et al. (2008) [33].

c. Subchondral bone biomarkers Trabecular bone volume analysis used an algorithm
based on local Laplacian to reduce heterogenicity and partial volume effect presents
on the region of interest to obtain the bone volume fraction [45]. Bone volume to total
volume (BVTV) was calculated using the ratio between the number of voxels in the
trabeculae and the total number of voxels of the volume of interest (VOI), Tb.Th and
Tb.Sp were calculated based on the distance transformation of the skeleton on the
contour as described by Alberich-Bayarri et al. (2008) [33]. TbN can be calculated as
the ratio between BVTV and Tb.Th. The spatial distribution of the trabeculae was
also evaluated by calculating the D2D and D3D Fractal Dimensions as described by
Alberich-Bayarri et al. (2010) [34]. QTS was calculated, this biomarker provides a
single score that reflects the quality of the bone trabecula (patent filing ID: 201931050)
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tion (MIP).

2.5. Statistical Analysis

The statistical study was carried out using R statistical software version 4.1.1 (R Core
Team, 2021). The effect size was calculated with pwr.t.test function from the pwr package
(for groups with same sample sizes (n = 12). The alpha error was set at 0.05, the beta error
was 0.8, and the alternative hypothesis was considered ”two-sided” [46]. An effect size of
1.2 was obtained. The normality of the studied variables was verified with a Shapiro-Wilk
test. Homoscedasticity was checked using the Levene’s test. None of the studied variables
met the normality and homoscedasticity criteria. For this reason, a robust approach was
performed using the function t2way of the WRS2 package which computes a two-way
ANOVA for trimmed means with interactions effects [47]. Statistical differences were
considered when p < 0.05. The data are presented numerically as median, minimum
to maximum, and they are graphically presented as median, inter-quartile range and
minimum and maximum.



Animals 2022, 12, 1401 6 of 16

3. Results
3.1. Histological Study
3.1.1. Macroscopic Evaluation

As expected when using this model, all rabbits developed degenerative changes
associated with osteoarthritis after anterior cruciate ligament section. When treatment effect
was evaluated together with survival time, CGH-NC was found to lead to significantly
better macroscopic values, compared to CTR and also to CGH (p < 0.01), meaning that
cartilage appearance in these rabbits was closer to that of a healthy one (Figures 2 and 3).

Animals 2022, 12, x FOR PEER REVIEW 6 of 17 
 

2.5. Statistical Analysis 
The statistical study was carried out using R statistical software version 4.1.1 (R Core 

Team, 2021). The effect size was calculated with pwr.t.test function from the pwr package 
(for groups with same sample sizes (n = 12). The alpha error was set at 0.05, the beta error 
was 0.8, and the alternative hypothesis was considered ”two-sided” [46]. An effect size of 
1.2 was obtained. The normality of the studied variables was verified with a Shapiro-Wilk 
test. Homoscedasticity was checked using the Levene’s test. None of the studied variables 
met the normality and homoscedasticity criteria. For this reason, a robust approach was 
performed using the function t2way of the WRS2 package which computes a two-way 
ANOVA for trimmed means with interactions effects [47]. Statistical differences were con-
sidered when p < 0.05. The data are presented numerically as median, minimum to maxi-
mum, and they are graphically presented as median, inter-quartile range and minimum 
and maximum. 

3. Results 
3.1. Histological Study 
3.1.1. Macroscopic Evaluation 

As expected when using this model, all rabbits developed degenerative changes as-
sociated with osteoarthritis after anterior cruciate ligament section. When treatment effect 
was evaluated together with survival time, CGH-NC was found to lead to significantly 
better macroscopic values, compared to CTR and also to CGH (p < 0.01), meaning that 
cartilage appearance in these rabbits was closer to that of a healthy one (Figures 2 and 3). 

 
Figure 2. Macroscopic appearance of samples from the different study groups at 84 days. White 
arrows point to osteophytosis, black arrows point to ulcerations and the red arrow points to a carti-
lage eburnation. 

Figure 2. Macroscopic appearance of samples from the different study groups at 84 days. White arrows
point to osteophytosis, black arrows point to ulcerations and the red arrow points to a cartilage eburnation.

Animals 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 
Figure 3. Heat maps representing changes in visual macroscopic stages for the different treatment 
groups and the frequency of occurrence at different survival times. Clearer colors result in an in-
crease of the frequency of each stage of the disease. Orange lines are included on the maps to facili-
tate the understanding of the behavior of each treatment and the survival time. Significant differ-
ences (p < 0.05) can be appreciated in the CGH-NC group, compared to the rest of the treatment 
groups over time. 

3.1.2. Microscopic Evaluation 
a. Articular Cartilage 

All microscopic cartilage variables except for “cluster formation” showed a signifi-
cant worsening (p < 0.05) over time regardless of the treatment group. Only the “chondro-
cyte density” variable showed a statistically significant effect (p = 0.09) of CGH-NC over 
time, compared to the rest of the study groups (Figures 4 and 6). 

  
(a) (b) 

Figure 4. Heat maps representing “chondrocyte density” (a) and “total microscopic score” (b) for 
the different treatment groups and survival times and the frequency of occurrence at different sur-
vival times. Clearer colours result in an increase of the frequency of each stage of the disease. Orange 
lines are included on the maps to facilitate the understanding of the behavior of each treatment and 
the survival time. “Chondrocyte density” shows how CGH-NC lead to less degenerative changes 
when evaluated together with survival time (p < 0.1). “Total microscopic score” showed a statisti-
cally significant (p < 0.05) change with survival time regardless of the treatment. 

b. Subchondral Bone 
A significant worsening (p < 0.05) with the survival time occurred regardless of the 

treatment group (Figures 5 and 6). 

−1

Figure 3. Heat maps representing changes in visual macroscopic stages for the different treatment
groups and the frequency of occurrence at different survival times. Clearer colors result in an increase
of the frequency of each stage of the disease. Orange lines are included on the maps to facilitate
the understanding of the behavior of each treatment and the survival time. Significant differences
(p < 0.05) can be appreciated in the CGH-NC group, compared to the rest of the treatment groups
over time.

