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ANALYSIS OF FACTORS INFLUENCING APOPTOTIC PROCESSES DURING M) Check for updates ‘
FORMATION OF LONG-TERM HEALTH EFFECTS OF SEVERE ACUTE POISONING
WITH NEUROTROPIC TOXICANTS

Evgeny B. Shustov'™, Margarita V. Melnikova', Kristina V. Masterova', Vladimir F. Ostrov', Ekaterina A. Zolotoverkhaja', Larisa G. Kubarskaya',
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Background. The nervous system damage caused by neurotoxicants is characterized by various morphological changes, manifested mainly by dystrophic
and necrotic processes. The key mechanisms of post-intoxication asthenia pathogenesis, determined by the specifics of the toxicant, involve activation of
apoptosis, trophic disorder, lipid peroxidation (LPO), neuropeptide regulatory insufficiency, as well as cerebrospinal fluid dynamics disorders.

Objective. Quantification of the contribution of apoptosis, oxidative stress, and neurotrophin regulation processes to the formation of long-term health con-
sequences of severe acute poisoning with neurotropic toxicants.

Material and methods. Experimental studies were performed in male rats. The following toxicants were used: phenylcarbamate (1.6 mg/kg bw), methanol
(11.5 g/kg bw), lead acetate (300 mg/kg bw). The period of formation of long-term health effects was 30 days. The level of apoptosis of the brain temporal
cortex neurons was evaluated by the TUNEL method. The identification of blood plasma neurospecific proteins was carried out by the ELISA method. Evalu-
ation of LPO and antioxidant system was carried out by standard biochemical methods.

Results. Exposure to the substances caused the signs of toxic effects in rats on days 1-2. The maximum severity of poisoning with phenylcarbamate was on
the first day, while the maximum severity of poisoning with methanol and lead acetate was manifested on the second day. By days 5-7, the survived animals
showed a normalization in the status regardless of the toxicant. On day 30, violations were detected, the totality of which allowed the survived animals to be
divided into subgroups according to the manifestation of functional signs of long-term health effects of acute poisoning.

Conclusions. The formation of long-term health effects of severe acute poisoning with the studied neurotoxicants was shown to be associated with an
increase in the number of TUNEL positive neurons and a decrease in the S100 protein serum concentration. Lipid peroxidation in brain tissues during the
specified period did not play a significant role in apoptosis activation.
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AHAJIN3 ®AKTOPOB, B/INAIOLLINX HA NMPOLIECCbI ANOMTO3A B MEPUOJE OTAAJIEHHbIX
NOCNEACTBUN TAXKEJIbIX OCTPbIX OTPABNIEHN HEMPOTPOINHbIMN TOKCUKAHTAMA

E.B. LLycTos™, M.B. MenbHurkoga', K.B. Macteposa’, B.®. OcTpos', E.A. 3onotoBepxas’, J1.I. Kybapckas', K.O. TaHaaHu!, A.A. Ko3nos',
t0.0. Cokonosa’, M.K. MNMoTanos'?

THay4HO-KNMHNYECKNIA LEHTP TOKCUKONorm nvenmn akagemuka C.H. fonvkosa ®efepanbHoro Meamko-6ronormyeckoro areHtctsa, CaHkT-MeTepbypr, Poccus
2 BoeHHo-MeanumHekas akagemust umenn C.M. Kuposa, CankT-MNeTepbypr, Poccus

BBepeHue. MNoparkeHne HepBHON CUCTEMbI NPY AENCTBUM HEMPOTOKCHKAHTOB XapakTepuayeTcs pa3nnyHbIMU MOP(ONOrM4eCKUMI N3MEHEHMAMU, MPOSIB-
NSOLLMMUNCS B OCHOBHOM AUCTPOMDUHECKMMY 1 HEKPOTUHECKMU NpoLieccamu. KntoveBbIMU MexaH3Mammn natoreHe3a nocTUHTOKCUKALMOHHOM acTeHuN,
onpeaensioLLMMUCS cneumndUKor TOKCUKaHTa, SBNSIOTCS akTUBaLMs anonToda, HapyLueHne TPOMUKIM, akTMBaLmMs NepeKNCcHOro okmcneHns nunuaos (MOJ),
HEAOCTaTOYHOCTb HEMPONENTUAHOIO 3BeHa PerynsaLmnm, HapyLIeHUs NMKBOPOAUHAMUKIA.

Llenb. KonvyecTBeHHas OLeHKa BK1aza npoLeccoB anonTo3a, OKCHMAATMBHOIO CTpecca 1 HeMpoTPOMUHOBOM perynaumm B hopMmMpoBaHN OTAANEHHbIX
NocneacTBU TSXKENbIX OCTPbIX OTPaBNEHNUI HEMPOTPOMHBIMN TOKCUKaHTaMU.

MaTtepuanbl 1 MeToAbl. OKCNEPUMEHTaNBHOE NCCNe0BaHNe BbIMOMHEHO Ha KpbiCax-camuax. B Ka4ecTBe TOKCMKAHTOB MCMONb30BaNnCh: PeHmnnKap-
6amar (1,6 Mr/kr M.T.), MeTaHon (11,5 r/kr Mm.T.), auetat ceuHua (300 mr/kr m.T.). Meprog hopmMmpoBaHusa oTaaneHHbIX nocneacTemnin coctasmn 30 CyTOK.
YpoBeHb anonTo3a HepPOHOB BMCOYHOM KOpbI FOIOBHOro Mo3dra onpeaensnu metogom TUNEL. Onpepenerve Hepocneundunyieckinx 6enxkos B ninasme
KpoBu ocylecTnsnock NOA-metonom. Onpepenerne nokasdateneit MOJT 1 aHTUOKCMAAHTHOM CUCTEMbI MPOBOANAN CTaHAAPTHLIMY BUOXUMUHECKUMUI
MeTofamu.

Pe3ynbraTthbl. Bo3aencTBme BELECTB BbI3blBaIO NPU3HAKN TOKCUHYECKOro AENCTBUS Y KPbIC Ha 1-2-e CyTKK, Npudem y heHnnkapbamara ¢ MakcumasnbHom
BbIPaXXEHHOCTbLIO B MepBble, a y MeTaHona 1 auerara CBUHLAa — Ha BTopble. K 5—7-M CyTKaMm Yy BbDKMBLUMX XXMBOTHbIX (HE3aBMCMMO OT TOKCUKaHTa) COCTOS-
HVe HopmanmaoBanoch. Ha 30-e cyTku Obinn BbISIBEHb! HAPYLLIEHNS, COBOKYMHOCTb KOTOPbIX MO3BONMNA Pa3aenTb BbIKMBLLNX XXMBOTHBIX HA NMOArPYMMbl
Mo YPOBHIO CCHOPMMPOBAHHOCTN (hYHKLMOHAbHbBIX MPU3HAKOB OTAANEHHbIX MOCNEACTBIA OCTPbIX OTPaBNEHNUN.
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BbiBoAbl. [oKazaHo, 4To POPMUPOBaHME OTAANEHHbBIX MOCAEACTBUA TSXKENbIX OCTPbLIX OTPAaBNEHWA ANS NCCNedyeMblX HEMPOTOKCUKAHTOB CBA3aHO C Mo-
BbllLeHVeM Konmyectsa TUNEL-NO3UTUBHbIX HENPOHOB 1 CHIXEHNEM KOHLeHTpauum 6enka S100 B cbiBopoTke. Mpolecch MOJ1 B TkaHsx Mo3ra B ykasaH-
Hble CPOKW He Urpany CyLecTBEHHOM POnn B akTBaLUMmn anonTosa.
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INTRODUCTION

The long-term period following severe acute poisoning with
neurotropic toxicants is characterized by the development
of mainly nonspecific manifestations of the psychoorganic
syndrome, post-intoxication and cerebrogenic asthenia,
toxic polyneuropathies. Toxic damage to the nervous sys-
tem, as well as to other body tissues, involves various mor-
phological changes at the cellular and tissue levels and is
manifested by various dystrophic and necrotic processes
[1-2]. The use of light microscopy makes it possible to es-
tablish the presence of neuronal apoptosis, which is a con-
sequence of most toxic lesions of the nervous system [3].
Toxic damage to brain tissue is characterized by small foci
of necrosis, often elective, in which only individual tissue
elements are damaged (some of them remain); such foci
are manifested by rarefaction of the neuropil and gliopenia.
The morphological basis of the psychoorganic syndrome in
neurointoxication consists in the death of neurons and glial
cells associated with both the direct toxic effect of xenobi-
otics and the induction of apoptotic processes [4]. The key
mechanisms behind the pathogenesis of post-intoxication
asthenia, determined by the specifics of the toxicant, in-
volve activation of apoptosis, trophic disorder, lipid per-
oxidation (LPO), neuropeptide regulatory insufficiency, and
cerebrospinal fluid dynamics disorders. Toxic neuropathies
are manifested by segmental demyelination (toxic myelopa-
thy) and axonal degeneration (toxic distal axonopathy).
The nonspecific mechanisms of toxic action charac-
teristic of all neurotropic xenobiotics include inhibition of
enzyme activity due to the blockade of sulfhydryl, carbox-
yl, amino, and other functionally active structural groups
in peptides and proteins; formation of oxidative stress with
subsequent activation of LPO processes'; mitochondrial
inhibition; calcium homeostasis disorder; excitotoxicity;
proinflammatory cytokine expression, inflammatory pro-
cess induction in nervous tissue; haptenic modification of
proteins with their acquisition of antigenic properties and
induction of autoimmune damage mechanisms; inhibition

of neurotrophin release, neurogenesis and gliogenesis
in combination with suppression of proliferation and dif-
ferentiation of new neurons and gliocytes; increased per-
meability of the blood-brain barrier; increased processes
of cell apoptosis of the central and peripheral nervous
system? [5-8].

Taking all the above mentioned into account, a deeper
understanding of the long-term health effects of severe
acute poisoning with neurotropic toxicants is required.
In this connection, the present study aims to assess the
quantitative contribution of apoptosis, oxidative stress, and
neurotrophin regulation processes to the formation of long-
term health consequences of severe acute poisoning with
neurotropic toxicants.

MATERIALS AND METHODS

The experimental study involved 53 male outbred rats with

a body weight (bw) of 180-220 g (baseline), received from

the Kurchatov Institute Research Center — Rappolovo

Nursery (Leningrad Region, Russia).

Long-term effects were simulated by a single admin-
istration of a neurotropic toxicant to laboratory animals at
a dose of LD,,. The period of formation of long-term con-
sequences was 30 days. The following were used as toxi-
cants:

e phenylcarbamate, a reversible acetylcholinesterase in-
hibitor, synthesized in the Golikov Research Center of
Toxicology [11];

e methanol (Vecton, Russia), an organic solvent that im-
plements its toxic effect by damaging cell membranes;

® |ead acetate (Reahim, Russia), an organic heavy metal
salt that suppresses the activity of various enzymes.

Laboratory animals were divided into four groups:

e group 1 or C (Control) (n = 8), intragastric administration
of 0.5 mL of saline solution;

e group 2 or PC (Phenylcambamate) (n = 15), intraperi-
toneal administration of an 0.1% aqueous solution at a
dose of 1.6 mg/kg bw;

" FMBA Guidelines 12.08-2021 Clinic, diagnosis and treatment of chronic poisoning (exposure) to neurotoxic substances. 2021. (In Russ.)
2 Badalyan AV., Belova MV., Brusin KM. et al. Mediical Toxicology: National guidelines. M.: GEOTAR-Media, 2014. (In Russ.)
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e group 3 or M (Methanol) (n = 15), intragastric adminis-
tration of a 75% aqueous solution at a dose of
11.5 g/kg bw;

e group 4 or LA (Lead acetate) (n = 15), intraperitoneal
administration of a 5% aqueous solution at a dose of
300 mg/kg bw.

The signs of toxic effects identified as a result of ob-
servation were evaluated in points according to the scale
of signs of intoxication [10]. The dynamics of the animals’
body weight, their consumption of feed and water were de-
termined weekly.

To assess the formation of the phase of long-term
consequences, neurophysiological testing of animals
was performed on days 7, 15, 28 by such tests as open
field (VideoMot 2, TSE, Germany), rotating rod (Rota-Rod
Treadmills forrats 7700-7750, Ugo Basile, Italy), grip strength
(Gripstrengthmeter 303500 series, TSE, Germany), sensory
reactions tests (Startle Response System, TSE, Germany),
assessment of the conditioned passive avoidance reflex
(CPAR) (PACS-30, Columbus Instruments, USA).

On day 28, blood and brain tissue samples were col-
lected from the survived animals (n = 32) for subsequent
examination.

The determination of neurospecific proteins (neurospe-
cific enolase NSE, brain neurotrophic factor BDNF, basic
myelin protein MBP and calcium-binding protein S100) in
animal blood plasma was carried out by enzyme immu-
noassay using commercial kits (Cloud-Clone Corp., USA)
according to the manufacturer’s instructions. Indicators
of lipid peroxidation (diene conjugates of DC, malonic di-
aldehyde MDA); the antioxidant system of AOS (reduced
glutathione GSH, activity of glutathione transferase GST,
glutathione peroxidase GP, superoxide dismutase SOD), as
well as energy metabolism (activity of glucose-6-phosphate
dehydrogenase G6PDH) were determined in the homogen-
ate of brain tissue, as described in [11].

The activity of apoptotic processes was assessed by
determining the number of TUNEL-positive (terminal de-
oxynucleotidyl transferase dUTP nick end labeling) cells
in the temporal cortex of rats. The choice of this area of
the cortex was determined by the peculiarities of its cyto-
architectonics (high density of neurons, radial divergence of
cortical columns, presence of eight types of interneurons
and projections from the auditory, statokinetic, gustatory
and olfactory analyzers, thalamus, their high sensitivity to
hypoxia, frequent dysplasia and the ability to epileptogen-
esis). Apoptotic TUNEL cells were counted on 4-5 slices
of the studied brain area using a commercial Elabscience®
E-CK-A320 kit “TUNEL In Situ Apoptosis Kit (Green, FITC),
One-step TUNEL In Situ Apoptosis Kit”. Images of brain
slices were obtained using a Nikon Eclipse 80i microscope
with a Nikon DS-Filc color camera at a magnification of
=100 for analysis and x200 for photographic materials at a
resolution of 1280x960 pixels using the NIS-Elements AR
4.20.00 software application. Apoptotic TUNEL cells were
counted on 4-5 slices of the studied area of the brain of
each animal.

Statistical processing of the experimental data obtained
was carried out in the MS EXCEL spreadsheet processor
using the Data Analysis application software and the spe-
cialized statistical analysis software Statistica v.10. The
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methods of frequency, variance, factor, and correlation
analysis were used. The significance of differences between
the groups was assessed using the rank-sum test (White),
the Fisher’'s exact probability test for frequency analysis,
the F-criterion of the analysis-of-variance (ANOVA).

RESULTS

Observation of animals during the acute intoxication period
showed that toxic effects signs (according to the sum of
points characterizing the features of appearance, muscle
tone, motor activity, and reaction to gripping) were detect-
ed on 1-2 days, with a rapid normalization of the condition
by days 5-7 in the survived animals (Fig. 1).

The clinical picture of acute phenylcarbamate intoxi-
cation was dominated by signs of seizures and ataxia.
Methanol poisoning led to a decreased muscle tone and
motor activity, impaired coordination of movements and
posture, decreased sensitivity and reflexes. Under lead
acetate intoxication, the enteropathogenic symptom com-
plex, irritation of the peritoneum, impaired motor activity
and respiration were observed. At the same time, different
toxicants were characterized by a different rate of increase
and decrease in the symptoms of intoxication (the fastest
and most pronounced manifestation of intoxication, an in-
tensive decrease for phenylcarbamate, a slower decrease
for methanol). Lead acetate was characterized by a slower
increase in poisoning symptoms, which is associated with
the peculiarities of its absorption in the body.

During dynamic observation of animals, no statistical-
ly significant differences were found between the control
group and the groups of animal survivors of acute intoxica-
tion in terms of such indicators as body weight, feed intake,
paw grip strength, retention time on a rotating rod, as well
as in terms of individual indicators of the neurophysiologi-
cal techniques used (locomotor activity, emotional lability,
aggressiveness, grooming in the open field test; locomo-
tor activity and staying in the illuminated sector during the
CPAR test; indicators of reflex response to harsh sound
and latency characteristics in the Startle Response System
test). Therefore, these indicators were not reflected in the
tables and figures following below.

On day 30 of the study, signs of impaired ingestive
(feeding and drinking) behavior, reproduction of CPAR,

604 — Phenylcarbamate
— Methanol

50 —
— Lead Acetate

40
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T 1 T 1
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Days after acute poisoning

Figure prepared by the authors based on their own data

Fig. 1. Dynamics of intoxication severity after administration of LD, toxicants



coordination of movements, inhibition in polysynaptic reflex
circuits, depletion of activation influences were revealed
(Table 1). The totality of these signs allowed the animal poi-
soning survivors to be divided into subgroups according to
the level of formation of functional signs of the long-term
health consequences of acute poisoning.

Table 1 indicates that early stages after acute intoxica-
tion (seven days) were associated with a statistically signifi-
cant increase in water consumption in animals treated with
phenylcarbamate and methanol. Additional water intake is
explained by the need to reduce the concentration of the
toxicant and accelerate its excretion from the body.

In the methanol exposure group, male rats demonstrat-
ed a decrease in search and research activity of 2.8 + 0.7
units versus 9.2 + 1.7 units in control animals, which is a
manifestation of the direct toxic effect of the substance.
The animals also showed disorders in the reproduction of
conditioned reflexes in the CPAR test, a post-stress effect
in animals from the phenylcarbamate group of 33 + 13 s
versus 4 + 3 s in the control group, a shortening of the re-
action time to a flash of light of 7 + 1 ms versus 13 + 3 ms
in the control group. The group of animals exposed to
methanol demonstrated a decrease in the amplitude of the
reaction in response to an electrical stimulus of 46 + 15

Table 1. Dynamics of neurophysiological parameters in the post-intoxication period

Days after intoxication
Indicator, test Group
7 15 21 28
Water consumption, mL/day # Control 26.9 25.6 27.5 281
Phenylcarbamate 32.8" 32.2 33.3* 36.8*
Methanol 32.0* 35.5" 211 20.0*
Lead Acetate 24.0 23.0 211 20.0"
Search and research activity, units Control 9.2+17 89+16 6.0+15 49+1.0
Phenylcarbamate 1.4 +11 10.2+1.2 6.2+13 56+13
Methanol 2.8+0.7" 3.1+0.8" 45+04 49+1.0
Lead Acetate 14.6 £+ 0.9 124 +2.0 8.2+2.0 9.2+ 1.2"
Duration of stay in a dark cell, s Control 29 + 15 - - 4+3
Phenylcarbamate 75 £ 11* - - 33 +13*
Methanol 35+ 14 - - 24 +13
Lead Acetate 35+23 - - 40 + 2.5*
Treadmill, proportion of completed the test, % Control 100 100 100 100
Phenylcarbamate 89 100 78 33
Methanol 100 0* 44 44
Lead Acetate 100 30 70 0*
Response to sound, amplitude, units Intact 76 + 34 123 + 63 247 + 113
Phenylcarbamate 1563 £ 72 271 £ 135 303 + 134
Methanol 61 + 39 248 + 33 159 + 59
Lead Acetate 76 + 31 112 £ 58 79 £ 25
Reaction to light, duration, ms Control 13+3 9+2 15+2
Phenylcarbamate 14 +2 9+4 16+ 2
Methanol 7+1* 9+1 21+ 2%
Lead Acetate 20+5 9+4 31 +2°
F{e_sponse to an electrical stimulus, amplitude, Control 224 + 46 293 + 111 618 + 80
untts Phenylcarbamate 283 + 67 358 + 78 537 + 145
Methanol 46 + 15* 337 £ 60 315 + 63*
Lead Acetate 202 + 70 360 + 140 221 + 74¢

Table prepared by the authors based on their own data

Notes: the data is presented as the mean value and the standard error of the mean (M + m); the indicator “water consumption” is presented as the mean group
value; “-" — not investigated; statistically significant differences with the control animal group: * — p < 0.05; * — p < 0.01; * — p < 0.001.
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units, compared with animals from the control group,
224 + 46 units. These signs correspond to a prolonged
period of acute intoxication pattern.

In the following periods, the severity of the above
changes was mostly leveled. At the end point of the study
(day 28), the animals from the PC group retained increased
water consumption and impaired conditioned reflex repro-
duction, which had been noted in the early stages after
intoxication.

In animals exposed to methanol, the initial increase in
water consumption was replaced by its decrease on day
21. Along with this, the early increase in the duration of the
reaction to a flash of light and a decrease in the amplitude
of the response to an electrical stimulus were leveled by the
end of the experiment.

In the group of animals who survived lead acetate
poisoning, a decrease in water consumption was noted
throughout the observation period with its increase by day
28. These animals also demonstrated disorders of condi-
tioned reflexes reproduction, reactions to light (31 + 2 ms
versus 15 + 2 ms in the control) and sound, with these in-
dicators being more significant than those in the methanol-
exposed group. In addition, these animals were unable to
perform a treadmill running test; in the open field test, they
showed some fussiness, accompanied by an increased
search and research activity.

An analysis of the detected dynamics of toxic effects
and neurophysiological indicators revealed signs that are
sensitive to the formation of long-term consequences of
acute poisoning. These include impaired ingestive behavior
and its endocrine regulation (decreased water consump-
tion), impaired conditioned reflex reproduction, increased
sensitivity to stress (time spent in a dark chamber in the
CPAR test), inability to perform the treadmill running test at
a high speed of the tape, inhibition in the polysynaptic path-
ways (high reaction time light in the TSE Startle Response
System test), and insufficiency (exhaustion) of activation ef-
fects (low amplitude of the response to an electrical stimu-
lus in the TSE Starter Response System test). Altogether,
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these signs made it possible to obtain an integral quanti-
tative value of the level of formation of long-term conse-
quences based on a point-based assessment system.

Individual variations in the studied indicators of brain
metabolism were noted, with the corresponding data pre-
sented in Table 2.

An analysis of the data presented in Table 2 shows a
moderate decrease in S100 protein by 30% (p < 0.05) in
survivors on day 28 after poisoning (the period of formation
of long-term consequences of acute poisoning) under the
influence of acute phenylcarbamate intoxication.

The group of animals exposed to methanol poisoning
showed a statistically significant increase in the activity of
SOD by 90% and G-6-FDG by 37%, as well as a statistical
tendency to decrease the activity of S100 protein by 27%
with an increase in the activity of antioxidant defense en-
zymes (glutathione transferase and glutathione peroxidase
by 20-21%). This observation may be indicative of com-
pensatory processes in brain tissue in the post-intoxication
period.

On day 28 after acute intoxication with lead acetate,
survived animals demonstrated a statistical tendency to
increase the marker of neuronal damage NSE by 94%
and a threefold increase in the concentration of LPO final
products — DCs — with a decrease in glutathione trans-
ferase activity by 10%, reflecting the neurotoxicity of this
compound. However, in comparision with other toxicants,
lead acetate exposure resulted in a more pronounced, sta-
tistically significant decrease in the activity of S100 protein
by 46% and MBP by 23%, an increase in the activity of the
brain neurotrophic factor BDNF by 42%, as well as a mod-
erate increase in the activity of G-6-FDG by 18%. These
indicators manifest a high activity of compensatory and
adaptive biochemical mechanisms during this period.

It should be noted that neurospecific proteins detected
in blood serum 30 days after acute poisoning proved to be
uninformative for detecting and assessing the severity of
long-term health effects of intoxication. Only for lead ac-
etate, metabolic signs of neuronal damage and, probably,

Table 2. Indicators of brain metabolism in survived animals on day 28 after acute poisoning with neurotoxicants

Indicator, unit Control (n=8) Phenylcarbamate (n = 9) Methanol (n = 10) Lead Acetate (n = 5)

NSE, pg/mL 0.71 £ 0.11 0.65 + 0.07 0.99 + 0.17 1.38 + 0.39*
BDNF, ng/mL 1.22 £ 0.12 115+ 0.04 1.30 + 0.09 1.73 + 0.11*
MBP, ng/mL 0.06 + 0.01 0.06 + 0.01 0.06 + 0.01 0.05 + 0.01
S$100, ng/mL 0.120 + 0.011 0.084 + 0.007* 0.087 + 0.012 0.064 + 0.006*
GSH, mmol/L 2.00 + 0.05 1.95 + 0.04 1.91 £ 0.04 1.94 £ 0.05
MDA, mmol/L 191 £ 1.7 19.2+0.9 228 +23 18.9+1.0
DC, mmol/L 65.3+1.6 98.7 £ 36.0 126.7 £ 52.9 197.2 + 80.6
GST, U/g of protein 62.7 £1.2 57.8 +3.5 75.2+6.0 56.2 +1.2
GP, U/g of protein 1.45 £ 0.03 1.42 £ 0.08 1.76 + 0.16 1.40 £ 0.04
G6PDH, U/g of protein 35.8+2.3 38.2+3.2 49.2 +5.0* 42.4£23
SOD, U/g of protein 21.5+5.3 242 +£57 50.0 + 5.4* 205+54

Table prepared by the authors using their own data

Note: the data are presented as the mean value and the standard error of the mean (M + m); statistically significant differences with the group of intact animals:

*—p <0.05.
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Control, DAPI — nuclear neurons in a cross section, x200 Contol, TUNEL — apoptotic neurons, x200

Phenylcarbamate, DAPI — nuclear neurons in a cross Phenylcarbamate, TUNEL — apoptotic neurons, x200
section, x200

Methanol, DAPI — nuclear neurons in a cross section, x200 Methanol, TUNEL — apoptotic neurons, x200

Lead acetate, DAPI — nuclear neurons in a cross section, x200 Lead acetate, TUNEL — apoptotic neurons, x200
Figure prepared by the authors using their own data

Fig. 2. Slice micrographs of the rat brain temporal cortex
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Figure prepared by the authors using their own data

Fig. 3. The activity of apoptotic processes in the cells of the rat brain temporal
cortex on day 28 after acute poisoning with neurotoxicants
Note: * p < 0.05 — statistically significant differences from the control group

increased permeability of the blood-brain barrier were
found. It is important that lead acetate is characterized by
the activation of LPO processes in the setting of a decrease
in the activity of the enzymatic link of the antioxidant sys-
tem. These findings are likely to be correlated with the abil-
ity known for heavy metals to inhibit the enzymatic activity
of a wide range of enzymes due to binding to thiol groups
in the active site.

Figure 2 demonstrates slice micrographs of the rat brain
temporal cortex to assess the effect of toxicants on the
processes of neuronal apoptosis.

Under almost the same number of blue-colored nuclear
neurons on a slice of the cerebral cortex (left photos), the
number of apoptotic TUNEL-positive nerve cells in the sur-
vived animals significantly increased under the influence of
toxicants (green glow, right row of photos, Fig. 2).

Figure 3 presents the results of assessing the activity of
apoptotic processes.

The data presented in Fig. 3 shows that all the studied
toxicants, regardless of the mechanisms of their toxic ef-
fect, increase the number of neurons in the state of ap-
optosis by 3-4 times, thereby being the inducers of this
pathological process.

A variance factor analysis showed that the severity of
neuron apoptosis in the rat cerebral cortex is closely re-
lated to the formation of long-term consequences of severe
acute poisoning with neurotropic toxicants. This indicator
is associated with more than 20% of the total variability in
the assessment of their formation (R? = 0.47, p = 0.034) in
survivor animals. In this regard, the subsequent analysis
was focused on assessing the significance of the influence
of the studied metabolic factors on the activity level of neu-
ronal apoptosis processes.

It follows from Fig. 3 that, on day 28, a pronounced
sharp activation of apoptotic processes was observed in
the brain cells of the survived animals, which is more char-
acteristic of phenylcarbamate. The variance factor analysis
showed that the controlled factor of intoxication fact deter-
mines 64% of the total variability (o = 5x108) of the apopto-
sis index. The type of neurotoxicant is even more important
in activating apoptosis (72% of the total variation of the trait,
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Fig. 4. Frequency distribution curves of the number of TUNEL-positive cells on
sections of the rat brain temporal cortex

p = 2x10%), while the coefficient of determination for phe-
nylcarbamate equaled D = 0.97 (p = 5x1079), for methanol
D =0.86 (p = 4x108), for lead acetate D = 0.80 (p = 4x10°9).

