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Pain syndrome is a serious global problem that causes and com-
plicates a number of diseases, the main symptom of which is
Jjoint pain. One of them is osteoarthritis (OA). Traditional meth-
ods of treating OA often have limited efficacy and can cause side
effects, so it is important to study new approaches, such as car-
boxytherapy (use of carbon dioxide). Objective. To investigate
the analgesic effect of carbon dioxide (CO,) and its combined
use with other agents. Methods. The efficacy of carbon dioxide
injections used alone and in combination with other drugs was
studied in a formalin model of inflammation in rats. Results.
The latent periods of phases I and Il increased significantly
in the experimental groups, especially in groups V, VI and VII
(p < 0.001), indicating a delay in pain reactions. The duration
of pain phase I was significantly shorter in the groups receiv-
ing CO, compared to the control group (p < 0.001). The short-
est duration was observed in group V, where it decreased by
1.77 minutes. The duration of pain phase 1l was also signifi-
cantly shorter in groups V, VI, and VII treated with CO, com-
pared to group Il (p < 0.001). The difference ranged from 7.49
to 12.54 minutes. The number of pain reactions after phase I de-
creased by 13.25—16.1 points in the groups receiving CO, com-
pared to the control group. The data obtained indicate that CO,
significantly increases the duration of latent periods of pain (by
55—65 %), reduces the duration of its phases (by 40—50 %) and
reduces the intensity of pain reactions (by 40—50 %) in rats com-
pared to control pathology. The most pronounced effect was ob-
served with the combined use of CO, with sodium diclofenac or
chondroitin sulfate. Conclusions. The results of the study expand
the understanding of the analgesic effect of CO; on the forma-
lin model of inflammation. The use of CO- significantly reduced
the duration of both phases of the pain reaction and reduced
the number of painful manifestations, which confirms the pros-
pects of its use as an additional, and in some cases the main
means of reducing pain and inflammation.

Bonvosuil cunopom — cepiiosna 2nobanvia npoonema, IKa Cnpudil-
HIOE Ul YCKIIAOHIOE HU3KY 3aX60PIOBAHb, OCHOGHUM CUMNIMOMOM AKUX
€ binv y cyenobax. Oonum i3 nux € ocmeoapmpum (OA). Tpaouyiiini
memoou nikysanna OA yacmo maromv oOmedceHy epekmueHicmo
i mMooicyme uxkauKamu nooOiuHi egexmu, MoMy aKmyanbHUM
€ 00CTI0HCEHHST HOBUX NIOX00I8, MAKUX AK KapOoKcumepanis (8u-
Kopucmaums eyenekucnoeo easy). Mema. Hocrioumu moouciugy
ananeesyiouy oito gyenexucnozo 2asy (CO,) ma tioco kombinogarne
3aCmMocy8anHsl 3 iHuWUMU 3acobamu Oisl iKy8anHs OOIbOBO2O CUHO-
pomy 6 pasi ocmeoapmpumy. Memoou. Egexmusnicmo in'exyitl
BY2NIEKUCTI020 2A3Y, 3ACMOCOBAHO20 OKPEMO Ma 8 NOEOHAHHI 3 IHUlU-
MU npenapamamu, ue4all Ha Qopmaninosit Mooeni 3anaieHHs
v wypie. Pezynomamu. Buseneno, wo ramenmui nepioou ¢az I ma
Il 3HaunO 30IMLUUIUCE 8 eKCNEPUMEHMANLHUX SPYNAX, 0COONUB0
6 epynax V, VI ma VII (p < 0,001), wo éxazye na giomepminyean-
Hs bomvosux peakyiil. Tpusanicme 60160601 paszu I 6yna 3nauno
menwioro y epynax, saxi ompumysanu CO.,, nopisuano 3 zpynoio
xoumponvroi namonoeii (p < 0,001). Hatimenwuil uac cnocmepi-
eagesy epyni V, de 6in ckopomuaacs na 1,77 xe. Tpueanicme 60160-
601 gpaszu 1l maxoxc 6yna snauno menworo y epynax V, VI ma VII,
axi ompumysanu CO,, nopiensano 3 epynoio 11 (p < 0,001). Piznuys
cmanosuna 6i0 7,49 0o 12,54 xs. Kinvkicms 601b06ux peaxyiil nicis
gaszu [ smenwunacs na 13,25-16,1 6ani y epynax, sixi ompumyea-
au CO:, nopigHsHo 3 epynoro KOHmpoavhoi namonoeii. Ompumani
Oani ceiouams npo me, wo CO; 3HAUHO 361IbULYE NAMEHMHI NEPIOOU
bomio (Ha 55—65 %), ckopouye mpusanicmo tio2o ¢asz (na 40—50 %)
ma 3uudicye inmencugnicmo 6onvosux peaxyii (na 40-50 %) y wy-
Di6 NopieHAHO 3 KOHMPOAbLHOIO namonociero. Hatlbinvw supasnuil
eexm cnocmepizasca 3a kombinosanoeo 3acmocyeanus CO, 3 Ou-
Knoghenakom Hampiro abo XoHOpoimuHom cyregpamom. Bucnosku.
Pesynomamu oocniodcents Ha GopmManiHositi Mooeni 3anaieHHs
poswupioloms ysaeienHs npo modcaugocmi ananeesyiouoi 0ii CO,.
3acmocysanns CO, 3nauno ckopouysano mpusaiicms 060x pas
60150801 peakyii ma 3MeHULY8AI0 KITbKICMb OOTbOBUX NPOABIE, WO
niOmMeepo’Cye NePCReKMUGHICIb 1020 3ACMOCYBAHHS K 000AMKO-
6020, A 8 OKPEMUX BUNAOKAX — OCHOBHO20 3aCO0Y OISl 3MEHUIEHHS]
bonto ma ocobauso sananenns. Knowosi crnosa. Byenexucnuii zas,
Kapboxcumepanis, oyinioganHs 60710, 3ananents, bin, ocmooap-
mpo3, XOHOPOIMUH, OUKI0peHaK
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Introduction

