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Simple Summary: Undenatured collagen type 2 is considered a promising treatment for osteoarthritis
in both humans and animals. Osteoarthritis, a degenerative joint disease, is often associated with
cranial cruciate ligament rupture in dogs, which frequently necessitates Tibial Plateau Leveling
Osteotomy (TPLO). Despite the generally successful outcomes of TPLO, dogs frequently experience
postoperative pain and ongoing joint degeneration. To address these concerns, our study delved into
the effects of oral supplementation with a high-concentration undenatured collagen type 2 dietary
supplement (ARTHROSHINE® HA²) post-TPLO surgery. Employing a prospective, randomized
design, we utilized treadmill analysis and a validated owner questionnaire to objectively gauge the
nutraceutical supplement’s influence on limb function, overall activity level, and pain. The results are
highly encouraging. Gait analysis revealed a significant reduction in the duration of postoperative
rehabilitation, enabling complete recovery within just 12 weeks after the procedure, compared to the
24 weeks required without the supplement. This research underscores the potential of undenatured
collagen type 2 as an adjunctive therapy for alleviating lameness following TPLO surgery. Notably,
subjective owner perceptions did not differ between the groups.

Abstract: This randomized, prospective clinical trial investigates the impact of a novel undenatured
collagen type 2 (T2NDC)-based nutraceutical, ARTHROSHINE® HA² (AS), on postoperative rehabili-
tation following Tibial Plateau Leveling Osteotomy (TPLO) in 50 dogs with unilateral cranial cruciate
ligament rupture (CCLR). The patients were randomly allocated to either group A, receiving AS once
daily for 24 weeks post-TPLO surgery, or group B, without any supplementation. Frequency matching
was applied to enhance group comparability. Assessment of outcomes included computerized gait
analysis and a validated owner questionnaire. AS supplementation was well received, without any
reported side effect. Consistently, patients in group A exhibited significantly higher peak vertical
force values during all follow-up assessments. By the 12-week mark, gait analysis indicated a return
to a physiological gait pattern in group A, while group B achieved this normalization only by the
24-week point. The administration of AS post-TPLO surgery demonstrates promise in enhancing
limb function, leading to faster restoration of a physiological gait pattern. The inclusion of AS, a
T2NDC-based nutraceutical, in the post-TPLO rehabilitation protocol may contribute to improved
limb function and an expedited recovery, potentially facilitating a quicker return to normalcy. It is
noteworthy that subjective owner perceptions did not differ between the two groups.
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1. Introduction

Cranial cruciate ligament rupture (CCLR) is one of the most common orthopedic
conditions in dogs, leading to various clinical symptoms such as joint swelling, effusion,
stiffness, pain, and lameness, along with progressive osteoarthritis (OA) [1]. Tibial Plateau
Leveling Osteotomy (TPLO) is a well-accepted and effective surgical treatment option for
CCLR [2–4]. However, achieving full limb function following TPLO can take up to one year
and the immediate and mid-term postoperative phase is characterized by pain, lameness,
and disability [5–7]. Physiotherapy has been shown to effectively increase muscle mass
as well as range of motion of the operated stifles, but physiotherapy is not effective at
decreasing the degree of lameness or at increasing weight-bearing forces [8]. Prolonged
administration of non-steroidal anti-inflammatory drugs is not a valuable strategy because
of the well-known side effects [9–14].

Nutraceuticals, such as undenatured collagen type 2 (T2NDC), may not be associated
with significant side effects, while positively impacting clinical function [15–21]. T2NDC
is assumed to provide beneficial effects beyond improvement in range of motion and
overall limb function by decreasing serum cartilage oligomeric matrix protein levels as
well as interleukin-6 and matrix metalloproteinase-3 levels in synovial fluid, which are key
components of the inflammatory cascade [15,20]. T2NDC also causes a down-regulation of
the body’s immune response through a mechanism called “oral tolerization” taking place
at the Peyer’s patches in the gut-associated lymphoid tissue of the small intestine [22–25].
Repeated oral administration of T2NDC has been shown to reduce T-cell attack on the
cartilage structural protein collagen type 2 in injured joints, potentially targeting one aspect
of degenerative joint disease [15].

ARTHROSHINE® HA2 (AS; VetAthletics GmbH, Jülich, Germany) is a nutraceutical
containing T2NDC in a high concentration (4.9% with 10.5% pure undenatured collagen
type 2 in the finished product). Besides the high content of T2NDC, AS contains methylsul-
fonylmethane, yeast as a carrier, and hyaluronic acid. Further ingredients are manganese
as a trace element of joint metabolism and vitamin E, which is reported to reduce the
collagen catabolism by preventing protein oxidation when chondrocytes are submitted to
an oxidative burst [26].

In the present study, we aimed to investigate the working hypothesis that the adminis-
tration of AS leads to significant improvement in clinical outcomes and hastens the time to
recover following TPLO for the treatment of unilateral CCLR in dogs.