In order to assess the level of apoptosis activation dur-
ing the formation of long-term health consequences of
acute poisoning, a frequency analysis and S-scaling were
performed. To that end, the inflection points on the curves
of the statistical distribution of the number of TUNEL-
positive cells in slices were determined (Fig. 4), which are
the boundaries of the levels of apoptosis activation. If the
indicator under study can be characterized as close to a
normal statistical distribution, such criterion points on the
cumulative curve will be 16% (the boundary of low and me-
dium levels), 66% (the boundary of medium and elevated
levels), and 84% (the boundary of elevated and high lev-
els). It is noteworthy that apoptosis induction was more
pronounced (by four times) when exposed to phenylcarba-
mate, while the apoptosis-inducing activity of methanol and
lead acetate was weaker (by about 30%).

The boundaries of the ranges (Fig. 4) are as follows: low-
level — 6 or fewer TUNEL-positive cells per slice; medium-
level — 710 cells, elevated — 1418 cells, high-level — 19
or more cells per slice.

The following structure of apoptosis activation levels
was revealed in the experimental groups (Table 3).

Table 3 shows that phenylcarbamate is a strong apop-
tosis inducer, causing predominantly a high level of its ac-
tivation, while methanol and lead acetate cause moderate
activation of programmed cell death of neurons.

The conducted analysis of the role of individual com-
ponents of the brain metabolic systems in the activation
of apoptotic processes under the action of neurotoxicants
found that the studied metabolic parameters do not play
a significant role in the process of brain cell apoptosis at
the stage of formation of the long-term consequences of
severe acute poisoning with neurotropic toxicants. Thus,
their coefficients of determination ranged from 0.02 to 0.11,
not being statistically significant. For neurospecific pro-
teins, this may probably be due to both the features of toxic
brain damage at the tissue level and the timing after acute
intoxication, which triggered the activation of apoptosis.
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Table 3. Distribution of animals by levels of apoptosis activation under the influence of neurotoxicants

Level of apoptosis activation

Group
low moderate increased high
Control 88 12 - -
Phenylcarbamate (1.6 mg/kg bw) - - 33 67
Methanol (11.5 g/kg bw) - 100 - -
Lead Acetate (300 mg/kg bw) - 80 - 20

Table prepared by the authors using their own data

Note: the data is presented in the form of % incidence in the group.

Thus, NSE is known to reach a maximum in cerebrospi-
nal fluid one day after an ischemic or hemorrhagic stroke,
decreasing by days 4-5 and being more specific to focal
brain damage than diffuse [12—15]. S100 protein also shows
typical periods for increasing its concentration, i.e., days
2—7. MBP is a marker of axonal damage and demyelination,
which may not have formed by the time of 30 days from
the moment of acute intoxication. BDNF is more overex-
pressed with a lack of neuronal plasticity, and the weak
response of this neurotrophin to brain tissue damage is
clinically more significant [17-18].

In the group of intact animals, the apoptosis level had
no significant correlations with either neurospecific proteins
or LPO indicators and the antioxidant system (AOS), being
a spontaneous process. In the group of animals exposed
to phenylcarbamate intoxication, the apoptosis level was
modestly affected by a low level of reduced glutathione
(r = —0.53). After methanol intoxication, a weak correlation
between apoptosis and the content of the main protein my-
elin (r = +0.47) was revealed, most likely reflecting the pres-
ence of a common inducing factor for them. After intoxi-
cation with lead acetate, the activity of neuronal apoptotic
processes was associated with a low activity of glutathione
transferase (r = —0.66) and SOD (r = —0.47). Therefore, the
use of activators of these enzymes can be useful in the set
of measures for preventing the long-term consequences of
poisoning with organic lead derivatives.

NSE in the group of intact animals showed moder-
ate negative associations with the activity of glutathione-
dependent AOS enzymes — GST (r = —-0.63) and GP
(r = =0.57), i.e., an increase in the content of this marker
protein may reflect the weakness of the AOS enzymatic
link. At the same time, a positive correlation was found with
the level of reduced glutathione (r = +0.75). Taken together,
these connections may indicate a link between the dam-
age to the bodies of neurons and the disorder of the ability
to utilize reduced glutathione in antioxidant defense reac-
tions, since the latter results in a simultaneous increase in
its level and a decrease in the activity of utilization enzymes.
This pattern is also observed in phenylcarbamate poison-
ing; however, there is an additional decrease in glucose-
6-phosphate dehydrogenase activity (r = —-0.67) and a
positive correlation with S100 protein (r = +0.70). Following
methanol intoxication, accumulation of utilized reduced glu-
tathione (r = +0.55) is also noted; however, this is combined
with lower BDNF values (r = —0.50). A peculiar pattern of
NSE relationships is noted after lead acetate intoxication.

An alternative activation of the expression of either NSE
or S100 protein was revealed (with the correlation coeffi-
cient between them of r = —0.81). Moreover, the low activ-
ity of AOS shifts the system toward increasing the level of
S100 protein. In lead intoxication, a pronounced positive
correlation (almost linear) was found between the level of
NSE and the activity of SOD (r = +0.94), which implies a
single response to lead poisoning. After phenylcarbamate
poisoning, this marker negatively correlates with the ac-
tivity of glutathione-dependent AOS enzymes. In case of
methanol poisoning, an increase in the amount of this pro-
tein in brain tissues is associated with the accumulation of
MDA (r = +0.61) and a compensatory substrate increase
in SOD activity (r = +0.57). A similar correlation between
MBR and SOD was also found after lead acetate poisoning
(r = +0.53).

In phenylcarbamate poisoning, the BDNF level cor-
related with diene conjugates (r = +0.61). After methanol
poisoning, it was correlated with a deficiency of reduced
glutathione (r = —0.60). After lead poisoning, the neuro-
protective effects of BDNF were recorded, including a
decrease in axonal damage by the S100 protein marker
(r = -0.66) and an improvement in antioxidant protection (a
decrease in diene conjugates (r = —0.62), an increase in the
activity of glutathione transferase (r = +0.68), glutathione
peroxidase (r = +0.61) and SOD (r = +0.49).

Protein S100 in the group of intact animals and in meth-
anol poisoning showed a moderate correlation with SOD
(r = +0.62). After phenylcarbamate poisoning, it correlates
with the level of NSE (r = +0.70), which may reflect the pro-
cess of parallel damage to both neuron bodies and axons.
After poisoning with lead acetate, the level of S100 protein
increases with insufficiency of the antioxidant system, i.e.,
low levels of reduced glutathione (r = -0.51), GST (r = -0.61),
and, in particular, GP (r = —=0.84) and SOD (r = -0.75).

With regard to LPO and AOS indicators, a dense cluster
of positively correlating activity indicators of glutathione-
dependent enzymes (GST and GP) and glucose-6-phos-
phate dehydrogenase was isolated in the brain tissues of
intact animals (correlation coefficients in the range from
+0.70 to +0.98). In case of poisoning with phenylcarbamate
and methanol, SOD joins this cluster, the density of corre-
lations decreases slightly. At the same time, after poison-
ing with lead acetate, this cluster disintegrates, glutathione
peroxidase becomes the key antioxidant enzyme, and SOD
is associated with a moderate correlation with glucose-
6-phosphate dehydrogenase.
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CONCLUSION

The conducted research showed that the common ef-
fects shared by the analyzed toxicants include an increase
in the number of neurons dying by apoptosis (most pro-
nounced with phenylcarbamate intoxication) and a de-
crease in the blood serum level of S100 protein (most
pronounced with lead acetate poisoning). Moderate acti-
vation of antioxidant protection enzymes was specific for
the long-term effects of methanol poisoning, likely as a
compensatory reaction against the activation of LPO pro-
cesses. The long-term effects of lead acetate poisoning in
survivor animals were manifested by increased serum lev-
els of NSE and BDNF, decreased protein S100 and MBP,
increased levels of diene conjugates with decreased GST
activity, and moderate activation of glucose-6-phosphate
dehydrogenase. The latter is a key enzyme in the pentose
phosphate pathway for the formation of reduced forms of

References

1. Krasnov VN. Psycho-organic syndrome as a subject of neuro-
psychiatry. Doktor.Ru. 2011;(4):34-42 (In Russ.).
EDN: OYYBSX

2. BrendanL. McNeish, Noah Kolb. Toxic Neuropathies. Continuum
(Minneap Minn). 2023;29(5):1444-68.
https:/doi.org/10.1212/CON.0000000000001343

3. Gaikova ON, Kozlov AA, Katretskaya GG, Melnikova MV,
Melekhova AS, Bondarenko AA, et al. Morphological character-
istics of toxic brain damage. Extreme medicine. 2024;26(2):13—
19 (In Russ.).
https:/doi.org/10.47183/mes.2024.025

4. Deev RV, Bilyalov Al, Zhampeisov TM. Modern concepts of cell
death. Genes and Cells.2018; 13(1):6-19 (In Russ.).
https:/doi.org/10.23868/201805001

5. Kashuro VA. Dynamics of the content of neurotrophic factors of
the brain in experimental coma in rats. Kazan Medical Journal.
2013;(94):695-9 (In Russ.).

EDN: RSHIDV

6. Kostrova TA. Experimental assessment of changes in neuro-
trophic and apoptotic factors in the long-term effects of acute
severe sodium thiopental poisoning. Toxicological bulletin.
2019;(5): 49-53 (In Russ.).
https:/doi.org/10.36946/0869-7922-2019-5-49-53

7. Luzhnikov EA. The specific features of the development and
course of toxicohypoxic encephalopathy in acute poison-
ing by neurotoxic agents. Anesthesiology and reanimatology.
2005;(6):4-8 (In Russ.).

EDN: HVKWSV

8. Petrov AN, Voytsekhovich KO, Melekhova AS, Lisitskiy DS,
Bel'skaya AV, Mikhaylova MV, Gaykova ON. Problems of di-
agnostics of neurotoxic disorders — the effects of convulsive
substances poisoning. Bulletin of the Russian Military Medical
Academy. 2017;3(59):211-7 (In Russ.).

EDN: ZOWOBD

9.  Bespalov AYa, Prokopenko LI, Gorchakova TL, Kozlov VK,
Petrov AN, Zaytseva MA, Melekhova AS, Bel'skaya AV,
Mel'nikova MV, Ivanov MB, Chigareva SM. Hydrochlorides of
substituted 2-[(dimethylamino)methyl] aryl dimethyl carbamates
with anticholinesterase activity. Patent of the Russian Federation
No. 2754133;2021 (In Russ.).

10. Kapanadze GD, Revyakin AO, Shustov EB. Methodology for
evaluating the detoxification system of xenobiotics in laboratory
animals. Biomedicine. 2017;(3):71-81 (In Russ.).

EDN: ZHYWKB

EXTREME MEDICINE | 2025, VOLUME 27, No 1

ORIGINAL ARTICLE | TOXICOLOGY

coenzymes for the oxidation of energy metabolism sub-
strates in brain tissues.

It was established that phenylcarbamate exhibits the
properties of a strong inducer of apoptosis of cerebral cor-
tex cells, while methanol and lead acetate are inducers with
moderate activity.

It should be noted that the calculated coefficients of de-
termination exhibit low or moderate values (for glutathione
transferase and glutathione peroxidase). This suggests
that neurospecific proteins, lipid peroxidation and antioxi-
dant protection processes do not significantly affect the
processes of neuronal apoptosis in survived animals at
the stage of formation of long-term health consequences
of severe acute poisoning. In this regard, future research
should address the effect of metabolic processes in animal
brain tissue on the activity of apoptotic processes and the
formation of long-term consequences at an earlier stage
after acute intoxication with neurotropic toxicants.

11. Kostrova TA, Batotsyrenova EG, Kashuro VA, Dolgo-
Saburov VB, Stepanov SV, Zolotoverhaya EA, et al
Evaluation of biochemical parameters in the brain tissues of
rats in the long-term period after severe sodium thiopental
poisoning. Medicine of Extreme Situations, 2019;21(3):429—
35 (In Russ.).

EDN: GGIEFQ

12. Maksimova MYu, lonova VG, Syskina AA, Shabalina AA,
Kostyreva MA, Senektutova OA. Neurospecific peptides in the
assessment of brain damage in patients with atherothrom-
botic stroke. Annals of Clinical and Experimental Neurology.
2011;5(3):4-10 (In Russ.).

EDN: OOKEFR

13. Wunderlich MT, Lins H, Skalej M, Wallesch C-W, Goertler M.
Neuron-specific enolase and tau protein as neurobiochemical
markers of neuronal damage are related to early clinical course
and long-term outcome in acute ischemic stroke. Clin Neurol
Neurosurg.2006; 108(6):558-63.
https://doi.org/10.1016/j.clineuro.2005.12.006

14. Berger RP, Beers SR, Richichi R, Wiesman D, Adelson PD.
Serum biomarker concentrations and outcome after pe-
diatric traumatic brain injury. Journal of Neurotrauma.
2007;(24):1793-1801.
https:/doi.org/10.1089/neu.2007.0316

15.  Vlasakova K, Tsuchiya T, Garfinkel IN, et al. Performance of bio-
markers NF-L, NSE, Tau and GFAP in blood and cerebrospi-
nal fluid in rat for the detection of nervous system injury. Front
Neurosci. 2024;(17):1285359.
https:/doi.org/10.3389/fnins.2023.1285359

16. Klimenko AL, Deev Al, Baskakov IS, Bogdanova MN,
Zabirova AKh, Mazikina AN. Neurospecific proteins of s100
family and metal-ligand homeostasis in etiopathogenesis of
ischemic stroke: a literature review. Trace elements in medicine.
2019;20(1):3-13 (In Russ.).
https:/doi.org/10.19112/2413-6174-2019-20-4-3-13

17, Levchuk LA, Bokhan NA, Ivanova SA. Neurospecific Proteins as
Transdiagnostic Markers of Affective Disorders. Neurochemistry.
2023;40(1):30-4 (In Russ.).
https:/doi.org/10.31857/51027813323010119

18. Lima Giacobbo B, Doorduin J, Klein HC, Dierckx RAJO,
Bromberg E, de Vries EFJ. Brain-Derived Neurotrophic Factor
in Brain Disorders: Focus on Neuroinflammation. Mol Neurobiol.
2019;56(5):3295-3312.
https:/doi.org/10.1007/s12035-018-1283-6




OPUTMHAJIbHASA CTATbA | TOKCUKOJIOT A

Authors’ contribution. All authors confirm that their authorship meets the criteria ICMJE. The greatest contributions were
distributed as follows: Evgeny B. Shustov — scientific conception, statistical processing, interpretation and discussion of
the results; Margarita V. Melnikova, Kristina V. Masterova, Vladimir F. Ostrov — development of an experimental model,
neurophysiological research; Ekaterina A. Zolotoverkhaja, Larisa G. Kubarskaya, Ksenia O. Tanayants — biochemical studies
of blood and tissues; Alexander A. Kozlov, Yulia O. Sokolova — study of apoptosis; Petr K. Potapov — preparation and editing
of the manuscript of the article. All the authors participated in writing the sections, discussing the results and conclusions.

AUTHORS

Evgeny B. Shustov, Dr. Sci. (Med.),
shustov-msk@mail.ru
https://orcid.org/0000-0001-5895-688X

Kristina V. Masterova
masterova.k.v@toxicology.ru
https://orcid.org/0000-0002-5731-8146

Ekaterina A. Zolotoverkhaja, Cand. Sci. (Biol.)
e.zolotoverkhaja@yandex.ru
https://orcid.org/0000-0002-9708-2596

Ksenia O. Tanayants
tanayantsksenia@yandex.ru
https://orcid.org/0009-0009-7594-0201

Yulia O. Sokolova, Cand. Sci. (Biol.)
yulya sokolova9i@mail.ru
https://orcid.org/0009-0002-8748-8426

Margarita V. Melnikova
melnikova.m.v@toxicology.ru
https://orcid.org/0000-0002-2996-5151

Vladimir F. Ostrov, Cand. Sci. (Biol.)
ostrov.v.f@toxicology.ru
https://orcid.org/0009-0008-1410-806X

Larisa G. Kubarskaya, Cand. Sci. (Biol.),
larkub@yandex.ru
https://orcid.org/0000-0001-7622-0390

Alexander A. Kozlov
AlexandrkOzlov89@yandex.ru
https://orcid.org/0000-0003-4168-0658

Petr K. Potapov, Cand. Sci. (Med.)
forwardspb@mail.ru
https://orcid.org/0000-0002-4602-4468

MEOVLIHA OKCTPEMATTbHBIX CUTYALIMI | 2025, TOM 27, Ne 1



ORIGINAL ARTICLE | TOXICOLOGY

https://doi.org/10.47183/mes.2025-265 ch BY 4.0

PHYSICAL AND CHEMICAL CRITERIA FOR HAZARD ASSESSMENT OF CNS- W) Check for updates ‘
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Research Institute of Hygiene, Occupational Pathology and Human Ecology, Leningrad region, Russia

Introduction. Forensic medical examinations frequently encounter poorly understood, potentially hazardous psychoactive substances. At the same time,
information on the biological activity of such substances may be either fragmentary and contradictory or absent altogether. Therefore, the development of
approaches to predicting the health hazard of xenobiotics is an urgent task of emergency medicine.

Objective. To study the relationship between physicochemical properties and the hazard rate of one class of CNS-active substances using the methods of
mathematical analysis followed by scientific substantiation of criteria for preliminary hazard assessment of narcotic drugs.

Materials and methods. The study models included the known structures of narcotic analgesics, divided into three groups according to their potential
hazard rate. The physicochemical properties of such substances, i.e., molecular weight, polarity, polar surface area, distribution coefficients, and basic disso-
ciation constants were considered as potential hazard factors. Linear discriminant analysis was used to identify the relationship between the physicochemical
properties of psychoactive substances and their hazard potential.

Results. The considered example of one class of CNS-active substances confirms the relationship between their hazard rate and the physicochemical
properties affecting their redistribution from the central bloodstream to the central nervous system. Physicochemical criteria for predicting the hazard rate of
psychoactive substances are proposed. These criteria serve as classification functions that distinguish groups of model substances.

Conclusions. The physicochemical properties of psychoactive substances and the strength of their binding to target receptors equally determine the char-
acteristics of their toxic effect. The formulated classification functions, calculated based on the physicochemical properties of substances, can be used for a
preliminary hazard assessment of xenobiotics during their detection in biological samples.
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constants; distribution coefficients
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PUSNKO-XUMUHECKNE KPUTEPUN OLIEHKN ONMACHOCTU LUHC-AKTUBHbIX KCEHOBMOTUKOB
[.B. Kprsopotos™, A./. Hrukonaes, A.C. Pagunos, B.P. Pem6osckuii, [B.A. KyaHeL 0B

Hay4Ho-nccnenoBaTenbCKmin UHCTUTYT MUreHbl, NpodnaTonornm 1 skonornn Yenoseka defepanbHOro MeANKo-61M0NOrMYECKOro areHTCTaa,

TNeHuHrpaackas obnactb, Poccus

BBepeHue. CynebHO-MeauLIMHCKas 9KCNepTm3a H4acTo CTaNkMBaETCS C Manondy4eHHbIMK, MOTEHLMANBHO ONAaCHBIMU NCUXOaKTUBHBIMY BelllecTBamu. [pu
3TOM MHGOPMAaLMS O BUONOrMYECKON aKTVBHOCTU TaKKMX BELLECTB OTPbIBOYHA U MPOTMBOPEYMBA UM BOOOLLIE OTCYTCTBYET. [1o3ToMy padpaboTka Noax0oL0B
K MPOrHO3MPOBaHWIO OMaCHOCTN KCEHOOUOTVKOB SIBSIETCS akTyaflbHOW 3aaaqent MeANLIMHbBI SKCTPEMasbHbIX CUTYaLmIA.

Llenb. V13y4eHre B3aMMOCBA3M PUINKO-XUMUHECKIX CBOWNCTB W CTEMEHN ONMacHOCTU NpeacTaBuTenen oaHoro 13 knaccos LIHC-akTrBHbIX BELWECTB C 1UC-
nosb30BaHNeM METOAOB MaTeEMaTU4ECKOro aHanmn3a v nocnenytowmM Hay4HbIM 0O0CHOBaHNEM KPUTEPUEB NPEABAPUTENBHOM OLEHKIN OMAacHOCTU HapKo-
TUYECKMX CPEfCTB.

MaTtepuanbl 1 meTofbl. B ka4ecTBe MOAESNbHbIX OOBEKTOB MCCNEA0BaHNsS NCNONb30BaNn N3BECTHbIE CTPYKTYPbl HAPKOTUHECKMX aHabreTVkoB, pas-
[eneHHble Ha TPW rpynnbl Mo CTeneHn NoTeHUManbHOM onacHoCTW. B kadecTBe hakTopoB MOTEHUMANbHOM ONacHOCTU TakMx BELLECTB paccMaTpusaniu
X (PU3MKO-XMMUHECKME CBOMCTBA, Takmne Kak: MOMeKynspHas Macca, NoAspHOCTb, MollaAb NMOASPHOM MOBEPXHOCTW, KOSMMULMEHTbI pacnpeaeneHns
N KOHCTaHTbl OCHOBHOW Anccoumaummn. [1nsa BeiISsBNeHNst CBA3N (PUINKO-XMMNHECKNX CBOMCTB 1 CTEMNEHW ONMacHOCTIN NCUXOaKTUBHBIX BELLIECTB MCMOb30Ba-
VI IMHEVHbBIN OAVCKPUMUHAHTHBIA aHann3.

PesynbTraTbl. Ha npumepe npefcTasuteneit ogHoro 13 knaccos LIHC-akTnBHbIX BELLECTB NokasaHa CBs3b CTEMeHM 1X OMaCHOCTU C (UBNKO-XUMUNHECKMUN
CBOMCTBaMM, BANSIIOLLMY Ha NepepacnpefeneHne Takmx BELWEeCTB U3 LIeHTPalbHOrO KDOBOTOKA B TKaHW LIEHTPanbHOW HEPBHOW cUCTeMb!. [ns nporHo-
3MPOBaHNSI CTEMEHN ONACHOCTM MCUXOAKTUBHbBIX BELLECTB NMPeaioKeHbl (OU3NKO-XUMNHECKNE KPUTEPUM — KacCUMUKALMOHHbIE (OYHKLIMM, AOCTATO4HO
XOPOLLIO pa3aenstoLLme rpynnbl MOAENbHbIX BELLECTB Mexdy COOoM.

BbiBoAbl. [1okazanu, 4To (U3NKO-XMMUHECKME CBONCTBA NCUX0aKTUBHbIX BELLECTB ONPeaenstoT 0COOEHHOCTN X TOKCUHECKOro AENCTBUS B HE MEHbLLEN
CTEMneHu, Yem cuna ux CBA3bIBaHUsS C LeneBbiMU peLienTopamun. ChopmynmpoBaHHble B paboTe KnaccuduKaLMoHHble PyHKLMW, pacCHUThIBaeMble Ha OC-
HOBaHUW (PU3NKO-XMMUHECKIMX CBOMCTB BELLECTB, MOrYT ObITb MCMONB30BaHbl A1 NPeaBapUTENbHON OLEHKM CTEMeHN ONacHOCTY KCEHOBUOTMKOB B XOf4e
X BbIiBNEHNs B B1onorm4eckmnx npobax.
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INTRODUCTION

The forensic medical examination of poisoning cases with
psychoactive substances is carried out using targeted
analytical methods, such as gas chromatography—-mass
spectrometry (GC-MS) and liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS), to detect known xe-
nobiotics and their metabolites [1]. Untargeted testing using
high-resolution liquid chromatography-mass spectrometry
(HPLC-HRMS) technologies can be used to identify the
chemical structure of new substances appearing in illicit
traffic. Substances identified in biological samples can
pose a significant threat [2-5]. Although the safety of a
particular drug can be measured by determining its thera-
peutic index, calculated as the ratio of the drug maximum
dose that does not exhibit toxicity to the dose that pro-
vides the desired effect (LD, /ED, ), this approach cannot
be used for substances detected during forensic medical
examination. In addition, information about the hazardous
pharmacological activity of xenobiotics may frequently be
either fragmentary and contradictory or absent altogether,
for a number of reasons:

e rapid emergence of new psychoactive chemicals that
are illegally marketed in the absence of reference ma-
terials and methods for their determination in biological
and other environments [6];

e |egislative restrictions on the research of narcotic drugs
with no intended medical use [6];

e insufficient standardization of methods for studying the
pharmacological properties of narcotic drugs (7, 8];

e complexity of the interspecific transfer of preclinical re-
search results, leading to an underestimation of the tox-
icity of narcotic drugs [9];

e impossibility of comparing the biological effects of
drugs that are not standardized in terms of purity and
isomeric composition [3].

The above reasons hamper the medicobiological as-
sessment of new psychoactive substances, although there
has been a growth in the number of cases of illicit traffick-
ing both in Russia and globally [4, 8—10]. In order to be able
to predict the potential hazard of CNS-active xenobiotics
and other chemical substances, criteria for a straightfor-
ward determination of their toxic effect are required.

It is common knowledge that the toxicity of many nar-
cotic analgesics is associated with opioid-induced respira-
tory depression, which result in the patient’s death in the
absence of proper treatment [11]. The central generator
of breathing patterns in the brainstem is the preBastzinger
Complex and the Kolliker—Fuse nucleus. In these areas of
the brain, only 70140 neurons are involved in responding
to an increase in carbon dioxide (pCO,) levels and a de-
crease in blood oxygenation (pO,), which is necessary for

the reflex mechanism of respiration [12]. Accordingly, the
mechanism of regulation of respiratory activity is extremely
vulnerable to substances capable of selectively affecting
these targets in the brain. It can be assumed that the health
hazard of CNS-active xenobiotics, expressed in terms of
strength and speed, is mediated, on the one hand, by fac-
tors determining the degree of their effect on target recep-
tors in the neurons of these brain regions, and, on the other,
by factors determining the transfer of xenobiotics from the
central bloodstream to their biological targets in the brain.

The strength of narcotic analgesics is often associ-
ated with the inhibition constants of opioid receptors [13].
However, under standardized conditions, morphine and
fentanyl, which differ significantly in the strength of their an-
algesic effects, possess comparable inhibition constants
(K) of the p-opioid receptors (MOR) (Table 1) [5, 7].

Upon closer examination, no direct relationship exists
between the analgesic activity of opioids and the strength
of their binding to the receptor, which was earlier confirmed
by numerous examples [14]. Thus, according to Bostrom
et al., oxycodone, which binds to opioid receptors more
than 20 times less strongly than morphine (Table 1), ex-
hibits a 1.8-fold greater analgesic activity. This effect can
be explained by its higher concentration in the target brain
tissues than in the blood. Morphine, on the contrary, has an
achievable concentration in the brain of rats several times
lower than in the blood [15]. Thus, the binding of small mol-
ecules to opioid receptors in most cases is the determining
condition for manifestation of analgesic activity, although
being not the main factor in the strength and speed of its
manifestation (similar to the classical works of N.V. Lazarev
on the manifestation of narcotic properties in hydrocarbons
(non-electrolytes)) [16]. The hazardous effects of opioid an-
algesics are also related to their properties, which deter-
mine the characteristics of entry into target tissues, organs,
and targets in the central nervous system (CNS) through
the blood-brain barrier (BBB).

