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Abstract. Osteoarthritis (OA) is the most common joint 
disorder and is classically defined as a progressively degen-
erative disease of articular cartilage. It manifests as joint pain 
and disability and currently has no comprehensive treatments. 
The primary purpose of the present study was to test the 
effects of probiotics, Streptococcus thermophilus (TCI633), 
on anterior cruciate ligament transection (ACLT)‑induced 
experimental osteoarthritis (OA) in rats. In the current study, 
the experimental groups were given TCI633 (5x109, 5x1010 
and 5x1011 CFU/kg/day) and glucosamine sulfate (250 mg/kg) 
between week 8 and 20 following ACLT. The results showed 
that oral administration of TCI633 and glucosamine had signif-
icant therapeutic effects on pain behaviors and knee swelling. 
Dose‑dependent effects of TCI633 were also observed in 
ACLT‑treated rats. Histopathological analysis demonstrated 

that ACLT+TCI633 (5x109, 5x1010 and 5x1011 CFU/kg/day) 
improved the synovial inflammation and cartilage damage 
of ACLT rats. Histology evaluation using the Osteoarthritis 
Research Society International system and synovial inflam-
matory score analysis showed the dose‑dependent inhibition 
of TCI633 on synovial inflammation and cartilage damage. 
Immunohistochemical staining and TUNEL apoptosis 
staining showed that TCI633 could effectively increase the 
expression of type II collagen and reduce the amount of chon-
drocyte apoptosis in cartilage. Therefore, the present study 
demonstrated that oral intake of TCI633 could significantly 
suppressing pain behavior, reduce joint swelling and synovial 
tissue inflammation and increase type II collagen expression 
in cartilage. There was also a reduction in chondrocyte apop-
tosis and decreased progression of OA in ACLT‑treated rats.

Introduction

Osteoarthritis (OA) is a degenerative disease that usually 
occurs in the hands, hips and knees (1). The main causes are 
mechanical stimulation between bones and aging (2,3).

Cartilage damage is accompanied bone lesions, synovial 
inflammation and chronic pain, which are the main symptoms 
of OA (4). In clinical studies, adults >25 years old show a 
prevalence rate of 13.9% and adults >65 years old show a prev-
alence rate of 33.6% in the US (3,5,6). For adults >60, there is a 
prevalence rate of 9.6% in males and 18.0% in females, world-
wide (7). Patients with anterior cruciate ligament (ACL) injury 
can develop early degeneration of joints (3). Reconstruction 
surgery can relieve symptoms and reestablish stability of the 
knee joint, but will not reduce the probability of damage to 
the ACL progressing to joint degeneration (6). Therefore, OA 
could be caused by trauma leading to chondrocyte apoptosis 
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and chronic pain through biological mechanisms (3). The 
ACL resection model simulates the development of OA that 
results from ACL damage (8). This model could be used to 
assess the health benefits of drugs or supplementary products 
in relation to degenerative joint disease (9,10). Moreover, this 
model can be used to study the related factors of OA and drug 
mechanisms (11,12).

In patients with OA, chronic inflammation primarily 
occurs in synovial tissue by releasing and increasing the levels 
of inflammatory factors, such as IL‑1β and TNF-α, causing 
the infiltration of immune cells and hyperplasia of the syno-
vial membrane (13). The effects of inflammatory cytokines 
could cause proteolytic enzymes to degrade type II collagen, 
proteoglycans and hyaluronic acid on the extracellular matrix 
of cartilage (14). The extracellular matrix of cartilage is 
primarily formed through cartilage secretions and plays a 
critical role in the balance and control of chondrocyte function 
in cartilage (15,16). Therefore, chondrocyte apoptosis could 
change the formation of the extracellular matrix of cartilage 
and become one of the pathological symptoms of OA (16). 
Chondrocyte apoptosis is mainly induced by signaling 
pathways that are activated by inflammatory factors, such as 
IL-1β and TNF-α (17,18). TNF‑α induces the TNF‑related 
apoptosis‑inducing ligand pathway, in which binding to the 
death receptors DR4 (TRAIL‑RI) and DR5 (TRAIL‑RII) 
induces caspase‑3/8 expression in the intrinsic pathway (19,20). 
Meanwhile, the extrinsic pathway is mediated by mito-
chondria with caspase‑3/9 regulation (17). However, current 
treatment of OA mainly focuses on relieving pain symptoms 
and maintaining or improving joint function (21). Therefore, 
preliminary treatment of OA uses drugs, such as Panadol or 
non‑steroidal anti‑inflammatory drugs (22). Furthermore, 
moderate OA is treated with a combination of glucosamine 
and chondroitin (22). During severe pain or late‑stage of the 
disease, relief of symptoms requires opioids, corticosteroids 
and hyaluronic acid (22). Finally, consideration is given to 
surgical methods for artificial joint replacements (22). Annual 
expenditure for the treatment for OA exceeds $20 million 
in the US (23). Hence, it is important to explore treatment 
methods that can alleviate the disease course of OA.

