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Pesrome

B6edenue. TTovick crioco60B KOPPEKITNY TTaTOTeHeTNIeCKVIX HapyIIeHn 1, 00y CIIOB/IeHHBIX BO3/IEVICTBYIEM BO3OYIMTEIIS COIV-
aJIbHO 3Ha4YMMOTO0 3abosteBanwist — M. tuberculosis Ha OpraHM3M, OIIpeJIesIsieT aKTyaJIbHOCTh IIPOBEIEHHOTO VCCIIeIOBAaHS I €70
11eJIb: M3y4eHue pojIv JIMMOHHOV M SIHTapPHOV KVCJIOT B 3alllUTHO-TIPUCIIOCOOUTEIBHBIX Mpolieccax Ha (poHe MH/IyIMPOBaH-
HOVI MTHAKTVBUPOBAaHHBIMI MUKOOAKTEePVISIMI TIATOJIOT Y COEAVHMTEIILHOV TKAaH Y TeIUIOKPOBHBIX KMBOTHBIX.

Memoodst. ViccitemoBarmst IpoBeieHsl Ha Kpbicax ymHum Wistar. Ha dorme naaynumposanHon agpiosantom Ppertima (AD,
BOJTHO-MaCTIsSTHas SMYJIbCVS TepMITIecKyt 0OpaboTaHHBIX MUKOOaKTepuy TyOepKyJiesa) ITaToIOTVVI KphIcaM BBOIVIIN C €I0T
CMeCh OpPTaHWYECKMX KUCIOT B MMHMMaIbHOV (17 MI/Kr M.T.) ¥ MakcvMaIbHO (88 MT /KT M.T.) JJ03MpPOBKe Ha IIPOTKEHUN
4 neperb. emaTorIOrMueckme 1 OMOXMMITYECKIIE VICCITTOBAHS IIPOBOAVIIN CTAHAAPTHBIMY MeTOIaMM. AKTUBHOCTB CyKITV-
HatgeruaporeHassl (CI) B smMdonmTax KpoBu onpenessuii IUTOOVMOXMMIUYEeCK M MeTOIOM. PeHTreHOBCKIe CHUMKM T10-
JIy4asIv Ha CTallMOHapHOM BeTeprHapHOM arlapare.

Pesyavmamet. Ha dpone cchopmmposarron AD maTormorvm (JIeMKonunTo3 (yBemdeHve JIeVKOIUTOB Ha 28 % OTHOCHUTEIThHO
HeTaTVBHOTO KOHTPOJIs, p < 0,05), OKMCIMTEeTEHBIV cTpecc (POCT cofepykaHusl MajoHoBoro Avasbaernga (MJA) ma 40 %,
p < 0,001; mHrMGMpOBaHYIe KaTatassl Ha 4 %), CyOXOHIPaIbHEIV CKJIEPO3 TOJIOBOK KOCTEVI), JKMBOTHEIE B YCIIOBVSX 3alITUTHOTO
BO3/IEVICTBYSI KAPOOHOBBIMY KVCJIOTAMV XapaKTepPU3YIOTCs JT0303aBUCIMBIM KyIIMPOBaHMEM MMMYHOTOKCHYECKMX ITPU3Ha-
KOB 3a0osieBaHmsl (HOpMasIM3ays YMCcIIeHHOCT JIenKonnToB (p < 0,05 OTHOCHMTEIBHO MOJIEIbHBIX XMBOTHBIX); CHVDKEHNE
MJIA na 27 %, p < 0,001, akTrBams kataiassl Ha 10 %, p < 0,01; nopmaymsamys CIT; cHvbKeHMe TUCTpodIdecKnX n3MeHe-
HVVI B CyCTaBHOM aIliiapaTe XUBOTHBIX).

3akawouenue. Pe3yTbTaThl TeMaTOIOTVUECKIX, OMOXMMWYECKMX U PEeHTTeHOJIOTMYecKX VICCTIeOBAaHUII CBUIETeTbCTBYIOT
0 BO3MOXKHOCTY MOAVI(PVIKAIINV IIUTPAT-CYyKITMHATHOV CMECHIO ITaTOOVOXVIMITIECKVIX VI TIATOMOPOIIOrMUeCKIX M3MeHEeHNTI,
00yCIIOB/IeHHBIX BBeIIeHVEeM MHAKTVIBUPOBAaHHBIX M. tuberculosis TeITIOKPOBHBIM XMBOTHBIM, YTO ITO3BOJIseT TIyOxke pac-
KPBITb TIaTOTeHe3 V1 ITOBBICUTh 3(PPeKTMBHOCTE IIPOBOIMMOV TePaTINIA.
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COeVIHMTEITLHOV TKaHM, TIepeKVCHOe OKMCIIeH e JIMTINIIOB, Pe3VICTEHTHOCTh K MHEKTy, caHoreHe3 TyOepKyrlesa, TKaHeBoe
TIBIXaHVe, SHTapHas KVMCToTa.
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Summary