The BBB acts as a filter through which nutrients flow
from the bloodstream to the brain and in the opposite di-
rection, while the waste products of the nervous tissue are
removed. The BBB protects the brain from microorgan-
isms, toxins, cellular and humoral factors of the immune
system, and xenobiotics circulating in the blood. Drugs act-
ing on CNS targets must have the ability to penetrate such
a biological barrier. Currently, three main ways of transport-
ing small molecules to brain tissues are being considered,
including unidirectional penetration into the brain through
passive and facilitated diffusion, due to a concentration
gradient of substances and requiring no additional energy;
active transport, requiring energy (ATP) for the transport
of molecules against a concentration gradient; passive
diffusion for moderately lipophilic medications and active
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Table 1. Inhibition constants of p-opioid receptors by some narcotic analgesics

Low-affinity ligands, Morphine-like ligands, High-affinity ligands,
K>100 nM K=1-100 nM K<1nM
medication K, (nM) MOR medication K, (nM) MOR medication K, (nM) MOR

tramadol 1248.6 hydrocodone 41.58 butorphanol 0.76
codeine 734.2 oxycodone 25.87 levorphanol 0.41
meperidine 45041 diphenoxylate 12.37 oxymorphone 0.40
propoxyphene 120.2 alfentanil 7.39 hydromorphone 0.36
pentazocine 117.8 methadone 3.37 buprenorphine 0.21
nalbuphine 21 sufentanil 0.13

fentanyl 1.34

morphine 1.16

Table prepared by the authors using data from [7]

transport mechanisms for penetration through the BBB of
predominantly polar molecules [17, 18].

The membranes separating the cells of the BBB lay-
ers act as a channel for the diffusion of organic molecules
through the BBB cellular layers. In order to pass through
such a channel, a molecule dissolved in the blood must be
transformed during a multi-stage physicochemical process
of desolvation and charge loss for a non-covalent interac-
tion with the phospholipid bilayer. This process is similar to
that of ligand-receptor interaction, although with lower ster-
ic requirements. Therefore, for penetration into the brain,
small molecules must exhibit a set of specific properties,
such as optimal geometric size, ionization properties, flex-
ibility, etc. Thus, lipophilicity is a parameter that correlates
well with the analgesic power of anesthetics and analge-
sics. This parameter, expressed in the form of LogP [16], is
now considered as a composite descriptor describing the
contribution of steric intermolecular interactions and that of
formed hydrogen bonds [17]. Descriptors of hydrogen bond
formation are properties of molecules, such as polarizabil-
ity, polar surface area, the number of donors and acceptors
of hydrogen bonds, or heteroatoms capable of their forma-
tion. Polar compounds with a high potential for hydrogen
bonding, e.g., peptides, cannot easily penetrate the BBB.
Polarizability, underlying a number of physical properties
of substances, including surface tension and solubility, is
characterized by a dipole moment. The polar surface area
is defined as the sum of the surfaces of all polar atoms or
molecules, primarily oxygen and nitrogen. Medications act-
ing on the CNS possess smaller polar surface areas (PSA)
than other classes of drugs, usually no more than 90 A2
Molecules with a polar surface area of more than 140 A2 do
not readily penetrate cell membranes.

Geometric and steric factors expressed by the mo-
lecular weight, molecular volume, and flexibility of the
molecule, are important for diffusion through biological
membranes. For effective penetration through the BBB,
the molecular weight should not exceed 400 Da. The
molecular volume as a function of the molecular weight
and structure takes all the conformations available to the
molecule into account. The presence of more than ten
rotating connections in structures correlates with a de-
crease in their bioavailability and CNS activity. The limited
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flexibility and compactness of molecules with fewer polar
groups on their surface capable of functioning as donors
and acceptors of hydrogen bonds is an advantage for
substances acting on the CNS; therefore, the parameters
describing these properties are significant factors related
to the CNS activity of xenobiotics.

Most CNS-active substances have a nitrogen atom ca-
pable of ionization in the blood plasma. The resulting charge
of the protonated molecule negatively affects its ability to
diffuse through the dielectric layers of phospholipid mem-
branes, compared to neutral molecules [18]. However. the
presence of a positive charge on the nitrogen atom is con-
sidered an important factor for the electrostatic interaction
of substances with the key amino acids of target receptors
[19]. The molecule ionization degree in the buffer system
of the blood and cerebrospinal fluid is a dualistic factor re-
lated both to the rate of entry of active molecules into CNS
tissues and influencing their ability to bind to CNS targets
[20, 21]. Thus, the severity of the toxic effect of CNS-active
substances, due to the effectiveness of their entry into the
brain, is determined by the sum of physicochemical factors
related to their chemical structure. These factors can be
experimentally evaluated or calculated.

This work is aimed at studying the relationship between
the physicochemical properties of one class of CNS-active
substances and their health hazard potential using math-
ematical analysis. On this basis, criteria for preliminary haz-
ard assessment of narcotic drugs are substantiated.

MATERIALS AND METHODS

Table 2 presents a sample of model objects used in the
study selected from the known structures of narcotic anal-
gesics. The objects under consideration were divided into
three groups:

1. Group 1 includes narcotic analgesics ever used in
medicine [14], taking into account possible side effects dur-
ing their medical use. These substances are considered as
those potentially capable of manifesting health hazard.

2. Group 2 includes narcotic substances not intended
for medical use, but purposefully created for illegal human
use, taking into account information about cases of mass
poisoning with such substances [22]. These substances
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are considered as those potentially capable of manifesting
high health hazard.

3. Group 3 included highly active drugs, the use of
which in medicine requires precautions for their controlled
dosing, as well as veterinary and research drugs not in-
tended for human consumption [3, 14]. These substances
are considered as those potentially capable of manifesting
extremely high health hazard.

The physicochemical properties that can be meas-
ured without laborious experiments and reference materi-
als of controlled substances were considered as potential
descriptors of the hazard rate of CNS-active xenobiotics
(see Table 3). The molecular weight of substances was de-
termined by GC-MS; the distribution constants “octanol/
water” and acid-base dissociation correlated with retention
times were established by HPLC [21, 23]. In cases where
information about the structural formula of a xenobiotic
can be found in mass spectrometry databases, computer
simulation methods using accessible and reliable calcula-
tion algorithms are used to determine its physicochemical
properties [24].

The values of the selected physicochemical parameters
for the training sample of substances were calculated using
the ACD/Percepta software [24]. The methods of descrip-
tive statistics and the method of linear discriminant analy-
sis using the Statistica 6.0 statistical analysis application
were used for mathematical data analysis. We previously
showed the effectiveness of multidimensional statistics (ch-
emometry) methods, in particular linear discriminant analy-
sis and multiple regression for calculating toxic properties

Table 2. Characteristics of the training sample of model substances

of refrigerants based on the physicochemical parameters
of molecules [25], for assessing the degree of exposure to
xenobiotics and noninvasive diagnosis of a number of dis-
eases based on the spectral characteristics of biological
samples' [26].

DISCUSSION

The generated sample contained 53 anonymized records
of the calculated values of the physicochemical proper-
ties of the model CNS-active substances described in the
literature (Table 2). The structures of the analyzed model
preparations were used for calculating the selected phys-
icochemical quantities, the results of which are shown in
Table 4.

Table 5 presents the average values of the physico-
chemical descriptors used to construct regression models
and to determine the limits of their applicability.

The average values of the physicochemical quanti-
ties presented in Table 5 show that the narcotic sub-
stances in Group 2 demonstrate the highest lipophilicity
(LogP). At the same time, the ratio of the average lipo-
philicity values of the drug groups in water and blood
plasma — LogP and LogD. , — shows that the lipophilic-
ity of Groups 1 and 2 significantly decreases at physi-
ological pH. Conversely, the highly active substances
belonging to Group 3 and having a lower value of the
basic ionization constant demonstrate high lipophilicity
not only in water, but also in blood plasma. This empha-
sizes the relationship between lipophilicity and the ability

Group Model objects Information source Structures number Assessment of model objects
1 Medical narcotic analgesics [7] 17 substances with a hazard risk
2 Non-medical narcotic analgesics [22] 18 substances with a high hazard risk
3 Highly active narcotic analgesics [3, 14] 18 substances with an extremely high hazard risk
Total number of training sample structures 53
Table prepared by the authors using data from [3, 7, 14, and 22]
Table 3. Selected physicochemical descriptors of the hazard level of CNS-active xenobiotics
Paljamet_er Parameter Description Dimension Determination possibility
designation
The partition coefficient of the substance in the octanol-water system re-
LogP / LoaD flects the lipophilicity of the substances; the ability to dissolve in fats, lipids, _ HPLC is experimental, by calculation
9 9574 | and other media at pH 7.0 (LogP) or at physiological pH (LogD, ) during the methods
distribution of substances in the body.
K The basic dissociation constant determines the lipophilicity of ionized _ HPLC is experimental, by calculation
P, molecules. methods
MW The molecular weight of the substance reflects the steric factors affecting Da HPLC-MS is experimental, by
the distribution of substances in the body. calculation methods
The topological polar surface area is a calculated parameter, associated A2 )
TPSA with the ability of substances to cross biological membranes (10-15cm2) by calculation methods
Polarizability — the physical property of substances to acquire an electric
Polar or magnetic dipole moment in an external electromagnetic field and associ- A3 by calculation methods
ated with the ability of substances to form hydrogen bonds and overcome (10-2*cm?) y
biological membranes

Table prepared by the authors

" Rembovsky VR, Radilov AS, Dulov SA, Nikolaev Al. Assessment of the degree of exposure to xenobiotics based on the spectral characteristics of water-protein
complexes of blood plasma. Methodological recommendations 12.11. Moscow: FMBA; 2012 (In Russ.).
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of substances to enter CNS tissues during redistribution
in the blood-brain system.

The physicochemical criteria that can be used for haz-
ard assessment of CNS-active substances were estab-
lished based on paired correlation coefficients between
the physicochemical descriptors shown in Table 6. It can
be seen that most descriptors are weakly correlated with
one another. The strongest correlation is observed be-
tween the LogD,, and LogP values since these are highly

Table 4. Calculation of physicochemical descriptors

ORIGINAL ARTICLE | TOXICOLOGY

similar parameters in nature. The difference between them
is related to the pH values at which they are determined,
being due to the degree of ionization of the molecules of
substances at these pH values. This is indicated by a rather
strong correlation (R = 0.97) between the calculated value
(LogD, , — LogP) and the pKb value.

A strong correlation is also observed between the val-
ues of MW and Polar. This is likely to be due to a propor-
tional increase in the integral polarizability of the molecule,

. Group Calculated physicochemical descriptors

No. Model object
number LogD,, LogP MW TPSA Polar pK,
1 fentanyl 1 3.32 4.08 336.47 23.55 41.09 8.08
2 buprenorphine 1 3.48 4.45 467.64 62.16 52.07 8.26
3 methadone 1 3.12 4.44 309.44 20.31 38.02 8.70
4 levorphanol 1 1.94 3.21 257.37 23.47 30.49 8.61
5 hydrocodone 1 0.57 1.31 299.36 38.77 32.32 8.06
6 pentazocine 1 3.05 3.79 285.42 23.47 34.96 8.04
7 butorphanol 1 1.96 3.52 327.46 43.7 37.64 8.85
8 propoxyphene 1 3.97 4.85 339.47 29.54 40.58 8.23
9 meperidine 1 1.22 2.44 247.33 29.54 28.25 8.60
10 nalbuphine 1 0.98 2.03 357.44 73.16 38.11 8.35
1 tramadol 1 0.71 2.54 263.37 32.7 30.90 9.24
12 hydromorphone 1 0.53 1.29 285.33 49.77 30.41 8.03
13 codeine 1 0.34 1.21 299.36 41.93 32.84 8.21
14 morphine 1 -0.18 0.69 285.33 52.93 30.93 8.16
15 oxycodone 1 0.16 0.91 315.36 59.00 32.95 8.06
16 diphenoxylate 1 5.42 5.72 452.58 53.33 52.93 7.40
17 oxymorphone 1 0.25 1.00 301.33 70.00 31.03 8.03
18 4-fluorophenyl 2 3.11 3.87 354.46 23.55 41.09 8.07
19 furanyl-fentanyl 2 3.35 4.12 374.47 36.69 44.25 8.08
20 3-methylthiophentanyl 2 2.96 4.09 356.52 51.79 42.32 8.50
21 B-hydroxy-thiophentany! 2 2.38 2.77 358.49 72.02 41.06 7.58
22 p-hydroxy-fentanyl 2 2.87 3.07 352.47 43.78 41.70 715
23 a-methyl-thiophentanyl 2 3.15 4.04 356.52 51.79 42.25 8.23
24 a-methyl-fentanyl 2 2.75 4.09 350.49 23.55 42.89 8.73
25 acetyl-a-methylfentanyl 2 2.56 3.91 336.47 23.55 41.05 8.73
26 3-methylbutyril fentanyl 2 4.21 4.98 364.52 23.55 44.79 8.08
27 remifentanil 2 1.77 1.85 376.44 76.15 40.06 6.70
28 4-methoxy-butyrylfentanyl 2 3.55 4.33 380.52 32.78 45.58 8.10
29 thiofentanyl 2 2.66 3.79 342.49 51.79 40.45 8.50
30 4-fluoro-butyrylfentanyl 2 3.69 4.44 368.48 23.55 42.93 8.07
31 3-methylfentanyl 2 3.36 413 350.49 23.55 42.96 8.08
32 acrylic fentanyl 2 2.99 3.75 334.45 23.55 40.98 8.08
33 acetylfentanyl 2 2.98 3.74 322.44 23.55 39.25 8.08
34 alfentanil 2 1.99 2.04 416.51 81.05 46.25 6.53
35 sufentanil (SF) 2 2.91 3.77 386.55 61.02 44.80 8.20
36 pyrrole analog SF No.1 3 2.33 2.55 383.48 54.78 4416 719
37 etorfin 3 2.30 3.09 411.53 62.16 45.51 8.07
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Table 4 (continued)

. Group Calculated physicochemical descriptors
No. Model object
number LogD,, LogP MW TPSA Polar pK,
38 heterocyclic analogue CF No.1 3 3.05 3.10 506.59 90.47 54.93 6.43
39 heterocyclic analogue SF No.1 3 1.80 2.67 462.58 65.45 53.43 8.20
40 heterocyclic analogue SF No.2 3 3.14 3.26 449.54 70.16 49.87 6.86
41 heterocyclic analogue CF No.2 3 2.93 2.98 463.52 87.23 49.82 6.43
42 heterocyclic analogue SF N3 3 2.59 2.81 435.55 53.09 49.82 7.23
43 reTepouunkn. aHanor CF No.3 3 2.61 2.70 449.54 70.16 49.77 6.79
44 heterocyclic analogue CF No.4 3 2.53 2.65 4883.60 87.23 52.76 6.90
45 pyrrole analog CF No.1 3 0.72 1.16 444.48 142.52 46.55 7.64
46 pyrrole analog SF No.2 3 1.59 2.46 370.48 50.6 43.21 8.20
47 pyrrole analog CF No.2 3 1.91 212 384.47 67.67 43.55 719
48 heterocyclic analogue CF No.5 3 2.26 2.86 415.55 90.98 45.91 7.86
49 ohmefentanyl 3 3.04 3.24 366.49 43.78 43.57 715
50 3-thiophene-CF 3 3.01 3.61 400.53 78.09 44.75 7.86
51 vinyl-CF 3 3.19 3.51 392.49 49.85 45.29 7.44
52 lofentanyl 3 3.96 4.29 408.53 49.85 47.26 7.44
53 carfentanyl (CF) 3 317 3.49 394.50 49.85 45.39 7.44
Table prepared by the authors using their own data
Table 5. Descriptor mean values by groups
Calculated physicochemical descriptors
Substance group
LogD,, LogP MW TPSA Polar pK,
Group 1 1.46 2.49 300.7 40.79 34.04 8.35
Group 2 3.16 4.08 355.6 33.88 42.55 8.25
Group 3 2.51 2.83 414.9 69.86 46.58 7.28
All substances 2.38 3.07 365.0 51.43 41.78 7.86
Table prepared by the authors using their own data
Table 6. Correlation coefficients of physicochemical descriptors
LogD,, LogP Mw TPSA Polar pK, LogP—LogD,,
LogD,, 1.00 0.92 0.36 -0.31 0.58 -0.18 -0.21
LogP 0.92 1.00 0.10 -0.52 0.35 0.20 0.18
MW 0.36 0.10 1.00 0.64 0.96 -0.70 -0.68
TPSA -0.31 -0.52 0.64 1.00 0.43 -0.56 -0.53
Polar 0.58 0.35 0.96 0.43 1.00 -0.60 -0.59
pK, -0.18 0.20 -0.70 -0.56 -0.60 1.00 0.97
LogP — LogD,, -0.21 0.18 -0.68 -0.53 -0.59 0.97 1.00

Table prepared by the authors using their own data

associated with an increase in the number of polarizable
fragments with increasing mass. An analysis of the obtained
correlations between the physicochemical properties in the
training groups of CNS-active substances showed that the
values considered, either by themselves or in pairs, do not
allow for an unambiguous distribution of substances to one
of the three groups of hazardous substances.

A discriminant analysis was used to analyze the entire
data set of physicochemical properties of model substanc-
es in order to identify their relationship with the degree of
their health hazard. Discriminant analysis, as a branch of
multidimensional statistical analysis, includes statistical
methods for classifying multidimensional observations
in a situation where the researcher has a priori so-called
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training samples (classification with learning). Discriminant
analysis makes it possible to classify an object based on
the measurement of various characteristics (features, de-
scriptors), i.e., permitting their assignment to one of several
groups (classes). In this study, discriminant analysis was
used to determine the differences of aggregates in the
mean of a variable (or a linear combination of variables) for
subsequent use of this variable or a linear combination of
variables as a criterion for the membership of new mem-
bers to a particular group.

The resulting data set was subjected to a linear discri-
minant analysis (LDA) procedure with step-by-step inclu-
sion of variables. The grouping variable was the “Group”
category, with all other descriptors being used as inde-
pendent variables. Initially, the data array was divided into
two parts: one part was used as a training part to derive a
mathematical classification model, while the second part
acted as a control part to verify the resulting model. The
last three compounds in the list of each group were used
as controls.

In the process of LDA with step-by-step inclusion of
variables, discriminant functions were determined. At each
step, we analyzed all the variables to find the one that made
the greatest contribution to the difference between the ag-
gregates. This variable was included in the model at this
step, and then the transition to the next step was carried
out. The step-by-step variable inclusion mode allowed the
minimum of variables to be involved in the analysis. The
discriminant functions, expressing the maximum hetero-
geneity of groups among themselves, were linear com-
binations of variables optimized such that to discriminate
groups among themselves most effectively. Since all discri-
minant functions were orthogonal, they collectively formed
the phase space of discriminant functions, i.e., an n-dimen-
sional Cartesian coordinate system, where n is the number
of statistically significant discriminant functions.

The discriminant functions were uniform for the data set
involved in LDA; however, the values of the roots of each
of the discriminant functions were strictly specific for each
substance. The roots of discriminant functions for each
substance were calculated by matrix multiplication of a
vector of descriptors of this substance by a matrix of co-
efficients of discriminant functions. Thus, the original data

Table 7. Coefficients of discriminant functions for groups of model xenobiotics
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matrix was transformed into a matrix containing values of
the roots of discriminant functions instead of descriptors.
The values of the roots, unique to each junction, were es-
sentially the coordinates of the points of the corresponding
junctions in the phase space of the discriminant functions.
The average values of these roots for each group deter-
mined the coordinates of the group centers (the so-called
group centroids). It was the values of the roots of discrimi-
nant functions or the coordinates of objects (substances)
in the phase space of discriminant functions that made it
possible to classify objects, i.e., to correlate a specific sub-
stance with any of the groups by the proximity of a point to
the centroid of the group.

The conducted LDA of the training sample of the data
matrix with descriptors for three groups of substances
produced two statistically significant discriminant func-
tions dF1 and dF2. These functions were fully descrip-
tive the data array, of which the dF1 function describes
88% of the information contained in the data presented
in Table 7.

Thus, the obtained discriminant functions are the fol-
lowing linear combinations of descriptor values:

dF1 = 0,051xMW + 2.599xLogP — 1.943xLogD,, — 0.643x
Polar — 0.032-TPSA + 6.638
dF2=0.028xMW~1.376xLogP~-0.845xLogD. ,~0.359~Polar +
7.010

The standardized coefficients for each descriptor for
the dF1 function, which are relatively close to each other
in absolute value and far from zero, indicate the important
contribution of all the considered physicochemical indi-
cators to the discrimination performed by this most sta-
tistically significant discriminant function. In principle, the
same applies to the dF2 function, with the exception for
the TPSA (topological area of the polar surface) indicator,
which proved to be negligible.

For all model substances from Table 4, including the
control ones, the values of the roots of the discriminant
functions dfF1 and dF2 were calculated. The root values,
unique for each junction, are the coordinates of the points
of the corresponding junctions in the phase space of dis-
criminant functions, which is a flat coordinate system with

Non-standardized Standardized
Descriptor
dF1 dF1 dF2

MW 0.051 0.028 1.724 0.966
LogP 2.599 -1.376 2190 -1.159
LogD,, -1.943 0.845 -1.712 0.745
Polar -0.643 -0.359 -2.329 -1.300
TPSA -0.032 0.000 -0.611 -0.005
Constant 6.638 7.010 0 0

Eigenval 4.090 0.562 4.090 0.562
Cum.Prop 0.879 1.000 0.879 1.000

Table prepared by the authors using their own data
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Figure prepared by the authors using their own data

Fig. 1. Roots values of the dF1 and dF2 discriminant functions for groups 1, 2,
and 3 of model chemical xenobiotics, control compounds included

the dF1 and dF2 axes. Figure 1 demonstrates the location
of points corresponding to specific samples of substances
from the three groups in the phase space of the dF1 and
dF2 functions.

It can be seen from Fig. 1 that all groups are well sepa-
rated from each other; all control points were determined
in their groups.

For all three groups of model substances, the aver-
age values of the roots of the dF1 and dF2 discriminant
functions were found, which are the coordinates of the
centroids of the groups in the phase space of the dFi
and dF2 functions (Tables 8 and 9). The obtained discri-
minant functions, according to the data of the classifica-
tion matrix (Table 9), possess a high discriminating power,

allowing a fairly clear division of the groups of substances

under consideration among themselves. Table 9 shows

the LDA classification results for both the substances in
the training sample and for all substances, including the
control ones.

In general, the substances were classified correctly, with
the exception for substances No. 1, 2, and 8 from Group
1, which were clearly assigned to Group 2 already at the
first LDA steps. This proves the validity of the mathematical
model developed based on physicochemical properties for
classifying substances from the class of opioid analgesics
into groups.

Thus, in order to determine whether new compounds
not included in the research list belong to one of the three
groups, it would be necessary to:

e determine the values of all descriptors;

e calculate the values of the roots of the dF1 and dF2 dis-
criminant functions corresponding to the coordinates of
the point of this connection in the phase space of the
dF1 and dF?2 functions;

e select the smallest distance from a given point to the
centers of each of the groups (the distance is according
to the rules of geometry, i.e., the Pythagorean formula),
which will indicate belonging to this group.

It may happen that, when situated relatively far from all
the centroids, the determined point will not belong to any
of the three groups.

To directly calculate the classification index in order
to assign the evaluated compounds to one of the three
groups, the CF1-CF3 classification functions can be used
to determine which group is most likely to be assigned to
a xenobiotic. There are as many classification functions as
there are groups:

Table 8. Average values of the roots of the dF1 and dF2 discriminant functions for groups of model xenobiotics

Substance group dF2
Group 1 2.485+1.225 0.675+1.368
Group 2 0.797+0.716 -1.176+0.485
Group 3 0.797+0.716 0.255+0.809

Table prepared by the authors using their own data

Table 9. Classification matrix obtained for the substances of the training sample and for all substances, control substances included

Group % of correct classification Group 1 Group 2 Group 3
1 75 9 3 0
Training sample only 2 100 0 11 0
3 100 0 0 19
Total 92.9 9 14 19
Group % of correct classification Group 1 Group 2 Group 3
1 80 12 3 0
All substances 2 100 0 14 0
3 100 0 0 22
Total 941 12 17 22

Table prepared by the authors using their own data
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CF1 = 0.276xMW + 22.406xLogP - 23.622xLogD, , + 0.906x
Polar — 0.160xTPSA - 66.585
CF2 = 0.137xMW + 20.566xLogP - 21.906x LogD, , + 2.657x
Polar — 0.105xTPSA — 88.554
CF3 = 0.034xMW + 11.248xLogP — 16.200xLogD, , + 3.963x
Polar + 0.013xTPSA — 97.835

For each new or known compound, all three functions
are calculated, and the compound is assigned to the group
for which the classification function is most important.

When new CNS-active substances and xenobiotics are
being identified based on the proposed physicochemical
criteria, they can be classified into one of three groups:
substances with a hazard risk, those with a high hazard
risk, and those with an extremely high hazard risk.

The operability of the created mathematical model
was assessed using the classification of substances in the
training sample. The obtained results of the classification of
substances, which differ from the initial classification into
groups in the training sample, are shown in Table 10.

According to the results of the conducted classifica-
tion, a potentially greater hazard was predicted for 9 out
of 53 model substances than initially expected. The effec-
tiveness of the proposed model for assessing the potential
health hazard of CNS-active substances was demonstrat-
ed by the example of propoxyphene. This drug was initially
classified as Group 1; however, further analysis clearly al-
located it to Group 2, i.e., substances with a high hazard
risk. Indeed, since 2009, this drug has been designated as
hazardous in a number of countries and discontinued due
to the high risk of fatal overdoses and cardiac arrhythmias.?
Table 10 also shows that certain drugs and substances de-
tected in illicit trafficking may carry certain risks when used
uncontrolled, which is consistent with the literature data on
their toxic effects [22].

Diphenoxylate and buprenorphine, classified as Groups
2 and 3, respectively, can be considered as pharmacologi-
cal exceptions. Diphenoxylate is used for gastrointestinal
disorders, with its action being directed at opioid receptors

Table 10. Classification of the substances other than the training sample

ORIGINAL ARTICLE | TOXICOLOGY

located in the intestine. Therefore, the excessively high li-
pophilicity of diphenoxylate prevents its action on the CNS
[28]. Buprenorphine, which belongs to the family of highly
active Bentley compounds, is a powerful drug that could
be just as dangerous as its related etorphine. Nevertheless,
pharmacologically, it exhibits the properties of an opioid re-
ceptor agonist, posing no significant threat to human life.
The results obtained emphasize that the proposed model
based on the physicochemical properties of substances
cannot take into account the peculiarities of their effect on
CNS targets, such as receptors and enzymes. Hence, false
positive and false negative results are possible in the result-
ing solutions. At the same time, the correct classification
of most model compounds into groups according to their
hazard potential shows the determining effect of the phys-
icochemical properties of narcotic analgesics on their toxic
action.

CONCLUSION

Using the example of representatives of one class of CNS-
active substances, we confirmed the relationship between
the potential health hazard of narcotic analgesics and their
physicochemical properties, which determine the redistri-
bution of such substances from the central bloodstream
into the CNS tissues. The molecular weight, lipophilicity,
ability to acid-base dissociation, polarity and polarizability
of CNS-active substances, as well as their ability to bind to
target receptors, equally determine the specific features of
their toxic effects. Therefore, these physicochemical prop-
erties can serve as criteria for determining the health haz-
ard potential of CNS-active xenobiotics.

The method of linear discriminant analysis with step-
by-step inclusion of variables from a training sample of
representatives of one class of CNS-active substances
(opioid analgesics), divided into three groups according
to their hazard level, was used to derive a mathematical
model for classifying psychoactive substances based on
their physicochemical properties. The model included two

Calculation of classification functions
No. Model object Initial group Defined group
CF1 CF2 CF3
1 fentanyl 1 72.67 75.38 7213 2
2 buprenorphine 1 117.08 122.51 122.32 2
3 propoxyphene 1 74.24 75.65 69.24 2
4 diphenoxylate 1 97.91 107.42 109.98 3
5 B-hydroxy thiofentanyl 2 64.01 67.06 73.06 3
6 B-hydroxy fentanyl 2 62.37 66.13 70.84 3
7 remifentanil 2 61.15 60.83 68.69 3
8 alfentanil 2 76.10 81.34 93.42 3
9 sufentanil 2 86.61 90.79 91.79 3

Table prepared by the authors using their own data

2 Gandey A. Physicians Say Good Riddance to Worst Drug in History.2011. https://www.medscape.com/viewarticle/736718?src=mp&spon=25&form=fpf
(Available from: 16 Jun 2024).
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dF1 and dF2 discriminant functions as linear combinations
of the values of physicochemical descriptors, allowing us
to satisfactorily divide the considered groups of narcotic
analgesics among themselves according to the criterion of
potential threat. The CF1-CF3 classification functions were
calculated to assign new compounds to a particular group.