Pain syndrome is a serious global problem
that causes and complicates a number of diseases,
the main symptom of which is joint pain. One of them
is osteoarthritis (OA), a degenerative joint disease
that affects bones, cartilage, and the synovial mem-
brane, and is one of the main causes of chronic pain
[1, 2]. Modern treatment of OA includes surgical and
non-surgical methods, but it is difficult to stop joint
destruction [3]. Traditional therapy is aimed at alle-
viating the symptom of pain with the help of non-
steroidal anti-inflammatory drugs, acetaminophen,
and opioids, which have significant side effects [3—6].
Therefore, the search for new approaches that reduce
pain and inhibit the progression of the disease re-
mains relevant.

There is a growing interest in alternative therapies
with a safe effect, especially in carboxytherapy —
the subcutaneous injection of carbon dioxide (CO,)
[7]. This technique, applied systemically and locally,
has a long history in medicine [8—10]. Carboxyther-
apy provides immediate effects, such as dilation
of blood vessels and improvement of tissue oxygen-
ation, as well as delayed effects, such as increased
blood flow and stimulation of growth factors, in par-
ticular VEGF, which promotes the formation of new
blood vessels [11, 12]. Therefore, carboxytherapy may
be promising in the treatment of pain symptoms, but
further research is needed to determine its analgesic
effect and its combination with traditional drugs.

Purpose: to investigate the possible analgesic ef-
fect of carbon dioxide (CO,) and its combined use
with other means for the treatment of pain syndrome
in the case of osteoarthritis.

Material and methods

The study was conducted on the basis of the vi-
varium of Poltava State Medical University, in com-
pliance with the main provisions of the Council
of Europe Convention on the Protection of Vertebrate
Animals Used in Experiments and Other Scientific
Purposes of 18 March 1986, Directive 2010/63/EU
of the European Parliament and the Council of the EU
of 22 September of 2010 on the protection of animals
used for scientific purposes. The research materi-
als were reviewed and approved by the commission
on ethical issues and biomedical ethics of Poltava
State Medical University (Protocol No. 225 dated
21.03.2024).

