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Osteoarthritis remains one of the leading causes of disability
worldwide, associated with chronic inflammation and progressive
destruction of articular cartilage. Current therapeutic approaches
show limited efficacy in restoring damaged tissues, which drives
interest in novel adjuvant methods, particularly physiotherapeu-
tic techniques such as carboxytherapy. Objective. To investigate
the effects of carbon dioxide monotherapy and its combinations
with diclofenac sodium or chondroitin sulfate on the expression
of the pro-inflammatory cytokine TNF-a and the regenerative
factor TGF-p1 in rats with experimentally induced osteoarthritis.
Methods. An osteoarthritis model was induced by intra-articular
injection of monoiodoacetic acid. Treatment included CO, mono-
therapy or its combination with chondroitin sulfate or diclofenac
sodium. On days 14 and 28, serum levels of TNF-o. and TGF-p1
were measured using the ELISA method. Statistical analysis was
performed using one-way ANOVA followed by Tukey'’s post hoc test;
95 % confidence intervals and effect sizes (Cohen’s d) were calcu-
lated. Results. All interventions involving CO led to a statistically
significant reduction in TNF-a levels on days 14 and 28 (ANOVA:
F = 2551 and F = 4057, respectively; p < 0.001), with the most
pronounced effect observed in the «CO; + diclofenacy group (a de-
crease of —54.7 %). Concurrently, an increase in TGF-pI levels
was noted across all treatment groups (ANOVA: F = 1492 and
F = 3492; p < 0.001), particularly in the «CO, + chondroitiny
group (+99.4 % compared to the pathology group). Large effect
sizes were recorded for key comparisons (Cohen’s d > 0.8), indi-
cating the clinical relevance of the observed changes. Conclusions.
The combined application of carboxytherapy with diclofenac so-
dium or chondroitin sulfate promotes a reduction in inflammatory
response and activation of regenerative mechanisms in an osteoar-
thritis model, supporting the rationale for further preclinical and
clinical investigations.

Ocmeoapmpum  3aruwiacmocsa’ 0OHIEI0 3 NPOGIOHUX NPUYUN
iHeaniouzayii' y ceimi uepe3 XpoHiuHi 3anaients i nocmynogy oe-
cmpykyiio cyenooosoeo xpsawa. Cyyacni mepanesmuyHi nioxo-
OU Maroms 00MeHCeHy eqeKmusHicnms Y GIOHOBNIEHHI YPANCECHUX
MKAHUH, WO 3YMOGIIOE iHmMepec 00 HOBUX A0 I08AHMHUX Memo-
016, 30Kpema ¢hizsiomepanesmuuHux, MaKux sx Kapooxcumepa-
nisi. Mema. Hocnioumu ennue monomepanii' 8yeieKucium 2a3om
i 11020 KOMOIHAYI 3 OUKIOEeHaKoM Hampiio abo XOHOPOIMUHOM
cynvpamom na exenpeciio nposanaibhozo yumoxiny TNF-a i peze-
nepamopnozo paxmopa TGF-PI y wypis i3 excnepumenmanoHum
ocmeoapmpumom. Memoou. Modenb ocmeoapmpumy 8i0meopio-
8N WAAXOM BHYMPIUHBLOCY2T0008020 86€0€HHS MOHOUOOOYMO-
601 kucnomu. Jlixysanus exarouano monomepaniio CO, abo tiozo
NOEOHANHA 3 XOHOPOIMUHOM CYTb@amom 4y OUKIOPEeHAKOM Ha-
mpito. Ha 14-11 i 28-1i 0env eusnauanu pieni TNF-o.i TGF-f1 y cu-
posamyi kposi memoodom ELISA. [{na cmamucmuynoeo ananisy
3acmocogyeanu oonogaxmopnuil oucnepciinuil ananiz (ANOVA)
3 nocm-xox mecmom Toroki; obuucnrosanu 95 % dosipui inmepeanu
it epexmu posmipy (Cohen’s d). Pezynomamu. Yci empyuanns, ujo
exmouany CO,, CHPUMUHATU CIMAMUCIMUYHO 3HAYYUe 3HUIICCHHS
pienss TNF-o. na 14-11 i 28-11 0envs (ANOVA: F = 2551 ma F = 4057
6i0n06iono; p < 0,001), i3 natlbinbu supadxicenum egpekmom y pyni
«CO; + ournogenary (3nuscenns 0o —54,7 %). Ilapanenvho 6 ycix
mepanegmuuHux epynax eiosnaveno niosuwenns piens TGF-p1
(ANOVA: F = 1492 i F = 3492; p < 0,001), ocobauso 6 epyni «CO, +
xonopoimuny (+99,4 % 0o namonoeii). [ns ocnosnux nopiensns
sagixcosano eenuxi posmipu epexmy (Cohen’s d > 0,8), wo exa-
3Y€ HA KAIHIUHY penesanmuicms 3MiH. Bucnoexu. Kombinosane
3acmocysants Kapboxcumepanii 3 OUKIOQeHaKom Hampio ado
XOHOPOIMUHOM CYTbPAMOM CHPUHUHIOE 3HUINICCHHS 3ANATLHO2O
KOMROHEHmMA Ul AKMUSayiio peceHepamopHux Mexanizmie y Mooei
ocmeoapmpunty, wjo 0OTPYHMOBYE OOYLTbHICIb NOOATLULUX OOK -
HIYHUX [ KIHIYHUX docTioocens. Kmouosi crosa. Ocmeoapmpum,
kapboxcumepanis, CO,; Qukiogenax Hampiro, XOHOPOIMUHY Cyib-
¢am; TNF-0, TGF-I; excnepumenmanvia mooeis, MOHOUOOOY-
moea Kucaoma; kKomobinosane JiKy8anHs.
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Introduction