The validity of the proposed mathematical model for as-
sessing the potential hazard of CNS-active xenobiotics was
confirmed on the example of classifying a training sample
of substances. As a result, 44 substances out of 53 were
classified correctly. The classification of seven substances
was clarified; two substances proved to be pharmacologi-
cal exceptions.

The calculated classification functions can be easily
embedded as formulas in tabular editors or specialized
software and databases for automatic classification of
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A NEW ONE-POT TECHNIQUE FOR OBTAINING POTENTIAL INDAPAMIDE M) Check for updates ‘
METABOLITES BY OXIDATION AND CONJUGATION ON MALDI TARGET
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3Research Institute of Hygiene, Occupational Pathology and Human Ecology, Leningrad region, Russia

Introduction. Metabolic activation of xenobiotics, including pharma drugs, is considered to be one of the main mechanisms for the development of idiosyn-
cratic reactions. Accordingly, the potential bioactivation of a xenobiotic should be carefully evaluated in the early stages of drug development. In this regard,
the search for new rapid and effective screening techniques for reactive metabolites of xenobiotics presents particular interest.

Objective. Development of a new technique for modeling the processes of xenobiotic biotransformation in vitro to identify potential metabolites of indap-
amide.

Materials and methods. Non-enzymatic instrumental methods, such as electrochemical oxidation (ECO) and photocatalytic oxidation (PCO) in volume,
were used as comparison methods. The second phase of metabolism was modeled by incubating the oxidation products of indapamide with a trapping agent
(glutathione, GSH). The oxidation products, as well as their conjugates with GSH, were then analyzed by high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS). The developed one-pot technique for metabolism modeling is based on a UV-induced PCO of a xenobiotic in the pres-
ence of GSH on the surface of a target functionalized with titanium dioxide followed by detection of the products by matrix-assisted laser desorption/ionization
mass spectrometry (MALDI).

Results. In use of ECO resulted in the detection of 5 metabolites and 3 adducts with GSH, while the use of PCO in the volume allowed detection of 7 me-
tabolites and 1 adduct with GSH. The new one-pot technique detected 8 adducts with GSH. In addition to the detection of a number of known indapamide
metabolites and their conjugates with GSH, a total of 4 previously unstudied metabolites and adducts with GSH were each detected for indapamide by the
three methods.

Conclusions. In comparison with ECO and PCO in volume, the proposed analytical technique for modeling indapamide metabolism showed its higher infor-
mativity combined with simplicity and rapidity, which makes it a promising candidate for use in preclinical studies of drugs in predicting the metabolism and
toxicity of pharmaceutical objects, as well as in studying the biotransformation processes of various xenobiotics.

Keywords: indapamide; MALDI mass spectrometric analysis; adducts; electrochemical oxidation; glutathione; photocatalytic oxidation; xenobiotics; reactive
metabolites
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HOBAA ONE-POT METOANKA NOJTYHEHUA NMOTEHUWATIbHbIX METABOJIUTOB MHOANAMUAOA
NYTEM OKUCJIEHUA-KOHBIOTALIM HA MANAN-MULLIEHN

O.A. Kenbupesa'?, A.A. AdpaHacbesa', C.K. MnbtowoHok?®, A.C. Mapdyk™2%, A.H. ApceHber?, A.C. Pponos?, B.H. Babakos?,
K.A. KpacHos™?, E.l'N. Mogonbckas?

"Hay4Ho-KNMHHYeCKMil LeHTP TOKCKKonornmn nmern akagemuka C. H. fonvkosa depepanbHoro Meanko-6rnonornyeckoro areHTctaa, CaHkT-TNeTepbypr,
Poccuns

2IHCTUTYT aHanMTU4eckoro NpnbopocTpoeHus Poccuiickon akagemun Hayk, CaHkT-IeTepbypr, Poccus

3Hay4Ho-nccnenoBaTeNbCKMin UHCTUTYT FUrMeHbl, NPOdNaTonornm 1 skonornm Yenoseka defepanbHOro MeANKO-6MONOrMHECKOro areHTCTBa,
TNeHuHrpaackas obn., Poccust

BBepeHue. MeTabonmyeckasi akTnsaLms KCEHOOUOTVKOB, B TOM YNCTIE NIEKAPCTBEHHbBIX CPELACTB, CHUTAETCS OLHVM M3 OCHOBHbIX MEXaHU3MOB Pas3BUTUS
NONOCUHKPa3nYecknx peakumii. COOTBETCTBEHHO, NOTeHUManbHas 61oaKTMBaLMS KCEHOBMOTNKA AOMKHA OblTb TLLATENbHO OLEHeHa Ha paHHUX aTanax
paspaboTKu NekapcTs. B CBA3M C 3TUM MOUCK HOBbIX ObICTPbLIX 1 3 MHEKTVBHBIX METOANK CKPUHMHIA PEaKLIMOHHOCMOCOOHBIX METaboIMTOB KCEHOONOTUKOB
SABNAETCS aKTyaslbHbIM.

Llenb. PagpaboTka HOBOV METOAMKIN MOAENMPOBaHMS NPOLECCOB B1oTpaHcdopMaL KCEHOBUOTUKOB in Vitro Anst BbISBNEHUS NoTeHUManbHbIX MeTabo-
JINTOB MHAaNamuaa.

MaTepuanbl 1 meToabl. B Ka4ecTBe METOAOB CpPaBHEHWS OblM BbiGpaHbl Takne HeepMeEHTATVBHbIE MHCTPYMEHTASIbHbIE METOAbI, KaK 3IEKTPOXUMM-
yeckoe okucnerve (BX0) u doTokaTanutnieckoe okucnerne (OPKO) B ob6beme. MopennpoBaHme BTopoi hasbl MeTabonamMa OCyLLECTBNANOCh MyTeM
MNHKY6aLmn NPOAYKTOB OKUCEHVS nHaanaMmmnaa ¢ ynasnmsalowm areHTom (rytatnoH, GSH). MpoaykTel OKMCNEHNS, a TakxXe Ux KoHbtoratbl ¢ GSH 3aTtem
aHanmM3npoBanv METOLOM BbICOKOSMMEKTUBHON XNAKOCTHON XxpoMaTtorpadum ¢ TaHAEMHOW Macc-CnekTpoMeTpren. B ocHoBe HOBOW one-pot MeToANKM

© O.A. Keltsieva, A.A. Afanasyeva, S.K. llyushonok, A.S. Gladchuk, A.N. Arseniev, A.S. Frolov, V.N. Babakov, K.A. Krasnov, E.P. Podolskaya,
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MOLENMPOBaHNs MeTabonmama nexxnt nposedeHne YO-nHayLmpoBaHHoro KO kceHobrnoTuka B npucyTcTeumn GSH Ha hyHKLMOHaNN3MPOBaHHOM ANOKCHU-
[OM TVTaHa NOBEPXHOCTY MULLIEHN C MOCNEefyOLLEeR perncTpaumen NpoLyKToB C MOMOLLBIO MacC-CNeKTPOMETPUN C MaTPUHYHO-aKTUBMPOBAHHOW Na3epHoit
necopbuven/vioHsaumen.

Pe3ynbratbl. B cnyyvae 9XO 6b110 06Hapy»xeHo 5 meTabonuToB 1 3 anaykta ¢ GSH, a npu ncnonsdosaHnm KO B 06beme ObIno BbIABNIEHO 7 MeTaboNMToB
n 1 apaykT ¢ GSH. Mpwu ncnonb3oBaHUK HOBOK one-pot MeTOANKM ObINO HaaeHo 8 anaykTos ¢ GSH. MomrMo psfa BbiSBNEHHbBIX N3BECTHBIX METAO0NNTOB
nHAaanamuaa n nx KoHbtoratoB ¢ GSH, B COBOKYMNHOCTM TpeMst MeTodaMu Ans nHaanaMmuga 6bino 3aduKCMpoBaHo No 4 paHee He U3y4eHHbIX MeTabonmTa
napgaykTta c GSH.

BbiBoAbl. [0 cpaBHeHnto ¢ OXO 1 KO B o6beme NpeaioxkeHHbIn aHanMTU4YeCcKnin MoAxXod K MOAeNMpoBaHnio MeTabonmnama nHaanamMmmuaa nokasan conee
BbICOKYIO MH(POPMATUBHOCTb B CO4ETaHMN C MPOCTOTOM U SKCMPECCHOCTHIO, YTO AeNaeT ero NepcrnekTUBHbIM AN UCMONb30BaHNUS B AOKNHUYECKUX LUC-
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INTRODUCTION

Indapamide (IPM), which is a sulfonamide derivative of the
indole series, is considered as one of the most effective
diuretics used in hypertension and congestive heart fail-
ure.! IPM, the structure of which is shown in Fig. 1, is a
halogen-containing compound with the molecular formula
of C,;H,,CIN,O,S (m/z [M-H] 364.05).

The use of IPM can be accompanied by a number of
side effects, including such hypersensitivity reactions as
rash and photosensitivity [2-4]. The occurrence of idi-
osyncratic reactions to chemical compounds foreign to
the body (xenobiotics) is largely determined by their meta-
bolic biotransformation.? Due to its active metabolization in
the human body, IPM represents an interesting object for
studying its biotransformation products, the identification
of which can be very useful for tracking the mechanisms of
skin reactions and other manifestations of individual intoler-
ance to drugs and xenobiotics.

Xenobiotic transformations in the body occur through
the following three phases. The first phase involves chemi-
cal transformations under the action of redox or hydrolytic
enzymes with the formation of primary metabolites, as a
rule, enriched in polar functional groups. This increases
the hydrophilicity of the molecules, making them more ef-
ficiently eliminated from the body [5]. During the second
phase, primary metabolites can enter into conjugation re-
actions with endogenous molecules, forming stable (cova-
lent) adducts [6]. During the third phase, metabolic prod-
ucts are eliminated from the body, which usually occurs
with the participation of transport proteins [7].

It should be noted that short-living xenobiotic me-
tabolites pose a significant hazard to the body, since

they react with proteins due to their high reactivity,
thereby disrupting their functional activity. Direct detec-
tion of reactive metabolites in the body is not an easy
task; however, their indirect determination through ad-
ducts with biomolecules is possible. In comparison with
free metabolites, such adducts (conjugates) are more
informative biomarkers of the effect of an exogenous
compound on the body due to a longer stay in the body
[8]. Reduced glutathione (GSH), a tripeptide of key im-
portance for protecting cells from toxic damage by xe-
nobiotics is of the most important conjugating agents in
the body [9]. During the metabolism of xenobiotics, GSH
reacts with substrates, such as epoxides, halides, and
active unsaturated compounds, followed by excretion
of the as-formed adducts from the body in bile or urine
[10]. In this regard, GSH is used in model experiments as
a low-molecular trap for detecting reactive products of
xenobiotic metabolism. Such studies are an important
stage in pharmaceutical research, allowing the toxicity
and safety of a potential drug to be predicted [11].
Biochemical methods using cells or subcellular frac-
tions are conventionally applied to model the metabolism of
xenobiotics. The latter include liver microsomes containing

o} 0
[|_-NH,
NH S§o

CH, cl

Figure prepared by the authors using data from [1]

Fig. 1. Structural formula of indapamide

" Mashkovskij MD. Drugs. Moscow: Novaya Volna; 2024 (In Russ).

2 Granik VG. Metabolism of exogenous compounds. Drugs and other xenobiotics. Moscow: Vuzovskaya kniga; 2015 (In Russ).
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enzymes of the first phase of metabolism (cytochrome
P450), cytosol enriched with enzymes of the second phase
(transferases), or fraction S9 containing a complete set of
metabolic enzymes of the | and Il phases of xenobiotic bio-
transformation [5, 12, 13]. However, biochemical methods
possess a number of disadvantages, including low produc-
tivity, high labor costs, difficulty in isolating individual me-
tabolites from biological matrices, etc.

In this regard, alternative approaches to modeling me-
tabolism based on non-enzymatic instrumental methods
that require no biological matrices and minimize the time
and cost of research are increasingly attracting attention
[14]. Among them are electrochemical oxidation (ECO) [15]
and photocatalytic oxidation (PCO) [16].

In the ECO method, the oxidation of xenobiotics is
carried out in an electrochemical reactor, where reactive
oxygen species perform the function of an oxidizer [17,
18]. The coupling of an electrochemical cell with a mass
spectrometer [19] or a chromato-mass spectrometer [20]
makes it possible to register ECO products in real time.
This method is capable of simulating not only the first, but
also the second phase of metabolism provided that, after
ECO, trapping agents such as GSH or cysteine are treated
[21]. The study by Shono T. et al. [22] used the example of
N-dealkylation of imipramine and diazepam to demonstrate
that ECO provides a higher yield of metabolites compared
to the microsomal fraction.

In another method of metabolic modeling, PCO, the oxi-
dation reactions of xenobiotics are initiated under the action
of light radiation in the presence of catalysts [23]. Titanium
dioxide (TiO,) is one of the most actively used photocata-
lysts due to its optical and photochemical properties, as
well as its low cost [24]. In addition, Ruokolainen M. et al.
[25] showed that the photocatalytic oxidation induced by
ultraviolet radiation in a suspension of titanium dioxide (UV/
TiO,-PCO) simulates more reactions of the first phase of
metabolism occurring in human liver microsomes than
ECO or the Fenton reaction.

Despite the emergence of new approaches to modeling
the biotransformation of xenobiotics, the study of metab-
olism continue to be a challenging and labor-consuming
task. In this regard, the development of a simpler and more
effective technique for obtaining and identifying xenobiotic
metabolites appears to be highly relevant.

In this study, we set out to propose a technique for
modeling xenobiotic biotransformation processes in vitro
to identify potential indapamide metabolites.

MATERIALS AND METHODS

Electrochemical oxidation of indapamide and
production of adducts with glutathione

When developing an ECO IPM technique, we relied on the
data obtained in [26] using a similar system for ECO. 10 mg
of IPM substance (analytical standard; Merck, Germany)
was placed in a 15 mL tube followed by addition of 10 mL
of methanol (HPLC grade; Merck, Germany); the mix-
ture was intensively stirred using a vortex-type BR-2000
Vortexer (Bio-Rad, USA) until the substance dissolved. To
obtain a working solution of IPM, a stock solution (1 mg/mL

in methanol) was diluted with 75% (vol/vol) aqueous ace-
tonitrile (HPLC grade; Merck, Germany) with the addition
of ammonium formate (10 mM; pH 7.4; purity 97%; Merck,
Germany) to a concentration of 50 pg/mL.

A three-electrode p-PrepCell™ electrochemical cell
(volume 0.7 pL, electrolyte layer 50 pm, working elec-
trode — Glassy carbon) as part of the ROXY™ EC sys-
tem (Antec, the Netherlands) was pre-rinsed with 5 mL of
distilled water using a Harvard automatic syringe pump
(702212B, Harvard Apparatus, USA) with a flow rate of
100 pL/min. Subsequently, 5 mL of 50% (v/v) aqueous ace-
tonitrile solution was passed through the cell at a flow rate
of 100 pL/min.

To perform an ECO, 100 pL of an IPM working solu-
tion was passed through the cell at a rate of 15 pL/min.
Electrolysis was performed at 37°C and a constant voltage
of 2.4 V. The products of IPM oxidation were collected in a
microsample; the metabolite solution was diluted fivefold
with deionized water and placed in vials for subsequent
HPLC-MS/MS analysis.

In the study of adducts with GSH (purity > 98%; Merck,
Germany), the solution passed through an electrochemical
cell was collected in a tube containing 100 pL of an aque-
ous solution of GSH (1 mg/mL) and incubated for 1h at a
temperature of 37°C. The resulting mixture with GSH was
then diluted 25 times with deionized water and transferred
to vials for subsequent analysis by high performance liquid
chromatography with tandem mass spectrometry (HPLC—
MS/MS).

Ultraviolet-induced photocatalytic oxidation of
indapamide in the presence of titanium dioxide
nanoparticles in a microsample and preparation of
adducts with glutathione

When developing an UV/TiO,-PCO IPM technique, we re-
lied on the previously proposed approach described in
[27]. 10 mg of the IPM substance was placed in a 1.5 mL
tube followed by addition of 1 mL of methanol; the solu-
tion was intensively mixed using a vortex-type BR-2000
Vortexer until dissolution of the substance. To obtain
a working solution, an IPM stock solution (10 mg/mL in
methanol) was diluted with deionized water to a concen-
tration of 1 mg/mL.

10 mg of TiO, titanium dioxide nanoparticles (ratio of
polymorphic modifications of anatases: rutile = 80/20;
Plasmotherm, Russia) and 2 mL of deionized water were
added to a 2 mL microsample followed by placing the sus-
pension in an ultrasound bath for 10 min. The resulting sus-
pension (5 mg/mL) was used immediately after preparation.

12.5 pL of IPM solution (1 mg/mL in 10% (vol.) aque-
ous methanol), 12.5 pL of TiO, suspension (5 mg/mL), and
150 pL of deionized water were added to a 0.2 mL micro-
sample. Subsequently, the open microsample was placed
in a plastic holder and covered with alaboratory-made panel
for ultraviolet irradiation (LEDs BL-L.522VC (A . = 405 nm;
Betlux Electronics, China) mounted on a non-conductive
substrate) and held for 30 min. When searching for GSH
adducts, 5 pL of an aqueous GSH solution (5 mg/mL) was
added to the suspension after irradiation and incubated for
1 h at a temperature of 37°C.
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Costar® Spin-X® centrifuge filters were used to purify
TiO, (pore size — 0.22 pym, nylon membrane; Corning,
USA). 150 pL of suspension with IPM oxidation products
and 150 pL of deionized water were added to the filter, after
which they were centrifuged for 5 min at 10,000 g using a
MiniSpin centrifuge (Eppendorf, Germany). The filtrate was
transferred to another microsample followed by addition
of 300 pL of acetonitrile with 0.1% (v/v) formic acid (98%
purity; Merck, Germany) to the used filter and centrifuged
again for 5 min at 10,000 g. This filtrate was combined
with the previously obtained filtrate and evaporated using
a SpeedVac centrifuge evaporator (Eppendorf, Germany).
5% (vol/vol) agueous acetonitrile with 0.1% (vol/vol) formic
acid was added to the precipitate to a final GSH concentra-
tion of 20 pg/mL; the resulting solution was then placed in a
vial for subsequent HPLC-MS/MS analysis.

Ultraviolet-induced photocatalytic oxidation of
indapamide in the presence of titanium dioxide
nanoparticles and production of adducts with
glutathione on the surface of a MALDI target

A polished stainless steel MALDI target was used as the
substrate. 2 pL of TiO, suspension (2 mg/mL) was applied
onto the surface of the MALDI target cells and dried at
room temperature.

Target cells functionalized with TiO, were applied:

10 pL of deionized water (control);

e 9L of deionized water and 1 pL of GSH agueous solu-
tion (100 pg/mL) (control);

e 7 pL of deionized water, 2 pL of IPM solution (50 pg/mL)
and 1 pL of GSH solution (100 pg/mL) (determination of
GSH adducts with oxidation products).

The target with the deposited samples was covered
with the previously described panel for ultraviolet irradia-
tion and irradiated for 30 min. After completion of irradia-
tion, 1 pL was taken from each drop and transferred to an
adjacent cell, after which 1 pL of solution (20 mg/mL in
80% (vol/vol) aqueous acetonitrile with 0.1% (vol/vol) trif-
luoroacetic acid (purity 99%; Merck, Germany) was added)
2,5-dihyroxybenzoic acid matrices (DHB; Bruker Daltonik
GmbH, Germany). The target was dried at room tempera-
ture before analysis by MALDI mass spectrometry.

Analysis of indapamide oxidation products and their
adducts with glutathione by high performance liquid
chromatography with tandem mass spectrometry

HPLC-MS/MS analysis was conducted using an analytical
system consisting of an Agilent 1290 Infinity liquid chro-
matograph (Agilent Technologies, USA) and an Amazon
ETD ion trap mass spectrometer (Bruker Daltonik GmbH,
Germany) with an electrospray ion source. Experimental
data was recorded and processed using the Data Analysis
5.0 software package (Bruker Daltonik GmbH, Germany).
Chromatographic separation was carried out under
the following conditions: column — zorbrax Eclipse Plus
C18 Rapid Resolution High Definition (2.1 x 150 mm,
1.8 microns; Agilent Technologies, USA); temperature col-
umn — 40°C; flow rate of the mobile phase — 200 yL/min;
volume of the injected sample — 5 pL; A phase — 0.1%
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(vol/vol) agueous formic acid solution; B phase — 0.1% (vol/
vol) formic acid solution in 90% (vol/vol) in aqueous ace-
tonitrile; elution mode — gradient: 5% B (0-2 min), 5-60%
B (2-30 min), 60% B (30-31 min), 60-50% B (31-32 min),
5% B (32-37 min).

Mass spectrometric analysis was performed under the
following operating conditions of the mass spectrometer:
capillary voltage — 4.5 kV; nebulizer pressure — 2.2 bar;
drying gas — nitrogen; drying gas flow rate — 9 L/min;
drying gas temperature — 280°C; operating mode — Auto
MS/MS; scanning mode — Auto MS/MS; range
m/z — 100-1000; moving average — disabled; frequency
of spectra — 4 Hz; type of fragmentation — dissociation
activated by collisions; gas for collisions — helium; number
of precursor ions — 3; isolation window of the precursor
ion — 3.5 m/z. IPM metabolites were analyzed in the nega-
tive ion registration mode; GSH adducts were analyzed in
the positive ion registration mode. The mass spectrometer
was calibrated using a 1 m sodium formate solution (97%
purity; Merck, Germany) in 90% (vol/vol) aqueous isopro-
panol (HPLC grade; Merck, Germany).

MALDI mass spectrometric analysis

Mass spectrometric analysis of reactive metabolites of
IPM and their adducts with GSH was performed by an
UltrafleXtreme tandem time-of-flight mass spectrom-
eter (Bruker Daltonik GmbH, Germany) equipped with an
Nd:YAG laser (A = 355 nm) using the facilities of the re-
source center “Development of Molecular and Cellular
Technologies”, St. Petersburg State University Science
Park.

Mass spectra were recorded in the reflection mode with
positive ion detection at the following operating parameters
of the mass spectrometer: range m/z — 300-1100; volt-
age at the first source — 19.0 kV; voltage at the second
source — 16.8 kV; voltage at the lenses — 7.0 kV; voltage
at the first reflector — 20.5 kV; voltage at the second reflec-
tor — 10.5 kV; the delay of pulsed ion extraction — 90 ns.
To obtain one spectrum, 10,000 laser irradiation acts were
used with a laser power of 60% and an irradiation frequen-
cy of 2000 Hz. The flexControl and flexAnalysis software
applications (Bruker Daltonik GmbH, Germany) were used
to register and interpret the mass spectra.

Tandem mass spectrometric analysis was performed
in the laser-induced dissociation mode at the following
operating parameters of the mass spectrometer: the pre-
cursor ion selector window — 2 m/z; voltage at the first
source — 7.6 KV; voltage at the second source — 6.9 kV;
voltage at the lenses — 3.5 kV; voltage at the first reflec-
tor — 29.4 kV; voltage at the second reflector — 14.1 kV;
LIFT 1 (19.0 kV); LIFT 2 (3.2 kV); pulse ion extraction de-
lay — 90 ns.

The mass spectrometer was calibrated using a Peptide
calibration standard Il calibration mixture (Bruker Daltonik
GmbH, Germany).

RESULTS AND DISCUSSION

At the first stage of the study of IPM metabolism, two of
the most common non-enzymatic approaches for the
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production of xenobiotic oxidation products in vitro were
compared: electrochemical oxidation (ECO) and UV-
induced photocatalytic oxidation in the presence of titani-
um dioxide nanoparticles (UV/TiO,-PCQ). According to the
literature data [28], five metabolites (M1-M5) are known for
IPM, each of which is capable of reacting with GSH. The
selection of GSH as a trapping agent is due to its important
role in the metabolism of xenobiotics in the human body (it
is one of the main biomolecules involved in the binding of
reactive products of xenobiotic metabolism), as well as its
ability to enter into conjugation reactions with molecules
containing quinoid-type groups (the presence of such
groups is characteristic of a number of IPM metabolites).

The scheme of the experiment using ECO is shown in
Fig. 2A.

Oxidation was carried out using the Roxy Exceed elec-
trochemical system equipped with a p-PrepCell electro-
chemical reactor. Part of the reaction mixture was then
selected for subsequent analysis; the remaining part was
mixed with a GSH solution and incubated during 1 h at
37°C.

According to the results of HPLC-MS/MS analysis,
the presence of 3 known metabolites of IPM (M1, M4,
M5), as well as 2 metabolites with m/z 381.93 (PM2) and
m/z 429.96 (PM6), which had not been previously de-
scribed in the literature, was revealed. The correspond-
ing data are presented in Fig. 3A. In addition, the HPLC—-
MS/MS analysis of the incubation mixture of oxidation
products of IPM and GSH revealed 3 signals, which, by
the presence of an isotopic distribution characteristic of
compounds containing a chlorine atom and the results of
tandem mass spectrometric analysis, were attributed to

GSH adducts with 2 known (M2, M4) and 1 undetected
(PM7) metabolites of IPM. The corresponding data are
presented in Fig. 3B. Information on the detected ECO
IPM products, as well as GSH adducts, is presented in
Table 1.

Thus, the ECO method makes it possible to obtain IPM
metabolites, but it has a number of disadvantages.:

e The inability to perform multiple experiments simultane-
ously;

The need to clean the electrochemical cell after each
use;

High consumption of reagents and studied xenobiotics.
Taking into account the above, we stated that modeling
of the metabolism of xenobiotics using the ECO method is
lengthy and costly.

At the next stage of the study, we modeled the pro-
cesses of IPM metabolism using the UV/TiO,-PCO meth-
od. The scheme of UV/TiO,-PCO is shown in Fig. 2B. At
the first stage, a tube with an incubation mixture (an aque-
ous suspension of TiO, nanoparticles containing IPM) was
irradiated with UV radiation. Following irradiation, GSH
was added to the tube and the procedure for conjuga-
tion of the trapping agent with UV/TiO, products was per-
formed. In total, the stages of oxidation and conjugation
lasted for 90 min, similar to the case of ECO. However,
the advantage of UV/TiO,-PCO consists in the possibility
of conducting several experiments in parallel, thus saving
time significantly when selecting oxidation conditions. In
general, compared to ECO, the UV/TiO,-PCO method is
more economical in terms of the cost of both reagents
and test substances. However, for further HPLC-MS/
MS analysis, it becomes necessary to carry out sample
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Figure prepared by the authors using their own data

Fig. 2. Algorithm for obtaining xenobiotic oxidation products by ECO (A) or UV/TIO,-PKO (B) followed by conjugation with GSH and HPLC-MS/MS analysis (using

IPM as an example)
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Fig. 3. Mass chromatograms of IPM metabolites obtained by ECO (A) and their adducts with GSH (B), as well as those obtained by UV/TiO,-PCO (C) and their

adducts with GSH (D)

Note: the figure shows mass spectra fragments indicating the detected IPM metabolites and their adducts with GSH.

preparation, including the removal of titanium dioxide
particles in order to avoid their entry into the chromato-
graphic system.

According to the results of HPLC-MS/MS analysis of
UV/TiO,-PCO products of IPM (Fig. 3B), the formation of
4 known IPM metabolites (M1, M2, M4, M5), as well as 3
previously undescribed metabolites with m/z 408.00 (PM4),
m/z 409.93 (PM5) and m/z 429.92 (PM6) was detected. It
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should be noted that the M2 metabolite, as well as the pu-
tative PM4 and PM5 metabolites, were not detected using
the ECO method.