The present study used the probiotics, Streptococcus ther‑
mophilus (TCI633), that can produce hyaluronic acid and be 
isolated from healthy human breast milk. Previously, TCI633 
was identified as a novel strain which was discovered from 
human breast milk (24). TCI633 can effectively replicate in 
the gastrointestinal tract (24). Past studies have demonstrated 
that related bacterial species can suppress allergic reactions, 
have anti‑inflammatory effects and can mediate the immune 
response (25,26). Moreover, the ability of TCI633 to produce 
hyaluronic acid is superior to that of known S. thermophilus 
YIT2084 (27). Previously, we demonstrated that TCI633 
effectively produces hyaluronic acid in the gastrointestinal 
tract for absorption and increases hyaluronic acid level in 
the blood (24). Similarly, a previous study also reported that 
TCI633 has the potential for the treatment of osteoporosis 
in vivo (27). Past studies have indicated that hyaluronic acid 
is a primary glycosaminoglycan in the extracellular matrix 
where it binds with proteoglycans to lubricate joint cavities 
and increase the viscosity of synovial fluid (28,29). In the 
synovial fluid of individuals without OA, the average molecular 

weight of hyaluronic acid is 4‑5 million with a concentration 
of 2.5‑4 mg/ml. Meanwhile, in the synovial fluid of patients 
with OA, there is an evident decrease in the concentration and 
molecular weight of hyaluronic acid (28). In previous animal 
experiments, hyaluronic acid can effectively reduce joint pain 
and delay disease progression (30,31). Clinical studies have 
also demonstrated that intra‑articular injection of hyaluronic 
acid can relieve joint pain and improve joint function (32,33). 
Hyaluronic acid can also regulate the inflammation of OA 
through reducing neutrophil chemotaxis, macrophage prolif-
eration and angiogenesis (34,35). Hyaluronic acid can also 
eradicate proinflammatory cytokines and free radicals from 
the joint space to lymphatics and reduce cartilage damage (36). 
Past animal experimentation has also demonstrated that 
hyaluronic acid can effectively delay the progression of OA 
in early stage after ACLT (8). Therefore, the purpose of the 
present study was to investigate the possible therapeutic 
effects of TCI633 in increasing the level of hyaluronic acid, 
and to determine if this could alleviate joint pain and swelling 
and improve joint function in ACLT‑treated rats.

Materials and methods

TCI633, excipient and glucosamine sulfate salt prepara‑
tion. TCI633 were provided by TCI Co., Ltd. (https://www.
tci‑bio.com/) and preserved at the Bioresource Collection and 
Research Center (BCRC), the Food Industry Research and 
Development Institute (Taiwan) (Species preservation number: 
BCRC 910636). The excipient and glucosamine sulfate salt 
(D‑glucosamine sulfate salt; cat. no. MG052630801) were also 
provided by TCI Co., Ltd. The excipient, TCI633 and glucos-
amine sulfate salt were diluted and suspension in RO water for 
oral administration.

Preparation of animals. In total, 63 male Wistar rats (8‑weeks 
old; body weight 320‑330 g) were obtained from the National 
Laboratory Animal Centre in Taiwan. The rats were maintained 
in plexiglass cages in a temperature‑controlled (24±1˚C) room 
under a 12‑h light/dark cycle and given free access to food and 
water. Each rat was used only once for the experiment. ACLT 
surgery was performed under 2.5% isoflurane anesthesia. The 
use of the animals accorded to the Guiding Principles in the 
Care and Use of Animals of the American Physiology Society 
and was approved by the Institutional Animal Care and Use 
Committee of National Sun Yat‑sen University (Kaohsiung, 
Taiwan; approval no. 10417).

Surgical technique for induction of OA. The method for the 
rat ACLT model of osteoarthritis was performed according to 
Ghosh et al (36) and Yang et al (37). A parapatellar incision 
was made at the right knee and arthrotomy was performed. 
The ACL was exposed and transected. For the left knee opera-
tion, the ACL was exposed, but not transected (37). The pain 
behaviors and knee swelling were tested once a week. TIC633 
was administered from 8th to 20th week for every day after 
ACLT surgery. TCI633 was no longer administered from 
weeks 21 to 24.

Experimental design. Rats were allocated randomly to six groups: 
Control (n=9), ACLT (n=8), ACLT+TCI633 (5x1011 CFU/kg/day) 
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(n=8), ACLT+TCI633 (5x1010 CFU/kg/day) (n=9), ACLT+TCI633 
(5x109 CFU/kg/day) (n=9) and ACLT+glucosamine sulfate 
(250 mg/kg) group (n=9). TCI633 and placebo were provided 
by TCI Co., Ltd. The control group did not receive any treat-
ment. The ACLT group was treated with placebo (oral) with 
suspension in RO water and ACLT+TCI633 or glucosamine 
sulfate groups were treated with TCI633 (5x1011, 5x1010 and 
5x109 CFU/kg/day suspension in RO water, oral) and glucos‑/kg/day suspension in RO water, oral) and glucos‑kg/day suspension in RO water, oral) and glucos‑/day suspension in RO water, oral) and glucos‑day suspension in RO water, oral) and glucos-
amine sulfate (250 mg/kg in RO water, oral) every day from 
week 8 to week 20 after ACLT surgery. The glucosamine sulfate 
group was considered as a positive control.