3.1.2. Microscopic Evaluation

a. Articular Cartilage

All microscopic cartilage variables except for “cluster formation” showed a significant
worsening (p < 0.05) over time regardless of the treatment group. Only the “chondrocyte



Animals 2022, 12, 1401 7 of 16

density” variable showed a statistically significant effect (p = 0.09) of CGH-NC over time,
compared to the rest of the study groups (Figure 4 and Figure 6).
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Figure 4. Heat maps representing “chondrocyte density” (a) and “total microscopic score” (b) for the
different treatment groups and survival times and the frequency of occurrence at different survival
times. Clearer colours result in an increase of the frequency of each stage of the disease. Orange
lines are included on the maps to facilitate the understanding of the behavior of each treatment and
the survival time. “Chondrocyte density” shows how CGH-NC lead to less degenerative changes
when evaluated together with survival time (p < 0.1). “Total microscopic score” showed a statistically
significant (p < 0.05) change with survival time regardless of the treatment.

b. Subchondral Bone

A significant worsening (p < 0.05) with the survival time occurred regardless of the
treatment group (Figures 5 and 6).
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Figure 5. Heat map representing “subchondral bone” changes in the different treatment groups at
different survival times and the frequency of occurrence at different survival times. Clearer colours
result in an increase of the frequency of each stage of the disease. Orange lines are included on
the maps to facilitate the understanding of the behavior of each treatment and the survival time.
A statistically significant change occurred in all groups regardless of the treatment (p < 0.05).
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Figure 6. Histological sections of cartilage and subchondral bone (2×) using Masson’s trichrome
stain of the different treatment groups. The different images show articular cartilage erosion, different
extracellular matrix stains and subchondral bone structure changes.

c. Synovial membrane

Significantly better values (p < 0.01) were observed in the CGH-NC group, compared
to CTR and CGH, regardless of the survival time, showing a less inflammatory stage.
This variable was also influenced by the survival time regardless of the treatment group
(p = 0.05) (Figures 7 and 8).
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Figure 7. Synovial membrane histologic sections representative of each treatment group 84 days
after surgery. Images from the CGH-NC group show a less hyperplastic appearance with only
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for each group.

3.2. Hyaluronic Acid

Synovial fluid analysis showed that CGH-NC administration was the only factor
associated with changes in HA synovial fluid concentrations regardless of the survival
time, leading to higher values (p = 0.07) (Figure 9) (Table 1).
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Figure 8. Heat map representing “synovial membrane” changes in the different treatment groups at
different survival times and the frequency of occurrence at different survival times. Clearer colours
result in an increase of the frequency of each stage of the disease. Orange lines are included on
the maps to facilitate the understanding of the behavior of each treatment and the survival time.
CGH-NC administration led to less inflammatory changes compared to the remaining treatment
groups (p < 0.01).
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Figure 9. Hyaluronic acid concentration whiskers plot box for the three treatment groups at the three
different survival times. * shows significant differences compared to the remaining groups (p < 0.05).

Table 1. HA synovial fluid concentration ng/mL. (p < 0.05). Units are stated in ng/mL due to the HA
concentration obtained following methodology used by Liu et al. (2016) [37].

0 Days 28 Days 56 Days 84 Days

Healthy 243.30 - - -
CTR - 53.21 48.46 71.54
CGH - 61.35 67.85 59.52

CGH-NC - 119.62 68.57 90.66
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3.3. MRI Imaging Biomarkers
3.3.1. Articular Cartilage Biomarkers

MRI cartilage biomarkers revealed significant differences in nearly all variables be-
tween healthy and OA groups, regardless of the treatment. When treatments were com-
pared, only significantly lower “T2 Femoral PL” values (p < 0.05) were observed with
CGH-NC, compared to CTR. “T2 Tibial TM” compared to CTR group showed a p value of
0.07 (Figure 10).
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Figure 10. “T2 Femoral PL” (a) and “T2 Tibial TM” (b) whiskers plots boxes. Healthy stifles showed
significant differences compared to OA stifles, regardless of the treatment group. Equally, in the
“T2 Femoral PL” variable, differences can be seen in the OA stifles depending on the treatment
administration. Different letters indicate statistically significant differences.

3.3.2. Subchondral Bone Biomarkers

Subchondral bone MRI biomarkers revealed significant differences in almost all stud-
ied variables between healthy and OA stifles regardless of the treatment group. Significantly
better “D2D Femoral Lateral” values (p < 0.05) were achieved with CGH-NC, compared to
CTR, while “D2D Tibial Lateral” values (p = 0.06) were also observed (Figure 11).

Animals 2022, 12, x FOR PEER REVIEW 11 of 17 
 

(a) (b) 

Figure 10. “T2 Femoral PL” (a) and “T2 Tibial TM” (b) whiskers plots boxes. Healthy stifles showed 
significant differences compared to OA stifles, regardless of the treatment group. Equally, in the “T2 
Femoral PL” variable, differences can be seen in the OA stifles depending on the treatment admin-
istration. Different letters indicate statistically significant differences. 

3.3.2. Subchondral Bone Biomarkers 
Subchondral bone MRI biomarkers revealed significant differences in almost all stud-

ied variables between healthy and OA stifles regardless of the treatment group. Signifi-
cantly better “D2D Femoral Lateral” values (p < 0.05) were achieved with CGH-NC, com-
pared to CTR, while “D2D Tibial Lateral” values (p = 0.06) were also observed (Figure 11). 

  
(a) (b) 

Figure 11. Whiskers plots box for “D2D Femoral Lateral” (a) and “D2D Tibial Lateral” (b) showing 
significant OA changes regardless of the treatment group. Equally, in the “D2D Femoral Lateral” 
variable, differences could be seen in the OA stifles between treatments. Groups with different let-
ters refer to a statistical significance. 

4. Discussion 
The present study evaluates the potential effects of GAGs and NC on minimizing OA 

progression in a degenerative experimental CCLT-induced rabbit model. Results from 
this study reveal a beneficial effect of CGH, and that adding a low dose of NC to a com-
bination of CS, GlHCl and HA leads to even greater efficacy. More specifically, CGH-NC 
showed significant improvements in macroscopic cartilage appearance, reduced synovial 

Figure 11. Whiskers plots box for “D2D Femoral Lateral” (a) and “D2D Tibial Lateral” (b) showing
significant OA changes regardless of the treatment group. Equally, in the “D2D Femoral Lateral”
variable, differences could be seen in the OA stifles between treatments. Groups with different letters
refer to a statistical significance.
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4. Discussion

The present study evaluates the potential effects of GAGs and NC on minimizing OA
progression in a degenerative experimental CCLT-induced rabbit model. Results from this
study reveal a beneficial effect of CGH, and that adding a low dose of NC to a combination
of CS, GlHCl and HA leads to even greater efficacy. More specifically, CGH-NC showed
significant improvements in macroscopic cartilage appearance, reduced synovial membrane
inflammation and led to results closer to healthy joints on MRI biomarkers quantification.

