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Abstract

BACKGROUND
No effective treatment guarantees full recovery from osteoarthritis (OA), and few
therapies have disadvantages.
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AIM
To determine if bone marrow mesenchymal stem cells (BMMSCs) and hyaluronic acid (HA) treat ankle OA in
Wistar rats.

METHODS

BMMSCs were characterized using flow cytometry with detection of surface markers [cluster of differentiation 90
(CD90), CD105, CD34, and CD45]. Fifty male Wistar rats were divided into five groups of 10 rats each: Group I,
saline into the right tibiotarsal joint for 2 days; Group II, monosodium iodate (MIA) into the same joint; Groups III,
MIA + BMMSCs; Group IV, MIA + HA; and Group V, MIA + BMMSCs + HA. BMMSCs (1 x 10° cells/rat), HA (75
pg/rat), and BMMSCs (1 x 10° cells/rat) alongside HA (75 pg/rat) were injected intra-articularly into the tibiotarsal
joint of the right hind leg at the end of weeks 2, 3, and 4 after the MIA injection.

RESULTS

The elevated right hind leg circumference values in the paw and arthritis clinical score of osteoarthritic rats were
significantly ameliorated at weeks 4, 5, and 6. Lipid peroxide significantly increased in the serum of osteoarthritic
rats, whereas reduced serum glutathione and glutathione transferase levels were decreased. BMMSCs and HA
significantly improved OA. The significantly elevated ankle matrix metalloproteinase 13 (MMP-13) mRNA and
transforming growth factor beta 1 (TGF-B1) protein expression, and tumor necrosis factor alpha (TNF-a) and
interleukin-17 (IL-17) serum levels in osteoarthritic rats were significantly downregulated by BMMSCs and HA.
The effects of BMMSCs and HA on serum TNF-a and IL-17 were more potent than their combination. The lowered
serum IL-4 levels in osteoarthritic rats were significantly upregulated by BMMSCs and HA. Additionally, BMMSCs
and HA caused a steady decrease in joint injury and cartilage degradation.

CONCLUSION
BMMSCs and/or HA have anti-arthritic effects mediated by antioxidant and anti-inflammatory effects on MIA-
induced OA. MMP-13 and TGF-f1 expression improves BMMSCs and/or HA effects on OA in Wistar rats.

Key Words: Osteoarthritis; Anti-inflammatory; Antioxidant; Bone marrow mesenchymal stem cells; Hyaluronic acid

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We determined the effectiveness of bone marrow mesenchymal stem cells (BMMSCs) and/or hyaluronic acid (HA)
in treating ankle osteoarthritis (OA). BMMSCs were characterized by flow cytometry. Lipid peroxidation, matrix metallo-
proteinase 13 (MMP-13) mRNA, transforming growth factor beta 1 (TGF-B1) protein expression, and tumor necrosis factor
alpha and interleukin-17 serum levels significantly increased in osteoarthritic rats, while antioxidant serum glutathione and
glutathione transferase levels decreased. Treatment of osteoarthritic rats with BMMSCs and HA improved these changes.
BMMSCs and/or HA have anti-arthritic effects mediated by increased antioxidant and anti-inflammatory effects and
suppression of MMP-13 and TGF-B1 expression in Wistar rats with OA.
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INTRODUCTION

Osteoarthritis (OA), the most common joint disease, is a chronic degenerative disease that affects the cartilage, synovial
membranes, and bones of the joints. It is characterized by articular cartilage deterioration, synovitis, joint effusion, and
new periarticular bone formation, all of which result in pain, swelling joint stiffness, and joint dysfunction[1,2]. There are
numerous risk factors for OA, including aging, hereditary factors, and trauma; however, aging is the most common risk
factor for the disease[3]. Furthermore, OA is more common among middle-aged and aging people, obese patients, sports
enthusiasts, and expert athletes. Ankle OA is common in degenerative ankle OA in the elderly, but can also be seen in
ankle OA secondary to injury resulting in ankle fracture. Existing conventional therapies for OA, which are mostly
directed toward the management of clinical symptoms, chiefly incorporate the use of usual analgesics, nonsteroidal anti-
inflammatory drugs, and hyaluronic acid (HA) lubricants, in addition to surgical interventions, such as microfracture and
drilling. Moreover, the combination of Chinese and Western inclusive therapy, a characteristic physiotherapy of
traditional Chinese medicine, coupled with traditional Chinese medicine. However, all of these treatments fail to gua-
rantee a complete cure for OA.

Buisdenge VIO | hittps:/ /www.wjgnet.com 1057 November 18,2024 | Volume15 | Issuell |


https://www.wjgnet.com/2218-5836/full/v15/i11/1056.htm
https://dx.doi.org/10.5312/wjo.v15.i11.1056

Hagag Ul et al. BMMSCs and hyaluronic acid on osteoarthritis

To date, only a few effective treatments are available for OA, highlighting the need to develop novel and effective
remedies. Cell therapy is an interesting therapeutic choice for various types of arthritis, as it might have the potential to
prevent further damage to cartilage[4,5]. Recently, numerous studies on the effects of intra-articular mesenchymal stem
cells (MSCs) in experimental and clinical arthritis have shown that stem cells are effective in curing cartilaginous defects
and have suppressive effects on OA[6,7]. MSCs can differentiate into various mesenchymal tissues including cartilage,
bone, muscle, and tendons. MSCs can be easily isolated from the bone marrow and further proliferated in culture,
preserving their ability to differentiate in response. MSCs possess self-renewal ability, anti-inflammatory properties, and
regenerative properties; therefore, MSCs may have the potential to regenerate damaged tissues and could be used as a
treatment for OA.

MSCs are the ideal cell type for repairing damaged joints in different arthritic disorders. In animal models of arthritis,
intraperitoneal or intravenous MSC injections have resulted in several curative effects, ranging from significant ame-
lioration to no effect; thus, the results remain inconclusive. This may be explained by the differences in the route of
administration. Intra-articular administration of MSCs directly to the affected tissues may be more advantageous than
any other route of administration[7]. Among different MSCs, bone marrow-derived MSCs (BMMSCs) have been shown to
efficiently reduce the development of OA in several animal models[6].

Intra-articular HA has been proposed as a treatment for ameliorating the mechanical functions of joints. It exhibits
analgesic, anti-inflammatory, mechanical, and chondroprotective properties[8]. HA treatment can restore articular
viscosity by substituting dysfunctional synovial fluid, which is formed due to changes associated with early inflam-
matory responses|9].

Therefore, we assessed the effectiveness of intra-articular BMMSCs, HA, and the combination of HA and BMMSCs in
repairing damaged joints, diminishing joint swelling, and ameliorating inflammation of the osteoarthritic ankle induced
by monosodium iodate (MIA) in a rat model.