Osteoarthritis (OA) is one of the most common
musculoskeletal conditions, affecting more than
300 million people worldwide, experiencing a signifi-
cant increase due to the aging of the population [1].
Characterized as a chronic degenerative-inflamma-
tory disease of the joints, OA leads to significant
limitation of mobility, chronic pain and a decrease in
the quality of life of patients [2]. Its pathogenesis is
extremely complex and involves the interaction of lo-
cal (mechanical) and systemic (metabolic and immu-
nological) factors that cause progressive degeneration
of articular cartilage, remodeling of subchondral
bone, synovitis and neoangiogenesis [3, 4].

One of the key components of the pathophysiology
of OA is inflammation mediated by pro-inflammatory
cytokines, among which tumor necrosis factor-alpha
(TNF-0) and interleukin-1 (IL-1B) play a leading
role [5]. They activate the NF-xB and p38MAPK sig-
naling pathways, which induce the expression of ma-
trix metalloproteinases (MMPs), cyclooxygenase-2
(COX-2), inducible nitric oxide synthase (iNOS),
and lead to chondrocyte apoptosis and extracellular
matrix degradation [4, 6]. In addition, TNF-a is able
to disrupt TGF-B-dependent signal transduction in
chondrocytes by inhibiting Smad signaling, which in
turn prevents cartilage regeneration and extracellular
matrix synthesis [7, 8]. Despite significant progress in
understanding the pathogenesis of OA, effective dis-
ease-modifying agents are still lacking [9]. The main-
stay of treatment remains nonsteroidal anti-inflamma-
tory drugs (NSAIDs), particularly diclofenac sodium,
which, although effective in relieving pain, has seri-
ous side effects (gastrointestinal, renal, cardiovascu-
lar) with prolonged use [10, 11]. This has prompted
the scientific community to search for safer alterna-
tive or adjuvant therapies [12]. One promising ap-
proach is carboxytherapy, the therapeutic use of car-
bon dioxide (CO,), which has historically been used
in vascular diseases and is now considered a potential
anti-inflammatory agent. CO, therapy is increasingly
gaining attention as a tool for modulating the tissue
microenvironment by improving oxygenation, blood
flow, stimulating angiogenesis, and inhibiting pro-in-
flammatory cytokines such as TNF-a and IL-6 [15].
The mechanisms of action of CO2 therapy include
activation of VEGF and TGF-B, induction of nitric
oxide synthase, and reduction of HIF-la levels, sug-
gesting its potential efficacy in the treatment of hy-
poxia-induced and chronic inflammatory damage.