Introduction. The search for methods of correcting patho%enetic disorders related to Mycobacterium tuberculosis, the causative
agent of tuberculosis, a highly hazardous communicable and socially significant disease, determines the relevance of the
research and its objective to study the role of citric and succinic acids in protective and adaptive processes in warm-blooded
animals with connective tissue disorders induced by inactivated mycobacteria.

Materials and methods. The study was conducted on male Wistar rats with diseases induced by complete Freund’s adjuvant
(a mineral oil emulsion containing heat-killed Mycobacterium tuberculosis). The animals were given a feed-added mixture of
organic acids at 17 mg/kg body weight (minimum) and 88 mg/kg body weight (maximum) for 4 weeks. Hematology and bio-
chemistry tests were performed using standard methods. The activity of succinate dehydrogenase in blood lymphocytes was
determined by the cytobiochemical method. X-rays were obtained using stationary veterinary imaging equipment.

Results. The protective effect of carboxylic acids in the exposed animals with Freund’s adjuvant-induced leukocytosis (ex-
pressed by a 28 % increase in white blood cells compared to the ne§ative control, p < 0.0g]?l, oxidative stress (expressed by
an increase in the concentration of malondialdehyde (MDA) by 40 %, p <0.001, and in inhibition of catalase by 4 %), and
subchondral bone sclerosis was characterized by a dose-dependent reduction in immunotoxic manifestations of the disease
such as normalization of the number of white blood cells (p < 0.05 compared to model animals); a 27 % reduction in MDA,
p <0.001, a 10 % catalase activation, p < 0.01; succinate dehydrogenase normalization, and a decrease in dystrophic changes in
the articular system of animals.

Conclusion. The results of hematological, biochemical and radiological tests prove that cg)atholo ical biochemical and morpho-
logical changes related to administration of inactivated M. tuberculosis to warm-blooded animals can be modified by a mixture
of citric and succinic acids added to feed, which allows a better understanding of the pathogenesis and an increased therapy
effectiveness.

Keywords: mitochondrial activity, inflammatory process, citric acid, mycobacteria, connective tissue disorders, lipid
peroxidation, infection resistance, tuberculosis sanogenesis, tissue respiration, succinic acid.
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Introduction. According to the U.S. Centers for
Disease Control and Prevention, 1.7 billion people
were infected with Koch’s bacillus in 2018, which is
about 23 % of the world population'; 5—10 % of the
infected usually develop tuberculosis (TB) [1]. The
same year, the high-level meeting of UN General
Assembly on the fight against tuberculosis adopted
the declaration titled “United to End Tuberculosis:
An Urgent Global Response to a Global Epidemic”
aiming to reduce TB incidence rate by 2030 by 80 %
compared to 2015. The annual Global Tuberculosis
Report? notes that “...urgent and more ambitious
investments and actions are required to put the world
on track to reach targets, especially in the context of the
coronavirus disease (COVID-19) pandemic.” Despite
all the effective measures taken to reduce the spread
of infectious M. tuberculosis, the disease is among the
top 10 global causes of death.

Recent studies have shown that many immunological
aspects in the pathogenesis of tuberculosis remain
unknown. Some authors [2—6] note that the main
reasons for a wide variability of clinical manifestations
of the disease are specific features of interaction
between the infectious agent and the immune system
of the host. In addition to the primary barrier formed

by epithelial cells of the respiratory airways, mainly
by secretion of IgA immunoglobulin, phagocytic cells
of the innate immune system help fight the infection
[7—9]. The role of neutrophils and macrophages,
however, is dual because under certain conditions not
only do they contribute to elimination of tuberculosis
bacteria, but also provide a depot (or incubator) for
the pathogen [10].