White rats of both sexes (n = 56), Me (305 + 9.74)
were taken for the study of pain assessment under
theinfluence of CO,. Rats were housed at (21 £ 2) °C,

on a 12-h day/night cycle, receiving water from auto-
matic waterers and Special One rat chow.

The animals were divided into seven groups
(n=28):

1. Intact (Group I);

2. Control disorder (formalin, F) (Group II);

3. Control disorder + sodium diclofenac (SD),
8 mg/kg (F + SD) (Group I11);

4. Control disorder + chondroitin sulfate (C),
3 mg/kg (F + C) (Group IV);

5. Control disorder + sodium diclofenac, 4 mg/kg +
CO,, 0.5 ml (F + SD + CO,) (Group V);

6. Control disorder + chondroitin sulfate, 3 mg/kg +
CO,, 0.5 ml (F + C + CO,) (Group VI);

7. Control disorder + CO,, 0.5 ml (F + CO,)
(Group VII).

Subcutaneous injection of CO, was performed us-
ing the INDAP Insuf device (Czech Republic, reg-
istration number 2012104) using a needle (BD Mi-
krolance 3.30 G '2) 0.3x13 mm. Diclofenac in doses
of 8 and 4 mg/kg and 3 mg/kg chondroitin were ad-
ministered intraperitoneally one hour before the re-
production of the formalin test.

Chemical nociception was induced by injecting
0.1 ml of 2.5 % formalin solution under the plantar
aponeurosis of the right hind paw of rats. This pro-
cedure induced a biphasic pain response: an initial
acute lasting 15 min, characterized by intense shiv-
ering, licking, or biting of the affected paw and re-
flected acute pain. It was followed by a late phase that
began between 30 and 60 min, reflecting tonic pain.
The acute phase indicated activation of peripheral
pain pathways, while the late phase indicated sensiti-
zation of central pathways.

Pain behavior was evaluated using the following
scale (in points): no reaction — 0; paw on the ground
without resistance — 1; raised paw — 2; licking, bit-
ing or twitching with a paw — 3.

This study made it possible to evaluate the ef-
fectiveness of CO, as an analgesic agent in the case
of its use both alone and in combination with sodium
diclofenac and chondroitin sulfate, which helped to
better understand the mechanisms of action of these
agents at different stages of pain development.

Pain scores were calculated according to
the formula:

Pain assessment = (0TO + 1T1 + 2T2 + 3T3) /
time interval (min),

where TO-T3 — is the number of minutes spent in
each of the behavioral categories.
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The results were processed by Jamovi version
2.3.21 software. Data are presented as means * stan-
dard deviation. The Shapiro-Wilk test was used for
normality, and the Levene test for homogeneity.
Welch's test was used for significant differences, and
Tukey's test was used to identify differences between
groups. For non-normal data, the Kruskal-Wallis test
with Bonferroni correction was used. The results
were considered statistically significant at p < 0.05.

Results

The table shows the indicators of the analgesic ef-
fect of CO,, they are presented in the form of the av-
erage value * standard deviation for each group
(n = 8). The difference between the average values
of the studied groups and the control group was con-
sidered statistically significant at p < 0.05. Statistical
processing was performed using univariate analysis
of variance followed by Tukey's a posteriori test.

Latent period of phase [

Comparison of the time of the latent period
of phase I of the pain reaction in groups of rats un-
der the influence of CO, on the formalin model of in-
flammation showed significant differences (Krus-
kal-Wallis y* = 50.7; p < 0.001). The distribution is
different from normal (Shapiro-Wilk test: W = 0.913;
p = 0.002), so the non-parametric Kruskal-Wallis test
and the Dwass-Steel-Critchlow-Fligner method were
used for pairwise comparison.

The results of the comparison of the mean values of the
groups determined significant differences between Group
II and experimental groups. Comparison of Groups II and
V, Il and VI, Il and VII showed that exposure to CO, and

its combined use significantly increased the latent period
of phase I of the pain reaction (Table).