When analyzing the products of GSH interaction with
IPM metabolites, only one signal was recorded, which, by
the presence of a characteristic isotopic distribution and
the results of tandem mass spectrometric analysis, was at-
tributed to the GSH adduct with the potential metabolite
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Table 1. Molecular weights and probable structures of IPM metabolites and their m/z adducts with GSH, detected by three methods

Biotransformation modeling methods
tg/lbe(;- Structural formula ECO UF/TiO,-PKO UF/TiO,-PKO/MM
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Table prepared by the authors using their own data

Note: the values of the m/z metabolites described in the literature but not detected in the experiments performed are shown in parentheses; UV/TiO,-PCO/
MM — UV/TiO,-PCO on the MALDI target.
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PM7 (Fig. 3G). PM7-GSH became the only detected ad-
duct, while 3 adducts were identified by the ECO method.

The results obtained by ECO and UV/TiO,-PCO meth-
ods for IPM are generally comparable. However, both
methods have a number of disadvantages that make them
individually rather labor- and time-consuming. Therefore, a
number of challenges must be overcome when developing
a more efficient screening technique for reactive metabo-
lites of xenobiotics. These include the following points.

1. Time consumption. Most of the time spent is con-
sumed by conjugation (1 h) and HPLC-MS analysis
(~40 min).

2. Labor cost. Removal of TiO, particles at UV/TiO,-
TCO or flushing of the electrochemical cell after each xe-
nobiotic.

3. Step-by-step oxidation and conjugation can lead to
the loss of short-lived metabolites.

4. Possibilities of conducting several experiments in
parallel are limited.

5. High consumption of reagents and test substances.

Therefore, further work was aimed at developing a tech-
nique for modeling IPM metabolism, in which the listed dis-
advantages would be eliminated or significantly reduced.

Matrix-activated laser desorption/ionization (MALDI)
mass spectrometry is widely used among the methods
for determining xenobiotic metabolites and their adducts.
This method is characterized by its rapidity and high pro-
ductivity, since the analysis procedure includes the stage
of applying all the necessary samples onto a single solid
substrate (target), followed by recording the analyte signals
without additional sample preparation.

We established that if a xenobiotic with the addition of
a trapping agent (GSH) is applied onto a target MALDI cell
functionalized with TiO,, the reactive metabolites formed
during UV/TiO,-PCO can bind to the thiol group of the pep-
tide in situ. Subsequent MS analysis allows detection of
short-lived oxidation products in the form of adducts. On
this basis, an algorithm for conducting UV/TiO,-PCO IPM
on a MALDI target (UV/TiO,-VCO/M) was proposed, shown
in Fig. 4.

To select an optimal oxidation duration, adducts were
searched following 1, 5, 10, 20, and 30 min of UV irradia-
tion. The obtained mass spectra are shown in Fig. 5.

The results of mass spectrometric analysis that after
5 min of irradiation showed the absence of detected sig-
nals of GSH adducts with IPM metabolites. At 10 min of
UV/TiO,-PCO, three signals were detected, one of which
(m/z 687.12) belongs to the conjugation product of GSH
with the known metabolite of IPM (M3), and the other (m/z
7083.11) can be attributed to the adduct of GSH with the
previously unexplored metabolic product of IPM (PM3).
For samples taken after 20 min of irradiation, an increase
in the intensity of the above signals was observed in the
mass spectra.

The most complete information about GSH adducts
with IPM metabolites was provided by the mass spectrum
corresponding to the exposure of samples to UV radiation
for 30 min. In addition to the previously identified conjuga-
tion products, signals with values of m/z 669.10, 685.09,
701.09, and 705.10 were detected, corresponding to ad-
ducts with known IPM metabolites (M1, M2, M4, M5), as
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well as a signal with m/z 657.09 belonging to an adduct with
a potential PM1 metabolite. Information about the identified
adducts is presented in Table 1. It should be noted that,
from our point of view, the metabolites M3, PM1, and PM3
deserve particular attention from in terms of their potential
hazard to the body. These metabolites were registered only
as adducts with GSH, and only by the UV/TiO,-PCO/MM
method under in situ conjugation conditions, which indi-
cates their high reactivity.

In contrast to the ECO and UV/TIO,-PCO techniques,
in this case, a significant number of signals attributed to
GSH adducts with IPM oxidation products were detected
in the mass spectra, as shown in the diagram (Fig. 6), which
allows us to conclude that the proposed approach shows
promise.

Together, four previously unexplored metabolites were
identified by three methods for IPM (m/z [M-H]- 381,93;
408,00; 409,93; 429,96) and the adduct with GSH (m/z
[M+H]* 657,09; 671,10; 703,10; 753,19).

It should be noted that the non-enzymatic methods of
modeling the biotransformation of xenobiotics (ECO, UV/
TiO,-PCO) considered in this paper cannot act as a full-
fledged alternative to classical biological systems (microso-
mal or S9 fractions of the liver, primary hepatocytes, etc.),
since each of the methods cannot fully reproduce the full
set of enzymatic reactions occurring during the first phase
of metabolism. At the same time, these instrumental ap-
proaches make it possible to rapidly and affordably obtain
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oxidation products in a pure solution without the need for
a laborious purification process from the biological matrix,
which is particularly important when conducting screening
studies of the potential toxicity of xenobiotics.

IPM

ECO UV/TiO,-PCO

UV/TiO,-PCO/MM

Figure prepared by the authors using their own data

Fig. 6. Numerical comparison of the detected GSH adducts with IPM oxidation
products obtained by three different methods

CONCLUSION

In this study, we investigated potential IPM metabolites ob-
tained using non-enzymatic methods for modeling the pro-
cesses of the first phase of xenobiotic biotransformation,
such as ECO and UV/TiO,-PCO in volume. Simulation of
the second phase of metabolism was carried out by incu-
bation of indapamide oxidation products with a trapping
agent (GSH).

According to the results of HPLC-MS/MS analysis of
metabolites and their conjugates with GSH, 5 metabo-
lites and 3 adducts with GSH were detected in the case
of ECO. The use of UV/TiO,-PCO in volume resulted in
detection of 7 metabolites and 1 adduct with GSH. In
addition, a new in vitro technique for the detection of
reactive xenobiotic metabolites was developed. This
technique is based on UV/TiO,-PCO in the presence of
a trapping agent (GSH) on the surface of a MALDI target
functionalized with titanium dioxide, followed by MALDI
mass spectrometric analysis of oxidation products and
their conjugates. It was confirmed that the developed
technique for detecting reactive metabolites of xeno-
biotics in the case of IPM surpasses the conventional
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approaches both in terms of performance and informa-
tiveness, allowing the detection of a larger number of

References

10.

11.

12.

13.

4.

15.

16.

Wojnarowska Z, Grzybowska K, Hawelek L, Dulski M, Wrzalik R,
Gruszka | et al. Molecular dynamics, physical stability and solu-
bility advantage from amorphous indapamide drug. Mol Pharm.
2013;10(10):3612-27.

https://doi.org/10.1021/mp400116q

Sanz-Muroz C, Martinez-Moran C, Torrero-Anton MV,
Miranda-Romero A. Indapamide-Associated Stevens-Johnson
Syndrome. Actas Dermosifiliogr. 2008;99(4):321-2.

Mourad SS, Barary MA, El-Yazbi AF. Sensitive “release-on-de-
mand” fluorescent genosensors for probing DNA damage in-
duced by commonly used cardiovascular drugs: Comparative
study. Int J Biol Macromol. 2024;269(1):131821.
https:/doi.org/10.1016/}.ijbiomac.2024.131821

Rutherford T, Sinclair R. Photo-onycholysis due to indapamide.
Australas J Dermatol. 2007;48(1):35-6.

Liu L, Cui H, Huang Y, Hao Y, Zhou Y, Wan Y. Molecular dock-
ing and in vitro evaluations reveal the role of human cytochrome
P450 3A4 in the cross-coupling metabolism of phenolic xenobi-
otics. Environ Res. 2023;220:115256.
https://doi.org/10.1016/j.envres.2023.115256

Shang J, Coe KJ, Lim HK, Chen L, Khatri BB, Salter R et al.
Application of Covalent Binding Body Burden in the HUREL
Human Hepatocyte Coculture Model for Reactivity Risk
Assessment of Metabolically Low Turnover Drugs. Chem Res
Toxicol. 2024;37(4):540-4.
https://doi.org/10.1021/acs.chemrestox.4c00046

Norman BH. Drug Induced Liver Injury (DILI). Mechanisms and
Medicinal Chemistry Avoidance/Mitigation Strategies. J Med
Chem. 2020;63(20):11397-419.
https://doi.org/10.1021/acs.jmedchem.0c00524

Savelyeva El, Koryagina NL, Orlova Ol. Determination of toxic
substances adducts with biomolecules as biomarkers of the ex-
posure/effect. Medicine of Extreme Situations. 2018;20(S3):451-
63 (In Russ).

EDN: YPHKSL

Gasmi A, Nasreen A, Lenchyk L, Lysiuk R, Peana M,
Shapovalova N et al. An Update on Glutathione’s Biosynthesis,
Metabolism, Functions, and Medicinal Purposes. Curr Med
Chem. 2024;31(29):4579-601.
https:/doi.org/10.2174/0109298673251025230919105818
Gupta PK. Fundamentals of Toxicology: Essential Concepts and
Applications. New York: Academic Press; 2016.

Pognan F, Beilmann M, Boonen HCM, Czich A, Dear G, Hewitt
P et al. The evolving role of investigative toxicology in the phar-
maceutical industry. Nat Rev Drug Discov. 2023;22(4):317-35.
https:/doi.org/10.1038/s41573-022-00633-x

Medina D, Omanakuttan B, Nguyen R, Alwarsh E, Walgama C.
Electrochemical Probing of Human Liver Subcellular SO Fractions
for Drug Metabolite Synthesis. Metabolites. 2024;14(8):429.
https://doi.org/10.3390/metabo14080429

Peeters L, Vervliet P, Foubert K, Hermans N, Pieters L, Covaci A.
A comparative study on the in vitro biotransformation of medi-
cagenic acid using human liver microsomes and S9 fractions.
Chem Biol Interact. 2020;328:109192.
https:/doi.org/10.1016/j.cbi.2020.109192

Sun H, Scott DO. Structure-based Drug Metabolism Predictions
for Drug Design. Chem Biol Drug Des. 2010;7(5):3-17.
https:/doi.org/10.1111/j.1747-0285.2009.00899.x

Faber H, Vogel M, Karst U. Electrochemistry/mass spec-
trometry as a tool in metabolism studies. Anal Chim Acta.
2014;8(34):9-21.

https:/doi.org/10.1016/j.aca.2014.05.017

Gawlik M, Skibinski R, Trawinski J, Komsta L. Photocatalysis com-

EXTREME MEDICINE | 2025, VOLUME 27, No 1

potentially dangerous metabolites (8 adducts with glu-
tathione were detected).

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

bined with chromatographic methods as a new promising tool in
drug metabolism studies. Acta Chromatogr. 2018;30(1):1-8.
https:/doi.org/10.1556/1326.2016.00202

Alvarez-Lueje A, Pérez M, Zapata C. Electrochemical Methods
for the In Vitro Assessment of Drug Metabolism. Topics on Drug
Metabolism. InTech. 2012;

https:/doi.org/10.5772/28647

Nikzad N, Rafiee M. Electrochemical study of drug metabolism.
Curr Opin Electrochem. 2024;44:101446.
https:/doi.org/10.1016/j.coelec.2024.101446

Mielczarek P, Smoluch M, Kotlinska JH, Labuz K, Gotszalk T,
Babij M et al. Electrochemical generation of selegiline metabolites
coupled to mass spectrometry. J Chromatogr A. 2015;1389:96—
103.

https:/doi.org/10.1016/j.chroma.2015.02.049

Lohmann W, Hayen H, Karst U. Covalent protein modifica-
tion by reactive drug metabolites using online electrochem-
istry/liquid chromatography/mass spectrometry. Anal Chem.
2008;80:9714-9.

https:/doi.org/10.1021/ac801699g

Bussy U, Chung-Davidson YW, Li K, Li W. Phase | and phase
Il reductive metabolism simulation of nitro aromatic xenobiotics
with electrochemistry coupled with high resolution mass spec-
trometry. Anal Bioanal Chem. 2014;406(28):7253-60.
https:/doi.org/10.1007/s00216-014-8171-3

Shono T, Toda T, Oshino N. Preparation of N-dealkylated drug
metabolites by electrochemical simulation of biotransformation.
Drug Metab Dispos. 1981;9:481-2.
https:/doi.org/10.1007/s00216-014-8171-3

Gawlik M, Trawinski J, Skibinski R. Photocatalysis as a tool for
in vitro drug metabolism simulation: multivariate comparison of
twelve metal oxides on a set of twenty model drugs. Catalysts.
2020;10:26.

https:/doi.org/10.3390/catal10010026

Ruokolainen M, Valkonen M, Sikanen TM, Kotiaho T,
Kostiainen R. Imitation of phase | oxidative metabolism of ana-
bolic steroids by titanium dioxide photocatalysis. Eur J Pharm
Sci. 2014;65:45-55.

https://doi.org/10.1016/j.ejps.2014.08.009

Ruokolainen M, Gul T, Permentier H, Sikanen T, Kostiainen R,
Kotiaho T. Comparison of TiO, photocatalysis, electrochemically
assisted Fenton reaction and direct electrochemistry for simula-
tion of phase | metabolism reactions of drugs. Eur J Pharm Sci.
2016;83:36-44.

https://doi.org/10.1016/j.ejps.2015.12.012

Faber H, Melles D, Brauckmann C, Wehe CA, Wentker K,
Karst U. Simulation of the oxidative metabolism of diclofenac by
electrochemistry/(liquid chromatography/)mass spectrometry.
Anal Bioanal Chem. 2012,403:345-54.
https:/doi.org/10.1007/s00216-011-5665-0

Gladchuk AS, Gorbunov AY, Keltsieva OA, llyushonok SK,
Babakov VN, Shilovskikh VV et al. Coating of a MALDI target
with metal oxide nanoparticles by droplet-free electrospray-
ing — a versatile tool for in situ enrichment of human globin
adducts of halogen-containing drug metabolites. Microchem J.
2023;191:108708.

https://doi.org/10.1016/j.microc.2023.108708

Sun H, Moore C, Dansette PM, Kumar S, Halpert JR, Yost GS.
Dehydrogenation of the indoline-containing drug 4-chloro-
N-(2-methyl-1-indolinyl)-3-sulfamoylbenzamide ~ (indapamide)
by CYP3A4: correlation with in silico predictions. Drug Metab
Dispos. 2009;37(3):672-84.
https:/doi.org/10.1124/dmd.108.022707




OB30P | KOCMNYECKAA MEOVLIHA

Authors’ contributions. All the authors confirm that they meet the ICMJE criteria for authorship. The most significant con-
tributions were as follows: Olga A. Keltsieva — HPLC-MS analysis; Anna A. Afanasyeva — development of photocatalytic
oxidation-conjugation methodology of indapamide on MALDI target; Semyon K. llyushonok — development of the technique
of electrochemical oxidation of indapamide; Alexey S. Gladchuk — preparation of material for submission; Alexander N.
Arseniev — development of a photocatalytic oxidation-conjugation technique for indapamide in a microtube; Alexander S.
Frolov — overall management of the study; Vladimir N. Babakov — literature data collection and analysis; Konstantin A.
Krasnov — mass spectra interpretation and structure determination of probable indapamide metabolites; Ekaterina P. Po-
dolskaya — design of the experiments and research plan.

AUTHORS
Olga A. Keltsieva Alexander S. Frolov
https://orcid.org/0000-0002-4069-0355 Alexander.S.Frolov@gmail.com

keltcieva@gmail.com

Vladimir N. Babakov, Cand. Sci. (Biol.)
Anna A. Afanasyeva vbabakov@gmail.com
afanasyeva.a.a.2000@yandex.ru

Konstantin A. Krasnov, Dr. Sci. (Chem.)
Semyon K. llyushonok https://orcid.org/0000-0003-1503-2243
https://orcid.org/0000-0003-1672-4583 krasnov_tox@mail.ru
ilsemen21@mail.ru

Ekaterina P. Podolskaya, Dr. Sci. (Tech.)
Alexey S. Gladchuk, Cand. Sci. (Tech.) ek.podolskaya@gmail.com
https://orcid.org/0000-0002-4411-2069
aleglad24@gmail.com

Alexander N. Arseniev
star2361@mail.ru

36 | MEAVILIMHA SKCTPEMASIbHbIX CUTYALINI | 2025, TOM 27, Ne 1



ORIGINAL ARTICLE | CLINICAL PHARMACOLOGY

https://doi.org/10.47183/mes.2024-245 ch BY 4.0

HEAT TRANSFER BY EVAPORATION DETERMINES THE EFFECT OF NASAL M) Check for updates ‘
PHENAZEPAM ON THERMAL STRESS IN RATS

Jury Ju. Ivnitsky™, Olga A. Vakunenkova, Konstantyn A. Krasnov, Semion S. Gaft, Natalja V. Lapina

Golikov Research Center of Toxicology, St. Petersburg, Russia

Introduction. Thermal stress is an increase in body temperature due to the predominance of heat received from outside or released during metabolism over
heat losses by the body. Heat production can be regulated using benzodiazepines in doses unattainable with a single intramuscular injection of their officinal
preparations. In this study, this limitation is overcome using a prototype of the Phenazepam nasal spray (PNS) preparation, containing 170 mg of phenazepam
in 1 mL of a non-aqueous solution.

Objective. Experimental assessment of the PNS effect on the metabolic rate and thermal balance in thermal stress.

Materials and methods. The effect of a single 10 pL PNS intranasal instillation on the external respiration intensity, oxygen consumption, as well as
10 pL PNS intranasal instillations at 0.5 h intervals on the dynamics of rectal temperature, body weight, and lethality in rats at an air temperature of 40 °C
was studied.

Results. PNS instillations reduced oxygen consumption by an amount sufficient to decrease body temperature by 0.3 °C in 0.5 h. PNS administration
declined the rate of body temperature rise when placing rats in restrainers at an air temperature of 40 °C; however, PNS administration accelerated body
temperature rise and increased lethality when placing rats in cages. Due to PNS, moisture loss by rats in cages decreased, judged by the dynamics of
body weight.

Conclusions. The study confirmed the prospects of PNS as a pharmacotherapy for heat stroke at a high relative humidity, exposure to insulating skin protec-
tors, or with immersion hyperthermia. The possibility of the aggravating effect of PNS on human thermal stress in the absence of physical obstacles to heat
transfer by evaporation requires additional verification.

Keywords: hyperthermia; survival, evaporation; elevated air temperature; body temperature; heat stress; heat loss; heat production; metabolic rate;
phenazepam nasal spray
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TEMIOOTAOAYA NCTNTAPEHVEM OMPEAENIAET 3HAK BJINMAHNA HA3AJIbHOIMO ®EHA3ENAMA
HA TEMJIOBOW CTPECC Y KPbIC

HO.HO. MBHuLknin™, O.A. BakyHeHkoBa, K.A. KpacHos, C.C. ladT, H.B. JlanvHa

Hay4HO-KNMHWUYeCKNiA LEHTP TOKCMKONOrM nMern akagemuka C.H. lfonvkosa ®efepanbHOro Meanko-bronorndeckoro areHTcTsa, CaHkT-lNeTepbypr, Poccus

BBepeHue. TennoBoi CTpecc — POCT TemMnepaTypbl Tena BCNeacTsme npeobnagaHvs TennoTbl, NOCTYNMUBLLEN M3BHE 1 OCBOOOAVBLUENCS Npu MeTabo-
nma3me, Hap TennooTaaden. Koppekums Tennonpoaykumm BO3MOXHaA C UCNOSIb30BaHeM 6eH304Mas3enHoB B f03ax, HEAOCTVKUMbBIX NPU OAHOKPaTHOM
BHYTPUMBILLEYHOM BBELEHUN VX ODULIMHANBHBIX NPenapaToB. OTO OrpaHuydeHne NpeofoneHo ¢ NMOMOLLBIO NpoToTUNa npenapara «PeHasenam cnpew Ha-
3anbHbIl» (PCH), cogepxatuero 170 mMr heHadenama B 1 M1 HEBOLHOMO pacTBopa.

Llenb. OkcnepumeHTanbHas oleHka BavsiHng @CH Ha ypoBeHb MeTabonunama 1 TennoBor 6anaHc npu TeENIOBOM CTpecce.

MaTtepuanbl 1 MeToAbl. 13y4eHO BNMsiH1E OQHOKPATHOW MHTpaHasanbHon nHetunnsaumm ®CH B o6beme 10 MKN Ha MHTEHCMBHOCTb BHELLHErO [blXaHWs,
notpebneHne KMCNopoaa, a TakxKe NOBTOPHbIX NHTpaHasanbHbIx BBeaeHnin PCH 170 mr/mn B 06beme no 10 Mk ¢ nHTepsanom 0,5 4 Ha AnHaAMUKY peKTasb-
HOW TemnepaTypbl, MaccChl Tena v neTanbHOCTb KPbIC Npu TemnepaTtype Bo3ayxa 40 °C.

Pesynbratbl. ViHcTunnsaums ®CH cHuxana noTpebnerHne k1ucnopoaa Ha BenmnyuHy, 4OCTaTOqHY0 AN ymeHblueHns Ha 0,3 °C Temnepartypebl Tena 3a 0,5 4.
BeeneHve ®CH 3amennsano nosbilLeHe TeMnepaTtypbl Tena y KpbIC, PasMeLLeHHbIX B pecTperiHepax npu Temnepatype Bosayxa 40 °C, HO yCKOpPsino pocT
TemnepaTypbl 1 CNOcOH6CTBOBAIO MOBbLILLEHNIO NETanbHOCTY NpY pasMeLLeHnn Kpbic B BoNibepax. og snvaHuem ®CH noTepst Bnarn Kpbicamu, Haxoame-
LUIMMWCS B BOSIbePax, Cyas No AVHaMMUKE Macchl Tena, yMeHbllanach.

BbiBOAbl. Pe3ynstathl paboThl ykadbiBatoT Ha nepcnexkTnBHocTs ®CH B KavecTBe cpeacTsa hapmMakoTepanuy TenoBoro yaapa npu BbICOKOM OTHOCU-
TeNbHOW BNAa)XHOCTU, NPebbiBaHUM B U30MPYIOLLIMX CPEACTBAaX 3allyThl KOXWU UAN NPY UMMEPCUOHHON runepTepmumn. TpebyeT NpoBepKy BO3MOXHOCTb
yeyryonstowero BanaHus ®CH Ha TeNNOBOM CTPeCC y YenoBeka Npu 0TCYTCTBUM (DU3NHECKNX NPENATCTBIUA A5 TENI0OTAAYM UCNapEHNEM.

KnioyeBble cnoBa: rynepTepmuist; BbDKMBAEMOCTb; MCNapeHe; NoBbILLEHHAs TeMrepaTypa Bo3ayxa; TeMrepartypa Tena; TennoBon CTPecc; Tennootaaqa;
TennonpoaykLUus; ypoBeHb MeTabonunama; eHasenam cnpein HasasbHbli
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3anbHOro heHasenama Ha TenoBoW CTPECC Y Kpblic. MeauuyHa akeTpemasibHbix cutyauymi. 2025;27(1):.37-42. https:/doi.org/10.47183/mes.2024-245
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CooTBeTCTBME NPUHLMNAM 3TUKU: UCCNefoBaHNE BbINOHEHO C COOMIOAEHNEM NpaBui OUO3TUKK, YyTBEPXKAEHHbIX EBPONECKON KOHBEHLMEN O 3aluuTe
MO3BOHOYHbIX XXMBOTHbIX, NCMONBb3YyeMbIX A1 SKCNEepUMEHTaNbHbIX 1 Apyrux uenei. NposeaeHve nccnefoBaHnin ofobpeHo Ha 3acefannn 61oaTUHeCKo-
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INTRODUCTION

Thermal (heat) stress is an increase in the core body
temperature, when the algebraic sum of thermal energy
received from outside and released in metabolic pro-
cesses exceeds that of thermal energy lost by evapo-
ration, radiation, convection, and heat conduction. The
totality of the most severe clinical manifestations of heat
stress, referred to as heat stroke [1], is a critical condition
with a mortality rate of 27% [2]. Not only children and el-
derly people are at increased risk of heat stroke, but also
the economically active population, whose activities are
associated with physical exertion or work in conditions
that impede heat transfer. These include, e.g., military
personnel, police officers, firefighters, hot shop workers,
and athletes.

The basic principle of first aid in heat stroke man-
agement consists in a rapid reduction of body tempera-
ture. The current standard of emergency medical care'
recommend physiotherapeutic means for promoting
heat transfer, such as cooling liquids and applications.
Medications include saline solutions, nonsteroidal anti-
inflammatory drugs (NSAID), and diazepam. Based upon
the daily or course dose of 10 mg, diazepam can be pre-
scribed in a single dose of 5 mg as a sedative. The cur-
rent literature lacks data on the effect of diazepam used
in this mode on the thermal state of the body. However,
parenteral administration of benzodiazepines in doses of
more than 20 mg, similar to those used to relieve sei-
zures of chemical etiology [3], is likely to produce the
required effect.

Intramuscular administration of benzodiazepines at
the prehospital stage, commonly applied for the purpose
of relieving convulsive syndrome, is a forced alternative to
their intravenous administration, which is problematic in
the setting of seizures. Due to the low water solubility of
pharmaceutical substances of the benzodiazepine group,
their concentration in official injectable medicines (siba-
zone, midazolam) does not exceed 5 mg/mL. Therefore,
simultaneous delivery of benzodiazepines into the human
body in doses of more than 20 mg requires intramuscular
administration of such medicines in volumes of more than
4 mL, which is rarely possible. We previously proposed an
approach to overcoming this limitation based on the use of
a non-agueous solution of benzodiazepine [4] and its na-
sal dosage form [5]. A prototype of the Phenazepam Nasal
Spray medicine (PNS) was created, containing 170 mg of

phenazepam in 1 mL. With a double insufflation of 140 pL
of PNS into each nasal passage, the dose of phenazepam
exceeded the highest single doses of diazepam or mida-
zolam administered as official injectable medicines by 4.8
and 6.4 times, respectively. The need for such doses was
determined by the initial requirement for PNS as a means
of relieving convulsive syndrome of chemical etiology.
However, an increase in drug dose offers the possibility of
phenazepam exhibiting other pharmacological properties,
potentially beneficial in conditions of heat stress. In this re-
gard, the fact that benzodiazepines reduce oxygen con-
sumption by both the brain [6] and the body as a whole
[7] deserves attention. The associated decrease in heat
production could delay the increase in body temperature
in conditions conducive to overheating of the body, thereby
increasing tolerance against heat stress. However, the op-
posite effect, i.e., violation of behavioral patterns aimed at
stimulating heat transfer, must not be neglected. In rats,
whose skin, excluding the plantar surface of the extremi-
ties, is devoid of sweat glands, hypothetically grooming
with saliva applied to the coat and its subsequent evapora-
tion is a thermoregulatory reaction similar to sweating in
humans [8].

This study aims to experimentally evaluate the effect of
PNS on the metabolic rate and heat balance during heat
stress.

MATERIALS AND METHODS

The study was conducted using outbred albino male rats
(191-210 g) purchased from the Rappolovo Branch of the
Kurchatov Institute Research Center. The animals were
receiving standard rat food and drinking water ad libitum.
Two series of experiments were conducted.