MATERIALS AND METHODS

Chemicals

MIA was obtained from Sigma-Aldrich (St Louis, MO, United States). HA, orthovisc® (15 mg/mL) of high molecular
weight ranging from 1000 to 2900 kDa was obtained from Anika Therapeutics, Inc. (Bedford, MA, United States). Du-
Ibecco’s modified Eagle medium (DMEM), penicillin/streptomycin, trypsin/ EDTA, and fetal bovine serum (FBS) were
purchased from Lonza (Verviers, Belgium). Sodium hydrogen carbonate was purchased from Loba Chemie (Maha-
rashtra, India). Culture flasks and other consumables were purchased from Greiner Bio-One (Frickenhausen, Germany).
All other reagents and chemicals used were of high purity grade.

Preparation of complete culture medium

To prepare the complete culture medium, penicillin/streptomycin solution, sodium hydrogen carbonate, and FBS were
added to 89% DMEM, based on the methods employed by Sun et al[10].

Isolation and culture of BUMSCs
The procedure used for isolating and culturing BMMSCs was based on the technique described by Ahmed et al[11].

Cell viability analysis
The trypan blue dye exclusion test was used to assess the viability of isolated and cultured cells. This technique is based
on the theory that the surviving cells do not take up the dye, whereas dead cells do. After washing them twice in
phosphate-buffered saline (PBS), the cells were resuspended in DMEM, and the viability percentage was assessed by
adding equal volumes of 0.2% trypan blue (100 pL) and cell suspension (100 uL). The viability of the isolated cells was
found to be 97%-98%.

Labeling of BMMSCs

Labeling of BMMSCs was accomplished according to the technique by Aboul-Fotouh et al[12] by incubating BMMSCs
with ferumoxides solution (25 ug Fe/mL, Feridex; Berlex Laboratories, Montville, NJ, United States) in a culture medium
for 24 h with adding 375 ng/mL of polylysine 1 h pre-incubation. Labeling was histologically detected using Prussian’s
blue (Pb) staining. After incubation, the Feridex-labeled BMMSCs were washed in PBS, treated with trypsin, re-washed,
and re-suspended in 0.01 mol/L PBS at a cell density of 1 x 10° cells/mL.

Morphological examination of BUMSCs
BMMSCs were observed under the Biobase inverted microscope to confirm the characteristics of adherent spindle-shaped
BMMSCs with their in vitro growth characteristics according to Ghanayem et al[13]. Also, BMMSCs were identified by
their adherence to the plastic surfaces of tissue culture flasks when maintained under standard culture conditions.

The BMMSCs suspended in DMEM with viability > 95% were rapidly injected into the ankle joint of osteoarthritic rats
at a dose of 1 x 10° cells/rat.
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Detection of surface markers (cluster of differentiation 90, cluster of differentiation 105, cluster of differentiation 34
and cluster of differentiation 45) by flow cytometry

Flow cytometry was applied for immunophenotyping of BM-MSCs through detection of cell surface markers [cluster of
differentiation 90 (CD90), CD105, CD34, and CD45]. Briefly, the non-adherent hematopoietic cells were washed off, and
the adherent MSCs were characterized by fluorescence-activated cell sorting using fluorescein isothiocyanate (FITC) and
phycoerythrin (PE) with antibodies against CD90, CD105, CD34, and CD45. Both FITC and PE were obtained from
Beckman Coulter Inc. (NE15106; Brea, CA, United States).

Experimental animals and housing

Adult male Wistar rats (n = 50) weighing 100-130 g and aged 8-10 weeks were used. The animals were obtained from
VACSERA, Helwan, Egypt. For 1 week, the animals were retained under monitoring and strict care to rule out any
communicable diseases. In the animal house of the Department of Zoology, Faculty of Science, Beni-Suef University (Beni
Suef, Egypt), the animals were kept in cages with good-aerated stainless-steel coverings at a 10-12 h/day natural daily
lighting cycle and a temperature of 20-25 °C, and were given a balanced diet and water ad libitum.

MIA-induced OA

After 1 week of adaptation, OA was experimentally induced in rats by injecting MIA in a dose level of 2 mg/50 pL of
isotonic sterile saline using a 21-gauge needle into the tibiotarsal joint of the right hind limb on 2 consecutive days, as
previously demonstrated by Ragab et al[5]. Before the MIA injection, the animals were anesthetized using intramuscular
injection of ketamine (70 mg/kg body weight) and xylazine (7 mg/kg body weight).

Experimental design and animal grouping
After receiving the MIA injections, the rats were randomly allotted to five groups of 10 rats each, as shown in Figure 1.
Group I (normal control) consisted of normal rats, which received 50 L of sterile 0.9% NaCl by injection at the ends of
weeks 0, 2, 3, and 4 into the ankle joint of each rat's right hind leg. Rats in Group II (OA control) received MIA via intra-
articular injection into the right tibiotarsal joint over 2 days. At the end of weeks 2, 3, and 4 following MIA injection, the
rats in this group additionally received 50 pL of isotonic sterile saline intra-articular injections into the tibiotarsal joint of
the right hind leg. Group III (MIA + BMMSCs) consisted of osteoarthritic rats that were intra-articularly injected into the
tibiotarsal joint of the right hind leg at a dose of 1 x 10° cells/rat at the end of weeks 2, 3, and 4 after MIA injection. Group
IV (MIA + HA) comprised osteoarthritic rats that were intra-articularly treated with 50 pL of 15 mg/mL HA [orthovisc®
(15 mg/mL)] by injection into the tibiotarsal joint of the right hind leg at the end of weeks 2, 3, and 4 after MIA injection.
Group V (MIA + BMMSCs + HA) consisted of osteoarthritic rats that were intra-articularly treated with BMMSCs and 50
PL of HA by injection into the tibiotarsal joint of the right hind leg at the end of weeks 2, 3, and 4 after the MIA injection.
Blood samples were taken from each rat's jugular vein after the experiment under diethyl ether inhalation anesthesia,
placed in gel with a clot activator, and centrifuged at 3000 rpm for 15 min. Quickly removed and stored at 20 °C until
needed, the clear, non-hemolyzed supernatant sera were used. Each animal had its right ankle joint quickly removed.
Phosphate-buffered formalin was used to fix three samples from each group for histopathological analysis. The rest of the
ankles of each group were kept at -20 °C until they were used in molecular and Western blot analyses.

Measurement of leg circumference: Using a thread that was wrapped around the leg at the area of the ankle, the circum-
ference of the right hind leg at the region of the ankle was measured as a gauge of the rate of paw edema and swelling in
various groups. The thread's length was then determined using a ruler. From zero days to the conclusion of the ex-
periment following MIA, the measurements were anticipated once a week. To demonstrate the gross morphology, a high-
resolution camera was also used to take pictures of the right legs.