2. Materials and Methods
2.1. Study Design

Between March 2019 and July 2021, a total of 101 client-owned dogs with unilateral
partial or complete CCLR were enrolled in this prospective clinical trial, without regard
to age, breed, gender, or weight (see Figure 1). The study was conducted in a veterinary
specialist center for surgery and orthopedics. Dogs presenting with concurrent orthope-
dic or neurological conditions were excluded from the study following a comprehensive
evaluation, which included a review of their medical history, clinical examinations, and
radiographic assessments. After undergoing standard TPLO surgery, the patients were
randomly assigned to either group A (n = 49) or group B (n = 52) using a random alloca-
tion method (coin tossing). Group A received daily oral AS supplementation following
the manufacturer’s recommended dosage, which ranged from 4 to 6.1 mg/kg T2NDC
based on body weight. Dosage guidelines were provided in measuring spoons per day
(ms/d), with each ms containing 1.25 g of powder: <15 kg = 1 ms/d; 15–29 kg = 2 ms/d;
30–59 kg = 3 ms/d; >60 kg = 4 ms/d. Group B did not receive AS supplementation for
the entire 24-week postoperative period. Besides AS supplementation, there were no dif-
ferences in postoperative care between the two groups following TPLO surgery. Control
examinations were scheduled at 6 weeks, 12 weeks, and 24 weeks after TPLO, and owner
consent was obtained for every participant.
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As medium to large breed dogs suffer from CCLR most frequently, only dogs with a
body weight between 25 kg and 45 kg were included for the purpose of this study, resulting
in 63 dogs (group A: n = 31, group B: n = 32) (see Figure 1) [27]. Five patients were excluded
from data analysis as they had missed more than one control examination (group A: n = 2,
group B: n = 3). To optimize comparability between the two groups, dogs were frequency-
matched for age, breed, gender, weight, body condition score (BCS), and phenotype, with
considerations including body type, leg length, and body height in a subjective manner.
This matching process resulted in the withdrawal of four patients from each group, leaving
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25 dogs in each group, with group A designated as the experimental group and group B as
the control.

Treatment effects of AS were objectively quantified through computerized gait anal-
ysis at each recheck. Additionally, a subjective owner evaluation was conducted using
the LOAD (Liverpool Osteoarthritis in Dogs) owner questionnaire, a validated clinical
measurement tool [28]. Owners were also interviewed about acceptance of oral AS supple-
mentation and any potential development of adverse effects at each recheck. As there are
other studies lasting 24 weeks, the chosen study duration appeared to be appropriate [3,29].
Thus, the endpoint was set with the last follow-up examination after 24 weeks.

2.2. Surgery and Rehabilitation

Standard TPLO was carried out by one board-certified surgeon (B.B.), aiming for a
postoperative TPA of 5◦ [30]. The osteotomy was fixed with a locking plate construct (Vet-
erinary Orthopedic Implants, St. Augustine, FL, USA). Joint exploration was conducted via
a cranio-medial mini-arthrotomy. Meniscal integrity was evaluated utilizing a 1 mm hook
probe, without the aid of magnification or the use of any joint distractor. In instances where
a medial and/or lateral meniscal tear was detected, appropriate treatment measures were
implemented, involving the excision of the unstable tissue through partial meniscectomy.
Partially torn but functional cranial cruciate ligament remnants were left undebrided.

Anesthesia regimen and medical aftercare were standardized with premedication of
0.025 mg/kg medetomidine IM and propofol IV to effect for induction of general anesthesia.
At induction, patients received 0.5 mg/kg levomethadone IV, 0.2 mg/kg meloxicam SC, and
22 mg/kg cefazoline IV. Cefazoline was repeated every 90 min until wound closure. General
anesthesia was maintained by controlled positive pressure ventilation with 2% isoflurane in
a carrier gas mixture. Epidural anesthesia was performed with 0.2 mL/kg mepivacaine 2%.

Postoperatively, dogs received an oral medication of 4.4 mg/kg carprofen once daily
and 22 mg/kg cefalexin twice daily for 10 days. Additional pain relief was provided by
3 mg/kg tramadol three times daily for 4 days. A bandage was applied for the initial 24 h
following the surgery. On the second day, after removing the bandage, cold packs were
applied three times for approximately 5–10 min each session. The dogs were discharged
from the clinic about 32 h after the operation. Discharge management regime was the
same for all TPLO-operated dogs. Each owner was given precise take-home instructions
on how to behave in the following weeks. In all patients, the plaster was removed 3 days
post-surgery and a wound check was performed after ten days. Nutrition was maintained
at home as usual and exercise restriction with slowly increasing load bearing was applied
equally to all study patients. Visiting physiotherapy and the administration of other
nutritional supplements were not permitted for the duration of the study. The owners gave
their verbal consent to comply with these regulations.

2.3. Computerized Gait Analysis

Computer-assisted gait analysis involved assessing peak vertical force (PVF) as a
percentage of body weight (BW), calculating the difference in PVF (dPVF) between the
operated and unaffected hind limb, as well as determining the symmetry index (SI) for PVF.
Gait analysis, conducted on an instrumented treadmill, was performed before the surgery
and at each subsequent follow-up appointment. The treadmill (CanidGait®, zebris Medical
GmbH, Isny, Germany) had a tread surface area of 200 × 46 cm. Detection of forces was
performed by high-precision, individually calibrated, capacitive pressure sensors. Two
high-speed cameras were precisely synchronized with the treadmill’s pressure measuring
sensors, allowing an assessment of the patient’s gait during gait analysis and after the
session via laptop recording. At the commencement of the gait analysis, dogs were given a
two-minute acclimation period on the treadmill before recording of six 15 s trials began.
Gait velocity was adjusted to size, leg length, and condition of the patient preoperatively
and was maintained throughout the study. An average speed of 3 to 3.5 km/h was selected
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via treadmill control panel and offered a proper gait at walking pace. A trial was considered
valid if the dog was walking at a constant pace with no signs of distraction.

Regarding the interpretation of dPVF, it is important to note that minor asymmetry
during kinetic gait analysis in dogs is generally considered a normal finding [31]. In fact,
any value less than 3.2% is typically considered within the normal range [32]. This slight
asymmetry is often attributed to trial-to-trial variation rather than representing a genuine
biological difference between contralateral limbs.

Symmetry index was employed to assess load differences between the operated and
unaffected hind limb, specifically calculated for PVF [33].