Weight‑bearing distribution. The weight bearing distribution 
for the ACLT‑rats was measured using a dual channel weight 
averager (Singa Technology Corporation), which can inde-
pendently measure weight bearing of each hind paw (10,37). 
The change of weight bearing distribution was analyzed as 
described previously (9,10,38). Briefly, each rat was placed 
in an angled plexiglass chamber positioned so that each hind 
paw rested on a separate force plate. The force exerted on 
each hind paw (measured in grams) was averaged over a 
5‑sec period and three measurements were repeated. The 
changes of hind paw weight distribution are expressed as the 
difference in weight bearing between the contralateral and 
ipsilateral (39).

Mechanical allodynia. The method for assessing 
mechanical allodynia on the rat anterior cruciate liga-
ment transected (ACLT) model of OA was modified from 
Chaplan et al (39,40). Briefly, rats were placed in compart-
ments of clear plastic cages on top of an elevated metal mesh 
floor, permitting easy access to paws. A series of von Frey 
filaments of logarithmically incremental stiffness was applied 
to the mid‑plantar region of the hind paw from below the mesh 
floor using the ‘up‑down’ method, involving alternate larger 
and smaller fibers to determine the closest filament to the 
threshold of pain response (licking or withdrawal).

Measurement of knee width. Knee width was measured to 
determine the amount of tissue swelling as an index of inflam-
mation. Rats were anesthetized briefly with 2% isoflurane and 
then the width of the knee joint was measured every week by 
using after the ACLT surgery.

Samples collected. Rats were sacrificed by inducing deep 
anesthesia with 2% isoflurane. Each rat was then perfused 
intracardially with ice‑cold phosphate‑buffered saline (PBS) 
and 4% paraformaldehyde at week 24. The knee samples 
were collected from rats and fixed in 10% neutral buffered 
formalin at room temperature for 3 days, and then decalci-
fied for 2 weeks in buffered 12.5% EDTA with PBS. The 
specimens were embedded in paraffin and sliced into 1‑µm 
sections. The sections were for hematoxylin/eosin (H&E) 
staining at 25˚C (2 min staining with 10 mg/ml hematoxyli; 
Mecrk; 15 sec staining with 1% eosin, Muto Pure Chemicals) 
and safranin O/fast green staining at 25˚C (10 min staining 
with 0.1% safranin O and 5 min staining with 0.1% fast green, 
Sigma‑Aldrich; Merck KGaA). Each section was exam-
ined under an upright light microscope (DM 6000B; Leica 
Microsystems, Inc.) and digital‑image output system (SPOT 

idea 5.0 Mp Color Digital Camera; Diagnostic Instruments, 
Inc.).

Histopathological findings of joints. The sections were 
stained with Safranin‑O/fast green and H&E to assess the 
general morphology and matrix proteoglycan of the joint 
tissue. Articular cartilage was graded under microscopic 
examination according to the Osteoarthritis Research 
Society International (OARSI) grading system (41). This 
system comprises of six histological grades and four histo-
logical stages. The total score (score = grade x stage) ranges 
from 1 point (control articular cartilage) to 24 points (no 
repair) (41). Synovial tissue was scored with for histological 
assessment (31). This score assessed i) the synovial tissue, 
including hyperplasia of the synovial lining cells (0‑3 points), 
hypertrophy of the synovial lining layer (0‑3 points) and the 
infiltration of inflammatory cells (0‑3 points), and ii) the 
sub‑synovial tissue, including the proliferation of granulation 
tissue (0‑3 points), vascularization (0‑3 points) and infiltration 
of inflammatory cells (0‑3 points). The maximum score is 18 
points. The synovitis scores were divided into three stages: 
0‑6 Points (mild synovitis), 7‑12 points (moderate synovitis) 
and ≥13 or more points (severe synovitis). Higher scores indi-
cated greater damage (31).

Immunohistochemical stain for collagen II. Knee speci-
mens were processed for immunohistochemical analysis, as 
described in previous studies (9,10). Briefly, the specimens 
were de‑paraffinized with xylene and rehydrated with alcohol, 
and the endogenous peroxidase activity was quenched by 
0.3% hydrogen peroxide. Antigen retrieval was performed using 
20 mM proteinase K (Sigma‑Aldrich; Merck KGaA) in PBS 
for 40 min, and slides were incubated with primary antibody, 
polyclonal anti‑rabbit anti‑collagen II (1:200; cat. no. 234187; 
Calbiochem; Merck KGaA). Then, the sections were incubated 
with second antibody anti‑rabbit IgG (Vector Laboratories, 
Inc.). Specimens were labeled with the avidin‑biotin complex 
technique using an ABC kit (Vectastain ABC kit; Vector 
Laboratories Inc.). Finally, specimens were treated with 
3,30‑diaminobenzidine tetrahydrochloride (DAB; peroxidase 
substrate kit; Vector Laboratories Inc.) for 2 min. Slides were 
analyzed under a light microscope with a microscope digital 
image output system. The quantitation of type II collagen 
immunoreactivity in cartilage was analyzed by ImageJ 
version 1.51j8 (National Institutes of Health) with x200 magni-
fication images, and the results were averaged.