Of particular scientific interest is the potential for
combining carboxytherapy (CO,) with traditional

treatments for osteoarthritis. One promising avenue
is the combination of CO, with nonsteroidal anti-in-
flammatory drugs (NSAIDs) such as diclofenac so-
dium. This combination may enhance the anti-inflam-
matory effects of NSAIDs, allowing for a reduction in
the required dosage and, consequently, minimizing
the risk of side effects — an essential consideration
given the chronic use of NSAIDs in osteoarthritis
management.

Additionally, the use of CO, in combination with
chondroitin sulfate, a well-known chondroprotector
with regenerative and partially anti-inflammatory
properties, could potentially promote chondrogene-
sis and help stabilize the tissue microenvironment.
Some research suggests that CO, might simultane-
ously reduce inflammation and stimulate tissue re-
pair mechanisms, potentially through the regulation
of cytokines. This dual action, both anti-inflamma-
tory and regenerative, opens up new possibilities for
improving the clinical management of osteoarthritis,
particularly in cases where conventional treatments
fall short.

At the same time, the effect of combining CO,
with diclofenac sodium or chondroitin sulfate on
the expression of key pro-inflammatory and an-
ti-inflammatory markers in an animal model of os-
teoarthritis (OA) remains insufficiently studied
and requires further investigation and verification.
The model of osteoarthritis induced by intra-articular
injection of monoiodoacetic acid (MIOA) is widely
used to study the effectiveness of new therapeutic
approaches. This model reliably reproduces the key
pathomorphological signs of OA, including synovitis,
cartilage erosion, synovial hyperplasia, and increased
expression of TNF-a [13, 14]. Utilizing this model
enables an objective assessment of inflammatory
biomarkers and allows for the monitoring of morpho-
logical changes in joints under the influence of exper-
imental interventions.

In previous experimental studies, we demon-
strated the effectiveness of carboxytherapy (CO,) both
in monotherapy and in combination with traditional
anti-inflammatory agents (diclofenac sodium, chon-
droitin sulfate) in formalin and carrageenan models
of inflammation in rats. In particular, analgesic [16],
anti-inflammatory [17], and antioxidant properties
of CO, were revealed [18, 19]. The combined use
of CO, with NSAIDs or chondroprotectors demon-
strated a synergistic effect, which was manifested in
a decrease in the intensity of pain, edema, temperature,
a decrease in pro-inflammatory markers (integrated in-
dices of inflammation and immune response in rats
with a carrageenan model of inflammation) and an
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increase in antioxidant protection [20, 21]. The results
obtained became the basis for further study of the ef-
fect of CO, in the OA model in rats.

Objective: to experimentally study the effect
of carbon dioxide monotherapy, as well as its com-
bined use with diclofenac sodium or chondroitin sul-
fate on the expression level of tumor necrosis factor-a
(TNF-a) and transforming growth factor-p1 (TGF-p1)
in a model of osteoarthritis induced by monoiodoace-
tic acid in rats.

Material and methods

The study used 80 sexually mature white outbred
male rats (body weight 180220 g), which were kept
in standard vivarium conditions: air temperature —
21-23 °C, relative humidity — 50—60 %, light re-
gime — 12 h light / 12 h dark. The animals had free
access to water and standard laboratory food. Before
the start of the experiment, all rats underwent 7-day
acclimatization. All animal manipulations were car-
ried out in accordance with the International Direc-
tive on the ethical use of laboratory animals (Di-
rective 2010/63/EU of the European Parliament and
of the Council of 22 September 2010 on the protec-
tion of animals used for scientific purposes).