SI = ABS (200 × (X1 − X2)/(X1 + X2))

X1 = PVF of the right hind limb;
X2 = PVF of the left hind limb;
ABS = absolute value.
According to this equation, an SI of 0 indicates perfect restoration of hind limb sym-

metry. It is worth noting that, in dogs, normal gait symmetry often includes values ≤ 9,
considering the presence of physiological gait imbalance [34,35].

For the evaluation of a return to normality, the data from dPVF and SI values were con-
verted into a binary scale, utilizing the established thresholds of dPVF and SI: dPVF < 3.2%,
SI ≤ 9 = 0 (healthy/balanced gait); dPVF ≥ 3.2%, SI > 9 = 1 (signs of lameness).

2.4. Data Analysis

All data were recorded in Microsoft Office Excel 2007 and analyzed using SPSS Statis-
tics 27.0 (IBM Corp., Armonk, NY, USA). The normality of interval-scaled gait parameter
values was assessed through the Kolmogorov–Smirnov and Shapiro–Wilk tests, along with
normal probability (Q-Q) plots. These values were then reported as means with associated
standard deviations. Group-wise comparisons were conducted using the 2-sample t-test,
while categorical data were compared through cross-classification and Fisher’s exact test.
A significance level of p ≤ 0.05 was applied for all tests.

3. Results
3.1. Comparability of Study Groups

Through frequency matching during the inclusion process, groups were made compa-
rable, resulting in p-values ranging from p = 0.21 to p = 1.0 for factors including age, breed,
gender, weight, BCS, and phenotype (details provided in Table 1). Frequency matching
was only performed once, based on the data at time of surgery. A separate study evaluated
both thigh circumference as an indicator of muscle mass and the extent of radiographic
osteoarthritis at the time of enrollment. However, no significant differences were observed
(p = 0.25, p = 0.65) [36].

Partial CCLR was diagnosed in seven dogs, with four dogs in group A and three dogs
in group B (p = 0.69). Meniscal injuries necessitating subtotal meniscectomy of the caudal
horn of the medial meniscus were documented in 18 cases, with eight dogs in group A and
ten dogs in group B (p = 0.57). No lateral meniscal tears nor complex or degenerative tears
of the medial meniscus were diagnosed. Out of the 50 CCLRs, 30 occurred on the left and
20 on the right stifle, with 15 and 10 cases in each group, respectively.

Number of complications was equally distributed between groups, occurring in ten
stifles throughout the study period of 24 weeks, being all minor and not requiring surgical
revision. Fibular fractures were documented radiographically at the six-week recheck in
six stifles (group A: n = 3, group B: n = 3; p = 1.0). At that point, advanced callus formation
was evident, which progressed to bony union at 12 weeks. Patellar ligament tendinitis was
perceived in two stifles (group A: n = 1, group B: n = 1; p = 1.0), being associated with pain
on direct palpation of the swollen part of the ligament. Treatment consisted of two sessions
of focused extracorporeal shock wave therapy (frequency level: 6 Hz, intensity level: 6,
impulses: 2000, PiezoWave2, WOLF ELvation Medical, Kieselbronn, Germany), resulting
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in resolution of clinical symptoms within 7 days. Fracture at the apex patellae was evident
in another two cases (group A: n = 1, group B: n = 1; p = 1.0), appearing to be asymptomatic
in both.

Table 1. Comparative descriptive statistics of study groups.

Group A (n = 25) Group B (n = 25) p-Value

Age (years) 5.52 ± 2.62 6.12 ± 2.83 0.44
Weight (kg) 35.24 ± 6.16 32.9 ± 6.5 0.21
Sex 1.0

Male 9 9
Female 16 16

Body condition score (1–9) 5 ± 0.58 5 ± 0.54 0.8
Subtotal meniscectomy 8 10 0.57
Cruciate tear type

0.69Partial 4 3
Complete 21 22

CCL side
1.0Left 15 15

Right 10 10
Note: Values are presented as means ± SD. p ≤ 0.05 is considered significant.

Over the study period of 24 weeks, we failed to acquire 14 recheck evaluations. At
week six, datasets of 48 of the enrolled 50 dogs were available (group A: n = 24, group B:
n = 24) and for the 12-week time point, 47 datasets were available (group A: n = 23, group B:
n = 24; p = 0.56). Both times, poor owner compliance was the reason. For the final recheck at
24 weeks, only data from 41 dogs were available (group A: n = 24; group B: n = 17, p = 0.01).
Four owners, all from group B, did not attend the follow-up because of lack of motivation,
three dogs had died, also from group B, and two dogs (group A: n = 1, group B: n = 1) had
developed contralateral CCLR since the last follow-up examination.

3.2. Acceptance of Nutraceutical Supplementation

The administration of AS was well tolerated throughout the entirety of the study dura-
tion. However, one dog experienced bloody diarrhea beginning on day 3 following TPLO.
The AS supplementation was continued and carprofen was temporarily discontinued,
leading to the resolution of clinical symptoms within 48 h. Additionally, during the initial
phase, three dogs displayed initial hesitance or limited acceptance of AS supplementation,
yet this issue was resolved within 2 to 4 days upon the commencement of supplementation.

3.3. Gait Analysis

Preoperatively, PVF was not different between the study groups (group A: 29.0 ± 9.2,
group B: 30.2 ± 7.9; p = 0.6264). On follow-up, PVF was significantly higher for group A
compared to group B at every time point (see Table 2). PVF was 40.2 ± 5.0 in group A
and 36.8 ± 4.4 in group B at 6 weeks (p = 0.0143), while at 12 weeks PVF in group A was
42.5 ± 5.1 and 39.5 ± 4.1 in group B (p = 0.0275). At 24 weeks, both groups reached the
highest values, with group A still being significantly higher in PVF (group A: 44.2 ± 4.1,
group B: 41.4 ± 3.9; p = 0.0346).