TUNEL staining. The sections were taken from the knee joint 
for apoptosis dyeing of chondrocytes. Briefly, the paraffin was 
removed and sections were rehydrated by soaking in xylene 
(100%), alcohol (100, 95, 75 and 50%), and then proteinase K 
(20 mM; Sigma‑Aldrich; Merck KGaA) was added for 30 min 
and rinsed with PBS. Hydrogen peroxide (3%) solvent was 
added for 10 min. Sections were permeabilized with permea-
bilization solution containing 0.1% Triton X‑100 and 0.1% 
sodium citrate for a 30 min reaction at room temperature and 
rinsed with PBS. Horse serum (3%, Jackson ImmunoResearch 
Inc.) was added for 60 min and the TUNEL reaction mixture 
agent (TUNEL reaction mixture; In Situ Cell Death Detection 
kit, Fluorescein; cat. no. 11684795910, Sigma‑Aldrich; 
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Merck KGaA) for a 90‑min reaction at 37˚C. Samples were 
stained with DAB dye at 25˚C for 5 min, and then soaked 
in 10 mg/ml hematoxylin stai (Merck KGaA) at 25˚C for 
nuclear staining for 90 sec. Slides were analyzed under a light 
microscope with a microscope digital image output system. 
The percentage of TUNEL‑positive cells were quantified by 
determining the number of positive chondrocytes with x200 
magnification images, as previously described (42).

Statistical analysis. All data are expressed as mean ± standard 
error of the mean in triplicate, unless otherwise specified. 
For statistical analysis, all data were analyzed the differences 
between the experimental groups using a standard two‑way 
ANOVA and one‑way ANOVA followed Tukey's post hoc test at 
the same time‑point for multiple comparisons (SigmaPlot 11.0 
for Windows; Systat Software, Inc.). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effects of TCI633 on mechanical allodynia. Evaluation of 
the treatment effects of TCI633 in ACLT‑induced mechanical 
allodynia showed that ACLT significantly induced mechanical 
allodynia with the significant difference of reduction threshold 
between the ACLT group and Control group between weeks 
7 to 24 (Fig. 1A). The changes of mechanical allodynia were 
analyzed using ANOVA for repeated measures, and the 
results showed significant effects in the treatment groups 
and time. There was a statistically significant interaction 
between treatment and time (data not shown). Comparison 
of the ACLT+TCI633 (5x1011 CFU/kg/day) and ACLT group 
showed a significant increase of paw withdrawal threshold 
between weeks 10 to 24 after ACLT surgery (Fig. 1A). 
Comparison of the ACLT+TCI633 (5x1010 CFU/kg/day) 
group and ACLT group showed a significant increase of 
threshold between weeks 11 and 22 (Fig. 1A). Comparison 
of the ACLT+TCI633 (5x109 CFU/kg/day) group and ACLT 
group showed a significant increase of threshold between 
weeks 15 to 17 and 19 to 20 (Fig. 1A). Comparison of the 
ACLT+glucosamine and ACLT group showed a significant 
increase of threshold between weeks 11 to 24 after ACLT 
surgery (Fig. 1A). Moreover, comparison of the ACLT+TCI633 
(5x1010 or 5x1011 CFU/kg/day) group and ACLT ACLT+TCI633 
(5x109 CFU/kg/day) group showed a significant increase of 
threshold. Therefore, these results suggested that TCI633 
improves the paw withdrawal threshold of ACLT‑induced 
mechanical allodynia with dose‑dependent effects. Once 
TCI633 was no longer administered (weeks 21 to 24), there 
was a downward trend for pain relief effects on mechanical 
allodynia in all ACLT+TCI633 groups.

Effects of TCI633 on weight bearing. Evaluation of the 
treatment effects of TCI633 on ACLT‑induced differences 
of weight bearing showed that ACLT significantly induced 
differences of weight bearing distribution between the ACLT 
group and Control group between weeks 1 to 24 (Fig. 1B). 
The changes of weight bearing were analyzed using ANOVA 
for repeated measures, and the results showed significant 
effects in the treatment groups and time. There was a statis-
tically significant interaction between treatment and time. 