Epidemiological studies have demonstrated that
close contacts of x-ray positive pulmonary TB cases
with healthy people (within a family; during a long-
term stay in the same cabin of the ship; at work
and/or school) may infect only 5 % to 20 % of the
latter [11]. One of the main reasons for the identified
immunity is genetic polymorphism [12—14] that
resists the infection thanks to genes in the loci on
chromosomes 2q21-2q24, 5p13-5q22, and TST1 in
the chromosomal band 11p14 [15, 16]. Mendelian
susceptibility to mycobacterial disease characterized
by predisposition to local or disseminated infections is
also determined by genetic factors leading to disruption
of the interleukin/interferon (IL12/IFNy)-dependent
signaling pathway guiding differentiation of lymphocytes
by the Thl type [17]. Population studies indicate close
correlations between individual genes and susceptibility

! Tuberculosis. https://www.cdc.gov/globalhealth/newsroom/topics/tb/index.html
2 Global Tuberculosis Report 2020. Geneva: World Health Organization, 2020.
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to tuberculosis [18—20]. Aravindan PP [21] provides
a detailed review of genes known to determine high
susceptibility of humans to M. tuberculosis such as
the monocyte chemoattractant protein-1 (MCP-1),
natural resistance-associated macrophage protein 1
(NRAMP1), toll-like receptors (TLR,) interleukin
(IL-8), etc. Findings of scientific studies on the influence
of external and internal (mostly genetic) factors on
lability of the organism to tuberculosis mycobacteria
help identify populations at risk and take targeted
preventive actions [22—24]. Comprehensive prevention
of complications of both acute and chronic tuberculosis,
such as systemic and metabolic dysfunctions, structural
pathologies of organs and tissues [25—27], may
also lower related disability and mortality rates. A
laboratory experiment on warm-blooded animals is
widely used to study the etiology and pathogenesis of
tuberculosis complications. Complete Freund’s adjuvant
(CAF, a mineral oil emulsion containing heat-killed
Mpycobacterium tuberculosis) finds application among the
model agents that cause systemic pathologies following
the effect of lipopolysaccharides of M. tuberculosis on
the organisms [28]. Its administration to experimental
animals induces generalized inflammation and a wide
range of autoimmune diseases such as rheumatoid
arthritis, encephalomyelitis, uveitis, kidney damage,
etc. [29—32]. The use of the model of adjuvant-induced
autoimmune disorders also contributes to the search for
safe and effective prophylactic medications [33—36].

Our objective was to study the role of citric and
succinic acids in protective and adaptive processes in
warm-blooded animals with connective tissue disorders
induced by inactivated mycobacteria.

Materials and methods. The studies were carried
out on male Wistar rats (n =29, 400—440 g body
weight) aged 24 months, purchased from the Rappolovo
Laboratory Animal Breeding Facility, Leningrad
Region. The rats were kept under standard vivarium
conditions at constant temperature, humidity, 12/12 h
light/dark cycle, and with free access to feed and
water. All researchers complied with the requirements
of the Guidelines for Ethical Conduct in the Care and
Use of Nonhuman Animals in Research (National
Research Council Guidelines, 2011; https://www.apa.
org/science/leadership/care/care-animal-guidelines.
pdf) and GOST R 53434-2009, Principles of Good
Laboratory Practice. The study was approved by the
Ethics Committee at the Institute of Biomedical
Research of the Russian Academy of Sciences,
Vladikavkaz, Russian Federation. The rats were
euthanized in a CO, chamber. All solutions were
injected under light general anesthesia with Zoletil™
(Virbac, Carros, France). The rodents were divided
into four groups. The first group (negative controls,
n = 6) were injected subcutaneously with the isotonic
sodium chloride solution in a volume of 0.1 mL per
200 g body weight (BW) into the right hind limb. The
second group (positive controls, n = 7) was injected
once with complete Freund’s adjuvant (CAF) produced
by Difco Laboratories Ltd. (Detroit, Michigan, USA)
in a volume of 0.1 mL per 200 g BW into the right
hind limb. Animals of the third and fourth groups
(8 animals each) with disorders induced by injection
of 0.1 mL CAF per 200 g BW received once a day
with feed a mixture of citric and succinic acids (CA

and SA, respectively), in a ratio of 1 : 4 by weight, for
4 weeks. The dosage of acids (neutralized to pH =7.5
with mineral water) was 17 mg/kg and 88 mg/kg BW
in the third and fourth groups, respectively. The entire
experiment lasted 7 weeks.

Hematological, biochemical, and cytobiochemical
tests were performed using whole blood of animals
sampled from the heart under general anesthesia with
Zoletil™.

The number of blood leukocytes (WBCs) was
counted using an automated hematology analyzer
Mythic 22 (Poland).