The osteoarthritis model was reproduced accord-
ing to the modified protocols of M. Udo et al. [22]
and R. Riewruja et al. [23]. Under ether anesthesia,
rats were injected once with 0.05/ml of 3 % solu-
tion of MIOA into the cavity of the right knee joint
of the hind limb. The solution was prepared ex tem-
pore in 0.9 % NaCl. The control (intact) group was
injected with an equivalent volume of saline.

Twenty-four hours after the induction of osteo-
arthritis, the animals were randomized into eight
groups (five animals per subgroup) to assess the ef-
fects of therapy on the 14™ and 28" days:

— intact animals (I) — without interventions;

— intact + NaCl (II) — intraperitoneal administra-
tion of 0.9 % NacCl;

— MIOA (IlI) — pathology group (osteoarthrosis
without treatment);

-  MIOA +
(IV) — intraperitoneally;

— MIOA + chondroitin
(V) — intraperitoneally;

— MIOA + CO, 0.5 ml (VI) — subcutaneously,
periarticularly;

— MIOA + diclofenac sodium 4 mg/kg + CO,
0.5 ml (VII) — combination therapys;

— MIOA + chondroitin sulfate 3 mg/kg + CO,
0.5 ml (VIII) — combination therapy.

diclofenac 8 mg/kg

sulfate 3 mg/kg

Diclofenac sodium (4 or 8 mg/kg) and chondroitin
sulfate (3 mg/kg) were administered intraperitone-
ally every 3 days according to the protocol, based
on the effectiveness of such doses in animal models
of osteoarthritis [11, 32]. Carbon dioxide was applied
locally — subcutaneously above the affected knee
(0.5 ml every 3 days) for 14 or 28 days.

On the 14" or 28" day of the experiment, the ani-
mals were euthanized in accordance with the recom-
mendations of the AVMA Guidelines for the Eutha-
nasia of Animals (2020). Thiopental sodium was used
to induce anesthesia at a dose of 50 mg/kg intraperi-
toneally. The state of deep anesthesia was determined
by the absence of reflexes (corneal and painful) and
a decrease in respiratory rate. After confirmation
of deep anesthesia, cardiopuncture was performed
with subsequent blood sampling until cardiac arrest.

Serum was obtained by centrifugation at
3000 rpm for 10 min at +4 °C and stored at —20 °C
until analysis.

The concentrations of cytokines TNF-a and TG-
F-B1 in serum were determined by sandwich ELISA
in triplicate using commercial kits FineTest® (China):

— TNF-0 — Rat TNF-a ELISA Kit, cat. no. ER1
393; measurement range: (3.906-250) pg/ml; sensitiv-
ity: 2.344 pg/ml.

— TGF-p1 — Rat TGF-B1 ELISA Kit, cat. no. ER1
378; measurement range: (31.25-2000) pg/ml; sensi-
tivity: 18.75 pg/ml.

Before the analysis, all reagents were incubated
at room temperature for 20 min. The washing buffer
was prepared by diluting with distilled water in a ratio
of 1 : 25 according to the manufacturer's instructions.

Optical density was measured at a wave-
length of 450 nm using a LabLine-026 microplate
photometer.

Cytokine concentrations were calculated based on
calibration curves using CurveExpert 1.4 software,
which provides automatic selection of a mathematical
model for constructing a standard curve.

The changes in the levels of the pro-inflammatory
cytokine TNF-a and the anti-inflammatory media-
tor TGF-BI in the serum of rats with experimental
osteoarthritis was studied on the 14" and 28" day
of treatment with different therapeutic regimens us-
ing carboxytherapy both in the case of monotherapy
and combined use with traditional drugs (diclofenac
sodium, chondroitin sulfate).

Statistical data processing was performed using
Jamovi software, version 2.3.21. The results are pre-
sented as mean =+ standard deviation (M + SD). Nor-
mality of distribution was checked using the Shapiro—
Wilk test.
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For intergroup comparisons with normal distri-
bution, Welch's t-test or ANOVA with Tukey's post
hoc test was used. In case of deviation from normal-
ity, the Kruskal-Wallis test with Bonferroni correc-
tion was used. Results were considered statistically
significant at p < 0.05. For the main comparisons,
95 % confidence intervals (CI) and effect sizes (Co-
hen's d) were calculated, which allows assessing both
the statistical and clinical significance of the results.