In the first series of experiments, 16 animals were
used, eight individuals in each group (control, experiment).
Changes in the intensity of respiratory function and oxy-
gen consumption by the body were studied after a single
intranasal instillation of isotonic 0.9% and sodium chlo-
ride solution in control animals and PNS 170 mg/mL in a
volume of 10 L (5 pL in each nasal passage) in animals
from the experimental group, which corresponds to an
average dose of the phenazepam® pharmaceutical sub-
stance 8.5 mg/kg and bioequivalent to a dose of 100 mg
(four insufflations of 140 pL of PNS) for humans. Variable
volume dispensers were used to administer the solutions.
The acute toxicity of PNS at this dose was characterized

" Order of the Ministry of Health of the Russian Federation No. 1115n. Standard of emergency medical care for heat and sunstroke; 12/20/2012.
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based on the data from a preclinical study of its proto-
type, in which intranasal administration of PNS to rats at
a 20-fold higher dose (five times 40 pL with an interval of
10 min) did not cause animal death. Body oxygen con-
sumption was determined in a Miropolsky apparatus with
a 2L respirometric chamber, to which the animals were
accustomed for 2 min before the onset of each meas-
urement. The intensity of body oxygen consumption QO,),
mL/(kgxmin), was found from the equation:

Q,, = VxF/mx2) (1)

wherein V — the volume of manometric liquid entering
the burette, mL; F — the coefficient for reducing the oxy-
gen volume to normal conditions; m — body weight, Kkg;
At — time spent by a rat in a sealed chamber, min.

The measurement duration was 3 min under its ab-
solute error of 0.1 mL (< 2% of the V value). The animals
were not fixed, they were freely located in the respirometric
chamber. At this time, their respiratory rate was calculated
(min). The measurements were carried out with an interval
of 10 min.

The second series of experiments studied the effect of
PSN on the dynamics of rectal temperature, body weight,
and mortality of rats housed in a thermal chamber in con-
ditions that allowed (placement in enclosures) or exclud-
ed (placement in restrainers) grooming. Four randomized
groups were formed: two control groups and two experi-
mental groups with 12-14 individuals in each:

Group 1 (n = 14) — intranasal administration of 0.9%
sodium chloride solution in a volume of 10 pL; animal hus-
bandry;

Group 2 (n = 14) — intranasal injection of PSN 170 mg/
mL in a volume of 10 pL; keeping animals in an aviary;

Group 3 (n = 12) — intranasal administration of 0.9%
sodium chloride solution in a volume of 10 pL; animal hus-
bandry in restrainers;

Group 4 (n = 12) — intranasal administration of 0.9%
PSN solution 170 mg/mL in a volume of 10 pL; animal hus-
bandry in restrainers.

The medications were instilled 5 pL into each nasal pas-
sage before the animals were placed in a thermal cham-
ber, followed by instillation every half hour. The number of
instillations depended on the life span of the animals and
ranged from two to seven; the total dose of phenazepam
ranged from 17 mg/kg to 59.5 mg/kg.

Immediately after the administration of the medica-
tions, the animals (three individuals from each group at a
time) were placed in a thermal chamber. The size of the
restrainers did not interfere with breathing movements, but
excluded grooming. The climatic conditions that contrib-
uted to overheating of the body were modeled in a BMT
Stericell SC 111 ECO thermal chamber (Czech Republic)
with a volume of 111 L and exhaust ventilation of 5 m3/h.
The air temperature was 40 + 1°C, the relative humidity of
46% was maintained automatically. The thermal balance
of the body was assessed by the dynamics of rectal tem-
perature, which was measured at 30 min intervals with an
electric thermometer equipped with a sensor for rats RET-2
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(WPI, China); the tip of the thermometer was inserted into
the rectum to a depth of 3 cm. The body loss of moisture
was assessed by changes in body weight measured at
half-hour intervals.

The results were presented as an average value and
its error (M £ m). The Shapiro-Wilk criterion was used to
check the normality of the distribution. A multidimensional
analysis of variance was performed to assess the effect
of thermal conditions and injected substances on the re-
corded quantitative indicators. In cases where any factor
showed a significant influence, a one-dimensional analysis
of variance was performed. In cases of experimental plans
with repeated measurements, models with mixed effects
were used. The intergroup comparison of averages was
performed using priori linear contrasts or posteriori Tukey
tests. To identify intergroup differences in survival func-
tions, the Gehan generalised Wilcoxon test was used. The
frequency of alternative traits occurrence was determined
by the Fisher exact test. The critical significance level of a
was assumed to be 0.05.

RESULTS

In the first series of experiments, 2-3 min after a single in-
tranasal instillation of PNS 170 mg/mL 10 pL, the motor
activity of the rats decreased; the animals looked inhibited.
The results of studying the effect of PNS on oxygen con-
sumption and external respiration are shown in Fig. 1.

Figure 1 shows that 10 min after the use of PNS, oxy-
gen consumption by animals of the experimental group
decreased by 33%, and the respiratory rate decreased by
32% compared to the control group. The gas exchange
efficiency of external respiration, estimated by oxygen con-
sumption per respiratory cycle, did not change significantly.
In the following 20 min, oxygen consumption in rats treated
intranasally with a single dose of PNS remained 9-20%
lower than in the control, although levelling out. Thus, the
duration of the hypometabolic effect of a single PNS instil-
lation was at least half an hour.

The second series of experiments, when studying
the effect of PNS 170 mg/mL in a volume of 10 yL on
the state of thermal metabolism in rats, found that ani-
mal staying in a thermal chamber led to a statistically
significant increase in their rectal temperature. In ani-
mals placed in restrainers, the temperature increased by
5.5 £+ 0.3°C within an hour versus 3.3 + 0.3°C in animals
freely housed in enclosures. At the same time, the use
of PNS accelerated the increase in body temperature by
15% in rats housed in enclosures, although slowing it
down by 11% in those kept in restrainers (Fig. 2a). When
placed in enclosures, the animals that received saline
solution showed active grooming, which was not the
case with those receiving PNS. About 120 min after be-
ing placed in enclosures, the body loss of moisture esti-
mated by weight loss due to the use of PNS was 1% less
of the initial body weight than in the control (Fig. 2b). The
life expectancy of rats in enclosures was longer than in
restrainers. When placed in enclosures, the use of PNS
reduced life expectancy; when placed in restrainers, life
expectancy tended to increase (Fig. 2¢).
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DISCUSSION the highest single intravenous dose of diazepam 20 mg,

which reduced human oxygen consumption by 8% [9].
With a single instillation of 10 pL of PNS, the phenazepam  Therefore, the fourfold greater hypometabolic effect of
dose for rats was 8.5 mg/kg bw, which is bioequivalent to ~ PNS observed in this study was due to the benzodiazepine
100 mg for an adult human. This was five times higher than  dose, which, when extrapolated to humans, was five times
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higher than the highest single dose. The duration of this
effect was close to half an hour, which indicates the need
for repeated PNS prescriptions to achieve a longer hypo-
metabolic effect.

As follows from the increase in body temperature, stay-
ing in a heat chamber caused thermal stress in the rats.
Due to the impossibility of grooming, the distribution of
moisture (presumably saliva) over the coat, and, there-
fore, the loss of heat by evaporation, was hampered in rats
placed in restrainers. This made the heat transfer condi-
tions comparable for animals placed in restrainers that re-
ceived intranasal instillations of PNS or a sodium chloride
solution. Therefore, the probable reason for the decrease
in thermal stress in rats housed in restrainers, in the setting
of PNS, was a decrease in heat production, rather than an
increase in heat transfer.

The decrease in heat production in the animals that re-
ceived PNS before being placed in a thermal chamber was
assessed using the caloric equivalent of oxygen, which is
close to 21 J/mL in the case of a carbohydrate-dominated
diet [10]. During 30 min after PNS instillation, oxygen con-
sumption by animals was on average 2.06 mL/(kgxmin)
lower than in the control, which corresponds to 1294 J/kg
of lower heat production. When the specific heat of bio-
logical tissues and water are close to 4187 cal/(kgx°C),
this could decrease by 0.3°C the accumulation of body
temperature over the following 30 minutes after placing
the rats in a thermal chamber, which was observed in
the present work. Thus, when the air temperature was
elevated and moisture could not evaporate from most of
the body surface, the introduction of PNS slowed down
the formation of thermal stress in rats, reducing heat pro-
duction. In order to extrapolate these data to humans, it
seems relevant to study the effect of PNS on body tem-
perature under the conditions that prevent heat transfer
by evaporation, i.e., at high relative humidity [11], expo-
sure to insulating skin protectors [12], or with immersion
hyperthermia [13]. The ability of diazepam, administered
intravenously in doses of 10 or 20 mg, to reduce human
body temperature [14] allows us to expect its decrease
even when using PNS.

An optimal relative humidity and a sufficient rate of air
exchange in the thermal chamber favored heat loss by
evaporation of moisture by rats who had the opportunity
to apply it to the surface of the body. Therefore, when they
were placed in aviaries, body temperature rose more slowly
than that in restrainers. However, the introduction of PNS
smoothed out this difference: the medicine accelerated the
increase in body temperature. Following 120 min of be-
ing placed in enclosures, body weight loss, mainly due to
evaporation of water, was 10 g/kg less with PNS instilla-
tion than with the introduction of saline solution. Under the
specific heat of water vaporization of 2260 J/g, this corre-
sponded to the accumulation of 22,600 J/kg more heat in
the body of animals than in the control. Under the specific
heat capacity of biological tissues close to 4187 J/(kgx°C),
this energy was sufficient to increase body temperature by
5.4°C. In fact, in rats that received PNS, it was only 2°C
higher than in the control. This indicates the influence of
oppositely directed factors on the body temperature of rats
who received PNS, including a decrease in heat transfer
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and the decrease in heat production shown above. As can
be seen, in animals that had no physical obstacles to mois-
tening the body surface, the effect of PNS on heat transfer
prevailed over its effect on heat production.

Adverse pharmacological effects of benzodiazepines
could play a certain role in reducing the survival rate of rats
that received PNS before being freely placed in a thermal
chamber, including an uncoupling effect on oxidative phos-
phorylation [15], reduction of blood pressure, heart rate and
coronary blood flow [16]. However, the main mechanism
of the PNS-induced decrease in survival in conditions of
free location in a thermal chamber was the aggravation of
thermal stress. This is indicated by the fact that 90 min af-
ter being placed in a thermal chamber, the body tempera-
ture of 43°C, corresponding to the threshold of irreversible
damage to biological tissues [17], was reached in 21% and
71% of animals treated with saline solution and PNS, re-
spectively (p < 0.05). Extrapolation of these data to humans
is difficult due to the presence of sweat glands on the entire
surface of the skin, which ensures heat transfer by evapo-
ration even against the background of physical inactivity.
At the same time, impaired heat transfer is not excluded in
humans due to reports of antagonism of benzodiazepines
to muscarinic receptors [18], which requires consideration
of climatic conditions when developing recommendations
for the use of PNS.

The results obtained indicate the possibility of mitigat-
ing thermal stress with the use of PNS at high relative hu-
midity, exposure to insulating skin protectors, or immersion
hyperthermia. Such an opportunity becomes particularly
valuable with continued heat exposure or the unavailability
of physical means of cooling the body at the pre-hospital
stage of assistance to victims.

CONCLUSIONS

1. A single intranasal instillation of phenazepam in rats at a
dose of 8.5 mg/kg bw, which is bioequivalent to 100 mg for
an adult human, reduced the body oxygen consumption by
an amount sufficient to reduce the 0.3°C increase in body
temperature over 30 min of exposure to an air tempera-
ture of 40°C. The duration of the hypometabolic effect of
a single instillation of the nasal preparation of phenazepam
(PNS) was at least half an hour, which ensured this effect in
animals receiving the drug with a half-hour interval.

2. At an air temperature of 40°C and in the absence of
conditions for evaporation of moisture from the body sur-
face, the administration of PNS to rats reduced heat stress,
decreasing heat production and increasing rectal tempera-
ture by 0.3°C in 30 min.

3. The open arrangement of rats at an air temperature
of 40°C in enclosures, which did not create obstacles to
heat transfer by evaporation of saliva applied to the coat,
was accompanied by a slower increase in body tempera-
ture and a lower mortality than when animals were placed
in restrainers.

4. The instillation of PNS contributed to an increase
in body temperature and mortality in rats housed in en-
closures at an air temperature of 40°C. The main mech-
anism of these effects was a decrease in heat trans-
fer by evaporation due to the suppression by PNS of
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pecies-specific thermoregulatory reflex, i.e., applica-

tion of saliva to the coat.

5. PNS is a promising means of pharmacotherapy for

heat stroke at high relative humidity, exposure to insulating
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Introduction. The etiology of multiple sclerosis (MS) remains unknown. According to the current consensus, susceptibility to MS is due to an elaborate inter-
action between genetic predisposition and multifactorial environmental factors, including vitamin D deficiency, smoking, inflammatory diet, psychoemotional
stress, and infections. With regard to the infectious component, for decades, MS has been associated with a prior infection with the Epstein-Barr virus (EBV).
However, it remains unclear why only a limited proportion of the numerous EBV-infected population develop MS.

Objective. To discuss the factors of interaction between the immune system and EBV that predispose to the development of MS, as well as to analyze the
possibilities of their use as therapeutic targets for the prevention and treatment of MS.

Discussion. The results of a recent large epidemiologic study have provided new evidence for the association between EBV and MS. It has also been shown
that cross-reacting antibodies to myelin sheath antigens can be detected in the blood of patients with EBV. However, most patients with EBV do not develop
MS. This is probably due to the elimination of autoreactive cells. Natural killer (NK) cells play a particularly important role in this process. In MS, NK-mediated
elimination of autoreactive B cells may be impaired. In this regard, an add-on therapy of MS aimed at controlling EBV-induced autoimmune responses ap-
pears promising.

Conclusions. Reduced cytotoxic activity of NK cells against cells that show cross-reactivity to EBV antigens and components of the myelin sheath is among
the factors of interaction of the immune system with EBV that contribute to MS development. As an add-on therapy for MS, it may be reasonable to use agents
that reduce the presence of EBV in the organism and have a favorable safety profile (e.g., curcumin and quercetin). The search for agents that can improve
immunological control of autoreactive cells is also promising. Such agents may include compounds that are capable of enhancing the activity of NK cells, for
instance, urolithin A, curcumin, and alloferon.

Keywords: multiple sclerosis; Epstein-Barr virus; autoreactive cells; natural killer cells; NK cells; polyphenols; curcumin
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VMMYHHbIV OTBET HA BUPYC 3MLUTENHA-BAPP KAK 3TUOJIOMMYECKUN ®AKTOP
N TEPANMEBTUHECKAA MULLEHDb NPU PACCEAHHOM CKJIEPO3E

B.C. Porosckuin?, A.[. KykylkuHa?®, A.H. Boiiko'?

" ®enepanbHbIA LEHTP MO3ra 1 HepoTexHonornii PeaepasnbHOro Mefko-61onormieckoro areHTcTea, Mockea, Poccust
2 PoccuincKmnii HaumoHanbHbI ccneaoBaTeNbCKUin MeaNLMHCKIUA yHBepceuTeT uM. H.W. Mnporosa, Mocksa, Poccust
3Topopackas knuHndeckas 6onbHULA MMeHn M.E. XKaakesuda [denapTameHTa 3apaBooxpaHeHnst ropoga Mocksbl, Mocka, Poccust

BBepeHue. OTronorus paccesHHoro ckneposa (PC) octaeTcs Hem3BeCTHON. COBPEMEHHOE KOHCEHCYCHOE MHEHNE 3aKJIl0HaeTCA B TOM, YTO BOCMPUNM-
4BoCTb K PC 06ycnoBneHa KOMMIEKCHbIM B3aUMOLENCTBUEM MEXAY MEHETUHECKOW NPeapacnofioOXEHHOCTHIO 1 MHOrO(akTOPHbLIM BIVSIHUEM BHELLHEN
cpefpl, BKoYasa Takme hakTopbl, Kak HegoCcTaToK BuTamuHa D, KypeHue, MpuBEPXXEHHOCTb BOCNaNUTENbHON AneTe, NHAEKUMM, NCUXO3MOLMOHASbHBIN
cTpecc. YTo KacaeTca MHPEKUMOHHOrO KOMMOHEHTA, Ha NPOTsHKeHUN decaTtunetuin PC accoummpoBancst ¢ NpeaLlecTBytoLLen MHMEKLIMEN, BbI3biIBAEMOW
BUpycom dnwterHa-bapp (BOB). OgHako BONpPOC 0 TOM, NoYeMy Niullb Hebonbluas f4oAs nonynsuum, nHduumuposaHHon BOB, 3abonesaet PC, ocTaeTtcs
OTKPbITbIM.

Llenb. Onpepenenne hakTopoB B3aMMoaencTBra MMMyH1TeTa ¢ BOB, npegpacnonaratollyx K passutmio PC, a Takxe aHanm3 BO3MOXKHOCTEN X UCMONb-
30BaHNS B KA4ECTBE TEPaneBTUHECKON MULLEHW A5t NPOMUNAKTUKM 1 Tepanimn AaHHoro 3abonesanus.

O6cyxpaeHue. Pe3ynstaThl HeflaBHEro KPynHOro anuMaeMnonorniyeckoro NCcneaoBaHns NMPUBHECN HOBble [OBOAb! B Nonb3y cBAsv BOB n PC. beino no-
KagaHo, 4TO B KPOBU HocuTenen BOB MOXXHO 0BHapy>XTb aHTUTeNa, NepeKkpecTHO-CneumnduyHbIe K aHTUreHam MUENMHOBO 000104KM. HecMoTps Ha 3To,
y 6onblunHcTBa HocuTenen BOB PC He passurBaeTcst. BeposiTHON NPUYMHON SBNSETCH CBOEBPEMEHHOE yaaneHne ayTopeakTrBHbIX KNeTok. Ocob0o BaXkHYO
ponb B aToM npouecce urpatoT NK-knetku. MNpu PC HapywatoTes npoueccsl NK-onocpeaoBaHHON anMmuHaLmm ayTopeakTBHbIX B-kneTok. B aToin ceAsm
nepcnexkTnBHa fononHuTeNsHas Tepanusa PC, HanpasneHHas Ha KOHTPOJIb ay TOMMMYHHbIX peakLuii, Bbi3BaHHbIX BOB.

BbiBoAbl. Cpenn (hakTopoB B3aMMOAENCTBIA UMMYHHON cucTeMbl ¢ BOB, cnocobeTtaytolivx passuTuio PC, cnenyeT OTMETUTb CHUXKEHHYIO LINTOTOKCHU-
Yeckyto akTMBHOCTb NK-KNETOK NPOTMB KETOK, MPOSIBASIOLLINX NEPEKPECTHYIO PEAKTVBHOCTL K aHTUreHam BOB 1 KOMNOHeHTaM MUeNIMHOBOW 060104KN.
B kadecTtBe gononHutensHom Tepanun PC MOXeT 6bITb 060CHOBaHHbBIM MPUMEHEHWE CPEACTB, CMOCOOHbIX CHXKAaTb NpeacTaBneHHocTb BOB B opraHname
1 obnagaroLmx 6naronpuUATHLIM NpoduneM H6e30MacHOCTA, B HaCTHOCTM KYPKYMUHA 1N KBEPLIETUHA. Tak>ke NepCrneKkTUBEH MOUCK CPEeACTB, CrOCOBHbIX
YyCUNMBaTb UMMYHOSIOMMHYECKNIA KOHTPOSb Ha, ayTopeakTUBHbIMM KneTkamu. K TakiuMm CpeacTBam MOryT OTHOCUTLCS COeMHEHNS!, CNOCOOHbIE yCUnmBaTb
akTMBHOCTb NK-KNEeTOK, B HaCTHOCTIN YPOIUTUH A, KYPKYMUH, annodepoH.

Knto4veBble cnoBa: paccesiHHbIl CKNepos; BUpyc dnuitenHa-bapp; ayTopeakTBHbIE KNETKN; eCTeCTBEHHble Kunnepbl; NK-KNeTku; nonndeHornbl; KypKyMnH

© V.S. Rogovskii, A.D. Kukushkina, A.N. Boyko, 2025

EXTREME MEDICINE | 2025, VOLUME 27, No 1 [ 43



OB30P | HEBPOJ1OI'NSA N MCUXNATPUS

Ansa untnposanus: Porosckuin B.C., KykywknHa A.[., Boiko A.H. VIMMyHHBbIN OTBET Ha BMpYC SniuTenHa-bapp kak aTnonorn4eckuin hakTop 1 Tepanestu-
Yeckast MULLEHb NPpK paccesHHOM cknepose. MeauumHa akeTpemasibHblx cuTyaumi. 2025;27(1):43-49. https:/doi.org/10.47183/mes.2025-27-1-43-49

®dUHaHCMpOBaHME: 1CCeloBaHVe BbINMONHEHO B paMkax Hay4YHO-MCCNefoBaTensckol paboThl «/13ydeHne BAVSIHWS NONMEEHONOB 1 X HOBbIX HAHO(OPM
Ha UMMYHHbI OTBET NPW paccesHHOM cknepode» Ne 122022100106-9 (PMBA).

MoTeHUManbHbI KOHPAUKT MHTepecoB: A.H. Bolko — YneH pegakuMoHHONM Konnerm xxypHana «MeguumHa aKCcTpemasibHbIX cuTyauui». OcTanbHble

aBTOPbI 3aABNAKOT 06 OTCYTCTBUN KOHq)J'II/IKTa NHTEPECOB.

P><1 Porosckuit Bnagummp Ctanncnasosud qwers55@mail.ru

Cratbsa noctynuna: 30.09.2024 Mocne gopaboTku: 07.02.2025 MpuHsaTa K ny6nukayun: 17.02.2025

INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune inflam-
matory demyelinating disease of the central nervous
system (CNS) of unknown etiology. The development of
MS is associated with an elaborate interaction between
a genetic predisposition and multifactorial environmen-
tal factors, including psychoemotional stress, vitamin D
deficiency, smoking, changes in the microbiota, and in-
fections [1-3]. Among the infectious component of the
etiology and pathogenesis of MS, the association of MS
with the Epstein-Barr virus (EBV) can be singled out.
About 100% of MS patients are seropositive for EBV [4].
However, while this relationship has been known for a
long time, only a small proportion among 90% of the
adult population chronically infected with the EBV virus
develop MS [1, 2].

Despite its usually subclinical activity, EBV is associ-
ated with various tumor and autoimmune diseases. EBV
exhibits a fairly profound effect on the immune system,
being the most common causative agent of infectious
mononucleosis, as well as some fatal lymphoprolifera-
tive diseases in immunosuppressive conditions. An in-
creasing amount of data is emerging on EBV infection
as a major risk factor in the development of a number of
autoimmune diseases, in particular MS [5, 6]. Therefore,
it appears relevant to elucidate those features of the im-
mune response against EBV that trigger the subsequent
development of MS.

In this work, we set out to determine factors in the inter-
action of immunity with EBV that predispose to MS devel-
opment, as well as to analyze the possibilities of their use
as a therapeutic target in the prevention and treatment of
this disease.

MATERIALS AND METHODS

The search for, systematic analysis, and review of sci-
entific literature was carried out in electronic biblio-
graphic databases in the Russian (eLibrary) and English
(PubMed) languages. The search queries included the
following keywords: multiple sclerosis, Epstein-Barr vi-
rus, autoreactive cells, natural killer cells, NK cells, poly-
phenols, curcumin. The search depth was 10 years. The
inclusion criterion was the availability of data on the re-
sults of cohort studies, randomized controlled trials, and
preclinical studies.

RESULTS AND DISCUSSION

Epstein-Barr virus in the etiology and pathogenesis of
multiple sclerosis

The presence of a close relationship between EBV and
MS has been discussed for a number of years, based on
data on an increased risk of MS developing after infectious
mononucleosis (in the form of symptomatic primary EBV
infection) and in patients with high titers of antibodies to
specific EBV antigens [7]. The results of a recent extensive
epidemiological study by Bjornevik et al. [8] have provided
new arguments in favor of the connection between EBV
and MS. The hypothesis that MS is caused by EBV was
tested in a cohort of more than 10 million young people.
According to the results of the study, the risk of MS in-
creased 32-fold after infection with EBV. However, infection
with other viruses did not lead to an increased risk of MS,
including cytomegalovirus (CMV), which is transmitted in
a similar way. The levels of serum light chains of neuro-
filaments (an indicator of axonal degeneration, one of the
diagnostic MS markers) increased only after the produc-
tion of antibodies to EBV antigens. The authors argue that
these results cannot be explained by any known risk factor
for MS and may imply that EBV is the leading cause of MS.

The consequences of EBV infection vary, depending on
age and genetic factors. The risk of developing infectious
mononucleosis and MS is likely to grow when primary EBV
infection occurs after the age of 10. At this age, the negative
selection of autoreactive T cells slows down and the cell-me-
diated response of Th-1 cells reaches its peak. Most people
are diagnosed with MS between the ages of 20 and 50, sev-
eral years after becoming infected with EBV. The EBV persis-
tence increases the survival of memory B cells and causes
long-term changes in the cytokine response of the host [5, 6].

Nevertheless, the question concerning why only a small
proportion of numerous EBV carriers develop MS remains
to be elucidated. Moreover, it remains unclear how EBV is
involved in the etiology and/or pathogenesis of MS. When
answering the second question, literature data offers two
main hypotheses [9]. Firstly, persistent infection and re-
reactivation of the virus can serve as a stimulus for chronic
inflammation inside and outside the nervous system, either
directly or by creating a long-term pool of pro-inflammatory
B lymphocytes. Secondly, autoimmune reactions can be
caused by molecular mimicry of antigens common to EBV
proteins and CNS antigens, which was shown, in particular,
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for the glial cell adhesion molecule (GlialCAM), the main
protein of myelin, and others [9]. It has been mentioned
above that the relationship between MS and EBV has been
established for quite a long time; however, more evidence
has recently emerged to support the second of the above
hypotheses.

Role of NK cells in providing immune tolerance in the
presence of autoimmunity to CNS antigens

The regulatory role of natural killer (NK) cells was de-
scribed more than 20 years ago [10]. In recent years, new
evidence of the possible role of NK cells in immunological
tolerance and their protective value against various au-
toimmune diseases, including MS, has emerged. In the
context of immune regulatory properties, special attention
is paid to CD561"t NK cells, which play an important role
in controlling the T cell response and maintaining homeo-
stasis. This subpopulation of NK cells owes its name to
the high surface expression of CD56 (nerve cell adhesion
molecule), being also characterized by the expression of
CD169m and the NKG2A inhibitory receptor and, at the
same time, the absence of expression of immunoglobu-
lin-like receptors of killer cell immunoglobulin-like recep-
tors (KIR). CD56"e"t NK cells possess reduced cytotoxic-
ity compared to CD569™ NK cells, which renders them
regulatory. It was shown that therapy with various mul-
tiple sclerosis disease-modifying medications (MSDMM)
increases the relative number of NK cells, as well as NK-
mediated immune regulatory functions [11].

CD56"9" NK cells express receptors for various cy-
tokines, such as interleukin (IL)-12, IL-15, and IL-18, which
are produced by activated antigen-presenting cells. The
response to these cytokines can cause proliferation of
CD56"™9" NK cells and their production of a number of cy-
tokines, including IFN-y, IL-13, and GM-CSF (granulocyte-
macrophage colony-stimulating factor), as well as regula-
tory IL-10 [10, 11].

According to literature data [12, 13], not only CD56° 9" NK
cells mediate immune regulatory functions. Thus, the associa-
tion of CMV-induced expansion of NKG2C* NK cells with a
lower risk of disability progression in MS was described, sug-
gesting the influence of these cells on the clinical course of
the disease. NKG2C+ human NK cells are part of the CD569™
population, which mediates cytotoxicity and cytokine produc-
tion when interacting with target cells either directly or indi-
rectly by antibody-dependent cellular cytotoxicity (in this case,
the interaction of IgG with CD16A on NK cells).

According to a recent study by Ding et al. [14], immuno-
suppressive therapy or MSDMM therapy lead to a signifi-
cant increase in the ratio of CD569™ NK cells to circulating
follicular T helper cells. This ratio made it possible to signifi-
cantly differentiate patients with recurrent MS from healthy
individuals and patients in remission. The authors assumed
that this ratio may become a new predictor of disease ac-
tivity and evaluation of treatment effectiveness.