Native type II collagen has shown efficacy in previous studies reducing OA pain in
human medicine [15,48,49], as well as in veterinary medicine in species such as horses [19]
and dogs [16,19,50,51]. In OA, native type II collagen acts through an oral tolerance
mechanism of action, in a way that low doses achieve an immune-modulator effect that
inhibits collagen type II destruction generated by T-cell response in the articular tissue [52].
This type of collagen needs to be differentiated from hydrolyzed collagen, which is also
commonly used in the management of OA. Unlike native type II collagen, the effect of
hydrolyzed collagen is based on oral administration at high doses aiming for absorption of
peptide molecular sequences in the intestine, to then travel through the bloodstream and
eventually reach the joint tissue [53,54].

Native type II collagen has been used in clinical and experimental studies as treatment
for OA being referred as a symptomatic SYSADOA. Several publications support the
benefits of NC Collavant n2® in joint health [17,18,55], while other studies have been
performed with other sources of NC [56,57]. The main symptomatic effect observed in
these studies has been a decrease in pain, with an improvement on the joint range of motion,
and a decrease on joint rigidity [50,58]. Likewise, studies using experimental models also
have shown efficacy controlling OA pain [17]. However, Gupta et al. (2012) observed
controversial results after combining NC with GlHCl and CS. They reported a lesser
reduction of pain when combining these three compounds, compared to administering NC
alone or to CS plus GlHCl [59]. It could be argued that these studies have some limitations,
such as lack of homogeneity between groups initially regarding the degree of pain in the
study by D´Altiglio et al. (2007) or unspecified the origin, molecular weight and dosage
of the compounds used in Gupta et al. (2012) [50,59]. The disparity in the results from
these different studies might also be explained by the NC being from a different source.
Conversely, although the present study did not directly evaluate parameters related to
articular pain, it did show a significant benefit of adding NC to CGH by decreasing the
progression of joint degeneration. Simultaneously, an anti-inflammatory effect could be
observed on the synovial membrane with the administration of GCH-NC.

The use of glycosaminoglycans for managing OA has been widely referenced. Al-
though initially their use was controversial, new evidence has now proven a modula-
tory effect on joint degeneration, clinical pain improvement and a better function of OA
joints [60]. The combination of CS plus GlHCl is the most commonly used and has shown
a modulatory effect on OA progress as well as pain, function and joint rigidity at a clinical
level [9,60]. The main effects seen with HA are joint lubrication [61], analgesic effect [62,63]
and pro-inflammatory cytokine and metalloproteinase inhibition [64,65]. Traditionally,
HA has been administered intraarticularly or parenterally [66]. However, lately, orally
administered HA has been proven to lead to clinical [67,68] and OA synovial joint biomark-
ers [14] improvements.

There is a broad variety of in vivo OA models, which can be divided into two groups:
spontaneous and induced. Spontaneous models are characterized by leading to a slower
development of the disease. This is more representative of what occurs in OA progression,
but it requires longer study periods. On the other hand, induced models, besides being
able to develop of OA over a shorter period of time, they also allow to target a specific joint.
In particular, CCLT is commonly used as induced OA model due to its reproducibility
and similarities with OA processes in humans and dogs, creating the same changes and
showing histological impact on the articular structures as early as after 4 weeks [35].
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The present study further supports the validity of this model of CCLT-induced OA, as
our data indicates that this method achieves an adequate induction of a degenerative OA
process, as seen on most of the studied imaging and histological variables [1,2]. The key
finding from the study, was the significant improvements obtained when adding NC to a
combination of CS, GlHCl and HA. Such improvements could be seen at different levels; on
the macroscopic evaluation, less erosive changes were seen on the cartilage surface; and on
histology, with a reduced degree of synovitis, decreased synovial membrane hyperplasia
and synoviocyte layers closer to a healthy-looking structure. These findings could be
explained by the immunomodulatory effect of NC: modifying T-cell natural response in
OA, destruction of collagen in the articular cartilage is minimized along with a controlled
joint membrane inflammatory response [52].

Although, numerically, the present study showed an increased synovial fluid concen-
tration of HA with CGH-NC, regardless of the survival time, no significant differences were
found, unlike what occurred in prior studies [14]. Authors believe that the significance
of the results seen in Serra et al. (2021) could be due to the resolution of the instability
of the stifle, which did not occur in our study. The cranial cruciate ligament lesion was
not repaired in our study, and this could lead to major or constant degenerative activity
explaining why significant changes in HA synovial concentration were not seen.

MRI biomarkers quantification, in line with the outcomes from the macroscopic and
microscopic evaluations, also showed a significant benefit after oral administration of CGH-
NC. This combination achieved significant improvements in the articular cartilage transver-
sal relaxation time (T2) and in the D2D fractal dimension subchondral bone biomarkers.
T2 is sensitive to cartilage water content and anisotropic collagen type II organization.
Variations in this biomarker are related with a preserved collagen structure which, in turn,
could be explained by the NC mode of action [52,69]. D2D provides information on the
fractal dimension in two dimensions, analyzing the organization of the subchondral bone
trabecular structure. Changes observed in this biomarker with CGH-NC could be explained
by a reduced mechanical stress in the subchondral bone trabeculae when weight is trans-
ferred through the joint preserving articular cartilage [33,34]. It is worthwhile mentioning
that changes on imaging biomarkers (T2 and D2D) were seen on the lateral joint regions,
specifically in the “T2 Femoral PL” and “D2D Femoral Lateral”. The authors believe that
the following conclusions could be drawn: firstly, this is not a coincidence; it is known
that the experimental model used in this study produces more mechanical stress in this
compartment of the stifle [35]. In this study, an improvement in OA in these particular
areas was seen macroscopically with CGH-NC and not with CGH or in the CTR. Secondly,
imaging biomarkers evaluated with parcellation of the articular regions also confirmed that
changes could be seen only in the lateral regions, being the remaining or the totality of the
joint non-affected [32,40,70].