Assessment of clinical signs of inflammation and scoring of arthritis: The rats were observed for clinical signs of
arthritis every week (from day zero to the end of the experiment) following the injection of MIA. Swelling in at least one
joint or paw was taken into consideration when MIA-induced arthritis was suspected to have occurred. According to the
methodology employed in a prior paper[14], the degree of arthritis was graded in each paw as follows: 0 = normal; 0.5 =
slight redness of ankle joint or digits; 1 = mild but distinct redness and ankle swelling; 2 = moderate redness and ankle
swelling; 3 = severe redness and entire paw swelling, including digits; more than two joints involved; 4 = maximally
inflamed limb with involvement of more than one joint.

Determination of serum cytokine levels: Special enzyme-linked immunosorbent assay (ELISA) kits from R&D Systems
(Minneapolis, MN, United States) were used to measure the serum levels of tumor necrosis factor alpha (TNF-a),
interleukin-17 (IL-17), and IL-4.

Determination of serum oxidative stress and antioxidant defense system biomarkers: Based on the methods described
by Yilgor et al[15], serum glutathione (GSH) levels, lipid peroxidation (LPO) product (malondialdehyde), and GSH-S-
transferase (GST) activities were determined.

Quantitative reverse transcriptase-polymerase chain reaction assay for matrix metalloproteinase 13 mRNA of the
ankle joint: RNA extraction kit that enables purification of high-quality RNA from tissues (ankle joint articular tissues)
was purchased from (Qiagen, Germantown, MD, United States). The method was carried out according to the company’s
instructions. Quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR) amplification and analysis were
performed using Applied Biosystems StepOne™ software version 3.1 (Foster City, CA, United States). The qRT-PCR
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Figure 1 Design, setting of the study and animal grouping. BMMSCs: Bone marrow mesenchymal stem cells; GSH: Glutathione; GST: Glutathione S-
transferase; HA: Hyaluronic acid; IL-17: Interleukin-17; LPO: Lipid peroxidation; MIA: Monosodium iodate; MMP-13: Matrix metalloproteinase 13; ROS: Reactive
oxygen species; TGF-B1: Transforming growth factor beta 1; TNF-a: Tumor necrosis factor alpha.

assay with the primer sets was optimized at the annealing temperature. The primer sequences for matrix metallopro-
teinase 13 (MMP-13) were as follows: Forward: 5'-CCCTGGAATTGGCGACAAAG-3'; Reverse: 5GCATGACTCT-
CACAATGCGATTAC-3".

Western blot analysis for detection of ankle transforming growth factor beta 1: Western blot analysis was performed as
previously described[16]. Ankle samples preserved at -20 °C were used to study the effect of BMMSCs and/or HA on the
expression level of transforming growth factor beta 1 (TGF-f1). Briefly, ankles were homogenized in radioimmunoprecip-
itation assay (RIPA) buffer supplemented with proteinase inhibitor and centrifuged, after which the protein concentration
was estimated in the clear homogenate supernatant by Bradford reagent. Thirty milligrams of proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), electrotransferred to nitrocellulose membranes,
and blocked in 5% skimmed milk dissolved in a mixture of Tris-buffered saline Tween 20 (TBST). Then the loaded
membranes were incubated with 1% antibodies against TGF-B1. After washing with TBST, the membranes were probed
with the corresponding 27 antibodies and developed using an improved chemiluminescence assay kit (Bio-Rad
Laboratories, Hercules, CA, United States).

Western blot analysis, ELISA, and qRT-PCR were performed at the Laboratory of Biochemistry Department, Kasr Al
Ainy Faculty of Medicine, Cairo University (Giza, Egypt).

Histopathological investigation

After sacrifice (6 weeks), the right ankle joints of rats in the different groups were dissected out and fixed in 10% pho-
sphate-buffered formalin. Then the decalcification process was carried out by using a 10% formic acid solution, which
was replaced twice weekly for 2 weeks, and the endpoint of decalcification was detected physically with a surgical blade.
After complete decalcification, the samples were washed with PBS, dehydrated in a graded ethyl alcohol series, and
embedded in paraffin wax. Sagittal sections measuring 5 pm in thickness by sludge microtome. The tissue sections were
collected on glass slides and stained with hematoxylin and eosin (H&E). The prepared H&E-stained sections were
examined to detect histological lesions. After histological examinations, sections were graded according to the system
illustrated by Allam et al[17] for pannus formation (synovial hypertrophy), inflammation represented by inflammatory
cell infiltration, cartilage erosion, and bone damage. For each histological lesion, four grades were characterized: 0 = no
lesion, 1 = mild, 2 = moderate, 3 = severe.

Histochemical investigation
Pb staining technique for the detection of iron oxide labeled therapeutic MSCs was used according to the method of Ellis
[18]. Labeled therapeutic MSCs in joint tissues were marked by a blue staining color.
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Figure 2 Immunophenotyping of bone marrow mesenchymal stem cells by detection of surface markers including cluster of differ-
entiation 90, cluster of differentiation 105, cluster of differentiation 34, and cluster of differentiation 45 by flow cytometry. The cells are
cluster of differentiation 90 (CD90)- and CD105-positive (> 90%) while the expression of CD34 and CD45 is weak (< 15%). A: CD90; B: CD105; C: CD34; D: CD45.
FITC: Fluorescein isothiocyanate; PE: Phycoerythrin.

Statistical analysis

Statistical analysis was carried out by SPSS (version 25; IBM Co., Armonk, NY, United States). Data are presented as the
mean * standard error of the mean, and statistical comparisons were analyzed by Duncan's test post hoc. P < 0.05 was
considered statistically significant.

RESULTS

Characterization of BMMSCs

To characterize the isolated BMMSCs, flow cytometry was performed to detect the surface markers CD73, CD105, CD45,
and CD34. The purified adherent cells at the end of the incubation period exhibited high expression of specific bio-
markers of BMMSCs including CD90 (93.29%) and CD105 (93.52%), and weak expression of CD34 (10.90%) and CD45
(14.16%), which are specific biomarkers for hematopoietic stem cells (Figure 2).

Effects of BMMSCs and HA on morphological signs of the right leg of osteoarthritic rats
Figure 3 shows the gross changes in the right legs of normal, osteoarthritic, and osteoarthritic-treated rats. The right hind
leg ankles exhibited marked swelling and redness in the 4", 5* and 6™ weeks of MIA injection (Figure 3D-F) compared
with those of normal rats (Figure 3A-C). These deteriorated signs were more pronounced as the period extended from the
4™ to 6™ weeks.