Comparison of the ACLT+TCI633 (5x1011 CFU/kg/day) 
and ACLT group showed the significant decrease of the 
difference of weight bearing between weeks 9 to 24 after 
ACLT surgery (Fig. 1B). Comparison of the ACLT+TCI633 
(5x1010 CFU/kg/day) and ACLT groups showed a significant 
decrease in the difference of weight bearing between weeks 
10 to 21 and weeks 22 to 24 (Fig. 1B). Comparison of the 
ACLT+TCI633 (5x109 CFU/kg/day) and ACLT groups showed 
a significant decrease in the difference of weight bearing 
between weeks 11 to 17 and week 21 (Fig. 1B). Comparison 
of the ACLT+glucosamine (250 mg/kg) and ACLT groups 
showed a significant decrease in the difference of weight 
bearing between weeks 9 to 24 (Fig. 1B). Moreover, compar-
ison of the ACLT+TCI633 (5x1010 or 5x1011 CFU/kg/day) and 
ACLT+TCI633 (5x109 CFU/kg/day) groups showed a signifi ‑/kg/day) groups showed a signifi ‑kg/day) groups showed a signifi ‑/day) groups showed a signifi ‑day) groups showed a signifi-
cant decrease in the difference of weight bearing. Therefore, 
these results demonstrated that TCI633 improved the effects of 
ACLT on weight bearing in a dose‑dependent manner. Once 
TCI633 was no longer administered (weeks 21 to 24), there 
was an upward trend for pain relief effects on weight bearing 
in all ACLT+TCI633 groups.

Effects of STCI633 on knee swelling. Evaluation of the treatment 
effects of TCI633 in ACLT‑induced knee swelling showed that 
ACLT significantly induced the swelling of the knee compared 
with the Control group between weeks 1 to 24 (Fig. 1C). 
Comparison of the ACLT+TCI633 (5x1011 CFU/kg/day) and 
ACLT groups showed a significant decrease of swelling of the 
knee between weeks 11 to 23 after ACLT surgery (Fig. 1C). 
The changes of knee swelling were analyzed by ANOVA 
for repeated measures, and the results showed significant 
effects in the treatment groups and time. There was a statis-
tically significant interaction between treatment and time. 
Comparison of the ACLT+TCI633 (5x1010 CFU/kg/day) ACLT 
group showed a significant decrease of swelling of the knee 
between weeks 12 and weeks 14 to 21 (Fig. 1C). Comparison 
of the ACLT+TCI633 (5x109 CFU/kg/day) and ACLT groups 
showed a significant decrease of swelling of the knee between 
weeks 14 and weeks 16 to 21 (Fig. 1C). Comparison of the 
ACLT+glucosamine (250 mg/kg) and ACLT groups showed a 
significant decrease of swelling of the knee between weeks 11 
to 24 (Fig. 1C). Moreover, comparison of the ACLT+TCI633 
(5x1010 or 5x1011 CFU/kg/day) and ACLT ACLT+TCI633 
(5x109 CFU/kg/day) groups showed a significant decrease of 
swelling of the knee. In summary, these results verified that 
TCI633 improved the effects on ACLT‑induced swelling of the 
knee with dose‑dependent effects. Once TCI633 was no longer 
administered (weeks 21 to 24), there was an upward trend for 
pain relief effects on knee swelling from all ACLT+TCI633 
groups.

Effects of TCI633 on body weight change. The effect of TCI633 
on body weight changes in ACLT models (Fig. 1D) was analyzed 
using ANOVA for repeated measures. The results showed 
significant effects in the treatment groups and time. There 
was also a statistically significant interaction between treat-
ment and time. Results showed that in terms of weight change, 
the ACLT and Control groups were not significantly different 
from weeks 0 to 24, although a time‑dependent increase in 
weight was observed. After ACLT surgery, comparison of 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  21:  222,  2021 5

the ACLT+TCI633 (5x1011 CFU/kg/day) and ACLT groups 
showed no significant changes in weight from weeks 0 to 
24 with a time‑dependent increase in weight in both groups. 
Comparison of the ACLT+TCI633 (5x1010 CFU/kg/day) and 
Control groups showed a significant decrease in weight from 
weeks 13 to 20 (Fig. 1D). Comparison of the ACLT+TCI633 
(5x109 CFU/kg/day) and Control groups showed a signifi‑/kg/day) and Control groups showed a signifi‑kg/day) and Control groups showed a signifi‑/day) and Control groups showed a signifi‑day) and Control groups showed a signifi-
cant weight decrease from weeks 8 to 10 and weeks 13 to 
20 (Fig. 1D). Comparison of the ACLT+glucosamine and 
ACLT groups showed no significant weight change from 
weeks 0 to 24. In summary, these results verified the effect 
of TCI633 on weight change in ACLT models, with a slight 
delay in weight increase in the ACLT+TCI633 (5x1010 and 
5x109 CFU/kg/day) groups.