Table 2. Results of peak vertical force (PVF), giving the mean values ± standard deviation.

Time

Pre-OP (n = 49) Week 6 (n = 48) Week 12 (n = 47) Week 24 (n = 41)

Group A 29.0 ± 9.2 40.2 ± 5.0 42.5 ± 5.1 44.2 ± 4.1

Group B 30.2 ± 7.9 36.8 ± 4.4 39.5 ± 4.1 41.4 ± 3.9

p-value 0.6264 0.0143 0.0275 0.0346
Note: p ≤ 0.05 is considered significant.
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Preoperatively, dPVF corresponded to a noticeable lameness in both groups (group A:
22.4 ± 13.6, group B: 18.3 ± 10.0; p = 0.2297). Six weeks after TPLO, a distinct improvement
was achieved in both groups, with significantly smaller inter-limb differences in group A
(group A: 4.5 ± 4.1, group B: 8.3 ± 5.6; p = 0.01). Also at 12 weeks, group A had significantly
lower values than group B (group A: 2.0 ± 2.8, group B: 4.5 ± 3.6; p = 0.0114). At that time,
group A reached a mean dPVF value in the range of physiological inter-limb difference
(<3.2%). After 24 weeks, both groups appeared to have physiologic inter-limb differences
(group A: 0.8 ± 1.4, group B: 3.1 ± 2.8; p = 0.0008), with group A still showing significantly
lower values than group B (see Table 3).

Table 3. Results of difference in peak vertical force (dPVF) between the operated and unaffected hind
limb, giving the mean values ± standard deviation.

Time

Pre-OP (n = 49) Week 6 (n = 48) Week 12 (n = 47) Week 24 (n = 41)

Group A 22.4 ± 13.6 4.5 ± 4.1 2.0 ± 2.8 0.8 ± 1.4

Group B 18.3 ± 10 8.3 ± 5.6 4.5 ± 3.6 3.1 ± 2.8

p-value 0.2297 0.01 0.0114 0.0008
Note: p ≤ 0.05 is considered significant.

SI showed a similar pattern, with group A having significantly lower mean SI values
compared to group B at every recheck (see Table 4 and Figure 2). Group A regained
balanced force distribution (≤9) already at 12 weeks, while group B showed a balanced
gait only 24 weeks after TPLO.

Table 4. Results of the hind limb symmetry index (SI), giving the mean values ± standard deviation.

Time

Pre-OP (n = 49) Week 6 (n = 48) Week 12 (n = 47) Week 24 (n = 41)

Group A 51.1 ± 28.5 10.9 ± 10.1 3.8 ± 5.3 1.8 ± 3.3

Group B 46.0 ± 26.7 20.2 ± 14.2 11.1 ± 8.5 5.7 ± 4.4

p-value 0.5194 0.0119 0.001 0.0026
Note: p ≤ 0.05 is considered significant.

Binary coding of dPVF (see Table 5) and SI (see Table 6) allowed patients to be catego-
rized as lame or free of detectable lameness. At the time of initial presentation, all study
patients were classified as lame. After 6 weeks, about twice as many dogs in group A gained
physiological dPVF compared to group B (group A: 41.7%, group B: 20.8%; p = 0.1222).
This trend was maintained in the course of further control examinations, so that at week 12,
group A still included significantly more lame-free dogs than group B (group A: 80%, group
B: 48%; p = 0.0241). At 24 weeks, almost all of the dogs in group A had recovered (95.8%),
while only 52.9% of the dogs in group B were considered free of detectable lameness, based
on dPVF (p = 0.0012). Based on binary SI coding, only at week 12 were significantly more
dogs in group A considered to be in the physiological range (≤ 9) compared to group B
(group A: 87.0%, group B: 41.7%; p = 0.0014) (see Table 6).
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Figure 2. Bar chart illustrating a comparison of the hind limb symmetry index (SI) between groups
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Whiskers illustrate the range of the results and * indicates significant group difference.

Table 5. Ratio of physiological difference in peak vertical force (dPVF).

Time

Pre-OP (n = 49) Week 6 (n = 48) Week 12 (n = 47) Week 24 (n = 41)

Group A 0 41.7 80.0 95.8

Group B 0 20.8 48.0 52.9

p-value - 0.1222 0.0241 0.0012
Note: p ≤ 0.05 is considered significant.

Table 6. Ratio of physiological hind limb symmetry index (SI).

Time

Pre-OP (n = 49) Week 6 (n = 48) Week 12 (n = 47) Week 24 (n = 41)

Group A 0 41.7 87.0 95.8

Group B 0 20.8 41.7 82.4

p-value - 0.1222 0.0014 0.1594
Note: p ≤ 0.05 is considered significant.

3.4. LOAD Score

Preoperatively, 49 owners completed the LOAD questionnaire (group A = 24, group
B = 25). Forty-seven questionnaires were filled out at 6 weeks (group A = 24, group B = 23),
forty-six at 12 weeks (group A = 23, group B = 23), and thirty-seven at 24 weeks (group
A = 20, group B: n = 17). At inclusion, aggregate LOAD score indicated a moderate lameness
in both groups (group A: 20.0 ± 5.6, group B: 18.7 ± 8.0; p = 0.859), being close to the next
higher category “severe”. In the postoperative phase, LOAD scores declined, but remained
in the category “mild” at 6 weeks (group A: 14.3 ± 6.6, group B: 15.3 ± 7.6; p = 0.713)
and at 12 weeks (group A: 11.3 ± 6.8, group B: 11.8 ± 7.3; p = 1.0) for both groups. At
24 weeks following TPLO, dogs had to be considered normal or only mildly affected, based



Animals 2024, 14, 298 9 of 13

on aggregate LOAD scores of 8.1 ± 4.7 in group A and 9.5 ± 5.0 in group B (p = 0.576). At
no time point was the aggregate LOAD score significantly different between both groups
(see Figure 3).
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Figure 3. Bar chart showing Liverpool Osteoarthritis in Dogs (LOAD) scores in the inter-group
comparison (pre-OP: p = 0.859, week 6: p = 0.713, week 12: p = 1.0, week 24: p = 0.576). Whiskers
illustrate the range of the results.