This study has some limitations which should be pointed out. First, although the
addition of NC to CGH significantly improved a number of variables (macroscopic, synovial
membrane, T2 femoral PL and D2D femoral lateral), some others were not affected. Authors
suggest that this fact could be due to the short duration of the study itself, which might
emulate an early OA stage with a medium-short evolution term (4, 8 and 12 weeks)
rather than a longer one. Changes in this time period were perhaps insufficient to reveal
significant degenerative changes in these variables conditioned by the treatment. This
could be explained by 1) lack of sensitivity of some of the studied methods for early stages
of OA, or 2) need for longer term evaluation in order to see an effect of these products
on modification of disease progression [71]. Therefore, to obtain more conclusive results,
longer term studies would be warranted. Second, no MRI biomarkers were quantified in
the CGH group because CGH-NC and CTRL were prioritized, along with healthy stifles.
Having this missing data would have helped in analyzing effects of the combined formula.
Last, as the addition of NC to CGH is the key advantage seen in this study and also its
main outcome, further studies should also evaluate the comparative effects of using NC
Collavant n2® alone, CGH and CGH-NC.
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5. Conclusions

In conclusion, results obtained in this study show how the oral administration of CS
with GlHCl and HA, with or without NC, is safe, and it provides significant improvements
in OA progression using a rabbit CCLT-induced model. It also describes how adding NC
to a combination of CS, GHCl and HA significantly increases its efficacy. More specifically,
this addition leads to better outcomes seen on macroscopic and microscopic evaluation and
MRI biomarkers. However, further prospective studies using MRI biomarkers are required
to evaluate how different combinations of nutraceuticals modulate OA progression in
longer survival times.

Author Contributions: Conceptualization, C.I.S. and S.S.; methodology, V.S., L.V., L.P.-M. and C.S.;
software, A.T.-E.; validation, A.T.-E.; formal analysis, J.I.R. and L.D.; investigation, V.S., C.S. and L.V.;
writing-original draft preparation, V.S.; writing-review and editing, C.I.S. and S.S.; supervision, C.I.S.
and C.S.; project administration, C.I.S. and S.S.; funding acquisition, C.I.S. and S.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This project was funded by Bioiberica S.A.U. Spain with funding number PRJ-0379.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Sanitary Investigation Institute La
Fe, Valencia, Spain. Protocol code 2017/VSC/PEA/00177 type 2, on the 3 October 2017.

Conflicts of Interest: Authors declare Bioiberica S.A.U as a conflict of interest. The founders had no
role in the collection, analyses, or interpretation of data.

References
1. Kuyinu, E.L.; Narayanan, G.; Nair, L.S.; Laurencin, C.T. Animal Models of Osteoarthritis: Classification, Update, and Measurement

of Outcomes. J. Orthop. Surg. Res. 2016, 11, 19. [CrossRef] [PubMed]
2. Permuy, M.; Guede, D.; López-Peña, M.; Muñoz, F.; Caeiro, J.-R.; González-Cantalapiedra, A. Comparison of Various SYSADOA

for the Osteoarthritis Treatment: An Experimental Study in Rabbits. BMC Musculoskelet. Disord. 2015, 16, 120. [CrossRef]
[PubMed]

3. Stewart, M.; Cibere, J.; Sayre, E.C.; Kopec, J.A. Efficacy of Commonly Prescribed Analgesics in the Management of Osteoarthritis:
A Systematic Review and Meta-Analysis. Rheumatol. Int. 2018, 38, 1985–1997. [CrossRef] [PubMed]

4. April, K.T.; Bisaillon, J.; Welch, V.; Maxwell, L.J.; Jüni, P.; Rutjes, A.W.; Husni, M.E.; Vincent, J.; Hindi, T.E.; Wells, G.A.; et al.
Tramadol for Osteoarthritis. Cochrane Database Syst. Rev. 2019, 5, CD005522. [CrossRef]

5. Hochberg, M.C.; Martel-Pelletier, J.; Monfort, J.; Möller, I.; Castillo, J.R.; Arden, N.; Berenbaum, F.; Blanco, F.J.; Conaghan, P.G.;
Doménech, G.; et al. Combined Chondroitin Sulfate and Glucosamine for Painful Knee Osteoarthritis: A Multicentre, Randomised,
Double-Blind, Non-Inferiority Trial versus Celecoxib. Ann. Rheum. Dis. 2016, 75, 37–44. [CrossRef]

6. Pereira, H.; Sousa, D.A.; Cunha, A.; Andrade, R.; Espregueira-Mendes, J.; Oliveira, J.M.; Reis, R.L. Hyaluronic Acid. Adv. Exp.
Med. Biol. 2018, 1059, 137–153. [CrossRef]

7. Gallagher, B.; Tjoumakaris, F.P.; Harwood, M.I.; Good, R.P.; Ciccotti, M.G.; Freedman, K.B. Chondroprotection and the Prevention
of Osteoarthritis Progression of the Knee: A Systematic Review of Treatment Agents. Am. J. Sports Med. 2015, 43, 734–744.
[CrossRef]

8. Reginster, J.-Y.; Veronese, N. Highly Purified Chondroitin Sulfate: A Literature Review on Clinical Efficacy and Pharmacoeconomic
Aspects in Osteoarthritis Treatment. Aging Clin. Exp. Res. 2021, 33, 37–47. [CrossRef]

9. Monfort, J.; Martel-Pelletier, J.; Pelletier, J.-P. Chondroitin Sulphate for Symptomatic Osteoarthritis: Critical Appraisal of Meta-
Analyses. Curr. Med. Res. Opin. 2008, 24, 1303–1308. [CrossRef]

10. Chiusaroli, R.; Piepoli, T.; Zanelli, T.; Ballanti, P.; Lanza, M.; Rovati, L.C.; Caselli, G. Experimental Pharmacology of Glucosamine
Sulfate. Int. J. Rheumatol. 2011, 2011, 939265. [CrossRef]

11. Martí-Bonmatí, L.; Sanz-Requena, R.; Rodrigo, J.L.; Alberich-Bayarri, Á.; Carot, J.M. Glucosamine Sulfate Effect on the Degener-
ated Patellar Cartilage: Preliminary Findings by Pharmacokinetic Magnetic Resonance Modeling. Eur. Radiol. 2009, 19, 1512–1518.
[CrossRef] [PubMed]

12. Balogh, L.; Polyak, A.; Mathe, D.; Kiraly, R.; Thuroczy, J.; Terez, M.; Janoki, G.; Ting, Y.; Bucci, L.R.; Schauss, A.G. Absorption,
Uptake and Tissue Affinity of High-Molecular-Weight Hyaluronan after Oral Administration in Rats and Dogs. J. Agric. Food
Chem. 2008, 56, 10582–10593. [CrossRef] [PubMed]