The comparison between Groups I1I and V indicated
that CO, was able to enhance the effect of diclofenac
and exert an antinociceptive effect by increasing the la-
tent period of phase I. The comparison between Groups
IV and VI showed a significant increase in the analgesic
effect of chondroitin when combined with CO,, con-
firming the antinociceptive effect of CO,.

According to the ability to prolong the duration
of the latent period of phase I of the pain reaction
caused by the introduction of formalin, the groups
can be divided as follows: V> VII > VI > III > V.

The difference in the time of the latent period
of the phase I pain reaction under the influence
of CO, on the formalin model of inflammation be-
tween the control Group II and the experimental
groups turned out to be statistically significant. In
particular, between Group II and V there was a sig-
nificant decrease in the latent period with an average
value of 4.76 min (p = 0.014). A similar trend was
found when comparing Group II with VI (4.76 min,
p = 0.014) and VII (4.76 min, p = 0.014). Addition-
ally, the difference between Groups IIl and V was
4.75 min (p = 0.014). When comparing Groups IV and
V1, the difference was 4.68 min (p = 0.016), and for
Groups V and VI it was 4.75 min (p = 0.014). A sim-
ilar difference of 4.75 min (p = 0.014) was observed
between Groups V and VIIL

The obtained data indicated that CO, significantly
affected the duration of the latent period of phase |
of the pain reaction, confirming its ability to enhance
the analgesic effect.

Table
Analgesic effect of CO2 in the formalin model of pain reaction in rats (M + SD, n = 8)
Response 11 111 v \% VI VII Probable
to a stressor intergroup
differences
Latent period 22507
of phase I, 1.28 £0.05 1.40 £ 0.06 1.33+0.07 2.81 £ 0.40%* 2.20+0.34%* | 225+ 0.11%* I)JC< 0 0(')1
min ’
Latent period F=2827
of phase I, 16.66 +1.47 | 25.61 + 1.67 1941 £ 1.05 | 28.50 £ 1.08*** | 23.11 £ 2.28%** | 23,13 +2.36%** :
min p <0.001
Duration F=138
of pain 7.28 £0.79 6.92 +0.61 6.86 +0.51 5.51 £ 0.82%* 5.61 £0.48 5.51+0.41 <0 0'01
phase I, min p=b
Duration F=551
of pain 2330+2.60 | 12.38+2.00 | 23.22+1.97 | 10.76 = 1.35%%* | 15.81 + 2.41*** | 15.66 + 1.99*** <0 061
phase II, min p=9
Reaction F=36.1
to pain after 4375+4.03 | 42.00+£3.66 | 40.00+2.56 | 27.63 £2.67*** | 28.75 £ 3.20%** | 30.50 £ 3.07*** <0 061
phase I, points p=b

Notes: *** — p <0.001; ** — p < 0.01; * — p < 0.05. In comparison with the group of control disorder (formalin).
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This indicates a peculiar principle of the analgesic
effect of CO,, which may differ from the mechanisms
of action of diclofenac and chondroitin.

Latent period of phase I1

The intergroup difference in the duration of the la-
tent period of the phase II pain reaction under the in-
fluence of CO, on the formalin model of inflammation
remained statistically significant (F = 82.7; p < 0.001).

The Shapiro-Wilk test (W = 0.962; p = 0.118) con-
firmed the normal distribution of the data. The latent
period of phase II of the pain reaction increased signifi-
cantly in Groups V, VI, and VII compared to Group II
(Table). Addition of CO, to the combination to correct
the pain syndrome caused by the injection of formalin led
to the following distribution of the duration of the latent
period of phase II of the pain reaction between groups
of experimental animals: V >III > VII > VI>1V.

The difference in time of the latent period of phase
II of the pain reaction between the groups was as
follows: II and V — 11.84 min (p < 0.001); II and
VI — 6.45 min (p < 0.001); II and VII — 6.47 min
(p < 0.001), which indicated sufficient effectiveness
of the proposed therapy. Comparison of Groups III
and V showed a difference of 2.89 min (p = 0.021),
indicating the possibility of increasing the analge-
sic effect of diclofenac by combining it with CO,. In
addition, the difference between Groups V and VII
was 5.37 min (p < 0.001), clearly indicating a direct
analgesic effect of CO,, as there was an increase in
the latency period of the phase II pain response and
a preference under the conditions of CO, use.