In 2024, Dal et al. [15] showed that a lower relative
content of NK cells three  months after anti-CD20 therapy
(rituximab and ocrelizumab) correlates with the presence
of disease activity six months after therapy, which corre-
sponds to the possible protective role of NK cells in MS.
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Also, compared with the baseline values, anti-CD20 anti-
body therapy led to an absolute and relative decrease in
B-lymphocyte levels and an increase in absolute and rela-
tive NK cell levels three and five months after therapy.

Control mechanisms of cross-activated immune cells
to Epstein-Barr virus antigens

In healthy donors with antibodies to the nuclear antigen
of the Epstein-Barr virus (EBNA,, ,..) and in patients with
MS, their cross-reactivity against the myelin sheath anti-
gen GlialCAM,, ... (glial cell adhesion molecule) has been
shown. Moreover, this cross-reactivity is capable of elicit-
ing an immune response in both MS patients and healthy
donors [9, 16].

In this regard, Vietzen et al. conducted an extensive
search for differences in the immune response to EBV an-
tigens in MS patients and healthy donors. The cohorts of
270 EBNA-1 seropositive MS patients and 270 EBNA-1 se-
ropositive healthy donors were analyzed, compared by sex,
age, and time since seroconversion to EBV antigens and
the onset of infectious mononucleosis. All MS patients had
high levels of antibodies to EBNA,,. , .. Among the group
of healthy donors, some had low levels of antibodies to
EBNA,,, ,.s (EBNA°" group, 162 people), while some had
high levels (EBNAMS" group, 108 people). It is noteworthy that
both MS patients and healthy EBNA"" donors showed sig-
nificantly higher levels of EBNA,_. , .-specific immune cells,
in particular plasma CD4*T cells and CD8*T cells, compared
to the EBNA®™ group [17]. Thus, healthy donors from the
EBNA"" group also have immunological prerequisites for
autoimmune damage to the myelin sheath. However, this
does not happen, probably due to the presence of protec-
tive factors that prevent an autoimmune response.

The results of Vietzen et al. suggest that one of the
important factors preventing MS development consists
in the destruction of autoimmune GlialCAM,, .. -specific
cells by cytotoxic NK cell reactions. At the same time, in
patients with MS, the effectiveness of this process is re-
duced. Thus, this study revealed a number of differenc-
es between the group of MS patients with antibodies to
GlialCAM,,, .., and healthy EBV carriers who also have
antibodies to GlialCAM,,, ... In particular, healthy EBV
carriers with autoantibodies to GlialCAM,, ... showed
a significantly higher representation of NK cells of the
NKG2D* type (NKG2D* NK cells) with a highly active ho-
mozygous genotype — NKG2D"NKHNK 0 the population
of healthy carriers of autoantibodies to GlialCAM,,, ...,
the rate of highly active NKG2D* NK cells was about five
times higher than in that of carriers of autoantibodies to
GlialCAM,, .4, Suffering from MS. The level of NKG2C*
NK cells in the control groups was also significantly higher
than in patients with MS [17].

In MS patients, autoreactive cells are likely to avoid reg-
ulatory and cytotoxic immune reactions effectively by inhib-
iting NK cells. One of the mechanisms behind this inhibition
is an increase in the presence of HLA-E on the surface of
B cells, which is induced by certain types of EBV. Normally,
HLA-E, bound to normal peptides from HLA class |, signals
NK cells that the cell has not been altered and does not
need to be eliminated [18]. However, in MS, this mechanism
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can become overly active, preventing NK-mediated elimi-
nation of autoreactive B cells. HLA-E can play an impor-
tant role in the immune evasion of EBV-infected cells from
natural killers: binding of HLA-E to NKG2A* on NK cells is
known to inhibit their function [19].

HLA-E is stabilized by a peptide derived from the
Epstein-Barr virus latent membrane protein 1 (LMP-1),
expressed in latently infected EBV cells [20]. LMP-1 is a
polymorphic peptide: different variants of EBV may have
different variants of LMP-1. It was found that certain vari-
ants of LMP-1 (GGDPHLPTL and GGDPPLPTL) led to a
stable increase in the level of HLA-E on the surface of B
cells specific to GlialCAM,,, ... It has been shown that al-
most all MS patients are carriers of the above-mentioned
EBV variants that increase HLA-E expression. Increased
EBV reactivation and subsequent IL-27 expression cor-
relate with increased HLA-E expression and inhibition of
NKG2A* effector cells in MS patients [17]. IL.-27 is a member
of the IL-12 family, which is important in the pathogenesis of
autoimmune disorders [21]. The NKG2A receptor is one of
the inhibitory receptors of NK cells [22].

According to Vietzen et al., the factors associated with
a high risk of MS in EBV carriers comprise a low or absent
NKG2C* NK cell response (OR 41.3), variants GGDPHLPTL
and GGDPPLPTL of the LMP-1 peptide in EBV (OR 39.6), a
low-active NKG2D"¢ genotype (OR 8.9) and HLA-E*01:01
(OR 4.3). At the same time, the combination of three or more
risk factors leads to an increased risk of MS in carriers of
autoreactive antibodies to the EBV nuclear antigen by about
180 times. In addition, infection with EBV with the risky LMP
variant in combination with the HLA-E*01:01 genotype in-
creases the risk of developing MS by about 260 times [17].
The importance of NK cells in the removal of autoreactive
cells has been confirmed in other studies. It is worth noting
that the data on the role of a certain decrease in NK activity
in the MS pathogenesis are consistent with the understand-
ing of psychoemotional stress being one of the most impor-
tant risk factors in the MS etiology. The NK cell function is
particularly impaired by psychoemotional stress [23, 24].

Prospects for add-on MS therapy aimed at controlling
Epstein-Barr virus-induced immune cross-reactions

In connection with the description of possible immuno-
logical mechanisms that ensure protection against MS
development in the presence of autoantibodies to CNS
antigens, it appears relevant to analyze possible preven-
tion and therapy options aimed at strengthening these
mechanisms. These options can be broadly divided
into those aimed at enhancing immune regulatory reac-
tions that ensure the autoreactive cells removal, as well
as those aimed directly at reducing the EBV level in the
body. Further, we will consider the properties of a number
of medications offered as an additional MS therapy from
these standpoints.

Possibilities for reducing the presence of EBV
in the body

EBV infection plays a central role in terms of triggering
disruption of immune tolerance mechanisms. However, to

date, antiviral medications or vaccines for the treatment
and prevention of this infection have not yet been devel-
oped. Therefore, it seems promising to search for various
compounds aimed at controlling EBV-induced immune
cross-reactions. Regarding possible medications for add-
on MS therapy with a favorable safety profile, it is of in-
terest that various compounds of natural origin, especially
polyphenols and terpenoids such as curcumin, epigallocat-
echin gallate, resveratrol, moronic acid and andrografolide,
exhibit antiviral activity against EBV [25].

Some biologically active compounds isolated from
medicinal plants inhibit the early stages of EBV infection.
Quercetin, a polyphenolic compound isolated, in particular,
from licorice root, prevents the recognition of EBV recep-
tors and, consequently, blocks the penetration of EBV into
cells [26]. Another study showed the ability of quercetin to
suppress the expression of EBNA-1 and LMP-2, which may
help reduce cross-reactions to EBV antigens [27].

A significant antiviral effect of curcumin has been
shown, in particular against herpes simplex type 1 and
type 2 viruses, CMV, Kaposi’'s sarcoma-associated her-
pesvirus, EBV, and bovine herpesvirus 1. The mechanisms
of antiviral effects of curcumin are related to its ability to
interfere with a number of cellular and molecular processes
that are necessary for the expression and replication of viral
genes. Curcumin (10 uM) increases the proportion of the
plasma membrane accepting the conformation of the lipid
raft, which confirms the evidence that curcumin can modu-
late the lipid bilayer [28]. Lipid rafts are dynamic ensembles
of proteins and lipids that float freely in the liquid disordered
bilayer of cell membranes, being also capable of agglom-
erating into large ordered platforms. These structures are
important for regulating various membrane functions in eu-
karyotic cells [29]. Curcumin suppresses the proliferation
of human nasopharyngeal carcinoma cells associated with
EBV by inhibiting the expression of nuclear antigen 1 of the
Epstein-Barr virus. Thus, the 50% inhibitory concentrations
of curcumin were 12.4 yM and 3.3 uM for 24-h and 48-h
curcumin treatment, respectively [30].

It is worth noting that the above compounds exhibit an-
tiviral activity in in vitro studies in relatively high concentra-
tions: as a rule, several uM/L or more, which is many times
higher than their plasma concentrations. In recent years,
a number of clinical reports have appeared on ways to
increase the bioavailability of lipophilic compounds, such
as the use of various nanoforms, liposomal forms, micellar
forms, as well as combinations of various substances. In
particular, the use of micellar forms of curcumin has made
it possible to achieve plasma levels of this compound com-
parable to its concentrations in in vitro studies [31, 32)].

Medications aimed at enhancing immune responses
that ensure the removal of autoreactive cells

As noted above, protection against the development of
MS in individuals with autoreactive antibodies is largely
mediated by the activation of the effector link of immunity
against autoreactive cells. This includes certain subpopula-
tions of NK cells and CD8T cells. Agents with a mild im-
mune stimulating effect may be promising for enhancing
immune regulatory reactions that ensure the removal of
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autoreactive cells. Thus, the effect of a number of MSDMM
is associated with increased NK activity. In particular, in pa-
tients receiving dimethyl fumarate (MSDMM 1st line), the
total number of lymphocytes decreased depending on the
time of exposure. The number of NK cells showed a het-
erogeneous trend, eventually increasing by about 86% fol-
lowing two years of treatment [33]. However, it should be
noted that the use of highly active agents for the purpose
of immunomodulation and increased NK activity, such as
antibody therapy, may be associated with a number of side
effects. The latter may result in cessation of the use of al-
ready approved agents [34].

The medications with a favorable safety profile, having
immunotropic and neuroprotective effects and suitable for
additional therapy of MS, include compounds capable of
exhibiting an immune stimulating effect. Thus, urolitin A (a
polyphenolic metabolite of the intestinal microbiota) not
only has an anti-inflammatory effect against chronic inflam-
mation, but also enhances the persistence and effector
functions of CD8+ cytotoxic T lymphocytes, as well as the
activity of NK cells [35-37].

Quercetin, the abovementioned polyphenol, increased
the proportion of NK cells in in vivo experiments when
administered to mice at a dose of 1 mg/kg every 2 days
for 30 days without affecting the populations of T and B
cells. Also, due to binding to the MYH9 protein (the main
component of the cytoskeleton, which plays an important
role in the preservation and maintenance of the functional-
ity of hematopoietic stem cells), this polyphenol increased
the number and stimulated the maturation of NK cells [38].
However, there are studies where taking polyphenols did
not have a significant effect on NK activity. Thus, taking
500-1000 mg of quercetin had no significant effect on NK
cell activity in healthy adult women [39]. Perhaps similar
results may be related to the previously mentioned low bio-
availability of polyphenols.

Quercetin, like many other polyphenols, is found in vari-
ous products of natural origin (such as grape seeds, onions,
garlic, tea, and others). For example, fresh onions contain
about 30-45 mg/100 g of quercetin and 4.5 mg/100 g of
kaempferol [40]. Due to the low bioavailability of polyphe-
nols, as already noted above, it may be promising to use
their combinations with other substances capable of in-
creasing their total bioavailability. From this point of view,
the use of natural extracts containing a range of active sub-
stances can be effective in enhancing the resulting bioavail-
ability. Thus, the ability of various plant extracts to enhance
the activity of NK cells has been shown [41].

According to the results of a recent randomized, dou-
ble-blind, placebo-controlled trial, the use of onion peel
extract (1000 mg of extract per day for 8 weeks) improves
NK cell activity in patients with moderate symptoms of
upper respiratory tract diseases without any significant
side effects [42]. These clinical results are consistent with
those obtained in vitro, according to which incubation of
peripheral blood mononuclear cells (PBMC) with onion ex-
tracts (Allium cepa) led to a significant increase in the rate
of CD16* NK cells [43]. Oral administration of a combined
extract of Sargassum coreanum (at dosages of 30 mg/kg,
100 mg/kg or 300 mg/kg for 4 weeks) and Curcuma longa
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(5 mg/kg, 4 weeks) to rats also caused an increase in NK
cell activity [44].

Focaccetti et al. obtained promising results from an
in vitro use of a combination of curcumin and resvera-
trol. In a human PBMC culture, the combination of these
polyphenols (at concentrations of 5 uM), on the one hand,
increased the production of IL-10 by regulatory T cells. On
the other hand, this combination enhanced the activity of
NK cells by increasing and decreasing the regulation of
activating and inhibitory receptors, respectively, as well as
increasing the level of CD6B8 expression on monocytes/
macrophages [45].

The use of curcumin as an add-on MS therapy is be-
ing actively studied, including via clinical trials. To date, a
number of clinical studies have reported the efficacy of an
add-on curcumin MS therapy, especially when using forms
with increased bioavailability [46-48].

Alloferon, an antimicrobial cytokine-like peptide, is also
capable of stimulating NK activity and increasing NKG2D
production in NK cells, while possessing anti-inflammatory
properties. This renders alloferon a promising research ob-
ject for add-on MS therapy [49, 50].

CONCLUSION

The results obtained in recent years indicate the important
role of the immune response to EBV in the etiology and
pathogenesis of MS. It seems likely that the removal of
autoreactive cells, cross-reactive to EBV antigens, using
cytotoxic CD8* T cells, and NK cells in particular, is one
of the main mechanisms preventing the development of
autoimmune CNS lesions in MS. A number of risk factors
associated with the immune response to EBV have been
identified, which may increase the likelihood of develop-
ing MS. These risk factors include the following: low or
absent NKG2C+ NK cell response, variants GGDPHLPTL
and GGDPPLPTL of the LMP-1 peptide in EBV, low-ac-
tivity genotype NKG2D"< and HLA-E*01:01. These find-
ings create opportunities for the emergence of new ap-
proaches to the prevention and treatment of MS. Thus,
the use of certain components of the immune response
to EBV, such as NK cell activity, may be promising as a
therapeutic target.

Agents with a favorable safety profile for add-on MS
therapy may be suitable for these purposes. The efficacy
of these medications, especially those of natural origin,
may be due to a combination of antiviral, anti-inflammato-
ry, and immune-stimulating activities aimed at enhancing
immunological mechanisms capable of eliminating auto-
reactive cells.

Many of these products are characterized by low bio-
availability, which can be enhanced by modern biotech-
nological methods, e.g., creation of micellar molds. At
the same time, the introduction of such tools into clini-
cal practice is hampered by the lack of respective clinical
data. Further comprehensive clinical studies of comple-
mentary MS therapies are needed, both in combination
with classical MSDMM and as monotherapy in patients
who, for various reasons, receive no specific pathogenetic
therapy.
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LABORATORY MARKERS OF ENDOTHELIAL DESTRUCTION AND HEMOSTASIS T ——— ‘
ACTIVATION IN PATIENTS WITH ACUTE CEREBROVASCULAR ACCIDENT

AND COVID-19
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Introduction. The severity of endothelial destruction in patients with the new COVID-19 new coronavirus infection may be correlated with the risk of develop-
ing acute cerebrovascular accident (ACVA).

Objective. To study the role of hemostasis system activation markers and vascular wall damage markers in the development of stroke in patients with the
new coronavirus infection.

Materials and methods. The study included 38 patients with the new coronavirus infection and ACVA and 40 patients with the new coronavirus in-
fection without ACVA. All patients were tested for antibodies to p2-glycoprotein, antibodies to cardiolipin, plasminogen activator inhibitor type 1 (PAI-1),
o2-antiplasmin, intercellular adhesion molecule type 1 (ICAM-1), von Willebrand factor, and homocysteine.

Results. No statistically significant differences were found between the groups in terms of antiphospholipid antibody levels; however, increased antibodies to
B2-glycoprotein relative to the reference interval were more frequent in the group without ACVA. Significant differences in PAI-1 levels were found between the
group with ACVA and the comparison group (p < 0.001), with the PAI-1 concentration being 1.6 times higher in the comparison group. No significant differ-
ences were observed between the groups in terms of a2-antiplasmin, ICAM-1, and von Willebrand factor levels. Significant differences for homocysteine were
found between the ACVA group and the comparison group (p < 0.001), with the concentration in the comparison group being 1.8 times higher.
Conclusions. The development of acute cerebrovascular accident in patients with lower concentrations of homocysteine and PAI-1 may be explained by
weaker compensatory mechanisms aimed at repairing of the vascular wall and harmonization of interaction of hemostasis system links, which eventually led
to vascular wall damage.
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JIABOPATOPHbIE MAPKEPbI 3HOOTEJIMANIbHOWN AECTPYKLNU N AKTUBALIUWM TEMOCTASA
Y NALUMEHTOB C UHCYJ1IbTOM U COVID-19

O.B. Nanr® M.A. Conpgatos', J1.B. Knumog', T.B. Kucenesa'?, H.A. Mapckas', H.A. LLlamanog'

' ®enepalbHbIA LEHTP MO3ra 1 HepoTexHonornii PeaepasnbHoro Mefnko-61onormieckoro areHTcTea, Mockea, Poccust

2POCCUINCKMIN yHUBEPCUTET ApY»Obl HAPOLoB UM. MaTpuca Jlymym6sl (PYLH), Mocksa, Poccus

3Hay4Ho-nccnenoBaTeNbCKMin UHCTUTYT OpraHn3aLLm 30,paBOOXPaHEHNS 1 MEAULIMHCKOrO MeHef KMeHTa [lenapTameHTa 3apaBooxpaHerunst ropofaa Mockssbl,
Mocksa, Poccus

BBepeHue. Boipa)keHHOCTb 9HAOTENMANBHOM AeCTPYKLUMM Y naumeHTos ¢ COVID-19 MOXeT 6bITb B3aNMOCBA3aHa C PUCKOM PasBUTHA OCTPOrO HapyLLEHNS
MO3roBOro KpoBOOOPALLEHMS.

Llenb. /13y4eHne ponm MapkepoB akT1BaLMmn CUCTEMbI reMocTasa 1 MOBPEXKAEHWS COCYAVCTON CTEHKM B Pa3BUTUM OCTPOrO HapyLLEHNSt MO3rOBOrO KPOBO-
obpatyerHnsa (OHMK) y naumeHToB ¢ HOBOW KOPOHaBUPYCHOM MH(EKLMEN.

Matepuanbl u meTopabl. B nccnenosaHmne 6binmn BKIOYEHbI 38 NaLMeHToB ¢ HOBOW KOpOHaBMpYyCcHoOM MHdekumen 1 OHMK 1 40 naymeHToB ¢ HOBOW KOPO-
HaBupycHow nHdekumen 6e3 OHMK. Bcem nauveHTam onpefensnu: aHtuTena k 6eta-2 rvkonpoTerHy, aHTUTena K Kapanonunmny, MHrMbuTop akTneatopa
nnasmuHoreHa 1-ro tuna (MAM-1), a2-aHTUNnasMmnH, Monekyny MexxknetouHon agreaumn 1-ro tvna (ICAM-1), haktop Bunnebparga, roMOLMCTENH.
Pe3ynbtathbl. [10 YPOBHIO aHTUPOCHOMMMUAHBIX aHTUTEN HE ObINO BbISBNEHO CTATUCTUHECKN 3HAYUMBIX Pa3NNHUIA MeXAY rpynnaMmn, OfHaKO MOBbILLEHHbIE
OTHOCUTENBHO PedhepeHTHOro NHTepBana aHTuTena K 6eta-2 rmMkonpoTenHy Yalle Bctpedanmcs B rpynne 6e3 OHMK. Mo yposHo NAT-1 6binv BbiSiBNEHbI
3Ha4MMble pasnu4na mexay rpynno ¢ OHMK v rpynnow cpasHeHns (o < 0,001), B rpynne cpaBHerust koHUeHTpaumsa MATM-1 6bina B 1,6 pasa soiwe. 1o ypos-
HIO a2-aHTMnNaamuHa, ICAM-1 1 hakTopa BunnebpaHaa 3HaunMbIX pasnnymin Mexxay rpynnamm BbiSBNeHo He Obino. CTaTUCTUYECKN 3HaYUMble pasnmyns
no roMoumcTenHy 6binu BbisiBieHbl Mexxay rpynnot ¢ OHMK 1 rpynnon cpasHeHust (p < 0,001), KoHUEeHTpauwms B rpynne cpaBHeHust Obina B 1,8 pasa BbiLle.
BbiBoabl. Passutre OHMK y naumeHToB ¢ 60Nnee HU3KMMIU KOHLUEHTpaumamu romoumctenHa n AMM-1, BepoaTHO, MOXXHO 0OBbACHUTL 6onee cnabbiMu
KOMMEHCATOPHbIMI MexaHN3Mamm, HanpasneHHbIMN Ha penapaumio COCYANCTON CTEHKN 1 FapMOHN3aLMIO B3aUMOAENCTBNSA 3BEHbEB CUCTEMbI FEMOCTasa,
YTO B KOHEYHOM CHeTe MPUBOANT K MOBPEXAEHNIO COCYANCTON CTEHKM.

KntoyeBble CnoBa: ULLEMUYECKNA VHCY/BT; FEMOPParn4eCcKuii MHCYMBT; KOPOHABMPYC; FOMOLMCTENH; aHTUOCHONMNNAHBIE aHTUTENa; WMHIMBUTOP
aKTvBaTopa niasmMuHoreHa
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INTRODUCTION

The new coronavirus infection (COVID-19) is an acute infec-
tious disease caused by the SARS-CoV-2 strain of coro-
navirus. Although coronaviruses basically lack neurotropic-
ity, they are capable of affecting the nervous system and
disrupting its functions. One of the action mechanisms
is respiratory hypoxia accompanying severe coronavi-
rus pneumonia [1]. Another damage mechanism is the
cytokine storm, which causes an increase in the pro-in-
flammatory cytokine level and activation of T-lymphocytes,
macrophages, and endothelial cells. Vascular wall perme-
ability increases, the complement system is activated, and
blood coagulation properties increase [2]. COVID-19 was
shown to develop overexpression of plasminogen activator
inhibitor-1 (PAI-1) and thrombin-activated fibrinolysis inhibi-
tor, thus leading to suppression of fibrinolysis and an even
greater tendency to hypercoagulation [3].

The role of antiphospholipid antibodies (antibodies to
cardiolipin and to p2—-glycoprotein) in the pathogenesis of
hemostasis system activation was described in previous re-
search. These antibodies activate endothelial cells, mono-
cytes, neutrophils, and platelets, resulting in the transfor-
mation of the anticoagulant surface of the endothelium
into a procoagulant form [4]. The literature also describes
the relationship between the formation of antiphospholipid
antibodies as a result of infection and the development of
ischemic stroke [5]. According to observations, endotheli-
opathy is observed in most patients. Markers of endothe-
lial condition, inflammation, and coagulation such as IL-6,
TNF-a, von Willebrand Factor (VWF), tissue factor, tissue
factor inhibitor, D-dimer, thrombin-antithrombin complex,
platelet factor P4, thromboglobulin, P-selectin, and plate-
let adhesion are significantly increased in mild to moderate
COVID-19 [6].

Endothelial wall damage and hemostasis system activa-
tion caused by the SARS-COV-2 virus may be the cause of
acute vascular events, such as hemorrhagic and ischemic
stroke. Moreover, the probability of their development in-
creases in patients with an increased risk of vascular disor-
ders of the brain with upon the onset of the new coronavirus
infection [7]. According to the TARGET-VIP hospital registry
(Moscow), the incidence of acute cerebrovascular accident
(ACVA) in the setting of the coronavirus infection was 0.8%,
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compared to 2.4% reported by foreign authors [8, 9]. The
role of COVID-19 as a risk factor for ischemic brain damage
was confirmed by data from the Regional Vascular Center
(Botkin Hospital, Moscow). Thus, the number of ischemic
stroke cases increased by 2.2-6.1% during the pandemic,
while the proportion of hemorrhagic strokes and transient
ischemic attacks decreased [10].

Thus, the severity of endothelial destruction and the ac-
companying activation of the hemostasis system towards
hypercoagulation in patients with the new coronavirus in-
fection may be correlated with the development of acute
cerebrovascular accident. A number of laboratory markers
characterizing the state of the endothelium and the hemo-
static system in ischemic stroke have been studied. Thus,
an extended meta-analysis showed that an increase in
the inhibitor of plasminogen activator type 1 (PAI-1), which
regulates the intensity of fibrinolysis in plasma, is associ-
ated with death, myocardial infarction, or acute cerebro-
vascular accident [11]. At the same time, it remains unclear
whether PAI-1 is just a risk marker or an etiological cause of
a vascular event [12]. The a2-antiplasmin acute phase pro-
tein, which inhibits the main enzyme of fibrinolysis plasmin,
increases damage to the brain and the blood-brain bar-
rier during acute ischemia by activating matrix metallopro-
teinases. Experiments showed that therapeutic inactiva-
tion of a2-antiplasmin reduces microvascular thrombosis,
ischemic damage, and cerebral edema [13]. The Inter-
Cellular Adhesion Molecule Type 1 (ICAM-1) expressed on
the endothelium is significantly increased in stroke patients,
reflecting damage to the blood-brain barrier [11]. The en-
dothelial glycoprotein, von Willebrand factor, is involved in
platelet adhesion at the vascular wall damage site. It was
shown that elevated levels of von Willebrand factor are
associated with the development of primary or recurrent
stroke, as well as with fatal stroke [14, 15]. Homocysteineg, a
metabolite of the methionine and cysteine amino acids, is a
marker of vascular wall damage and activation of the hemo-
static system. This is one of the most studied biomarkers
in stroke: hyperhomocysteinemia is associated with the risk
of developing cardiovascular diseases, being a predictor of
the severity of neurological symptoms in stroke and poor
functional recovery [16—18]. Antibodies to B2-glycoprotein
and cardiolipin are autoantibodies to phospholipids, which
are markers of antiphospholipid syndrome, which is based
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on vasculopathy associated with non-inflammatory and/or
thrombotic vascular damage. In old age, the prevalence of
positive antiphospholipid antibodies can reach 68% [19].
It was shown that these antibodies can participate in the
pathogenesis of ischemic stroke, with their levels being
positively correlated with the risk of stroke [20, 21].

In this work, we study the role of markers of hemostasis
system activation and vascular wall damage in the develop-
ment of acute cerebrovascular accident in patients with the
new coronavirus infection.

MATERIALS AND METHODS

A total of 78 patients participated in the study, including 35
women and 43 men. The patients were divided into two
groups: the study group included 38 patients with the new
coronavirus infection and ACVA who were admitted to the
Federal Center of Brain Research and Neurotechnologies
and the Mukhin Hospital in Moscow, of whom four patients
developed hemorrhagic stroke (HS) during hospitalization
and 34 developed ischemic stroke (IS). Thus, the group of
patients with ACVA was divided into two subgroups: pa-
tients with IS and patients with HS. The comparison group
comprised 40 patients with the new coronavirus infection
without ACVA, who were admitted to the Federal Center of
Brain Research and Neurotechnologies.

Group 1 (n = 38) — patients with the new coronavirus
infection + ACVA;

Group 1.1 (n = 4) — patients with the new coronavirus
infection+ ACVA (HS);

Group 1.2 (n = 34) — patients with the new coronavirus
infection+ ACVA (IS);

Group 2 (n = 40) — patients with the new coronavirus
infection.

The average age of patients with HI was 70.9 + 8.0
years; patients with IS — 72.0 + 7.3 years; the compari-
son group — 58.2 + 16.7 years. The criteria for inclusion
of patients in the study were age over 18 years, detection
of SARS-CoV2 RNA by PCR, clinical signs of pneumonia
(body temperature above 38.5°C, respiratory rate above
22 per min, shortness of breath during physical exertion,
saturation less than 95% in the air), pneumonia signs in the
chest organs confirmed by computed tomography. All par-
ticipants signed a voluntary informed consent to participate
in the study.