The treatment of MID-induced osteoarthritic Wistar rats with BMMSCs, HA, and BMMSCs plus HA resulted in a
remarkable amelioration of these morphological signs as shown in Figure 3G-O in the 4*, 5* and 6™ weeks, respectively.
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Figure 3 Right hind leg pictures of the tested groups. A-C: Right hind legs normal rats at the 4" week (A), 5" week (B), and 6" week (C); D-F: Osteoar-
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thritic rats in the 4" week (D), 5" week (E), and 6" week (F) showed swelling and redness as external signs of inflammation; G-O: Osteoarthritic rats treated with bone
marrow mesenchymal stem cells (BMMSCs) (G-I), hyaluronic acid (HA), (J-L) and BMMSCs + HA (M-O) exhibited marked improvements in these morphological
signs (in the 4, 5™, and 6™ weeks, respectively).

Effect of BMMSCs and HA on right hind leg paw circumference in osteoarthritic rats

The change in right hind leg paw circumference in MIA-administered rats through 6 weeks after MIA administration and
as a result of BMMSC and/or HA treatment is shown in Table 1. The osteoarthritic control animals exhibited a significant
(P <0.05) increase in the hind leg paw edema; the recorded percentage increases were 95%, 68%, 65%, 64%, 61%, and 50%
at the 1¢, 2" in the 3, 4%, 5%, and 6" weeks, respectively, in relation to the normal control group. Treatment of the
osteoarthritic rats with BMMSCs, HA, and BMMSCs + HA produced a significant decline in the elevated level of paw
edema recording percentage changes of -17%, -22%, and -17%, respectively, at the end of the experiment in comparison
with the osteoarthritic control animals.

Effects of BMMSCs and HA on arthritis clinical score of osteoarthritic rats
The change of clinical score of arthritis in MIA-administered rats through 6 weeks after MIA administration and as a
result of BMMSCs, and/or HA treatment was shown in Table 2.

The gross signs of arthritis started from the 1* day after MIA administration with slight swelling and redness, reaching
a significant level (P < 0.05) on day 3 (acute OA) and then exhibited a slight gradual decrease in the clinical score until
day 14 (chronic OA) in MIA-administered rats. After the treatment of osteoarthritic rats with BMMSCs and/or HA, a
significant decrease in arthritis score was observed in BMMSCs, HA, and BMMSCs + HA groups compared with
osteoarthritic rats.

Effects of BUMSCs and HA on serum TNF-a, IL-17, and IL-4 levels in osteoarthritic rats

Data describing the effect of BMMSCs and/or HA on the levels of pro-inflammatory and anti-inflammatory cytokines in
the serum of MIA-administered rats are presented in Table 3. The injection of MIA into rats induced a significant upregu-
lation (P < 0.05) of serum TNF-a (39.9%) and IL-17 (26.5%) levels and a significant downregulation (P < 0.05) of serum IL-
4 level (-56.91%) compared to the normal group. The treatment of osteoarthritic rats with BMMSCs and/or HA caused a
significant improvement (P < 0.05) in serum TNF-a and IL-17 levels in relation to the osteoarthritic control. On the other
hand, the serum IL-4 level was significantly enhanced due to BMMSC and/or HA treatments. Although the effects of
BMMSCs, HA, and BMMSCs + HA on serum IL-4 levels were similar, the effects of BMMSCs and HA on serum TNF-a
and IL-17 levels were more potent than their combination.

Effects of BMMSCs and HA on oxidative stress and antioxidant defense bioindicators in osteoarthritic rats
The effects of BMMSC and/or HA on serum oxidative stress and antioxidant defense biomarkers of MIA OA are
presented in Figure 4A (LPO), Figure 4B (GST), and Figure 4C (GSH).

LPO was increased in osteoarthritic control Wistar rats. The intra-articular injections of arthritic rats with BMMSCs,
HA, and HA + BMMSCs produced a marked decrease in the elevated LPO. HA + BMMSCs were more potent in impro-
ving the LPO in osteoarthritic rats.

The intra-articular injection of MIA to Wistar rats significantly (P < 0.05) decreased the serum GSH content as well as
GST activities as compared to normal animals. As a result of BMMSC treatment, all the deleterious effects of MIA on the
antioxidants were significantly (P < 0.05) enhanced. In addition, HA significantly improved GSH content and GST
activity. Therefore, BMMSC treatment seemed to be the most effective.

Effects of BMMSCs and HA on joint MMP-13 protein expression in osteoarthritic rats

Data describing the effect of BMMSCs, HA, and BMMSCs in combination with HA on joint tissue MMP-13 mRNA
expression of MIA-administered Wistar rats are shown in Figure 4D. MMP-13 mRNA expression significantly increased
in MIA-administered rats compared to the normal group, while in all treated groups, the level of MMP-13 was sig-
nificantly decreased (P < 0.05).

Effects of BMMSCs and HA on joint TGF-B1 protein expression in osteoarthritic rats

The effect of BMMSC and/or HA treatments on joint TGF-plof MIA-administered rats are presented in Figure 4E. MIA-
induced osteoarthritic rats showed a significant (P < 0.05) increase in joint TGF-B1 protein expression in comparison with
normal non-arthritic rats. Supplying the MIA-induced osteoarthritic rats with either BMMSCs and/or HA by intra-
articular injection significantly (P < 0.05) resulted in TGF-B1 protein expression downregulation.

Effects of BMMSCs and HA on ankle histopathological score in osteoarthritic rats

Ankle histological lesions were scored on a 0-3 scale in H&E-stained sections by a blinded pathologist. The present data
revealed a significant (P < 0.05) decrease in the total histopathological score and synovitis, pannus formation, bone
erosion, and cartilage destruction of osteoarthritic rats treated with BMMSCs and/or HA compared to osteoarthritic
control ones (Figure 4F).
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Table 1 Effect of bone marrow mesenchymal stem cell and/ or hyaluronic acid treatments on right hind leg circumference at paw region

(cm) of osteoarthritic rats

: Zero
Period/group e % 3iday % 2@week % 3?week % 4"week % 5"week % 6" week %
Normal 1.50 + = 153+ - 1.68 + = 1.68 + = 171+ = 1.70 + = 1.80+ =
0.03° 0.03" 0.05" 0.05" 0.05 0.04" 0.04°
Osteoarthritic control  1.58 + 5 208+ 95 2824+ 68 277+ 65 280+ 64 274+ 61 270 + 50
0.05" 0.05° 0.05" 0.054° 0.03" 0.03" 0.03"
Osteoarthritic + 1.67 + 6 289+ -3 279+ 1 269+ 3 267+ 5 228+ -6 223+ A7
BMMSCs 0.06" 0.06° 0.04" 0.035° 0.04° 0.04" 0.07"
Osteoarthritic + HA ~ 1.64 + 4 292+ -2 290+ 3 274+ 1 255+ 9 245+ 11 210+ 22
0.06" 0.04° 0.06" 0.06 0.04" 0.05° 0.04"
Osteoarthritic + 1.63 + 3 201+ -2 289+ 2 276 + 0 2.600 + 7 250+ -9 225+ 17
BMMSCs + HA 0.06" 0.04° 0.05" 0.052° 0.05" 0.03"¢ 0.05"

P < 0.05, in the same column, values with b, ¢, and d are significantly different;

PP < 0,05, in the same column, values with a, ¢, and d are significantly different;

P < 0.05, in the same column, values with a, b, and d are significantly different;

dp < 0.05, in the same column, values with a, b, and c are significantly different.