The activity of succinate dehydrogenase (SDH)
in blood lymphocytes was determined by the
cytobiochemical method proposed by M.N. Kondrashova
and co-authors®. For this purpose, 10 pL of blood was
dropped onto glass slides, and smears were prepared
using a Microscopy Vision device (Austria). The
microscope slides were dried and fixed in a 60 %
acetone solution for 30 s and then rinsed with distilled
water. SDH activity was determined as the difference
in indicators (No. 1 — No. 2) of the color intensity of
granules obtained by incubating blood cells for 1 hour at
t= 37 °C in Solution 1 consisting of 125 mmol/L KCI,
10 mmol/L HEPES, 1 mg/mL oxygenated nitroblue
tetrazolium (NBT), and 5 mmol/L succinic acid; and
Solution 2 containing 125 mmol/L KCI, 10 mmol/L
HEPES, 1 mg/mL NBT, and 5 mmol/L malonic
acid used as a selective inhibitor of SDH (pH 7.2 +
0.01). After incubation, the slides were washed with
distilled water, dried, and stained in a 0.05 % neutral
red solution, which has an affinity for cell nuclei. The
preparations were analyzed by light microscopy at
1,000x magnification under oil immersion. For each
rat, we examined 100 cells randomly chosen from
three microscope slide regions: anterior, middle, and
posterior. The preparations were photographed and
processed using the Bio Images software (Pushchino,
Russian Federation), which allows calculating the area
and color intensity of diformazan granules serving as
markers of mitochondrial respiratory activity.

For biochemical testing, blood was centrifuged
and fractionated. Hydroperoxides in plasma were
determined according to Gavrilov using test Kits by
Agat-Med LLC (Russian Federation), and the level of
malondialdehyde was measured by the thiobarbituric acid
reactive substance assay in erythrocytes preliminarily
washed with a cold (z= 4 °C) isotonic solution®.
Catalase activity was studied using a method based
on spectrophotometric measurement of hydrogen
peroxide decomposition rate at a wavelength of
230 nm (T. Beutler?).

X-rays were obtained on a stationary veterinary
X-ray machine Ecoray Ultra 300V (Seoul, South
Korea).

We estimated the mean and its standard error.
The normal distribution of the data was checked
using the Shapiro—Wilk test and, in case of positive
conclusion, the hypotheses were compared using
the Student’s 7-test in Microsoft Excel. Differences
were considered statistically significant at p <0.05.
Correlation coefficients (rxy) were calculated according
to Pearson.

Results. The mycobacterial component of complete
Freund’s adjuvant provides in the long term (for small

3 Kondrashova MN, Zakharchenko MV, Khunderyakova NV, Maevskiy El. [Cytobiochemical method for determining
the activity of succinate dehydrogenase, the oxidation of endogenous succinic acid, the signaling effect of micromolar

concentrations of succinic acid, its use for quantifyin

the level of adrenergic regulation in the body, the medium and the

kit for implementing the method.] Patent RU 2364868 CI1. (In Russ.)
4 [ Methods of Clinical Laboratory Testing.] Kamyshnikov VS, ed. 8th ed. Moscow: MEDpress-inform Publ., 2016. (In Russ.)
> [ Handbook of Laboratory Research Methods.] Danilova LA, ed. Moscow: Piter Publ., 2003. (In Russ.)
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laboratory animals — within several weeks) remodeling
of the hematopoietic system and release of immature
leukocytes (myelopoietic cell) into the circulation [37],
which is confirmed by the results presented in Fig. 1.

The bar graph shows that the immune response to
the injection of M. tuberculosis antigens was manifested
by leukocytosis since the number of WBCs in model
animals increased by 28 % compared to the controls
(p =0.016), thus indicating chronic inflammation. Owing
to administration of a mixture of organic acids with
antioxidant activity, the severity of responses differed
qualitatively depending on the dose. The minimal dose
of 17 mg/kg BW made the immunological response 15 %
greater than that in the positive control group, while
the maximal dose of 88 mg/kg BW helped maintain
the hematological indicator within the normal range
(comparable to that of the negative control) differing
significantly from the indicators of the model group
by 22 % (p =0.039).

The important role of free radical oxidation processes
in the mechanism of inflammation determines the
interest to assessing markers of lipid peroxidation in
blood of experimental animals (Fig. 2).