Results and their discussion

The study showed that under the conditions
of a single injection of 0.05 ml of 3 % MIOA solu-
tion into the knee joint cavity of experimental ani-
mals, a long-term significant increase in both TNF-a
and TGF-B1 levels was observed, which indicates
the presence of an inflammatory process (Table 1).

Thus, on day 14, a significant increase in
TNF-o levels was observed in group III —
(29.97 £+ 0.50) pg/ml, which was 4.36 times higher
than the value of the intact group ((6.87 &+ 0.44) pg/ml,
p < 0.001). All interventions that included the use
of CO, — both as monotherapy and in combination
with diclofenac or chondroitin — significantly re-
duced TNF-a levels compared to group 111 (ANOVA:
F = 2,551, df = 7; 13.5; p < 0.001). The greatest de-
crease in TNF-a levels was found in group VII —
(18.81 £ 0.28) pg/ml (37.3 % reduction relative to pa-
thology; Mean difference = —11.16, 95 % CI [=11.66;
—10.66], Cohen’s d = -27.5; p < 0.001). The combi-
nation of chondroitin with CO, was also effective:
(22.15 = 0.35) pg/ml (-26.1 %, p < 0.001, Cohen’s
d=-18.1).

The difference in TNF-a levels between group 111
and all treated experimental groups (I'V; V; VI; VII;
VIII) was statistically significant (ANOVA: F = 2,551,
df=7; 13.5; p < 0.001).

On day 28, TNF-a levels remained elevated in
group III ((29.59 = 0.10) pg/ml). The lowest values
were observed in group VII — (13.41 £ 0.52) pg/ml
(547 %, p < 0.001; Cohen’s d = —43.2), while in
group VIII the TNF-a level was (20.17 £0.45) pg/ml
(-31.8 %; p < 0.001; Cohen’s d ==24.3).

The difference in TNF-a levels between group 111
and all experimental groups remained statistically
significant on the 28" day of observation (ANOVA:
F =4,057; df = 7; 12.8; p <0.001).

Thus, the use of MIOA led to a significant increase
in TGF-B1 levels — from (567.12 £ 19.4) pg/ml (in-
tact) to (840.56 + 7.87) pg/ml in group III (+48.2 %;
p < 0.001).

On day 14, the highest level of TGF-f1 was
recorded in group VIII — (1570.12 £+ 18.50) pg/ml

(an increase of 86.9 % compared to MIOA,
p < 0.001; Mean difference = +730, 95 % CI
[704.1; 755.9], Cohen’s d = 22.0). The combina-
tion of CO, with diclofenac also showed efficacy:
(1202.30 £ 11.56) pg/ml (+43.1 %; p < 0.001; Cohen’s
d=11.6).

The difference in TGF-B1 levels between group
III and all experimental groups receiving treatment
(IV; V; VI, VII; VIII) was statistically significant
(ANOVA: F = 1,492; df = 7; 13.5; p < 0.001).

On day 28, the highest value of TGF-p1
levels ~was again found in group VIII —
(1658.91 + 14.66) pg/ml, which is 99.4 % higher than
pathology ((831.89 + 6.19) pg/ml; p < 0.001, Mean dif-
ference = +827, CL1.[805.7; 848.3], Cohen’s d = 26.7).
The combined regimen with diclofenac + CO,
maintained high values ((1226.35 £ 5.91) pg/ml,
+394.5 pg/ml, Cohen’s d = 12.7, p < 0.001).

The difference in the level of TGF-f1 between
group III and all experimental groups remained
statistically significant on the 28" day of observation
(ANOVA: F =3,492; df = 7; 12.6; p < 0.001).

In the groups that received treatment (IV; V; VI;
VII; VIII), the level of TNF-a significantly decreased
between the 14th and 28" days (p < 0.001). The larg-
est decrease was recorded in group IV — by 9.28 %
(from 25.43 to 23.07 pg/ml).