Data are expressed as the mean * standard error of the mean (SEM) of the mean (1 = 6). Percentage changes were calculated by comparing osteoarthritic
control with normal and osteoarthritic-treated groups with osteoarthritic control. BMMSCs: Bone marrow mesenchymal stem cells; HA: Hyaluronic acid.

Table 2 Effect of bone marrow mesenchymal stem cell and/ or hyaluronic acid treatments on clinical score of arthritis in osteoarthritic

rats

Period croup Oday 39day % 2" week % 3dweek % 4" week % 5" week % 6" week %
Normal 0 020+ - 0.20 + 5 0.20 + . 0.10 % = 0.10 % = 0.10 % =

0.08" 0.08" 0.01° 0.07¢ 0.07¢ 0.05°
Osteoarthritic 0 380+ 1800 280+ 1300  2.60 £ 1200 320+ 2400  2.60 £ 2300 210+ 2000
control 0.13° 0.20" 0.16" 0.25" 0.22° 0.21°
Osteoarthritic + 0 360+ -5 2.70 + -4 240+ -8 230+ 4 210+ -13 0.70 + -67
BMMSCs 0.18" 0.21° 0.16 0.25° 0.23" 0.19°
Osteoarthritic + HA 0 370 -3 2.80 + 0 2.50 + -8 212+ -16 1.70 + 29 0.55 + 74

0.15" 0.20° 0.16° 0.13" 0.21° 0.14"
Osteoarthritic + 0 370 -3 2.70 + -4 240+ -8 2.50 + 0 2.00 + 47 0.70 + -67
BMMSCs + HA 0.15° 0.21° 0.16 0.21° 0.21° 0.19°

2P < 0.05, in the same column, values with b, ¢, and d are significantly different;

bp < 0.05, in the same column, values with a, ¢, and d are significantly different;

P < 0.05, in the same column, values with a, b, and d are significantly different;

dp < 0.05, in the same column, values with a, b, and c are significantly different.

Data are expressed as the mean + standard of the mean (SEM) of the mean (1 = 6). Percentage changes were calculated by comparing osteoarthritic control
with normal and osteoarthritic-treated groups with osteoarthritic control. BMMSCs: Bone marrow mesenchymal stem cells; HA: Hyaluronic acid.

Effects of BMMSCs and HA on ankle histopathological changes in osteoarthritic rats

H&E-stained section photomicrographs of ankle joint articular tissues of non-arthritic Wistar rats revealed the absence of
inflammation and intact histological structures of the joints (bones, cartilages, and fibrous joint capsules) (Figure 5A and
B). Photomicrographs of osteoarthritic control rats, however, showed striking histopathological changes, including
synovial swelling, hyperplasia with infiltrations of numerous mononuclear leucocytic cells (lymphocytes, macrophages,
and occasionally plasma cells), extensive pannus formation, and severe destruction (Figure 5C and D).

On the other hand, ankle joint photomicrographs of osteoarthritic rats supplemented with HA by intra-articular
injection depicted mild signs of OA (Figure 6A and B) while those treated with BMMSCs (Figure 6C and D), as well as
those concurrently treated with BMMSCs and HA (Figure 6E and F) exhibited less severe OA pathology with moderate
degree of inflammation. Microscopically, osteoarthritic rats indicated inflammation of the synovial membrane (synovitis)
characterized by multiplicities of synovial lining cells, in 2-3 layers as well as the proliferation of the underlying blood
vessels, which was associated with peri-vascular edema and diffused cellular infiltrations consisting of mononuclear
leucocytic cells. Many ankle specimens had lesions caused by inflammatory cells that spread to the surrounding muscles
and connective tissue in the peri-articular region. There were modest lesions of proliferative fibroblast-like cells and
synovial sloughing in several synovial membrane regions. At the edge of the articular cartilage and the level of the
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Table 3 Effect of bone marrow mesenchymal stem cell and/ or hyaluronic acid treatments on serum tumor necrosis factor alpha,

interleukin-17 (pro-inflammatory cytokines) and interleukin-4 (anti-inflammatory cytokine) levels in osteoarthritic rat

Parameters groups TNF-a (pg/mL) % change IL-17 (pg/mL) % change IL-4 (pg/mL) % change
Normal 16.55 + 0.95 - 35.47 +1.41° - 117.63 + 1.06* =
Osteoarthritic control 82.65 + 3.64" 399 129.52 + 1.45" 265 48.77 £1.07° -59
Osteoarthritic + BMMSC ~ 30.38 +3.19° 63 60.70 + 2.05" 53 96.40 + 0.46" 98
Osteoarthritic + HA 28.97 +1.52° -65 70.43 +2.51° -46 97.40 +1.57° 100
Osteoarthritic + BMMS + 43,58 + 4.04° -47 76.04 +0.77° 41 96.27 + 4.01° 97

HA

P < 0.05, in the same column, values with b, ¢, d and e are significantly different;
bp < 0.05, in the same column, values with a, ¢, d and e are significantly different;
P < 0.05, in the same column, values with a, b, d and e are significantly different;
dp < 0.05, in the same column, values with a, b, ¢ and e are significantly different;
P < 0.05, in the same column, values with a, b, c and d are significantly different.
Data are expressed as the mean * standard error of the mean (SEM) of the mean (1 = 6). Percentage changes were calculated by comparing osteoarthritic
control with normal and osteoarthritic-treated groups with osteoarthritic control. BMMSCs: Bone marrow mesenchymal stem cells; HA: Hyaluronic acid;

IL: Interleukin; TNF-a: Tumor necrosis factor alpha.

cartilage bone, pannus development in the form of a single or multiple proliferating granulation tissue containing
hyperplastic synoviocytes and inflammatory cells was also seen. Some arthritis-affected rats' articular cartilages showed
superficial fibrillation linked to cell deaths or proliferations, uneven articular surfaces, and in some cases, mid-zone
articular cartilages. Additionally, osteoclast activity and fibroplasia were seen in conjunction with the destruction and
degeneration of the articular bone. The HA-treated MIA-induced osteoarthritic Wistar rats exhibited milder forms of the
previously known arthritic histological abnormalities. The histological lesions of arthritis in the osteoarthritic rats treated
with BMMSCs and the group that received both BMMSCs and HA simultaneously exhibited mild to moderate severity.