4. Discussion

Our findings clearly indicate a noteworthy enhancement in limb function through the
introduction of oral AS supplementation. In particular, significantly higher PVF values
were consistently noted, alongside consistently lower dPVF and SI values, across the
entire 24-week postoperative period in the cohort that received oral AS supplementation
(group A). At the time of every control examination, Group A showed a more balanced
load distribution than group B and even a return to normalcy by 12 weeks. After 24 weeks,
both groups were considered to be without detectable lameness.

Furthermore, we adopted a binary approach to evaluate the dPVF and SI data, taking
into consideration the established cutoff value for a physiological gait pattern. This ap-
proach enabled us to not only determine the potential superiority of one study group over
the other but also to assess the feasibility of achieving a return to normal limb function and
the timeline for such normalization. Based on binary dPVF analysis, approximately twice
as many dogs in group A were categorized as free from detectable lameness compared to
group B, starting as early as the first recheck, six weeks following TPLO. This substantial
difference in the proportion of dogs without lameness in group A versus group B persisted
throughout the study, culminating in the final gait analysis at 24 weeks. At this point,
nearly all dogs in group A exhibited a normal gait (95.8%), whereas only 52.9% in group B
displayed the same. In terms of binary SI analysis, the distinction between the two groups
was less pronounced, with a significant increase in the proportion of dogs without lameness
in group A compared to group B emerging around week twelve, roughly doubling the ratio.
By the 24-week mark, both groups achieved similar proportions of dogs without lameness
(group A: 95.8% vs. group B: 82.4%). Overall, the likelihood of returning to normal limb
function was significantly higher, approximately twice as high, in the supplement group as
early as six weeks post-TPLO when considering dPVF and by week 12 when evaluating SI.
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In contrast to the findings from the objective gait analysis, the subjective assessment
conducted by the dog owners using the LOAD score did not unveil any apparent advan-
tages resulting from AS supplementation at any assessment time point. This incongruity
between the two evaluations might stem from the differing perspectives through which
owners perceive their dog’s musculoskeletal function as opposed to the method employed
in force plate analysis to quantify limb function and assess gait asymmetry [28]. The vari-
ability in owner interpretation and the potential impact of a limited group size on statistical
precision could also play a role [37]. It is conceivable that a positive placebo effect might
have been expected in the group receiving oral supplementation. However, an inverse
scenario is also feasible, wherein owners providing their dogs with the supplementation
could hold elevated expectations, potentially leading to disappointment due to the nuanced
effect of AS. Consequently, these owners might assign more severe scores to their dogs
compared to those who did not anticipate any specific changes in the follow-up period.
To validate our findings, further studies involving larger group sizes, blinded owners,
and the incorporation of additional questionnaires, possibly focusing on diverse facets of
postoperative pain, will be necessary.

Based on the presented findings, AS seems to have positive, objectively measurable,
and repeatable effects on rehabilitation of dogs after TPLO surgery. The question of whether
the high dosage of T2NDC or a possible synergistic effect by its composition is responsible
for these findings cannot be answered by the present study; however, we believe that
T2NDC is the main factor responsible for the observed improvement in group A. The
exploration of methylsulfonylmethane has been the focus of various studies in humans
and especially horses, indicating its pain-reducing potential [38–41]. However, objective
evidence for its use in the treatment of OA and adequate statistical significance are still
lacking, rendering its efficacy still a subject of controversy [39,40]. Oral supplementation
of hyaluronic acid has also been claimed to yield beneficial effects in diminishing OA
pain [42,43]. Furthermore, Bowman et al. suggest that combining hyaluronic acid with other
nutraceuticals could hold significant promise, given its potential for synergistic effects [44].
Nevertheless, the absence of objective data analysis leaves a void in establishing evidence
for the noteworthy impact of oral hyaluronic acid on joint function or pain reduction. In
consequence, the most intriguing constituent of AS is T2NDC in its purest and biologically
active configuration: a triple helix. Its uniqueness lies in its high collagen concentration,
resulting in an administered dose that is up to 18 times higher than those investigated
in prior studies [15–17,45]. The influence of T2NDC on joint function and pain levels
has been examined and validated in several studies in dogs [15–17,20,46]. Currently, it is
hypothesized that oral tolerization is induced through a mechanism known as bystander
suppression, which necessitates only a small amount of antigen. T2NDC functions as
an antigen, presenting itself to the gut-associated lymphoid tissue, thereby eliciting an
immune response. Another conceivable mechanism is termed clonal anergy, wherein
peripheral lymphocyte tolerance is prompted by the ingestion of a substantial dose of
antigen. Through this process, hyperactive Th1 cells transition into a state of non-reactivity,
modulating the immune system and altering it to prevent self-destruction [15]. Nonetheless,
the precise effective daily dosage of orally administered T2NDC required to achieve this
state remains undisclosed.