Effect of TCI633 on synovial inflammation. Evaluation of the 
effect of TCI633 on synovial inflammation in ACLT‑treated 
rats compared with Control rats showed infiltration of inflam-
matory cells, tissue hyperplasia and hypertrophy (black 
arrows) in synovial tissue in week 24 (Fig. 2A). Comparison 
of the ACLT+TCI633 (5x109 CFU/kg/day) and ACLT groups 
demonstrated a similar phenomenon. Comparison of the 
ACLT+TCI633 (5x1011 or 5x1010 CFU/kg/day) and ACLT 
groups revealed slight inflammation with fewer inflamma-
tory cells and improvement of synovial tissue hyperplasia 

and hypertrophy at week 24 after ACLT (Fig. 2A). When 
evaluating the effects of TCI633 on synovial inflammation of 
ACLT rats using histopathological analysis, the ACLT group 
showed a significant increase in synovial score compared with 
the Control group (Fig. 2B). The ACLT+TCI633 (5x1011and 
5x1010 CFU/kg/day) and ACLT+glucosamine groups showed 
a significant decrease in synovial score compared with ACLT 
group (Fig. 2B). Moreover, there was a significant decrease 
in synovial score in ACLT+TCI633 (5x1011 CFU/kg/day) and 
ACLT+glucosamine compared with the ACLT+TCI633 (5x109) 
group (Fig. 2B). In summary, these results verified that TCI633 
and glucosamine significantly reduced the effects of synovial 
tissue inflammation after ACLT.

Effects of TCI633 on cartilage damage. Evaluation of the effects 
of TCI633 on the cartilage of knee after ACLT showed that, 
compared with the Control group, ACLT resulted in obvious 
damage to surface of cartilage and reduction of chondrocyte 
number. Safranin O/fast green staining showed decreased 
signals (red) reflecting the intensity of the cartilage layer in 
week 24 (Fig. 3A). While comparing the ACLT+TCI633 or 
ACLT+glucosamine groups with the ACLT group, there were 
slight irregularities on the surface of cartilage and a slight 
decrease in the intensity of staining signal in cartilage was 
observed (Fig. 3). There was a significant increase in OARSI 

Figure 1. Effects of TCI633 in ACLT induced OA model. Effect of TCI633 on (A) mechanical allodynia, (B) changes of weight bearing, (C) knee joint swelling and 
(D) body weight. aP<0.05 ACLT vs. Control groups at the same time‑point; bP<0.05 ACLT+treatment (including TCI633 x109, x1010 and x1011 CFU/kg/day and glu-
cosamine) vs. ACLT groups at the same time‑point; cP<0.05 ACLT+treatment (including TCI633 x1010 and x1011 CFU/kg/day and glucosamine) vs. ACLT+TCI633 
5x109 CFU/kg/day group at the same time‑point. TCI633, Streptococcus thermophilus; ACLT, anterior cruciate ligament transection.
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score between the ACLT and Control groups (Fig. 3B). There 
was a significant decrease in OARSI score in ACLT+TCI633 
and glucosamine groups with compared with ACLT group. 
Moreover, there was a significant decrease in OARSI 
score in ACLT+TCI633 (5x1010 or 5x1011 CFU/kg/day) and 
ACLT+glucosamine groups compared with the ACLT+TCI633 
(5x109) group. These results verified that TCI633 reduced the 
damage of cartilage after ACLT.

Effect of TCI633 in type II collagen expression of cartilage. 
The effects of TCI633 on type II collagen expression in the 
cartilage of ACLT‑treated rats were evaluated. Comparison of 
the ACLT and Control groups showed a notable reduction in 
type II collagen expression in the cartilage after ACLT (Fig. 4). 
The ACLT+TCI633 (5x109 CFU/kg/day) group also displayed 
similar conditions compared with the ACLT group (Fig. 4). 

In the ACLT+TCI633 (5x1010 or 5x1011 CFU/kg/day) and 
ACLT+glucosamine groups, there was an increasing trend 
in type II collagen expression compared with the ACLT 
group. Quantitative analysis of type II collagen expres-
sion in cartilage demonstrated that the ACLT group had a 
significant decrease in immunoreactivity compared with 
the Control group (Fig. 5B). In the ACLT+TCI633 (5x1010 or 
5x1011 CFU/kg/day) and ACLT+glucosamine groups, there 
was a significant increase in immunoreactivity compared 
with the ACLT group. Moreover, there was a significant 
increase in immunoreactivity in the ACLT+TCI633 (5x1010 
or 5x1011 CFU/kg/day) and ACLT+glucosamine groups 
compared with the ACLT+TCI633 (5x109 CFU/kg/day) 
group (Fig. 4B). In the ACLT+glucosamine group there 
was a similar effect compared with the ACLT+TCI633 
(5x1011 CFU/kg/day) group (Fig. 4B). These results suggested 

Figure 3. Histological evaluation of TCI633 on cartilage damage. (A) Safranin O and fast green staining images of the ankle joint sections from Control, ACLT, 
ACLT+TCI633 (5x109, 5x1010 and 5x1011 CFU/kg/day) and ACLT+glucosamine (250 mg/kg) groups. Magnification, x100. Scale bar, 200 µm. (B) OARSI scores in 
different treatment groups. *P<0.05 vs. ACLT; #P<0.05 ACLT+TCI633 (5x1010 or 5x1011 CFU/kg/day) or glucosamine groups vs. ACLT+TCI633 (5x109 CFU/kg/day) 
group. TCI633, Streptococcus thermophilus; ACLT, anterior cruciate ligament transection; OARSI, Osteoarthritis Research Society International.