Pb-stained ankle sections

Rat ankle sections of osteoarthritic groups treated with BMMSCs showed multiple Pb positive (+ve) cells. Many stem cells
were detected under the synovial membrane and within the joint capsule connective tissue and were stained blue with Pb
reflecting that the cells contained iron (Figure 7).

DISCUSSION

Due to its short duration, simple measures, and similarities to human OA, MIA-induced OA is a popular experimental
animal model for preclinical research, and has a high degree of validity for evaluating the anti-osteoarthritic properties of
various agents[19]. On day 3, the mean clinical score for arthritis of the injected ankle was the greatest in the present
study. Edema at the injection site decreased over time, and the lowest swelling was observed in the 6" week. These
findings were consistent with those reported by Ma et al[20] in a previous investigation[20]. At the end of the experiment,
the BMMSC-, HA-, and BMMSC + HA-treated rats were compared to the OA control.

The right hind leg paw circumference was used as a measure of paw edema and gross swelling rate. Typically, the anti-
inflammatory effects of OA are assessed via changes in paw volume[21]. Compared to rats in the normal group, all
osteoarthritic control and osteoarthritic-treated rats displayed considerable swelling of the injected ankle 3 days after
MIA injection. Treatment with BMMSC, HA, or BMMSC + HA effectively decreased the enlarged right hind paw circum-
ference in osteoarthritic rats. The reduction in circumference resulting from treatment with BMMSC and HA reflects a
reduction in the swelling rate, which could be attributed to improved edema, attenuation of the inflammatory process,
and suppression of synovial hyperplasia, as confirmed by the histopathological results of joints in this study and previous
investigations[22,23].

Inflammation and inflammatory responses are essential contributors to the development and progression of OA. Pro-
inflammatory and inflammatory cytokines have long been recognized as important mediators in the development and
progression of OA[23-26]. The dysregulation of these CD4 * T cell cytokines plays a crucial role in the pathogenesis of OA
(Figure 8). T helper 1 (Thl) cells release pro-inflammatory cytokines, such as TNF-a, IL-1B, interferon gamma, IL-2, IL-12,
IL-6, and IL-8, whereas Th2 cells release anti-inflammatory cytokines such as IL-4, IL-5, IL-10, and IL-13[27]. In addition,
Th17 cells secrete the proinflammatory cytokine, IL-17. In the current study, the osteoarthritic rats exhibited a profound
elevation in the serum concentrations of Th1 cytokine (TNF-a) and Th17 cytokine (IL-17) and a significant depletion in
Th2 cytokine (IL-4) level after 6 weeks of MIA injection in comparison with those in the normal control. These findings
confirmed the dominance of Th1 and Th17 on Th2 in MIA-induced OA (Figure 8) and are in similar to the result by Li et al
[28], who revealed that after MIA treatment, serum TNF-a and IL-17 expression was considerably higher in rats with OA
than in healthy rats. The increased amounts of pro-inflammatory cytokines may indicate their important impact on the
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Figure 4 Effect of bone marrow mesenchymal stem cells and/ or hyaluronic acid treatments. A: Effect of bone marrow mesenchymal stem cells
(BMMSCs) and/or hyaluronic acid (HA) treatments on serum lipid peroxidation (LPO) level of monosodium iodate-administered rats; B: Effect of BMMSC and/or HA
treatments on serum glutathione S-transferase (GST) activity in monosodium iodate-administered rats; C: Effect of BMMSC and/or HA treatments on serum
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glutathione (GSH) content in monosodium iodate-administered rats; D: Effect of BMMSC and/or HA treatments on matrix metalloproteinase 13 (MMP-13) mRNA
expression level in joint tissue of monosodium iodate-administered rat; E: Effect of BMMSCs and/or HA treatments on transforming growth factor-f3 (TGF-b) protein
expression level in the joint tissue of monosodium iodate-administered rat; F: Effect of BMMSCs and/or HA treatments on the histopathological arthritis score
monosodium iodate-administered rat. The histological lesion scores of synovitis (synovial inflammation), pannus formation, bone resorption, and cartilage destruction
were demonstrated. 2P < 0.05, compared values with b, ¢ and d are significantly different; °P < 0.05, compared values with a, ¢ and d are significantly different; °P <
0.05, compared values with a, b and d are significantly different; %P < 0.05, compared values with a, b, and ¢ are significantly different.

Figure 5 Histopathological evaluation of treatments on monosodium iodate-induced osteoarthritis in rat. A and B: Microphotographs showing
the histological changes in hind ankle of normal control (photomicrographs); C and D: Osteoarthritic control rats (photomicrographs) in Hematoxylin and eosin (100 x)
stained sections. The integral histological architecture of hind ankle joints was found in normal control rats. Osteoarthritic control rats showed synovial hyperplasia,
mononuclear inflammatory cell infiltration, marked pannus formation, cartilage destruction and bone erosion. CA: Articular cartilage; EC: Erosion of cartilage; IF:
Inflammatory cells infiltration; PF: Pannus formation; SF: Synovial fluid; SM: Synovial membrane; SP: Spongy bone.

pathophysiology of experimental arthritis and the immunomodulatory and regenerative roles of MSCs and their derived
exosomes in rheumatoid arthritis (RA) pathology[24,25]. TNF-a is a key inflammatory mediator implicated in the indu-
ction of chronic inflammatory conditions[29] and has been reported to be linked to the progression of OA and RA[4,28,
30]. IL-17 can cause matrix damage and inflammation in patients with OA[31]. The present results are also in accordance
with those of Pal ef al[30], Nazir et al[32], and Zhang et al[33], who reported a significant decrease in IL-4 expression in
arthritic rats compared to that in normal controls.