The lack of a pure T2NDC preparation in this study is a limitation that must be
considered. Oral administration of only T2NDC in its purest form could have crystallized
the effect of collagen. Thus, it remains questionable whether the acceptance, absorption
mechanisms, and immunomodulatory properties would have emerged to the same extent
with the administration of pure T2NDC. The manufacturers of AS aimed at creating a
composition that would lead to synergistic effects of the individual components and to an
increased readiness for penetration and thus immune response. Another limitation is the
lack of a placebo, which might have enhanced the results obtained [47]. An attempt was
made to counteract this limitation by choosing a prospective and randomized study design.
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5. Conclusions

In summary, our study provides compelling evidence that oral AS supplementation
positively influences limb function following TPLO surgery in dogs. This effect becomes
particularly evident in the short to mid-term postoperative phase. Essentially, the inclusion
of AS supplementation is likely to result in a notable reduction of the postoperative recovery
period by at least 12 weeks following TPLO surgery.

Author Contributions: Conceptualization, B.B., T.R., M.D. and P.B.; Data curation, M.D.; Formal
analysis, M.A.; Investigation, M.A., B.B. and B.S.; Methodology, B.B., M.D. and P.B.; Resources, M.A.;
Supervision, B.B. and P.B.; Validation, M.A., B.B. and B.S.; Visualization, M.A.; Writing—original
draft, M.A.; Writing—review and editing, P.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Landesamt für Gesundheit und Soziales, Berlin, Germany (protocol code StN007/19,
20 August 2019).

Informed Consent Statement: Owner consent was obtained for every dog.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to national data security restrictions.

Acknowledgments: The authors thank VetAthletics GmbH for providing technical support in tread-
mill analysis and for providing the nutritional supplement used in the current study.

Conflicts of Interest: The authors declare that this study received funding from VetAthletics by
providing the investigated product Arthroshine. Only the amount required to conduct the study was
provided. The funder was not involved in the study design, collection, analysis, interpretation of
date, the writing of this article or the decision to submit it for publication.

References
1. 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. [PubMed]
2. Moore, E.V.; Weeren, R.; Paek, M. Extended long-term radiographic and functional comparison of tibial plateau leveling osteotomy

vs tibial tuberosity advancement for cranial cruciate ligament rupture in the dog. Vet. Surg. 2020, 49, 146–154. [CrossRef]
[PubMed]

3. Berger, B.; Knebel, J.; Steigmeier-Raith, S.; Reese, S.; Meyer-Lindenberg, A. Long-term outcome after surgical treatment of
cranial cruciate ligament rupture in small breed dogs. Comparison of tibial plateau leveling osteotomy and extra-articular stifle
stabilization. Tierarztl. Prax. Ausg. K Kleintiere Heimtiere 2015, 43, 373–380. [PubMed]

4. von Pfeil, D.J.F.; Kowaleski, M.P.; Glassman, M.; Dejardin, L.M. Results of a survey of Veterinary Orthopedic Society members on
the preferred method for treating cranial cruciate ligament rupture in dogs weighing more than 15 kilograms (33 pounds). J. Am.
Vet. Med. Assoc. 2018, 253, 586–597. [PubMed]

5. Krotscheck, U.; Nelson, S.A.; Todhunter, R.J.; Stone, M.; Zhang, Z. Long Term Functional Outcome of Tibial Tuberosity Advance-
ment vs. Tibial Plateau Leveling Osteotomy and Extracapsular Repair in a Heterogeneous Population of Dogs. Vet. Surg. 2016, 45,
261–268. [CrossRef]

6. Böddeker, J.; Drüen, S.; Meyer-Lindenberg, A.; Fehr, M.; Nolte, I.; Wefstaedt, P. Computer-assisted gait analysis of the dog:
Comparison of two surgical techniques for the ruptured cranial cruciate ligament. Vet. Comp. Orthop. Traumatol. 2012, 25, 11–21.
[PubMed]

7. Nelson, S.A.; Krotscheck, U.; Rawlinson, J.; Todhunter, R.J.; Zhang, Z.; Mohammed, H. Long-term functional outcome of tibial
plateau leveling osteotomy versus extracapsular repair in a heterogeneous population of dogs. Vet. Surg. 2013, 42, 38–50.
[CrossRef]

8. Monk, M.L.; Preston, C.A.; McGowan, C.M. Effects of early intensive postoperative physiotherapy on limb function after tibial
plateau leveling osteotomy in dogs with deficiency of the cranial cruciate ligament. Am. J. Vet. Res. 2006, 67, 529–536. [CrossRef]

9. Luna, S.P.L.; Basílio, A.C.; Steagall, P.V.M.; Machado, L.P.; Moutinho, F.Q.; Takahira, R.K.; Brandão, C.V.S. Evaluation of adverse
effects of long-term oral administration of carprofen, etodolac, flunixin meglumine, ketoprofen, and meloxicam in dogs. Am. J.
Vet. Res. 2007, 68, 258–264. [CrossRef]

10. Pollmeier, M.; Toulemonde, C.; Fleishman, C.; Hanson, P.D. Clinical evaluation of firocoxib and carprofen for the treatment of
dogs with osteoarthritis. Vet. Rec. 2006, 159, 547–551.

https://www.ncbi.nlm.nih.gov/pubmed/21243176
https://doi.org/10.1111/vsu.13277
https://www.ncbi.nlm.nih.gov/pubmed/31287180
https://www.ncbi.nlm.nih.gov/pubmed/26568171
https://www.ncbi.nlm.nih.gov/pubmed/30110219
https://doi.org/10.1111/vsu.12445
https://www.ncbi.nlm.nih.gov/pubmed/22105153
https://doi.org/10.1111/j.1532-950X.2012.01052.x
https://doi.org/10.2460/ajvr.67.3.529
https://doi.org/10.2460/ajvr.68.3.258


Animals 2024, 14, 298 12 of 13

11. Joubert, K.E. The effects of firocoxib (Previcox) in geriatric dogs over a period of 90 days. J. S Afr. Vet. Assoc. 2009, 80, 179–184.
[CrossRef] [PubMed]

12. Lascelles, B.D.X.; Blikslager, A.T.; Fox, S.M.; Reece, D. Gastrointestinal tract perforation in dogs treated with a selective
cyclooxygenase-2 inhibitor: 29 cases (2002–2003). J. Am. Vet. Med. Assoc. 2005, 227, 1112–1117.