Figure 2. Histological evaluation of TCI633 on synovial tissue inflammation. (A) Representative hematoxylin staining images of the ankle joint sections 
from Control, ACLT, ACLT+TCI633 (5x109, 5x1010 and 5x1011 CFU/kg/day) and ACLT+glucosamine (250 mg/kg) groups. Magnification, x100. Scale 
bar, 200 µm. Arrow indicated the hypertrophy of synovial tissue. (B) Synovial inflammatory score. *P<0.05 vs. ACLT; #P<0.05 ACLT+TCI633 (5x1010 or 
5x1011 CFU/kg/day) or glucosamine groups vs. ACLT+TCI633 (5x109 CFU/kg/day) group. TCI633, Streptococcus thermophilus; ACLT, anterior cruciate 
ligament transection.
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that TCI633 increased type II collagen expression in the 
cartilage of ACLT‑rats.

Effects of TCI633 on chondrocyte apoptosis of cartilage. The 
effect of TCI633 in protecting chondrocytes in the ACLT 
model was evaluated (Fig. 5). Under Control conditions, only 
a small ratio of chondrocytes undergo apoptosis (Fig. 5B) The 
results showed that there was an evident condition of chon-
drocyte apoptosis in week 24 after ACLT. With comparing 
with the ACLT group, there was a reduction of chondrocyte 
apoptosis observed in TCI633 (5x1010 or 5x1011 CFU/kg/day) 
and glucosamine treatment groups (Fig. 5B). Quantitative 
percentage analysis showed that there was a clear increase 
in the percentage of TUENL‑positive chondrocytes in the 
ACLT group with compared the Control groups in week 24. 
When comparing the TIC633 and glucosamine treatment 

groups with the ACLT group, both show a clear reduction in 
the percentage of TUNEL‑positive cells. When comparing 
the three different TIC633 dose groups with the ACLT group, 
there is the dose‑dependent effect of the reduction in the 
percentage of TUNEL‑positive cells. Moreover, there was 
a significant decrease in the percentage of TUNEL‑positive 
cells in the ACLT+TCI633 (5x1011 CFU/kg/day) groups and 
ACLT+glucosamine groups compared with the ACLT+TCI633 
(5x109 CFU/kg/day) group (Fig. 5B). These results suggested 
that TCI633 significantly protected chondrocytes against 
apoptosis in the ACLT model.

Discussion

The purpose of the present study was to examine the possible 
effects of TCI633 on OA using an ACLT‑induced OA rat 

Figure 4. Evaluating the effect of tci633 on type II collagen in cartilage. (A) Immunoreactivity of type II collagen is shown in red‑brown (arrow) of cartilage from 
Control, ACLT, ACLT+TCI633 (5x109, 5x1010 or 5x1011 CFU/kg/day) and ACLT+glucosamine (250 mg/kg) groups. Magnification, x200. Scale bar, 200 µm. 
(B) Quantitative analysis of type II collagen expression in the cartilage. *P<0.05 vs. ACLT; #P<0.05 ACLT+TCI633 (5x1010 or 5x1011 CFU/kg/day) or glucos-
amine groups vs. ACLT+TCI633 (5x109 CFU/kg/day) group. TCI633, Streptococcus thermophilus; ACLT, anterior cruciate ligament transection.

Figure 5. Evaluating the effect of TCI633 in chondrocyte apoptosis. (A) TUNEL staining is shown in red‑brown (arrow) of cartilage from Control, ACLT, 
ACLT+TCI633 (5x109, 5x1010 or 5x1011 CFU/kg/day) and ACLT+glucosamine (250 mg/kg) groups. Magnification, x200. Scale bar, 200 µm. (B) Quantitative 
analysis of TUNEL staining positive cells of the cartilage. *P<0.05 vs. ACLT; #P<0.05 ACLT+TCI633 (5x1010 or 5x1011 CFU/kg/day) or glucosamine 
groups vs. ACLT+TCI633 (5x109 CFU/kg/day) group. TCI633, Streptococcus thermophilus; ACLT, anterior cruciate ligament transection.
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model. A previous in vivo study have demonstrated that earlier 
administration of hyaluronic acid could delay the progression 
of OA in an ACLT rat model (8). Previous studies have reported 
that TCI633 can effectively produce hyaluronic acid in the 
gastrointestinal tract for absorption through the intestines, 
resulting in increased hyaluronic acid content in the blood 
and showing potential for treating osteoporosis (24,27). The 
present results showed that TCI633 can effectively alleviate the 
pain symptoms associated with OA in ACLT‑induced rats. The 
histopathological analysis also showed that oral administra-
tion of TCI633 resulted in significant improvement of synovial 
inflammation, cartilage damage and chondrocytes apoptosis 
after ACLT surgery. Moreover, oral administration of TCI633 
effectively increased the presentation of type II collagen in the 
cartilage after ACLT. Therefore, it was demonstrated that oral 
administration of TCI633 could improve disease progression 
of OA in ACLT‑treated rats.