In the present study, the administration of BMMSC, HA, and BMMSC + HA to osteoarthritic rats significantly do-
wnregulated the elevated levels of pro-inflammatory cytokines, TNF-a and IL-17, and upregulated the anti-inflammatory
cytokines, including IL-4. These findings confirmed the dominance of Th2 over Thl and Th17 cells in osteoarthritic rats
treated with BMMSC, HA, or BMMSC + HA, which have anti-inflammatory effects (Figure 8). Despite the effects of
BMMSCs, HA, and BMMSCs + HA on serum IL-4 levels being similar, the effects of BMMSCs and HA on serum TNF-a
and IL-17 levels were more efficient than their combination. When Th2 cells are predominant in inflamed tissues, high
amounts of IL-4 are produced to counteract the inflammatory effects by lowering the production and activity of pro-
inflammatory cytokines. IL-4 is thought to have chondroprotective properties by reducing proteoglycan breakdown and
MMP production in articular cartilage[34]. The results in the present study are consistent with Ahmed et al[4] who
revealed a significant downregulation of ankle TNF-a expression and serum TNF-a level, and with Abd-Elhalem et al[35]
and Endrinaldi et al[36], who reported a significant rise in IL-4 expression and blood levels in arthritic rats treated with
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Figure 6 Histopathological evaluation of treatments on monosodium iodate-induced osteoarthritis in rat. Microphotographs showing the
histological changes of hind ankle in hematoxylin and eosin (100 x) stained sections. A and B: The histological picture of hind ankle joints of osteoarthritic rats treated
with hyaluronic acid (HA); C and D: The histological picture of hind ankle joints of osteoarthritic rats treated with bone marrow mesenchymal stem cells (BMMSCs); E
and F: Treated with BMMSCs + HA revealed improvements in the ankle joint articular tissue integrity and architecture with suppressed inflammation and reduced
synovial membrane thickening. CA: Articular cartilage; EC: Erosion of cartilage; IF: Inflammatory cell infiltration; PF: Pannus formation; SF: Synovial fluid; SM:
Synovial membrane; SP: Spongy bone.

MSCs. Furthermore, Mao et al[37] reported that MSC therapy successfully suppresses IL-17 expression in mice with
collagen-induced arthritis, suggesting that MSCs may achieve their immunosuppressive activity by downregulating IL-17
expression. In concurrence with the presented study, Wang et al[38] also found that the treatment of osteoarthritic rats
with HA and human amniotic MSCs separately or in combination effectively reduced TNF-a levels and increased IL-4
levels in plasma and synovial fluid in the knee of osteoarthritic rats after 28 days and 56 days after MIA injection. Overall,
these findings show that the three therapies in the current study reduced MIA-induced inflammation during OA by
downregulating pro-inflammatory mediators and increasing anti-inflammatory effects (Figure 8).
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Figure 7 Osteoarthritic rats in bone marrow mesenchymal stem cells treated groups showing Prussian blue positive cells were distri-
buted in the sub-synovial membrane and some positive cells between the connective tissue fibers and joint capsule (arrows) (Prussian
blue, 400 x).

Oxidative stress appears to play a role in the pathogenesis of OA. Oxidative stress affects both cells and the ex-
tracellular matrix. In the presence of antioxidant defense system attenuation, the elevated levels of reactive oxygen
species (ROS) signal disease development[39]. Several studies have found that ROS not only can oxidize and thereby
cause damage to many of the components of a joint but also play a role in regulating different inflammatory processes
that contribute to the disease's etiology (Figure 8)[40].

The level of LPO, a marker of a degenerative process in which oxidative stress destroys cell membranes and other
lipid-containing structures, increased considerably in the serum of osteoarthritic control rats compared to the normal
group in the current study. Many studies have demonstrated that the amount of LPO is elevated in MIA-induced OA,
which is consistent with our findings[40].

GSH and GST, are endogenous antioxidant systems that protect cells from free radicals and avoid oxidative damage by
neutralizing ROS before other molecules may become targets[41]. In the current study, a significant reduction in the levels
of these antioxidants in osteoarthritic rats provided substantial evidence for the role of oxidative damage in MIA-induced
OA. GSH is an important antioxidant since it has been proven to have a vital function in cellular resistance to oxidative
stress. It is endogenously produced in the liver and serves as the initial line of defense against peroxidation. Conse-
quently, in chronic arthritis, GSH appears to be a reflux mechanism that protects against extracellular free radicals. The
osteoarthritic group showed a substantial drop in serum GSH levels in the current investigation. This is consistent with
the results of previous studies[42]. GST is one of the most important elements in the cellular defense against oxidative
stress[42]. In the current study, we discovered that GST activity was significantly reduced in MIA-induced osteoarthritic
rats compared to that in normal rats. Similar effects on GST and other antioxidant enzyme levels were noted by Hamdalla
et al[42] in the serum of rats with OA, which was associated with an increase in MIA levels as a marker of LPO. Due to
enhanced turnover to detoxify extra lipoperoxidation products, GST activity was lower in MIA-induced OA.

Treatment with BMMSC, HA, and BMMSC plus HA resulted in profound downregulation of LPO levels in the current
investigation; the combined effects of BMMSC plus HA seemed to be the most potent. Compared to the osteoarthritic
control group, GSH content, and GST activity were dramatically improved as a result of treatment with BMMSC, HA,
and BMMSC + HA, and increased to near-normal levels. These findings are in agreement with those of previous studies
showing that MSCs improved the oxidative stress environment by lowering LPO and increasing GSH levels[35,43]. Ac-
cording to Aniss et al[22], HA treatment decreases oxidative stress and boosts the antioxidant defense system, which is
consistent with the findings of the present study. The TNF-o-stimulated gene/proteins generated by MSCs, which reduce
ROS production and, as a result, reduce chronic inflammation, are thought to play a role in the antioxidant function of
MSCs. Other studies showed that HA decreased the harmful effects of ROS and reactive nitrogen species on
mitochondrial DNA integrity and repair, ATP generation, and cell survival[44].

Numerous variables contributing to the pathophysiology of OA have been identified. Degradation of the extracellular
matrix, which is a direct result of the activity of matrix-degrading enzymes, is a characteristic of OA. By reducing the
extracellular matrix, MMPs, such as MMP13, are important enzymes that target cartilage for breakdown[45]. This MMP is
produced in response to inflammatory mediators found in tissues and OA joint fluid, such as IL-1 and TNF-a (Figure 8).
MMP13 mRNA expression was considerably higher in the joints of MIA-OA control rats than that in our study compared
to normal rats. This is consistent with the findings of[46], who reported that high MMP-13 levels in MIA-induced OA
imply ongoing cartilage disintegration. The enhanced inflammatory cytokines, such as TNF-a, which were demonstrated
in the current study, may have stimulatory effects that led to the rise in MMP-13 expression. BMMSC, HA, and BMMSC +
HA substantially decreased the elevated MMP-13 mRNA synthesis in the joints of osteoarthritic rats. These findings are
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consistent with those of several previous studies. MMP-13 mRNA expression was dramatically reduced in rats with OA
following MSC therapy, according to Li et al[47]. By limiting the expression of enzymes that break down the extracellular
matrix, other researchers found that administering HA to OA-affected rats led to a substantial decrease in the mRNA
expression levels of MMP-3, MMP-9, and MMP-13[48].