13. Gupta, R.C.; Lall, R.; Srivastava, A.; Sinha, A. Hyaluronic Acid: Molecular Mechanisms and Therapeutic Trajectory. Front. Vet. Sci.
2019, 6, 192. [CrossRef] [PubMed]

http://doi.org/10.1186/s13018-016-0346-5
http://www.ncbi.nlm.nih.gov/pubmed/26837951
http://doi.org/10.1186/s12891-015-0572-8
http://www.ncbi.nlm.nih.gov/pubmed/25986068
http://doi.org/10.1007/s00296-018-4132-z
http://www.ncbi.nlm.nih.gov/pubmed/30120508
http://doi.org/10.1002/14651858.cd005522.pub3
http://doi.org/10.1136/annrheumdis-2014-206792
http://doi.org/10.1007/978-3-319-76735-2_6
http://doi.org/10.1177/0363546514533777
http://doi.org/10.1007/s40520-020-01643-8
http://doi.org/10.1185/030079908X297231
http://doi.org/10.1155/2011/939265
http://doi.org/10.1007/s00330-008-1286-1
http://www.ncbi.nlm.nih.gov/pubmed/19214525
http://doi.org/10.1021/jf8017029
http://www.ncbi.nlm.nih.gov/pubmed/18959406
http://doi.org/10.3389/fvets.2019.00192
http://www.ncbi.nlm.nih.gov/pubmed/31294035


Animals 2022, 12, 1401 14 of 16

14. Serra, C.I.; Ramos-Plá, J.J.; Soler, C.; Segarra, S.; Moratalla, V.; Redondo, J.I. Effects of Oral Hyaluronic Acid Administration in
Dogs Following Tibial Tuberosity Advancement Surgery for Cranial Cruciate Ligament Injury. Animals 2021, 11, 1264. [CrossRef]
[PubMed]

15. Crowley, D.C.; Lau, F.C.; Sharma, P.; Evans, M.; Guthrie, N.; Bagchi, M.; Bagchi, D.; Dey, D.K.; Raychaudhuri, S.P. Safety and
Efficacy of Undenatured Type II Collagen in the Treatment of Osteoarthritis of the Knee: A Clinical Trial. Int. J. Med. Sci. 2009,
6, 312. [CrossRef]

16. Martí-Angulo, S.; García-López, N.; Díaz-Ramos, A. Efficacy of an Oral Hyaluronate and Collagen Supplement as a Preventive
Treatment of Elbow Dysplasia. J. Vet. Sci. 2014, 15, 569–574. [CrossRef]

17. Mannelli, L.D.C.; Micheli, L.; Zanardelli, M.; Ghelardini, C. Low Dose Native Type II Collagen Prevents Pain in a Rat Osteoarthritis
Model. BMC Musculoskelet. Disord. 2013, 14, 228–229. [CrossRef]

18. Bakilan, F.; Armagan, O.; Ozgen, M.; Tascioglu, F.; Bolluk, O.; Alatas, O. Effects of Native Type II Collagen Treatment on Knee
Osteoarthritis: A Randomized Controlled Trial. Eurasian J. Med. 2016, 48, 95–101. [CrossRef]

19. Gupta, R.C.; Canerdy, T.D.; Skaggs, P.; Stocker, A.; Zyrkowski, G.; Burke, R.; Wegford, K.; Goad, J.T.; Rohde, K.; Barnett, D.;
et al. Therapeutic Efficacy of Undenatured Type-II Collagen (UC-II) in Comparison to Glucosamine and Chondroitin in Arthritic
Horses1. J. Vet. Pharmacol. Ther. 2009, 32, 577–584. [CrossRef]

20. Oo, W.M.; Little, C.; Duong, V.; Hunter, D.J. The Development of Disease-Modifying Therapies for Osteoarthritis (DMOADs):
The Evidence to Date. Drug Des. Dev. Ther. 2021, 15, 2921–2945. [CrossRef]

21. Pritzker, K.P.H.; Gay, S.; Jimenez, S.A.; Ostergaard, K.; Pelletier, J.-P.; Revell, P.A.; Salter, D.; Van den Berg, W.B. Osteoarthritis
Cartilage Histopathology: Grading and Staging. Osteoarthr. Cartil. 2006, 14, 13–29. [CrossRef] [PubMed]

22. Laverty, S.; Girard, C.A.; Williams, J.M.; Hunziker, E.B.; Pritzker, K.P.H. The OARSI Histopathology Initiative—Recommendations
for Histological Assessments of Osteoarthritis in the Rabbit. Osteoarthr. Cartil. 2010, 18, S53–S65. [CrossRef] [PubMed]

23. Tsurumoto, T.; Saiki, K.; Okamoto, K.; Imamura, T.; Maeda, J.; Manabe, Y.; Wakebe, T. Periarticular Osteophytes as an Appendicu-
lar Joint Stress Marker (JSM): Analysis in a Contemporary Japanese Skeletal Collection. PLoS ONE 2013, 8, e57049. [CrossRef]
[PubMed]

24. Cook, J.L.; Kuroki, K.; Visco, D.; Pelletier, J.-P.; Schulz, L.; Lafeber, F.P.J.G. The OARSI Histopathology Initiative—
Recommendations for Histological Assessments of Osteoarthritis in the Dog. Osteoarthr. Cartil. 2010, 18, S66–S79. [CrossRef]

25. Bray, R.C.; Shrive, N.G.; Frank, C.B.; Chimich, D.D. The Early Effects of Joint Immobilization on Medial Collateral Ligament
Healing in an ACL-Deficient Knee: A Gross Anatomic and Biomechanical Investigation in the Adult Rabbit Model. J. Orthop. Res.
1992, 10, 157–166. [CrossRef]

26. Gushue, D.L.; Houck, J.; Lerner, A.L. Rabbit Knee Joint Biomechanics: Motion Analysis and Modeling of Forces during Hopping.
J. Orthop. Res. 2005, 23, 735–742. [CrossRef]

27. Gerwin, N.; Bendele, A.M.; Glasson, S.; Carlson, C.S. The OARSI Histopathology Initiative—Recommendations for Histological
Assessments of Osteoarthritis in the Rat. Osteoarthr. Cartil. 2010, 18, S24–S34. [CrossRef]

28. Wu, P.T.; Shao, C.J.; Wu, K.C.; Wu, T.T.; Chern, T.C.; Kuo, L.C.; Jou, I.M. Pain in Patients with Equal Radiographic Grades of
Osteoarthritis in Both Knees: The Value of Gray Scale Ultrasound. Osteoarthr. Cartil. 2012, 20, 1507–1513. [CrossRef]