Past studies have demonstrated that the progression of 
OA is accompanied by pain (1,3,43). Previous in vivo studies 
have verified that the ACLT model allows clear observa-
tion of mechanical allodynia and changes in bipedal weight 
balance dispersion (9,10,44). Moreover, there will be swelling 
accompanying the injured knee joint with disease progression 
after ACLT (10,44). Past studies have verified that hyaluronic 
acid injections can effectively reduce arthritis pain and has 
therapeutic effects on OA (22,45,46). In vivo studies have 
also reported that administering hyaluronic acid can effec-
tively alleviate the disease progression of arthritis caused by 
ACLT (5,38). A previous study demonstrated that TCI633 
can effectively produce hyaluronic acid in the gastrointestinal 
tract and in blood content (24), and the present study observed 
that oral administration of TCI633 in ACLT models can alle-
viate the pain and swelling. Moreover, the TCI633 (5x1010 or 
5x1011 CFU/kg/day) groups and glucosamine treatment groups 
had similar pain relief effects. Therefore, it was demonstrated 
that TCI633 can effectively reduce pain and inflammation 
after ACLT.

The primary causes for OA are long‑term mechanical 
stimulation and the aging process (2,3). Symptoms such as 
cartilage damage, bone lesions, osteoporosis and synovial 
tissue inflammation accompany the progression of OA (6). In 
this study, the histopathological staining showed observations 
of similar symptoms of human OA after ACLT. The result 
showed that the synovial and OARSI score were upregulated 
in the ACLT group. Thus, oral administration of TCI633 
and glucosamine could significantly downregulate the index 
of synovial inflammation and OARSI scores after ACLT. 
Moreover, administration medium or high doses of TCI633 
and glucosamine had superior treatment effects compared with 
low dose TCI633. Past studies demonstrated that hydrolysis of 
type II collagen in cartilage would further exacerbate joint 
destruction of OA (15,47,48). The current study observed that 
type II collagen expression in cartilage was decreased after 
ACLT, and administration of TCI633 and glucosamine could 
increase type II collagen expression in cartilage. Injection of 
hyaluronic acid has been considered an effective treatment 
to reduce synovial inflammation and increase collagen II in 
cartilage after ACLT (49). Previous studies have also reported 
that the TCI633 administration leads to a delaying bone loss 
and strengthening bones (24,27). However, it is worth noting 

that TCI633 also inhibits the gene expression of cathepsin K 
that plays important role in the hydrolysis of type II 
collagen (27,50). Therefore, the present study demonstrated 
that TIC633 can effectively reduce the progression of OA and 
severity of associated symptoms, and increase type II collagen 
expression in cartilage after ACLT.

In OA disease progression, there is an association between 
chondrocyte apoptosis and extracellular matrix loss of carti-
lage tissue. The main association is that chondrocyte apoptosis 
changes the synthesis, degeneration and breakage of extracel-
lular matrix in cartilage to form a vicious cycle in OA disease 
progression (16,17,51). Past studies have demonstrated that 
increasing type II collagen can affect the survival rate of chon-
drocytes and injection of hyaluronic acid could improve the 
rate of chondrocyte apoptosis induced by ACLT (52,53). The 
present comparisons of the ACLT and Control groups showed 
a significant increase in the amount of chondrocyte apoptosis. 
Oral administration of TCI633 and glucosamine effectively 
reduced the amount of chondrocyte apoptosis. The adminis-
tration of high doses of TCI633 and glucosamine showed a 
significant difference with the low dosage TCI633 group. 
Therefore, the present study demonstrated that oral admin-
istration of TCI633 increased type II collagen expression in 
cartilage and reduced chondrocyte apoptosis to alleviate the 
effects of OA after ACLT.

Overall, the current study utilized ACLT to induce OA 
to investigate the therapeutic effects of TCI633 in OA. 
Nociceptive behaviors and joint swelling were induced in 
rats by ACLT. The results showed that oral administration 
of TCI633 effectively alleviated pain and knee joint swelling 
after ACLT. Simultaneously, medium to high doses of 
TCI633 showed similar pain relief effects compared with the 
glucosamine group. Histopathological analysis showed that 
oral administration of TCI633 can effectively improve the 
symptoms of OA, including synovial inflammation and carti-
lage damage with significant therapeutic effects. Moreover, 
via analyzing type II collagen and chondrocyte apoptosis, 
oral administration of TCI633 effectively increased type II 
collagen expression in cartilage and reduced chondrocyte 
apoptosis to slow the symptoms of OA after ACLT. Thus, 
the present study demonstrated that oral administration of 
TCI633 could be useful for suppressing pain and reducing 
joint swelling through reducing synovial inflammation and 
cartilage damage in OA. In conclusion, oral administration of 
TCI633 for long‑term use could be used alleviate the symp-
toms of OA in humans.
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