Duration of pain phase [

The results of the study showed that the effect
of CO, on the duration of pain phase I on the formalin
model was statistically significant (F = 13.8; p <0.001).
The normality test also confirmed the statistical signif-
icance of the results (W = 0.980; p = 0.576).

The experiment proved a significant effect of CO,
on the time of the painful phase I of inflammation,
reducing it compared to the group of control disor-
der. The shortest duration of pain phase I was found
in Group V, which was significantly different from
Group II (Table). Reduction of pain phase I under
the influence of CO, can be given in the following
order: V < VII < VI <1V < III. The obtained data
demonstrate that CO, has a pronounced effect on re-
ducing the duration of pain phase I, enhancing the an-
algesic effect of diclofenac.

The intergroup differences in the reduction
of the duration of pain phase I on the formalin model
under the influence of CO, are as follows in compari-
son with Group II: Group V by 1.77 min, (p < 0.001);
in VI it was 1.67 min (p < 0.001); in VII by 1.76 min

(p < 0.001). Between Groups III and V, the differ-
ence in the time of pain phase I reached 1.41 min
(p < 0.001). These indicators indicated a significant
effect of CO, on reducing the duration of pain phase
I, confirming its potential in enhancing the analgesic
effect of diclofenac and chondroitin.

Duration of pain phase 11

The next stage of this study was to determine
the time of the painful phase II of inflammation under
the influence of CO,.

During the experiment on the duration of pain
phase II, it was found that the average values £ SD
in Groups V, VI, VII were significantly smaller com-
pared to Group II. The analysis showed statistical sig-
nificance of F = 55.1; p <0.001 (Table). The reduction
in the time of phase II inflammation under the influ-
ence of CO, was as follows: V<III < VII < VI<IV.

The normality of these groups was confirmed by
the Shapiro-Wilk test (W = 0.965; p = 0.159). Further
post-hoc analysis according to Tukey's test revealed
differences between groups in the duration of phase
II under the influence of CO,: between II and V
12.54 min, p < 0.001; 1T and VI 7.49 min, p <0.001; II
and VII 7.64 min, p < 0.001. The probable difference
between Groups IV and VI of 7.41 min, p < 0.001
indicated that combining CO, with chondroitin en-
hanced the analgesic effect of the latter during
the second phase of the pain reaction. This shows that
exposure to CO, significantly reduced phase II, which
clearly proves its analgesic properties.

Reaction to pain after the I phase, points

The number of pain reactions after phase I on
the formalin model of disorder was also determined.
When comparing the mean value = SD between
groups, the number of pain responses after phase |
(points) in Groups V, VI, VII was less than in Group II.
The analysis showed significant differences between
groups (F = 36.1; p < 0.001) (Table). The reduction
in the number of pain reactions under the influence
of CO, was as follows: V< VI<VII<IV <IIL

The reliability of indicators in groups was checked
using the Shapiro-Wilk test (W = 0.979; p = 0.541).
Further post-hoc analysis according to the Tukey test
revealed differences between groups in the number
of pain reactions after phase I under the influence
of CO,: between Il and V — 16.1 points (p < 0.001),
between Il and VI — 15.0 points (p < 0.001), between
II and VII — 13.25 points (p < 0.001). In addition,
there was a difference in the number of pain reactions
after phase I between Groups III and V, which was
14.4 points (p < 0.001). This may indicate that CO,
enhances the analgesic effect of diclofenac when they
are used together, which shows a significant reduction
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in pain under conditions of CO, addition. The differ-
ence between IV and VI was 11.25 points (p < 0.001),
indicating an improvement in the analgesic effect
of chondroitin with the addition of CO,.

The use of CO, significantly reduced the number
of pain reactions after phase I in groups V, VI and VII.
These results suggest that CO, may reduce the pro-
duction of inflammatory mediators and thus affect
nociception by reducing thermal nerve stimulation.