In parallel, a statistically significant increase
in TGF-B1 levels was observed in all the indicated
therapeutic groups, most significantly in group V by
206.2 pg/ml (+19.5 %, p < 0.001).

In this case, the results obtained indicate the pros-
pects for the use of carboxytherapy (CO,) as a mono-
therapeutic approach, as well as in combination with
NSAIDs (diclofenac sodium) and chondroprotectors
(chondroitin sulfate) in the conditions of an experi-
mental model of OA induced by monoiodoacetic acid.
In the groups receiving CO,, a significant decrease in
TNF-a levels was observed on the 14" and 28" day
of the experiment, which indicates the anti-inflam-
matory potential of carboxytherapy. The most pro-
nounced decrease (—54.7 %) relative to the pathology
group was recorded in animals that were adminis-
tered CO, in combination with diclofenac, which
suggests the presence of a synergistic effect between
these compounds.

One possible mechanism for this synergy is the ef-
fect of CO, on MAPK-dependent regulation of proin-
flammatory cytokines, including TNF-a and IL-6 [24].
In addition, CO, is known to promote local vasodi-
lation, improve microcirculation and activate en-
dothelial NO synthase, which leads to improved tis-
sue oxygenation and create conditions for the repair
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Table

Effect of CO, in monotherapy and combinations on the levels of pro-inflammatory cytokine TNF-a
and anti-inflammatory factor TGF-p1 in the serum of rats with experimental osteoarthritis
(14™ and 28™ day of observation)

Animal group

Day 14 TNF-a, pg/ml

Day 28 TNF-a, pg/ml

Day 14 TGF-B1, pg/ml

Day 28 TGF-B1, pg/ml

I 6.87+£0.44 6.87£0.44 567.12 £ 19.40 567.12 + 19.40

II 6.85+0.33 6.85+£0.32 572.15+21.25 57215+21.25
111 29.97 £0.50 29.59 £ 0.10 840.56 + 7.87 831.89 £ 6.19
v 25.43 £ 0.71%** 23.07 £ 0.56%** 917.93 & 7.73%** 907.25 £ 1.81%***
v 27.90 + 0.20%** 26.55 £ 0.57*** 1055.69 + 26.13*** 1261.88 + 20.63***
VI 28.09 £ 0.66*** 26.42 + 0.35%** 1133.62 + 13.59%*** 1192.39 + 20.42%**
VII 18.81 £ 0.28*** 13.41 + 0.52%** 1202.30 + 11.56%*** 1226.35 £ 5.91%**
VIII 22.15 + 0.35%** 20.17 £ 0.45%** 1570:12 + 18.50%** 1658.91 + 14.66%**

Statistical significance

of between-group difference

F (7; 13.5)=2 551,
p <0.001

F (7; 12.8) =4 057,
p <0.001

F (7; 13.5) = 1 492,
p <0.001

F (7, 12.6) = 3 492,
p <0.001

Shapiro-Wilk test

W =0.985; P=0.877

W =0.986; P =10.892

W =0.985; P=0.849

W =0.969; P =0.331

Notes: Data are presented as mean + standard deviation (n = 5 in each group). No statistically significant deviations from
normal distribution were found for all variables (Shapiro—Wilk test, p > 0.05), which allowed the use of one-way analysis
of variance (ANOVA) with Tukey's post hoc test. *** p < 0.001 — significant difference compared to the pathology

group.

of damaged structures [25, 26]. Although most
of these effects have been studied in the skin, sim-
ilar microvascular responses may also be relevant
for joint tissues, especially the subchondral plate. In
our study, an increase in the level of TGF-pI1, a cy-
tokine that plays an important role in chondrogen-
esis and cartilage matrix repair, was also recorded.
The highest levels of TGF-B1 (165891 + 14.66) pg/ml
were found in the group receiving chondroitin sulfate
in combination with CO,. It is'known that TGF-p1
stimulates the production of aggrecan, proteoglycans
and type II collagen in chondrocytes, which ensures
the renewal of the extracellular matrix [27].