29. Duvvuri, U.; Kudchodkar, S.; Reddy, R.; Leigh, J.S. T(1rho) Relaxation Can Assess Longitudinal Proteoglycan Loss from Articular
Cartilage in Vitro. Osteoarthr. Cartil. 2002, 10, 838–844. [CrossRef]

30. Nieminen, M.T.; Rieppo, J.; Töyräs, J.; Hakumäki, J.M.; Silvennoinen, J.; Hyttinen, M.M.; Helminen, H.J.; Jurvelin, J.S. T2
Relaxation Reveals Spatial Collagen Architecture in Articular Cartilage: A Comparative Quantitative MRI and Polarized Light
Microscopic Study. Magn. Reson. Med. 2001, 46, 487–493. [CrossRef]

31. Liess, C.; Lüsse, S.; Karger, N.; Heller, M.; Glüer, C.C. Detection of Changes in Cartilage Water Content Using MRI T2-Mapping in
Vivo. Osteoarthr. Cartil. 2002, 10, 907–913. [CrossRef] [PubMed]

32. Florea, C.; Malo, M.K.H.; Rautiainen, J.; Mäkelä, J.T.A.; Fick, J.M.; Nieminen, M.T.; Jurvelin, J.S.; Davidescu, A.; Korhonen, R.K.
Alterations in Subchondral Bone Plate, Trabecular Bone and Articular Cartilage Properties of Rabbit Femoral Condyles at 4 Weeks
after Anterior Cruciate Ligament Transection. Osteoarthr. Cartil. 2015, 23, 414–422. [CrossRef] [PubMed]

33. Alberich-Bayarri, Á.; Martí-Bonmatí, L.; Sanz-Requena, R.; Belloch, E.; Moratal, D. In Vivo Trabecular Bone Morphologic and
Mechanical Relationship Using High-Resolution 3-T MRI. Am. J. Roentgenol. 2008, 191, 721–726. [CrossRef] [PubMed]

34. Alberich-Bayarri, Á.; Martí-Bonmatí, L.; Pérez, M.A.; Sanz-Requena, R.; Lerma-Garrido, J.J.; García-Martí, G.; Moratal, D.
Assessment of 2D and 3D Fractal Dimension Measurements of Trabecular Bone from High-Spatial Resolution Magnetic Resonance
Images at 3 T. Med. Phys. 2010, 37, 4930–4937. [CrossRef] [PubMed]

35. Serra, C.I.; Soler, C. Animal Models of Osteoarthritis in Small Mammals. Vet. Clin. N. Am. Exot. Anim. Pract. 2019, 22, 211–221.
[CrossRef] [PubMed]

36. McCoy, A.M. Animal Models of Osteoarthritis: Comparisons and Key Considerations. Vet. Pathol. 2015, 52, 803–818. [CrossRef]
37. Liu, Z.; Hu, X.; Man, Z.; Zhang, J.; Jiang, Y.; Ao, Y. A Novel Rabbit Model of Early Osteoarthritis Exhibits Gradual Cartilage

Degeneration after Medial Collateral Ligament Transection Outside the Joint Capsule. Sci. Rep. 2016, 6, 34423. [CrossRef]
38. Matsui, H.; Shimizu, M.; Tsuji, H. Cartilage and Subchondral Bone Interaction in Osteoarthrosis of Human Knee Joint: A Histo-

logical and Histomorphometric Study. Microsc. Res. Tech. 1997, 37, 333–342. [CrossRef]
39. Yushkevich, P.A.; Piven, J.; Hazlett, H.C.; Smith, R.G.; Ho, S.; Gee, J.C.; Gerig, G. User-Guided 3D Active Contour Segmentation

of Anatomical Structures: Significantly Improved Efficiency and Reliability. Neuroimage 2006, 31, 1116–1128. [CrossRef]

http://doi.org/10.3390/ani11051264
http://www.ncbi.nlm.nih.gov/pubmed/33925642
http://doi.org/10.7150/ijms.6.312
http://doi.org/10.4142/jvs.2014.15.4.569
http://doi.org/10.1186/1471-2474-14-228
http://doi.org/10.5152/eurasianjmed.2015.15030
http://doi.org/10.1111/j.1365-2885.2009.01079.x
http://doi.org/10.2147/DDDT.S295224
http://doi.org/10.1016/j.joca.2005.07.014
http://www.ncbi.nlm.nih.gov/pubmed/16242352
http://doi.org/10.1016/j.joca.2010.05.029
http://www.ncbi.nlm.nih.gov/pubmed/20864023
http://doi.org/10.1371/journal.pone.0057049
http://www.ncbi.nlm.nih.gov/pubmed/23437307
http://doi.org/10.1016/j.joca.2010.04.017
http://doi.org/10.1002/jor.1100100202
http://doi.org/10.1016/j.orthres.2005.01.005
http://doi.org/10.1016/j.joca.2010.05.030
http://doi.org/10.1016/j.joca.2012.08.021
http://doi.org/10.1053/joca.2002.0826
http://doi.org/10.1002/mrm.1218
http://doi.org/10.1053/joca.2002.0847
http://www.ncbi.nlm.nih.gov/pubmed/12464550
http://doi.org/10.1016/j.joca.2014.11.023
http://www.ncbi.nlm.nih.gov/pubmed/25479166
http://doi.org/10.2214/AJR.07.3528
http://www.ncbi.nlm.nih.gov/pubmed/18716099
http://doi.org/10.1118/1.3481509
http://www.ncbi.nlm.nih.gov/pubmed/20964212
http://doi.org/10.1016/j.cvex.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/30961898
http://doi.org/10.1177/0300985815588611
http://doi.org/10.1038/srep34423
http://doi.org/10.1002/(SICI)1097-0029(19970515)37:4&lt;333::AID-JEMT8&gt;3.0.CO;2-L
http://doi.org/10.1016/j.neuroimage.2006.01.015


Animals 2022, 12, 1401 15 of 16

40. Bobinac, D.; Spanjol, J.; Zoricic, S.; Maric, I. Changes in Articular Cartilage and Subchondral Bone Histomorphometry in
Osteoarthritic Knee Joints in Humans. Bone 2003, 32, 284–290. [CrossRef]

41. Klein, S.; Staring, M.; Murphy, K.; Viergever, M.A.; Pluim, J.P.W. Elastix: A Toolbox for Intensity-Based Medical Image Registration.
IEEE Trans. Med Imaging 2010, 29, 196–205. [CrossRef] [PubMed]