The figure shows that antigenic stimulation of
the body is accompanied by disturbance of redox
homeostasis with an increase in pro-oxidant processes.
The scattering of indicators of the primary lipid
peroxidation products (hydroperoxides) between
the norm and pathology is 17 % (insignificant) and

30

25

20

x 109/ L
>

0
Negative control

Positive control
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for secondary products including malondialdehyde
(thiobarbiturates) — already 40 % (p < 0.001). The
therapeutic effect of the citrate-succinate mixture
leads to a dose-dependent normalization of processes
involving such highly reactive intermediates as free
oxygen radicals, which is manifested by a statistically
significant decrease in MDA by 3 % (minimum dosage)
and 27 % (maximum dosage, p < 0.001).

The protective effect of organic acids on antioxidant
enzymes is shown in Fig. 3.

Administration of CAF to animals leads to a
slight (by 4 %) inactivation of catalase, one of the key
enzymes responsible for the inactivation of reactive
oxygen species. Consumed citric and succinic acids
contribute to statistically significant reactivation of
H,0,-oxidoreductase by 10 % (p=0.01) and 5 %
in groups with minimum and maximum dosages,
respectively.

Figure 4 shows the functional state of mitochondria
in immunocompetent cells by the key respiratory
enzyme SDH.

According to our findings, one of the manifestations
of immunotoxic effect of CAF is an imbalance in
cellular respiration. In animals with the modelled
pathology, SDH is activated by 23—39 % (insignificant);
at this, the administration of the Krebs cycle substrates
(citric and succinic acids) in the minimum dosage
does not affect the state of the second respiratory
complex against the developed disorder while the
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Fig. 1. White blood cell counts in the rats (* p < 0.05 compared to the negative control,
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maximum dosage promotes normalization of oxidative
phosphorylation.

Taking into account the involvement of connective
tissue in the systemic inflammatory response syndrome
induced by the injected oil emulsion of heat-killed
M. tuberculosis in the animals, the study of the
musculoskeletal system enables evaluation of therapeutic
effectiveness (Fig. 5).

The articular system of the animals in the model
group is characterized by cyst-like white spots in the
heads of bones and their subchondral sclerosis. Uneven
narrowing of joint spaces is typical of these animals.
The warm-blooded animals that received antioxidant
therapy in the diet are characterized by a decrease in
dystrophic changes manifested by uneven narrowing
of joint spaces and small cyst-like white spots; yet,
the described changes can be reversible.

The animals of the negative control group had
no visible pathological lesions.

Discussion. As of today, the increased risks of
tuberculosis and opportunistic infections are associated
with inclusion of anti-cytokine drugs in the pathogenetic
therapy for COVID-19°. Measures taken to enhance the
resistance of the organism and prevent complications
of the underlying condition (i.e. tuberculosis) should
contribute to reduction of the collateral damage
of their wide use [38, 39]. Maintaining the redox
balance during the inflammatory process (especially
that of the infectious etiology) is aimed at preventing
oxidative stress and preserving high barrier properties
of membranes impeding cell contamination. In this
connection the antioxidant effect of a mixture of citric
and succinic acids manifested by a dose-dependent
decrease in the blood level of malondialdehyde in the
experimental animals with M. tuberculosis-induced
disorders increases the resistance of the body to the
pathogen. This effect is based not only on the direct
action of natural antioxidants inhibiting the oxidative
process, but also on their stimulation of enzymes of
the antioxidant defense system, as shown by catalase
activation in treated animals (Fig. 3). The established
high inverse correlation between the activity of SDH
and level of hydroperoxides in plasma rxy = —0.90
also substantiates the regulatory role of organic
acids in redox homeostasis: against the background
of activation of cell respiration, stabilization of the
release of primary products of oxidative destruction in
membranes is noted. Evidence of an increase in the
body’s resistance to damage through citric and succinic
acids is the results of X-ray studies, which indicate
a modification of the pathogenesis of autoimmune
rheumatoid arthritis and the possibility of arresting
pathomorphological changes even in the late stages
of the disease.

Conclusion

A mixture of citric and succinic acids contributes
to an increase in immune resistance in warm-blooded
animals with M. tuberculosis-induced disorders, which
is manifested by a reduced inflammation, suppression
of oxidative stress, including through activation
of antioxidant enzymes, normalization of cellular
respiration, and enhancement of cellular barriers.
Correction of the immune status with a mixture
of organic acids lowered the risk of developing
musculoskeletal disorders (autoimmune rheumatoid
arthritis) caused by the effect of M. tuberculosis antigens
on the body.
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