The study showed that the combined use of car-
bon dioxide (CO,) with diclofenac and chondroitin
significantly improved their analgesic properties,
which is confirmed by differences in scores between
the groups that received combined therapy.

Discussion

Taking into account the obtained data, it is pos-
sible to assert the highly probable effect of CO, on
the nociceptive system. This is evidenced by an in-
crease in the latent period of both pain phase I and
phase II, a decrease in the duration of these phases,
and a decrease in the number of pain reactions on
the formalin model of nociception.

Pain nerve endings are key molecular transduc-
ers of stimuli that express a variety of ion channels,
such as members of the transient receptor potential
(TRP) family of ion channels, including TRP vanil-
loid 1 (TRPV1), TRP melastatin 3 (Transient Receptor
Potential (M — melastatin)) (TRPM3), TRP ankyrin 1
(TRPA1) and members of potential-dependent sodium
channels, including Navl1.8 and Navl.7 [13, 14]. When
stimuli such as chemical or thermal sensations are
detected, the terminals are activated with the release
of neuropeptides, including calcitonin gene-related
peptide (CGRP) and substance P antibodies [15].

It was shown that the algogenic effect of formalin is
due to the activation of TRPA1 channels on the surface
of nociceptors, which normally respond to cold and
stimulate the development of inflammation, which is
accompanied by thermal and mechanical hyperalgesia.
The latter, caused by formalin, leads to both local and
systemic changes, resulting in the release of inflam-
matory mediators, in particular prostaglandins [16].
Substance P and bradykinin are involved in the first
phase, while histamine, serotonin, prostaglandins and
bradykinin are involved in the second.

Previous reports have suggested that CO, adminis-
tration with inhibition of peptide release is associated
with the calcitonin gene (CGRP), the increase of which
is provoked by formalin administration [17]. Apparently,
CO, prevents the increase in CGRP secretion that occurs
with chemical depolarization, capsaicin or NO. The in-
hibitory effect of CO, on CGRP secretion involves

a decrease in intracellular pH and inhibition of calcium
channels, as CO, has been shown to block the typical
physiological increase in intracellular calcium [18].
Transcutaneous use of gaseous CO, has been con-
sidered for analgesia in several cases [19-21]. The sub-
stantiation of its analgesic properties was that after
application it increased the oxygenation of tissues as
a result of the vasodilator effect. Along with this, it is
believed that the increased content of CO, in the tissues
encourages hemoglobin to release oxygen with the help
of the Bohr effect and thus increases oxygenation [22].

Conclusions

The results of the research allow us to draw
the following conclusions: the use of carbon dioxide
(CO,) in the model of formalin inflammation in rats
leads to a significant reduction in the duration of pain
phase I. The most pronounced reduction of this phase
was observed in the case of combining CO, with di-
clofenac (Group V) and under the conditions of its
use with chondroitin sulfate (Group VII). This in-
dicates potentiation of the analgesic activity of CO,
when combined with other anti-inflammatory/analge-
sic agents for the treatment of OA.

CO, has been shown to significantly reduce the du-
ration of pain phase II on the formalin model. The most
pronounced reduction in the duration of this phase was
observed in the case of the use of CO, both in mono-
therapy and in combination with diclofenac (Group V)
and chondroitin sulfate (Group VII). The obtained re-
sults indicate a pronounced analgesic effect of CO, on
the late inflammatory phase of the pain reaction.

It has been proven that CO, significantly reduces
the number of pain reactions after phase I on the for-
malin model in rats. The greatest decrease in pain
reactions was observed in groups receiving CO, in
combination with diclofenac (Group V) and chon-
droitin sulfate (Group VII).

Therefore, the findings of this experiment empha-
size the possibility of using carbon dioxide to reduce
pain and can obviously become the basis for future sci-
entific research, in particular clinical research. These
results may contribute to the development of personal-
ized combination therapeutic strategies to reduce joint
pain and inflammation. Especially if there are con-
traindications to the use of basic therapy. Further stud-
ies are needed to establish the mechanisms underlying
the observed relationships and to evaluate the potential
of carbon dioxide as an additional element in the thera-
peutic strategy of patients with OA.
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