42. Sanz-Requena, R.; Martí-Bonmatí, L.; Hervás, V.; Vega, M.; Alberich-Bayarri, Á.; García-Martí, G.; Carot, J.M. Modification of
Longitudinal Relaxation Time (T1) as a Biomarker of Patellar Cartilage Degeneration. Radiología 2010, 52, 221–227. [CrossRef]
[PubMed]

43. Fram, E.K.; Herfkens, R.J.; Johnson, G.A.; Glover, G.H.; Karis, J.P.; Shimakawa, A.; Perkins, T.G.; Pelc, N.J. Rapid Calculation of T1
Using Variable Flip Angle Gradient Refocused Imaging. Magn. Reson. Imaging 1987, 5, 201–208. [CrossRef]

44. Li, D.; Dhawale, P.; Rubin, P.J.; Haacke, E.M.; Gropler, R.J. Myocardial Signal Response to Dipyridamole and Dobutamine:
Demonstration of the BOLD Effect Using a Double-echo Gradient-echo Sequence. Magn. Reson. Med. 1996, 36, 16–20. [CrossRef]

45. Vasilic, B.; Wehrli, F.W. A Novel Local Thresholding Algorithm for Trabecular Bone Volume Fraction Mapping in the Limited
Spatial Resolution Regime of in Vivo MRI. IEEE Trans. Med. Imaging 2005, 24, 1574–1585. [CrossRef]

46. Champely, S. pwr: Basic Functions for Power Analysis. R Package Version 1.3-0. Available online: https://CRAN.R-project.org/
package=pwr (accessed on 23 March 2021).

47. Mair, P.; Wilcox, R. Robust statistical methods in R using the WRS2 package. Behav. Res. Methods 2019, 52, 464–488. [CrossRef]
48. Trentham, D.E.; Dynesius-Trentham, R.A.; Orav, E.J.; Combitchi, D.; Lorenzo, C.; Sewell, K.L.; Hafler, D.A.; Weiner, H.L. Effects of

Oral Administration of Type II Collagen on Rheumatoid Arthritis. Science 1993, 261, 1727–1730. [CrossRef]
49. Bagchi, D.; Misner, B.; Bagchi, M.; Kothari, S.C.; Downs, B.W.; Fafard, R.D.; Preuss, H.G. Effects of Orally Administered

Undenatured Type II Collagen against Arthritic Inflammatory Diseases: A Mechanistic Exploration. Int. J. Clin. Pharm. Res. 2002,
22, 101–110.

50. D’Altilio, M.; Peal, A.; Alvey, M.; Simms, C.; Curtsinger, A.; Gupta, R.C.; Canerdy, T.D.; Goad, J.T.; Bagchi, M.; Bagchi, D.
Therapeutic Efficacy and Safety of Undenatured Type II Collagen Singly or in Combination with Glucosamine and Chondroitin
in Arthritic Dogs. Toxicol. Mech. Methods 2007, 17, 189–196. [CrossRef]

51. Peal, A.; D’Altilio, M.; Simms, C.; Alvey, M.; Gupta, R.C.; Goad, J.T.; Canerdy, T.D.; Bagchi, M.; Bagchi, D. Therapeutic Efficacy
and Safety of Undenatured Type-II Collagen (UC-II) Alone or in Combination with (−)-hydroxycitric Acid and Chromemate in
Arthritic Dogs. J. Vet. Pharmacol. Ther. 2007, 30, 275–278. [CrossRef]

52. Weiner, H.L. Oral Tolerance for the Treatment of Autoimmune Diseases. Annu. Rev. Med. 1997, 48, 341–351. [CrossRef] [PubMed]
53. Honvo, G.; Lengelé, L.; Charles, A.; Reginster, J.-Y.; Bruyere, O. Role of Collagen Derivatives in Osteoarthritis and Cartilage

Repair: A Systematic Scoping Review with Evidence Mapping. Rheumatol. Ther. 2020, 7, 703–740. [CrossRef] [PubMed]
54. Mobasheri, A.; Mahmoudian, A.; Kalvaityte, U.; Uzieliene, I.; Larder, C.E.; Iskandar, M.M.; Kubow, S.; Hamdan, P.C.;

de Almeida, C.S.; Favazzo, L.J.; et al. A White Paper on Collagen Hydrolyzates and Ultrahydrolyzates: Potential Supplements to
Support Joint Health in Osteoarthritis? Curr. Rheumatol. Rep. 2021, 23, 78. [CrossRef] [PubMed]

55. Scarpellini, M.; Lurati, A.; Vignati, G.; Marrazza, M.G.; Telese, F.; Re, K.; Bellistri, A. Biomarkers, Type II Collagen, Glucosamine
and Chondroitin Sulfate in Osteoarthritis Follow-up: The “Magenta Osteoarthritis Study”. J. Orthop. Traumatol. 2008, 9, 81–87.
[CrossRef] [PubMed]

56. Cabezas, M.; Benito, J.; Ortega, A.; Pedraza, E. Long-Term Supplementation with an Undenatured Type-II Collagen (UC-II®)
Formulation in Dogs with Degenerative Joint Disease: Exploratory Study. Open Vet. J. 2022, 12, 91. [CrossRef] [PubMed]

57. Gencoglu, H.; Orhan, C.; Sahin, E.; Sahin, K. Undenatured Type II Collagen (UC-II) in Joint Health and Disease: A Review on the
Current Knowledge of Companion Animals. Animals 2020, 10, 697. [CrossRef] [PubMed]

58. Lugo, J.P.; Saiyed, Z.M.; Lane, N.E. Efficacy and Tolerability of an Undenatured Type II Collagen Supplement in Modulating
Knee Osteoarthritis Symptoms: A Multicenter Randomized, Double-Blind, Placebo-Controlled Study. Nutr. J. 2016, 15, 14–15.
[CrossRef]

59. Gupta, R.C.; Canerdy, T.D.; Lindley, J.; Konemann, M.; Minniear, J.; Carroll, B.A.; Hendrick, C.; Goad, J.T.; Rohde, K.; Doss, R.; et al.
Comparative Therapeutic Efficacy and Safety of Type-II Collagen (Uc-II), Glucosamine and Chondroitin in Arthritic Dogs: Pain
Evaluation by Ground Force Plate. J. Anim. Physiol. Anim. Nutr. 2012, 96, 770–777. [CrossRef]

60. Zhu, X.; Sang, L.; Wu, D.; Rong, J.; Jiang, L. Effectiveness and Safety of Glucosamine and Chondroitin for the Treatment of
Osteoarthritis: A Meta-Analysis of Randomized Controlled Trials. J. Orthop. Surg. Res. 2018, 13, 170–179. [CrossRef]