TGEF-B is a cytokine that affects both healthy and OA-affected joints. However, the function of this cytokine in normal
healthy joints differs significantly from that in OA-affected joints[49]. TGF-1B signaling plays a crucial role in the growth,
remodeling, and maintenance of bone and cartilage in a healthy joint[49]. However, persistent and high levels of active
TGEF-p1 were noticed in OA-affected joints. Chondrocyte apoptosis and cartilage degradation in OA were reported to be
caused by mechanical stress-induced upregulation of TGF-p1 (Figure 8). Multiple intra-articular injections of TGF-18,
although it appears to enhance chondrogenesis, may also worsen OA[50]. When compared to control rats in the current
investigation, MIA-induced osteoarthritic rats had a significantly higher production of the TGF-B1 protein in the joints.
This effect was similar to the one observed by Waly et al[51], who reported that serum TGF-p1 levels were significantly
elevated in the OA group after MIA administration. When compared to osteoarthritic control rats, the administration of
BMMSC and/or HA to MIA-induced rats dramatically reduced the production of the TGF-B1 protein. This is consistent
with the findings of a prior study by Abdelmawgoud and Saleh[43], who found that injecting MSCs into arthritic rats led
to a rapid reversal of tissue inflammation and a decreased tissue level of TNF-o and TGF-B1. This drastic effect was ac-
companied by a reduced tissue level of TNF-a and TGF-B1. The current findings are in line with those of the study by
Kanazawa et al[52], which showed that TGF-B1 was much lower in the group of arthritis sufferers treated with HA than in
the group of arthritis sufferers in the control condition. Treatment with BMMSC plus HA resulted in a decrease in the
elevated TGF-B1 protein expression, but it is still significantly higher than normal. It can be suggested that the decrease in
TGEF-B1 protein expression following treatment of osteoarthritic rats with BMMSCs and HA could have an important
impact on the prevention of chondrocyte apoptosis and cartilage damage (Figure 8).

In the present study, rats with MIA-induced OA exhibited detrimental histological alterations in their ankle joints,
including synovial hyperplasia, degraded articulating cartilage, and pannus development. These histological alterations
may be brought on by an increase in oxidative stress, a weakened antioxidant defense system, an increase in pro-inflam-
matory and inflammatory cytokines (TNF-a and IL-17), and a reduction in anti-inflammatory cytokine levels (IL-4).
Histopathological analysis of rats administered MIA revealed periarticular inflammation, severe synovitis, bone
resorption, and cartilage degradation. These findings are consistent with prior research that found degenerative articular
cartilage alterations in the MIA group (e.g., synovial thickening, cartilage loss, and osteophyte development)[53]. These
results are consistent with those of Jimbo et al[54] and Chiang et al[3], who identified the potential anti-osteoarthritic
effects of BMMSCs. Treatment with BMMSC and/or HA was associated with a significant reduction in joint cartilage and
synovial membrane inflammation, as well as a significant restoration of histopathological alterations compared to the
osteoarthritic control group. Lower levels of pro-inflammatory cytokines (TNF-a and IL-17), MMP-13, and greater levels
of anti-inflammatory cytokines were associated with these advantages (IL-4). According to our findings, all treatments
significantly reduced paw edema, arthritic scores, and system and ankle measurements. The enhancement of the
antioxidant defense system and repression of oxidative stress and inflammation may be responsible for these advantages

Figure 8).

( éomp;red to osteoarthritic rats, treatment with HA decreased the severity of MIA-induced OA by inhibiting inflam-
mation, pannus development, cartilage degradation, and bone resorption. This result was similar to that reported by
Jimbo et al[54], who discovered that HA has chondroprotective properties. Histological analysis showed that cartilage
degradation was considerably decreased in MIA-induced osteoarthritic rats treated with HA compared to that in MIA-
induced osteoarthritic control rats. Intra-articular HA injections are also thought to cause synovial cells to secrete
endogenous HA, thereby increasing the joint fluid viscosity. Another proposed mechanism involves the chondropro-
tective effects of HA and aggrecan when used together. This results in the formation of strongly negatively charged
aggregates that absorb water and improve cartilage durability. The biochemical actions of HA prevent the inflammatory
process from building up to the point at which it destroys the joints[54]. In contrast to our findings, Chiang et al[3] found
that HA alone had no meaningful therapeutic advantage in slowing the progression of OA. This ineffectiveness may be
attributed to the use of a suboptimal HA dosage for cartilage regeneration, single-dose injections, or a long interval
between OA induction and HA injection.

In addition, when MIA-induced osteoarthritic rats were treated with a combination of HA and BMMSC for 6 weeks
following MIA induction, OA development was significantly reduced compared to osteoarthritic rats. These findings
suggest that intra-articular injections of BMMSCs paired with HA may effectively slow the development of OA and
promote cartilage repair. These findings corroborate those of Chiang et al[3], who found that combining HA with MSCs
effectively suppressed OA-related histological alterations in rabbits. According to Wang et al[38], HA synergistically
enhances the effects of MSCs on cartilage healing. This restorative process is thought to occur because the addition of HA
to MSCs boosts their overall activity, including chondrogenic differentiation, proliferation, colonization, and regenerative
modulation. Astachov et al[55] found that hyaluronan had complex effect on MSC during intra-articular injections of HA-
MSCs. While, Choong et al[56] found that HA has no additional effects on MSC during intra-articular injections. The local
tissue environment is responsible for the transition of MSCs into functional lineage-committed cells, such as chon-
drocytes. This may explain why BMMSC did not deliver the predicted improved regeneration potential in the HA-
BMMSC combination. The combination of the two had no extra impact on the ability of BMMSCs to heal injured cartilage,
as indicated by the fact that the histopathological scores in the HA-BMMSC group were not statistically different from
those independently treated with HA and BMMSCs in the current investigation.
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Figure 8 Schematic figure showing mechanisms of actions of bone marrow mesenchymal stem cells and hyaluronic acid in improving

osteoarthritis in Wistar rats. BMMSCs: Bone marrow mesenchymal stem cells; GSH: Glutathione; GST: Glutathione S-transferase; HA: Hyaluronic acid; IL-17:
Interleukin-17; LPO: Lipid peroxidation; MIA: Monosodium iodate; MMP-13: Matrix metalloproteinase 13; ROS: Reactive oxygen species; TGF-B1: Transforming
growth factor beta 1; TNF-a: Tumor necrosis factor alpha.

CONCLUSION

The current findings demonstrated that BMMSCs and HA have substantial anti-inflammatory, antioxidant, and anti-
arthritic effects in Wistar rats with MIA-induced OA. When BMMSC and HA were administered together, there were no
further preventative or therapeutic effects of either BMMSC or HA against MIA-induced OA in Wistar rats, suggesting
that the use of either HA or BMMSCs alone successfully lowered OA development. The anti-osteoarthritic actions of
BMMSC and/or HA may be mediated by their ability to regulate inflammation and oxidative stress as well as diminish
MMP-13 production. However, further research is required to determine the efficacy and safety of BMMSCs and HA in
the treatment of OA in both animals and humans.
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