The obtained data emphasize the potential of car-
boxytherapy as an adjuvant approach in the treatment
of OA. High expression of TGF-B1 in group VIII cor-
relates with the activation of reparative processes in
articular cartilage, which is consistent with the lit-
erature data on the role of TGF-f1 as a key mediator
of chondrogenesis, maintenance of tissue homeosta-
sis and cartilage remodeling [28]. At the same time,
it should be noted that with prolonged stimulation,
TGF-B1 may also play a fibrogenic role, which neces-
sitates further observation and morphological analy-
sis of its long-term effects.

Indirect confirmation of the reparative poten-
tial‘'of CO, is provided by the data of R. Amano-Iga
et al. [29], where it was proven in a skin injury model
that percutaneous CO, administration stimulates
the expression of VEGE and TGF-p, and also sup-
presses HIF-1a, IL-6 and IL-13, which is accompanied

by accelerated tissue healing. Despite the different
type of model, the general mechanisms — anti-in-
flammatory effect, activation of growth factors —
may be relevant for cartilage tissue. Similarly, in
the study of K. Takeshita et al. [30] it was shown that
hypercapnic state inhibits cytokine-induced activa-
tion of NF-kB, and the work of C. Brandi et al. [31]
demonstrated the ability of CO, to improve microcir-
culation and stimulate tissue regeneration. These ef-
fects create a favorable microenvironment for repair,
in particular through stimulation of TGF-f1.

In addition to statistical significance, the effects
obtained are potentially clinically relevant: the ef-
fect size values (Cohen’s d > 0.8) for the reduction
in TNF-a and the increase in TGF-B1 indicate pro-
nounced biological changes. This may provide the ba-
sis for the development of combined therapeutic
strategies with the possibility of reducing the dosage
of NSAIDs, which in turn will reduce the risk of side
effects and potentially enhance the chondroprotective
effect of the treatment.

At the same time, the interpretation of the obtained
results should take into account certain limitations.
First, the study was conducted on an animal model,
which only partially reflects the pathophysiology
of human osteoarthritis. Second, the number of ani-
mals in each group was limited (n = 5), which reduces
statistical power. Third, the study did not include
morphological analysis of tissues (histology, immu-
nohistochemistry), which narrows the completeness
of the morphofunctional interpretation. In addition,
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only two cytokines (TNF-a, TGF-Bl) were studied,
while other important mediators of inflammation
and matrix degradation, such as IL-1f, IL-6, IL-17,
MMP-13, remained outside the scope of the analysis.

Given this, further studies should be aimed at ex-
panding the molecular profile, morphological confir-
mation of changes in tissues, increasing the sample,
and studying the effectiveness of combined CO, ther-
apy in clinical models.

Conclusions

Carboxytherapy (CO,) demonstrated a pronounced
anti-inflammatory effect, as evidenced by a signifi-
cant decrease in the level of the pro-inflammatory cy-
tokine TNF-a in rats with experimental osteoarthritis
on both the 14" and 28" day of observation.

The use of CO, in combination with diclofenac so-
dium or chondroitin sulfate enhanced the anti-inflam-
matory effect, providing greater efficacy compared
to monotherapy. The most pronounced decrease in
TNF-a was recorded in group VII.

Simultaneously with the anti-inflammatory effect,
combined treatment with CO, promoted the stimu-
lation of reparative processes, which was confirmed
by a significant increase in the level of TGF-B1, espe-
cially in group VIII, where the highest values of this
indicator were recorded.

The effect sizes (Cohen’s d > 0.8) in key compar-
isons confirm not only the statistical but also the po-
tential clinical significance of the use of CO, as an
adjuvant therapeutic factor in osteoarthritis.

The obtained data confirm the feasibility of further
preclinical studies aimed at elucidating the molecu-
lar mechanisms of action of CO,, with the prospect
of transitioning to clinical trials for the development
of combined strategies for the treatment of OA using

carboxytherapy.
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