13. Reed, S. Nonsteroidal anti-inflammatory drug-induced duodenal ulceration and perforation in a mature rottweiler. Can. Vet. J.
2002, 43, 971–972. [PubMed]

14. Duerr, F.M.; Carr, A.P.; Bebchuk, T.N.; Pople, N.C. Challenging diagnosis--icterus associated with a single perforating duodenal
ulcer after long-term nonsteroidal antiinflammatory drug administration in a dog. Can. Vet. J. 2004, 45, 507–510.

15. 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] [PubMed]

16. 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. [PubMed]

17. Deparle, L.A.; Gupta, R.C.; Canerdy, T.D.; Goad, J.T.; D’Altilio, M.; Bagchi, M.; Bagchi, D. Efficacy and safety of glycosylated
undenatured type-II collagen (UC-II) in therapy of arthritic dogs. J. Vet. Pharmacol. Ther. 2005, 28, 385–390. [CrossRef] [PubMed]

18. 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,
312–321.

19. 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. [CrossRef]

20. Varney, J.L.; Fowler, J.W.; Coon, C.N. Undenatured type II collagen mitigates inflammation and cartilage degeneration in healthy
Labrador Retrievers during an exercise regimen. Transl. Anim. Sci. 2021, 5, txab084.

21. Bagi, C.; Berryman, E.; Teo, S.; Lane, N. Oral administration of undenatured native chicken type II collagen (UC-II) diminished
deterioration of articular cartilage in a rat model of osteoarthritis (OA). Osteoarthr. Cartil. 2017, 25, 2080–2090. [CrossRef]
[PubMed]

22. 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. Pharmacol. Res. 2002,
22, 101–110. [PubMed]

23. Nagler-Anderson, C.; A Bober, L.; E Robinson, M.; Siskind, G.W.; Thorbecke, G.J. Suppression of type II collagen-induced arthritis
by intragastric administration of soluble type II collagen. Proc. Natl. Acad. Sci. USA 1986, 83, 7443–7446. [CrossRef] [PubMed]

24. 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. [PubMed]

25. Asnagli, H.; Martire, D.; Belmonte, N.; Quentin, J.; Bastian, H.; Boucard-Jourdin, M.; Fall, P.B.; Mausset-Bonnefont, A.-L.;
Mantello-Moreau, A.; Rouquier, S.; et al. Type 1 regulatory T cells specific for collagen type II as an efficient cell-based therapy in
arthritis. Arthritis Res. Ther. 2014, 16, R115. [CrossRef]

26. Tiku, M.L.; Shah, R.; Allison, G.T. Evidence linking chondrocyte lipid peroxidation to cartilage matrix protein degradation.
Possible role in cartilage aging and the pathogenesis of osteoarthritis. J. Biol. Chem. 2000, 275, 20069–20076. [PubMed]

27. Beer, P.; Bockstahler, B.; Schnabl-Feichter, E. Tibial plateau leveling osteotomy and tibial tuberosity advancement—A systematic
review. Tierarztl. Prax. Ausg. K Kleintiere Heimtiere 2018, 46, 223–235. [CrossRef]

28. Walton, M.B.; Cowderoy, E.; Lascelles, D.; Innes, J.F. Evaluation of construct and criterion validity for the ‘Liverpool Osteoarthritis
in Dogs’ (LOAD) clinical metrology instrument and comparison to two other instruments. PLoS ONE 2013, 8, e58125.

29. Knebel, J.; Eberle, D.; Steigmeier-Raith, S.; Reese, S.; Meyer-Lindenberg, A. Outcome after Tibial Plateau Levelling Osteotomy and
Modified Maquet Procedure in Dogs with Cranial Cruciate Ligament Rupture. Vet. Comp. Orthop. Traumatol. 2020, 33, 189–197.

30. 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]

31. Budsberg, S.C.; Jevens, D.J.; Brown, J.; Foutz, T.L.; E DeCamp, C.; Reece, L. Evaluation of limb symmetry indices, using ground
reaction forces in healthy dogs. Am. J. Vet. Res. 1993, 54, 1569–1574.

32. Fanchon, L.; Grandjean, D. Accuracy of asymmetry indices of ground reaction forces for diagnosis of hind limb lameness in dogs.
Am. J. Vet. Res. 2007, 68, 1089–1094. [CrossRef] [PubMed]

33. Robinson, R.O.; Herzog, W.; Nigg, B.M. Use of force platform variables to quantify the effects of chiropractic manipulation on
gait symmetry. J. Manipulative Physiol. Ther. 1987, 10, 172–176. [PubMed]

34. Pietsch, S.; Steigmeier-Raith, S.; Reese, S.; Meyer-Lindenberg, A. Reliability of kinetic measurements of healthy dogs examined
while walking on a treadmill. Am. J. Vet. Res. 2020, 81, 804–809. [PubMed]

35. Imhof, J.; Kaestner, S.; Montavon, P.M.; Voss, K. Force plate gait analysis at the walk and trot in dogs with low-grade hindlimb
lameness. Vet. Comp. Orthop. Traumatol. 2007, 20, 299–304.