61. Lin, W.; Liu, Z.; Kampf, N.; Klein, J. The Role of Hyaluronic Acid in Cartilage Boundary Lubrication. Cells 2020, 9, 1606. [CrossRef]
62. Fang, H.; Beier, F. Mouse Models of Osteoarthritis: Modelling Risk Factors and Assessing Outcomes. Nat. Rev. Rheumatol. 2014,

10, 413–421. [CrossRef] [PubMed]
63. Pelletier, J.-P.; Boileau, C.; Altman, R.D.; Martel-Pelletier, J. Experimental Models of Osteoarthritis: Usefulness in the Development

of Disease-Modifying Osteoarthritis Drugs/Agents. Therapy 2010, 7, 621–634. [CrossRef]
64. Arzi, B.; Wisner, E.R.; Huey, D.J.; Kass, P.H.; Hu, J.; Athanasiou, K.A. A Proposed Model of Naturally Occurring Osteoarthritis in

the Domestic Rabbit. Lab Anim. 2012, 41, 20–25. [CrossRef] [PubMed]
65. Miller, R.E.; Lu, Y.; Tortorella, M.D.; Malfait, A.-M. Genetically Engineered Mouse Models Reveal the Importance of Proteases as

Osteoarthritis Drug Targets. Curr. Rheumatol. Rep. 2013, 15, 350. [CrossRef]
66. Adams, M.E.; Lussier, A.J.; Peyron, J.G. A Risk-Benefit Assessment of Injections of Hyaluronan and Its Derivatives in the

Treatment of Osteoarthritis of the Knee. Drug Saf. 2000, 23, 115–130. [CrossRef]

http://doi.org/10.1016/S8756-3282(02)00982-1
http://doi.org/10.1109/TMI.2009.2035616
http://www.ncbi.nlm.nih.gov/pubmed/19923044
http://doi.org/10.1016/j.rx.2010.01.012
http://www.ncbi.nlm.nih.gov/pubmed/20382403
http://doi.org/10.1016/0730-725X(87)90021-X
http://doi.org/10.1002/mrm.1910360105
http://doi.org/10.1109/TMI.2005.859192
https://CRAN.R-project.org/package=pwr
https://CRAN.R-project.org/package=pwr
http://doi.org/10.3758/s13428-019-01246-w
http://doi.org/10.1126/science.8378772
http://doi.org/10.1080/15376510600910469
http://doi.org/10.1111/j.1365-2885.2007.00844.x
http://doi.org/10.1146/annurev.med.48.1.341
http://www.ncbi.nlm.nih.gov/pubmed/9046967
http://doi.org/10.1007/s40744-020-00240-5
http://www.ncbi.nlm.nih.gov/pubmed/33068290
http://doi.org/10.1007/s11926-021-01042-6
http://www.ncbi.nlm.nih.gov/pubmed/34716494
http://doi.org/10.1007/s10195-008-0007-5
http://www.ncbi.nlm.nih.gov/pubmed/19384621
http://doi.org/10.5455/OVJ.2022.v12.i1.11
http://www.ncbi.nlm.nih.gov/pubmed/35342740
http://doi.org/10.3390/ani10040697
http://www.ncbi.nlm.nih.gov/pubmed/32316397
http://doi.org/10.1186/s12937-016-0130-8
http://doi.org/10.1111/j.1439-0396.2011.01166.x
http://doi.org/10.1186/s13018-018-0871-5
http://doi.org/10.3390/cells9071606
http://doi.org/10.1038/nrrheum.2014.46
http://www.ncbi.nlm.nih.gov/pubmed/24662645
http://doi.org/10.2217/thy.10.75
http://doi.org/10.1038/laban0112-20
http://www.ncbi.nlm.nih.gov/pubmed/22184086
http://doi.org/10.1007/s11926-013-0350-2
http://doi.org/10.2165/00002018-200023020-00003


Animals 2022, 12, 1401 16 of 16

67. Tashiro, T.; Seino, S.; Sato, T.; Matsuoka, R.; Masuda, Y.; Fukui, N. Oral Administration of Polymer Hyaluronic Acid Alleviates
Symptoms of Knee Osteoarthritis: A Double-Blind, Placebo-Controlled Study over a 12-Month Period. Sci. World J. 2012,
2012, 167928. [CrossRef]

68. Kyostio-Moore, S.; Nambiar, B.; Hutto, E.; Ewing, P.J.; Piraino, S.; Berthelette, P.; Sookdeo, C.; Matthews, G.; Armentano, D.
STR/Ort Mice, a Model for Spontaneous Osteoarthritis, Exhibit Elevated Levels of Both Local and Systemic Inflammatory
Markers. Comp. Med. 2011, 61, 346–355.

69. Mosher, T.J.; Zhang, Z.; Reddy, R.; Boudhar, S.; Milestone, B.N.; Morrison, W.B.; Kwoh, C.K.; Eckstein, F.; Witschey, W.R.T.;
Borthakur, A. Knee Articular Cartilage Damage in Osteoarthritis: Analysis of MR Image Biomarker Reproducibility in ACRIN-PA
4001 Multicenter Trial. Radiology 2011, 258, 832–842. [CrossRef]

70. Hunter, D.J.; Guermazi, A.; Lo, G.H.; Grainger, A.J.; Conaghan, P.G.; Boudreau, R.M.; Roemer, F.W. Evolution of Semi-Quantitative
Whole Joint Assessment of Knee OA: MOAKS (MRI Osteoarthritis Knee Score). Osteoarthr. Cartil. 2011, 19, 990–1002. [CrossRef]

71. Du Souich, P. Absorption, Distribution and Mechanism of Action of SYSADOAS. Pharmacol. Ther. 2014, 142, 362–374. [CrossRef]

http://doi.org/10.1100/2012/167928
http://doi.org/10.1148/radiol.10101174
http://doi.org/10.1016/j.joca.2011.05.004
http://doi.org/10.1016/j.pharmthera.2014.01.002

	Introduction 
	Materials and Methods 
	Animal Model and Test Compounds 
	Histological Evaluation 
	Synovial Fluid Hyaluronic Acid Measurements 
	MRI Quantitative Biomarkers Analysis 
	Statistical Analysis 

	Results 
	Histological Study 
	Macroscopic Evaluation 
	Microscopic Evaluation 

	Hyaluronic Acid 
	MRI Imaging Biomarkers 
	Articular Cartilage Biomarkers 
	Subchondral Bone Biomarkers 


	Discussion 
	Conclusions 
	References