36. Stegen, B.; Berger, B.; Assies, M.; Doherr, M.; Rohwedder, T.; Böttcher, P. Type 2 undenatured collagen—Effects in convalescence
and osteoarthritis progression after TPLO in dogs: A prospective, blinded and randomized study. Vet. Surg. 2024, in press.

https://doi.org/10.4102/jsava.v80i3.198
https://www.ncbi.nlm.nih.gov/pubmed/20169752
https://www.ncbi.nlm.nih.gov/pubmed/12561693
https://doi.org/10.1111/j.1439-0396.2011.01166.x
https://www.ncbi.nlm.nih.gov/pubmed/21623931
https://www.ncbi.nlm.nih.gov/pubmed/20020968
https://doi.org/10.1111/j.1365-2885.2005.00668.x
https://www.ncbi.nlm.nih.gov/pubmed/16050819
https://doi.org/10.1186/s12937-016-0130-8
https://doi.org/10.1016/j.joca.2017.08.013
https://www.ncbi.nlm.nih.gov/pubmed/28888901
https://www.ncbi.nlm.nih.gov/pubmed/12837047
https://doi.org/10.1073/pnas.83.19.7443
https://www.ncbi.nlm.nih.gov/pubmed/3463976
https://www.ncbi.nlm.nih.gov/pubmed/8378772
https://doi.org/10.1186/ar4567
https://www.ncbi.nlm.nih.gov/pubmed/10867027
https://doi.org/10.15654/TPK-170486
https://doi.org/10.1053/jvet.2001.21400
https://doi.org/10.2460/ajvr.68.10.1089
https://www.ncbi.nlm.nih.gov/pubmed/17916016
https://www.ncbi.nlm.nih.gov/pubmed/2958572
https://www.ncbi.nlm.nih.gov/pubmed/32969728


Animals 2024, 14, 298 13 of 13

37. Hercock, C.A.; Pinchbeck, G.; Giejda, A.; Clegg, P.D.; Innes, J.F. Validation of a client-based clinical metrology instrument for the
evaluation of canine elbow osteoarthritis. J. Small Anim. Pract. 2009, 50, 266–271.

38. Lubis, A.M.T.; Siagian, C.; Wonggokusuma, E.; Marsetyo, A.F.; Setyohadi, B. Comparison of Glucosamine-Chondroitin Sulfate
with and without Methylsulfonylmethane in Grade I-II Knee Osteoarthritis: A Double Blind Randomized Controlled Trial. Acta
Med. Indones 2017, 49, 105–111.

39. Withee, E.D.; Tippens, K.M.; Dehen, R.; Tibbitts, D.; Hanes, D.; Zwickey, H. Effects of Methylsulfonylmethane (MSM) on exercise-
induced oxidative stress, muscle damage, and pain following a half-marathon: A double-blind, randomized, placebo-controlled
trial. J. Int. Soc. Sports Nutr. 2017, 14, 24.

40. Kim, L.; Axelrod, L.; Howard, P.; Buratovich, N.; Waters, R. Efficacy of methylsulfonylmethane (MSM) in osteoarthritis pain of
the knee: A pilot clinical trial. Osteoarthr. Cartil. 2006, 14, 286–294. [CrossRef]

41. Marañón, G.; Muñoz-Escassi, B.; Manley, W.; García, C.; Cayado, P.; de la Muela, M.S.; Olábarri, B.; León, R.; Vara, E. The effect of
methyl sulphonyl methane supplementation on biomarkers of oxidative stress in sport horses following jumping exercise. Acta
Vet. Scand 2008, 50, 45. [CrossRef] [PubMed]

42. Tashiro, T.; Seino, S.; Sato, T.; Matsuoka, R.; Masuda, Y.; Fukui, N. Oral administration of polymer hyaluronic acid allevi-
ates symptoms of knee osteoarthritis: A double-blind, placebo-controlled study over a 12-month period. Sci. World J. 2012,
2012, 167928. [CrossRef] [PubMed]

43. Ricci, M.; Micheloni, G.M.; Berti, M.; Perusi, F.; Sambugaro, E.; Vecchini, E.; Magnan, B. Clinical comparison of oral administration
and viscosupplementation of hyaluronic acid (HA) in early knee osteoarthritis. Musculoskelet. Surg. 2017, 101, 45–49. [CrossRef]
[PubMed]

44. Bowman, S.; Awad, M.E.; Hamrick, M.W.; Hunter, M.; Fulzele, S. Recent advances in hyaluronic acid based therapy for
osteoarthritis. Clin. Transl. Med. 2018, 7, 6. [CrossRef]

45. 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.

46. Stabile, M.; Lacitignola, L.; Samarelli, R.; Fiorentino, M.; Crovace, A.; Staffieri, F. Evaluation of clinical efficacy of undenatured
type II collagen supplementation compared to cimicoxib and their association in dogs affected by natural occurring osteoarthritis.
Res. Vet. Sci. 2022, 151, 27–35. [CrossRef]

47. McMillan, F.D. The placebo effect in animals. J. Am. Vet. Med. Assoc. 1999, 215, 992–999. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.joca.2005.10.003
https://doi.org/10.1186/1751-0147-50-45
https://www.ncbi.nlm.nih.gov/pubmed/18992134
https://doi.org/10.1100/2012/167928
https://www.ncbi.nlm.nih.gov/pubmed/23226979
https://doi.org/10.1007/s12306-016-0428-x
https://www.ncbi.nlm.nih.gov/pubmed/27681813
https://doi.org/10.1186/s40169-017-0180-3
https://doi.org/10.1016/j.rvsc.2022.06.030
https://doi.org/10.2460/javma.1999.215.07.992

	Introduction 
	Materials and Methods 
	Study Design 
	Surgery and Rehabilitation 
	Computerized Gait Analysis 
	Data Analysis 

	Results 
	Comparability of Study Groups 
	Acceptance of Nutraceutical Supplementation 
	Gait Analysis 
	LOAD Score 

	Discussion 
	Conclusions 
	References