Arterial hypertension (64%), chronic heart failure (39%),
chronic kidney disease (25%), and diabetes mellitus (21%)
prevailed among the concomitant diseases in the general
sample. The stroke severity at admission according to the
National Institutes of Health Stroke Scale (NIHSS) in the
study group was 10.4 + 5.7 points (13.8 + 7.6 points in pa-
tients with HS; 9.9 + 5.3 points in patients with IS). The dis-
tribution of pathogenetic variants of ischemic stroke was as
follows: atherothrombotic — 5 patients (14.7%), cardioem-
bolic — 11 patients (32.4%), lacunar — 2 patients (5.9%),
unspecified — 16 patients (47.1%). At the beginning of hos-
pitalization, in 52.6% of patients, the lung damage severity
was established at the CT-1 level (77.5% in the comparison
group; 29.4% in patients with IS; there were no patients with
HS and CT-1). At the same time, grade 1 respiratory failure
was detected in 70.5% of patients: in 85.0% of patients

from the comparison group; in 58.8% of patients with IS,
in 25.0% of patients with HS. The average hospital stay of
patients in the study group was 11.0 = 4.7 days. Hospital
mortality was 5.2% (2 patients), caused by ischemic stroke;
the immediate cause of death was cerebral edema. Upon
discharge, the median on the Rehabilitation Routing Scale
(RRS) was 4.0 (Q 3.0-4.3) points, on the modified Rankin
scale — 3.0 (Q 3.0-3.3) points. The neurological symp-
toms severity according to NIHSS was 8.9 + 7.2 points.
The groups were representative in terms of concomitant
diseases and severity of coronavirus infection.

Taking into account their biological role, antibodies to
B2-glycoprotein, antibodies to cardiolipin, plasminogen ac-
tivator inhibitor type 1 (PAI-1), a2-antiplasmin, intercellular
adhesion molecule type 1 (ICAM-1), von Willebrand factor,
homocysteine were selected for the study.

Venous blood in a volume of 5 mL was collected during
the first hospital day in tubes with coagulation activator and
separation gel (VACUTEST KIMA, ltaly). About 30 min after
blood collection, the tubes were centrifuged for 15 min at
1500 g on an ELMI CM-6MT centrifuge; the blood serum
was aliquoted and frozen at —70 °C. Further, total antibodies
to p2-glycoprotein (Euroimmun, Germany), total antibodies
to cardiolipin (Euroimmun, Germany), type 1 plasminogen
activator inhibitor (PAI-1) (ABclonal, China), a2-antiplasmin
(ABclonal, China) were determined by enzyme immunoas-
say (ELISA) in serum; intercellular adhesion molecule type
1 (ICAM-1) (ABclonal, China), von Willebrand factor (VWF)
(ABclonal, China), homocysteine (ABclonal, China) were
determined on an Infinite F50 enzyme microplate automat-
ic immunoassay analyzer using a Shellab Gl2-2 laboratory
incubator, a Titramax 101 platform vibrating shaker and a
HydroFlex microplate flushing analyzer.

For each set of the reagents, a calibration curve was
constructed based on measuring the optical density of
standard solutions. The conversion of optical density into
concentration in serum samples was carried out using the
software installed in the Infinite F50 analyzer, taking the
calibration data into account.

Statistical data processing was carried out using the
SPSS 25.0, Microsoft Excel 2016 software packages.
Descriptive statistics of continuous quantitative data after
analysis of the normality of distribution are presented as
the mean (M) and standard deviation for a normal distri-
bution, or as the median (Md) and values of 25% of the
lower and 75% of the upper quartiles using the sign Q
[25-75%)] for an abnormal distribution. The normal distri-
bution was assumed to have a criterion for distinguishing
the Kolmogorov—Smirnov type from a theoretically normal
distribution of more than 0.05. Analytical statistics were
performed using the Student’s t-test for quantitative data
with a normal distribution or the Wilcoxon, Mann-Whitney
rank/sign sum test for quantitative data with a distribution
other than normal. The probability value of p < 0.05 dem-
onstrated statistical significance.

RESULTS AND DISCUSSION
The assessment of distribution normality of laboratory

marker values showed that most of the markers did not
have a normal distribution across a set of factors. As aresult,
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nonparametric analysis methods were used. Limitations on
the choice of statistical methods were also associated with
the limited number of patients in the HS subgroup. It should
be noted that the objectives of the study did not include
calculation of reference intervals, which reagent manufac-
turers propose to calculate for each laboratory indepen-
dently through their own sampling. The results of laboratory
measurements are shown in the Table.

No statistically significant differences were observed in
the level of antiphospholipid antibodies between the groups.
At the same time, antibodies to f2-glycoprotein were com-
pletely absent (not detected by ELISA) in 16 patients (42%)
and antibodies to cardiolipin in 34 patients (89%). In the
comparison group, 12 (30%) patients had no antibodies to
p2-glycoprotein and 32 (80%) patients had no antibodies
to cardiolipin. In 10 (26%) patients from the ACVA group
and in 15 (38%) patients from the comparison group, the
concentration of antibodies to p2-glycoprotein was higher
than the reference range specified in the kit instructions
(10 RU/mL), i.e., increased concentrations were more often
observed in the comparison group. Elevated concentra-
tions of antibodies to cardiolipin relative to the reference
range (more than 10 RU/mL) were much less common: in 1
(2.6%) patient from the ACVA group and in 1 (2.5%) patient
from the comparison group. p2-glycoprotein is a serum co-
factor, having anticoagulant activity in vivo. Antibodies to
B2-glycoprotein, in addition to directly suppressing activity,
induce the expression of E-selectin on the membrane of
endothelial cells and the secretion of proinflammatory cy-
tokines and prostaglandin E2, which can lead to endothelial
damage and activation of the hemostasis system towards
hypercoagulation." A single measured increase in the con-
centration of antiphospholipid antibodies in some patients
does not yet indicate the development of antiphospholipid
syndrome, although supporting the data of other authors
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that the appearance of antiphospholipid antibodies is asso-
ciated with the viral infection caused by SARS-CoV-2 [22].

According to the PAI-1 level, statistically significant dif-
ferences were found between the group with ACVA and
the comparison group (p < 0.001), as well as between the
group with IS and the comparison group (p < 0.001). In
the comparison group, the concentration of PAI-lwas 1.6
times higher than in patients with ACVA. The lower levels of
PAI-1 in the ACVA group are likely to be due to the activa-
tion of fibrinolysis processes, which are triggered after a
thrombotic vascular event, and suppression of blood anti-
fibrinolytic activity.

No statistically significant differences were observed
between the groups in terms of a2-antiplasmin, ICAM-1,
and von Willebrand factor. At the same time, attention
should be drawn to the tendency towards a higher level
of the ICAM-1 endothelial molecule in patients with ACVA,
which may be caused by damage to the blood—-brain bar-
rier due to stroke.

The results of measuring homocysteine in the studied
groups turned out to be unexpected. Since the units of
measurement from the kit instructions — ng/mL — were
used to determine the concentration of homocysteineg,
and the kit itself was intended strictly for scientific use, we
did not compare the level of homocysteine in the stud-
ied groups with the generally accepted threshold level? of
11.4 pmol/L.The calculation of our own reference interval
was not part of the objectives of our study. Statistically
significant differences were found between the group with
ACVA and the comparison group (p < 0.001), the group
with IS and the comparison group (p < 0.001), as well as
between the group with HS and the comparison group
(p < 0.05). The concentration in the comparison group was
1.8 times higher than in the group with ACVA, although the
concentration of homocysteine tends to increase with age

Table. Laboratory parameters measured in patients of the main group and the comparison group

Patients with Acute Cerebrovascular Accident (ACVA) Comparison
Laboratory parameter Total patients of the ACVA group (HS+IS) | Patients with IS | Patients with HS grf:g
n=238 n=234 n=4 -

. ) . 5.0 6.8 0.0 7.2
Antibodies to f2-glycoprotein, RU/mL [0.0-11.0] [0.0-11.5] [0.0-9.0] [0.0-14.5]
Antibodies to cardiolipin, IU/mL 0 8_% 0] 0 8_% 0] [0 (())_% 0] 0 8_% 0]

332* 318* 362 543
PAI-1, pg/mL [157-456] [152-456] [321-528] [354-773]
2-antiplasmin, pg/mL 43 49 26 40
as-antiplasmin, pg/m [19-90] [19-90] [21-44] [27-81]
45 37 45 15
ICAM-1, pg/mL [9-45] [9-45] [15-45] [5-45]
. 91 114 95 116
von Willebrand factor, ng/mL [110-138] [91-140] [87-122] [77-131]
) 20 20 o4 39
Homocysteine, ng/mL [16-31] [16-32] [16-31] [33-45]

Table prepared by the authors using their own data

Note: Data are presented as the median (Md) values of the lower and upper quartiles of Q [25%-75%]; statistical significance of differences with the comparison

group: “p < 0.001; *p < 0.05.

" Kudrja AA. Determination of antibodies to cardiolipin and p2-glycoprotein-l. Gomel: GU RNPC RMiJeCh; 2020 (In Russ.).

2 Tietz clinical guide to laboratory tests. Moscow: Labora; 2013.
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due to a decrease in renal excretory function, and the age
of patients with ACVA was higher than in the comparison
group. We expected to obtain the opposite results, tak-
ing into account the damaging effect of homocysteine on
endothelial cells, its suppressive effect on the natural anti-
coagulant antithrombin Ill, direct neurotoxic effect on brain
neurons [23] and, consequently, the creation of prerequi-
sites for the development of vascular events. However, the
results obtained forced us to take a fresh look at the patho-
genesis of ACVA in coronavirus infection.

Thus, the results obtained confirm the data that the new
coronavirus infection can induce the formation of antiphos-
pholipid autoantibodies, which were detected in more than
half of the studied patients. Such patients should be fur-
ther monitored and examined to exclude the development
of antiphospholipid syndrome and thrombotic complica-
tions. Suppression of the antifibrinolytic link in patients with
ACVA, manifested by a decrease in the concentration of
PAI-1, may be a consequence of a compensatory increase
in fibrinolysis in response to a thrombotic event that led
to a stroke. Higher levels of homocysteine in patients with
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Anastasia A. Sviridova'™
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2Pirogov Russian National Research Medical University, Moscow, Russia

Introduction. Schizophrenia is a complex mental disorder with heterogeneous symptoms, including psychotic, negative, cognitive, affective, and psychomo-
tor symptoms. Although the pathogenesis of schizophrenia is mainly associated with neurotransmitter imbalance, recent studies have suggested the impor-
tance of neuroinflammation in the pathogenesis of this disease.

Objective. To study the involvement of neuroinflammation in the pathogenesis of schizophrenia and a prognostic assessment of the potential anti-inflamma-
tory effect of antipsychotic medications.

Discussion. Current data indicate a significant role of neuroinflammation in the development and course of schizophrenia. At the initial stages of its develop-
ment, the number of lymphocytes and the level of some proinflammatory cytokines (IL-1, IL-6, TNF-«, IL-1p) increase, which can be decreased by antipsychotic
therapy. Studies involving experimental models of maternal immune activation (MIA) and data obtained by immunohistochemical and PET studies confirm
an abnormal activation of microglia, indicating the involvement of innate immune cells. Adaptive immune response cells can also play a significant role in the
development of neuroinflammation in schizophrenia. Thus, an increased level of Th17 cells and an increase in the production of proinflammatory cytokines,
correlating with the disease severity, were revealed. The role of neurotransmitters in modulating the immune-inflammatory response is discussed. Available
data suggest that the participation of dopamine in the schizophrenia pathogenesis can be mediated by its immunomodulatory effect. The role of neuroinflam-
mation in schizophrenia is also indicated by the clinical effectiveness of anti-inflammatory treatment in this disease. On the other hand, the immunomodulatory
effect of antipsychotics has been established, which, at least in part, may mediate their clinical effectiveness in schizophrenia.

Conclusions. Given the importance of neuroinflammation in the schizophrenia pathogenesis, further studies into both the anti-inflammatory properties of
antipsychotics and the effects of anti-inflammatory drugs in schizophrenia are promising in order to further optimize the treatment of this disease.
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LLUN30PPEHNSA N HENPOBOCHANEHUE: NATOMEHETUYECKUE U TEPAMNEBTUYECKUE ACMEKTHI

O.A. YyryHos'?, AA. LLimunosu+?, [.B. Hukonaesa'?, T.B. AwmHa'?, M.P. NapuHa?, B.C. Porosckuin'?, A.A. Ceupunosa'™

T®epepanbHbIi LEHTP MO3ra v HepoTexHonorin PefepanbHoro Meamnko-61onornieckoro areHTcTea, Mocksa, Poccust
2 POCCUINCKMI HaUMOHaNMbHbIA NCCNEA0BaTENBCKUA MEANLIMHCKIMIA yHMBEpcUTeT nMeHn H.W. Muporosa, Mocksa, Poccust

BBepeHue. LLIn3odpeHns — aT0 CNOXKHOE MCUXMHYECKOE PACCTPONCTBO C reTepOreHHOM CUMNTOMATUKON, BKOYatoLLel B cebs NCUxXoTnyeckmne, Hera-
TUBHbIE, KOTHUTUBHbIE, aD(EKTVBHbIE 1 MCUXOMOTOPHbIE CUMATOMbI. HECMOTPS Ha TO YTO NaTOreHe3 LWM30(PeHn rasHbIM 06pa3oM CBA3LIBAIOT C ANC-
6anaHcoM HerMpoTPaHCMUTTEPOB, NCCNEA0BaHWS MOCNEAHVX NET YKa3blBaloT Ha 60JbLLIOE 3HAYEHVE HEMPOBOCNANEHWS B MaTOreHe3e 3Toro 3abonesaHyis.
Lenb. /13ydeHre ponu HelpoBocnaneHns B natoreHese LWM30MPeHn C OLEHKOM BOBIEHEHUS KNETOK BPOXXAEHHOMO, aAanTMBHOMO UMMYHHOrO OTBeTa
1N (PYHKLMOHNPOBaHMA remaToaHLedannyeckoro 6apeepa (F9b) B BO3HMKHOBEHWM 3ab0neBaHns, a Takxke NPOrHoCTMYecKas oLeHka npoTmMeoBocnanm-
TenbHOro adeKkTa aHTUNCUXOTUYECKMX CPEACTB NPW LWN30PEHNN.

0O6cyxaeHune. CoBpeMeHHble AaHHble CBUAETENBCTBYIOT O 3HA4YUTENBHOM POV HEMPOBOCMANEHNS B PA3BUTUM 1 TeHeHUN LIM30dpeHnn. Ha Ha4anbHbIx
aTanax 3aboneBaHns NOBbILLAETCA KONMYECTBO NMMMMOLMTOB, a TakXKe YPOBEHb HECKOJBbKIX MPOBOCHANNTENbHbIX LMTOKMHOB (J1-1, JT-6, PHO-a, J1-16),
KOTOPbIEe MOIYT CHXKATbCA Ha hOHE aHTUMNCUXOTUHECKON Tepanuu. iccnefoBaHus Ha aKCnepuUMeHTaIbHOM MOAENV MaTEPUHCKOM UMMYHHOW akTuBaumm
(MWNA) 1 paHHble UMMYHOrUCTOXUMUYECKUX 1 [1T-MccneaoBaHnii NOATBEPXKAAIOT aHOMaSbHYIO aKTVBALMIO MUKPOIMK, YTO ykasbiBaeT Ha BOBMEYeHNe
KNIETOK BPOXAEHHOIrO UMMyHUTETa. KneTkn aganT1BHOrO MMMYHHOMO OTBETa TaKXXe MOTyT UrpaTb CYLLECTBEHHYIO POSib B Pa3BUTUM HEMPOBOCHANEHNS
npw Wr3odpeHnn (BbISBNEHO NOBbLILLIEHHOE cofepXkaHne Th17-KNeTok 1 yBenudeHmne NpoayKLMmM NpoBOCHannTeNbHbIX LIUTOKMHOB, KOPPEMPYIOLLMX C TS
»KecTbto 3abonesanus). O6CyxAaeTcs posb HEMPOMEAMATOPOB B MOAYASLMN MMMYHOBOCNANUTENbHOro oTeeTa. CyLecTByoLMe AaHHble MO3BONSAIOT Npes-
NONOXWUTb, YTO y4acTue godammnHa B NaTtoreHese LWN30MPeH MOXET BbiTb ONOCPEA0BAHO €ro MMMYHOMOLYNPYIOLLMM 3thdheKToM. Ha ponb Henposo-
crnaneHus Npw LUM30MPpeHnn TakKe ykasblBaeT KMHYeckast 3 ek TUBHOCTb NMPUMEHEHNS MPOTUBOBOCMANMTENBHOIO NEYeHUst NPU LlaHHOM 3a601eBaHNN.
C [pyroi CTOPOHbI, YCTAHOBNEH MMMYHOMOAYIMPYIOLLMIA 3PEKT aHTUMCUXOTUKOB, KOTOPBIN, MO KparHel Mepe YacTU4HO, MOXET ONoCPeAoBaTh UX Kn-
HU4ECKYIO a(PMEKTUBHOCTL MPU LUM3OMPEHNN.

BbiBoAbl. BBYAY 3HAYMMOCTY HEMPOBOCMANEHNS B NaTOreHe3e LUM30MPPEHNM NEPCMNEKTVBHbI falbHeNLLINE NCCNef0oBaHNs Kak NpOoTMBOBOCMNANNTENBbHbBIX
CBOWCTB @aHTUMCUXOTUKOB, Tak M KIIMHNYECKON 3(HEKTVBHOCTN MPOTUBOBOCMANNTENBbHbBIX MPenapaTos Npu W30MPEHN C LeNbio AanbHelLLIen paumoHa-
nm3aumm Tepanun 4aHHOro 3ab60neBaHus.

KntoyeBble cnosa: WN30Mpenns; BocnaneHne; HeMpoMMMyHHbIE B3aUMOLENCTBIS; aHTUNCUXOTUKIN; HEMPONENTUKY; AodaMnH
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INTRODUCTION

Schizophrenia is a progressive mental illness with hetero-
geneous symptoms, including productive, negative, affec-
tive, cognitive, and psychomotor symptoms. This disease
has a continuous or paroxysmal course, leading to specific
personality changes in the form of mental disintegration,
autism, thinking disorders, emotional-volitional and cogni-
tive decline [1].

Schizophrenia is the most complex and socially signifi-
cant problem in modern psychiatry, which is determined by
its widespread prevalence, constant tendency to disease
progression, and, in the absence of adequate treatment,
severe disability of patients, mainly young people who are
active in social and labor activities [2]. According to the
World Health Organization, in the 15-44 age group, schiz-
ophrenia ranks eights among the leading causes of dis-
ability worldwide. At the same time, patients with schizo-
phrenia lose an average of 15 years of their life expectancy,
mainly due to suicide (suicide risk from 5 to 10%), as well
as due to the presence of concomitant diseases, includ-
ing substance abuse with a prevalence rate of up to 41%
[3]. In addition, disordered lifestyle, unhealthy diet, lack of
physical activity, and side effects of antipsychotic therapy
contribute to an increase in the incidence of metabolic syn-
drome, as well as cardiovascular and pulmonary diseases
[4]. Among mental disorders, schizophrenia is the largest
socioeconomic burden, accounting for about 54.5% of the
total number of mental disorders, with this number having
doubled in recent years [5]. Thus, the treatment of patients
with schizophrenia is one of the most urgent tasks of prac-
tical psychiatry.

According to the classical understanding, the patho-
genesis of schizophrenia is based on a disorder of the me-
tabolism of biogenic amines, especially dopamine, whose
receptors are a key target for drugs of pathogenetic thera-
py of the disease (antipsychotics). In particular, most antip-
sychotics used in the treatment of schizophrenia are pre-
dominantly antagonists of dopamine receptors of the D2
group (D2-, D3-, D4-receptors). However, despite the relief
of a number of clinical symptoms, antipsychotic drugs are
not capable of significantly slowing down the progression
of the disease, which suggests additional pathogenetic
mechanisms of schizophrenia [6].

Thus, recent studies have shown that along with im-
paired functioning of neurotransmitters, neuroinflamma-
tion can also be an essential factor in the schizophrenia
pathogenesis [6, 7]. It has been shown that at the initial
stages of schizophrenia, the number of lymphocytes and
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the level of certain pro-inflammatory cytokines increases:
interleukin-1 (IL-1), IL-6, tumor necrosis factor a (TNF-o)
and others, which may decrease against the background
of antipsychotic therapy [8]. The higher incidence of auto-
immune diseases of the central nervous system (CNS) in
patients with schizophrenia also supports the involvement
of neuroinflammation in the pathogenesis of schizophrenia
[9, 10]. Common mechanisms for these diseases include
activation of microglia, increased production of pro-inflam-
matory cytokines, and disruption of the blood-brain barrier
(BBB) [10].

In this article, we study the role of neuroinflammation
in the schizophrenia pathogenesis with an assessment of
the involvement of cells of the innate, adaptive immune re-
sponse and functioning of the BBB in the disease devel-
opment, as well as a prognostic assessment of the anti-
inflammatory effect of antipsychotics in schizophrenia.

MATERIALS AND METHODS

The search for relevant scientific publications was conduct-
ed in electronic bibliographic databases in both the Russian
(eLibrary, CyberlLeninka) and English (Web of Science,
Scopus, PubMed) languages. The search queries included
the words: schizophrenia, inflammation, neuroimmune in-
teractions, antipsychotics, antipsychotics, dopamine. The
search depth was 10 years. The inclusion criteria were the
availability of data on the results of cohort studies, rand-
omized controlled trials, and preclinical studies.

RESULTS AND DISCUSSION

Role of innate immune response in the development
of neuroinflammation in schizophrenia

For a long time, the development of an immune re-
sponse in the CNS was considered unlikely, which was as-
sociated with the isolation of the CNS from the immune
system through the BBB, as well as the lack of lymphatic
drainage and other mechanisms of natural immunologi-
cal tolerance (the “immunoprivileged” status of the CNS)
[11]. However, recent knowledge indicates the presence
of resident immune cells in the CNS, as well as the ways
in which the CNS communicates with the deep cervical
lymph nodes through the lymph vessels of the dura mater
and the lymphatic system. In addition, the ability of cells
of both the innate and adaptive immune responses to mi-
grate to the CNS from the periphery has been established.
Therefore, research into the role of neuroinflammation in
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the pathogenesis of various diseases of the CNS is increas-
ingly attracting attention [12].

Among the cells of the innate immune response in the
context of neuroinflammation, microglia — resident mac-
rophages of the CNS — attract the most attention. It has
been shown that microglia are able to participate both in
the development of neuroinflammation by producing pro-
inflammatory cytokines and inducing Th17 and Th1 im-
mune responses (M1 microglia), and maintaining immu-
nological tolerance by producing anti-inflammatory factors
and inducing regulatory T cells (Treg) (M2 microglia) [6].

Microglial changes in schizophrenia have been de-
scribed mainly on experimental models of schizophrenia
in animals, MIA, which are reproduced by injecting preg-
nant rodents with agonists of the innate immune response
receptors (in particular, toll-like receptors — TLR-3 and
TLR-4). Adult offspring of such rodents develop neuroana-
tomical, neurochemical, and behavioral changes, some of
which correspond to those in schizophrenia (hyperactivity
of the dopaminergic system, enlargement of the ventricles
of the brain, behavioral and cognitive impairments) [13,14].

In particular, an increase in mobility, density, and the
ability of microglia to produce cytokines in MIA induced
by the TLR-4 lipopolysaccharide (LPS) agonist has been
shown [13]. In addition, the pro-inflammatory functions of
microglia in MIA are increased when MIA is induced by the
administration of a TLR-3 agonist (polyinosinic:polycytidylic
(Polyl:C) [14]. The results of research studies obtained thus
far indicate the pro-inflammatory profile of microglia in ado-
lescence with MIA.

In addition, the involvement of microglia in the patho-
genesis of schizophrenia is evidenced by the association
between suppression of its functions and a decrease in the
severity of symptoms of the disease in the setting of anti-
inflammatory therapy, in particular minocycline, which has
a modulating effect on microglia [15].

Data on abnormal microglial activation, shown in sev-
eral postmortem immunohistochemical studies and in vivo
positron emission tomography (PET) studies in patients
with schizophrenia, are contradictory [16, 17]. Additional
ambiguity during postmortem immunohistochemical ex-
amination may be caused by the actual effect of long-term
antipsychotic therapy on microglial activation, which is con-
firmed by PET data [18,19]. At the same time, PET studies
in people with an ultra-high risk of developing schizophre-
nia or in patients with schizophrenia who have not received
pathogenetic therapy still remain ambiguous. Thus, ac-
cording to some studies, a decrease or absence of an
increase in the binding of the translocator protein (TSPO,
a marker of microglial activation in vivo) has been shown,
which indicates a decrease in microglial activation [20, 21].
However, some studies have indicated, on the contrary, an
increase in the binding of this ligand throughout the gray
matter [22].

The first psychotic episode of schizophrenia is associ-
ated with a decrease in the concentration of IL-10 and IL-4
anti-inflammatory cytokines; conversely, the concentration
of pro-inflammatory cytokines such as IL-6 and TNF-q, in-
creases [23, 24]. According to Halstead et al., the concen-
trations of IL-1B, IL-1 receptor antagonist (IL-1RA), soluble
IL-2 receptor (sIL-2R), IL-6, IL-8, IL-10, TNF-a, and C-reactive

protein increased in peripheral blood (plasma/serum) of
schizophrenia patients compared to the control group.
The levels of IL-2 and interferon-y (IFN-y) were significantly
higher in the acute episode of schizophrenia, whereas, in
the chronic form, the levels of IL-4, IL-12, and IFN-y were
significantly reduced [25]. A meta-analysis of studies into
the cytokine level in cerebrospinal fluid showed similar
data, i.e., an increase in IL-1B, IL-6, and IL-8 in patients with
schizophrenia [26].

In addition, increased production of IL-8 and IL-18
by LPS-stimulated peripheral blood mononuclear cells
(PBMCs) in patients with schizophrenia was observed,
confirming the role of innate immune response cells in the
pathogenesis of schizophrenia [27]. These data are also
consistent with the assessment of MRNA expression levels
of proinflammatory cytokines (IL-6, IL.-8, and TNF-«) in the
PBMCs of patients with schizophrenia [28]. In addition, it
was found that the blood serum of patients with schizo-
phrenia who did not receive pathogenetic therapy is able to
activate microglia in vitro [29].

The potential role of perivascular macrophages in the
pathogenesis of schizophrenia has been reported. In par-
ticular, immunohistochemical staining of the frontal lobe
of the brain of patients with schizophrenia revealed an in-
creased level of CD163*-macrophages [30, 31].

In addition, patients with schizophrenia have an in-
creased number of M1- and M2-monocytes circulating in
the peripheral blood, which have pro- and anti-inflamma-
tory functions, respectively. It is important that, along with
disease progression, the ratio of such functional types of
monocytes may change. Thus, the predominance of M1
monocytes at an early stage of the disease is replaced by
the predominance of M2 monocytes at a later stage [32].
The involvement of proinflammatory M1 monocytes in the
pathogenesis of schizophrenia was confirmed by data from
other studies [33]. Moreover, an increase in the level of sol-
uble CD14 (a marker of monocytes) in the blood of people
who subsequently developed schizophrenia has been re-
ported; this suggests activation of monocytes as an early
predictor of the disease [34].

Along with the abovementioned, an increase in the pro-
duction of IL-1B, IL-6, and TNF-a by stimulated monocytes
of patients with schizophrenia was found in comparison
with healthy donors in vitro [35, 36]. In addition, an increase
in the level of chemokines (CL2, CCL4, CL22) necessary for
the migration of monocytes, including through endothelial
barriers, including the BBB, was found in the blood serum
of patients with schizophrenia [37].

Role of the adaptive immune response in the
development of neuroinflammation in schizophrenia

Recent studies have shown that along with the innate im-
mune response, adaptive immune response cells can also
play a significant role in the development of neuroinflam-
mation in schizophrenia. It was found that during an acute
episode of schizophrenia, the number of activated T cells
in the central nervous system increases. The relationship
between the risk of developing schizophrenia and the level
of NK cells, T helper cells (CD4* T cells), and B lymphocytes
was also discussed [38].

MEOVLIHA OKCTPEMATTbHBIX CUTYALIMI | 2025, TOM 27, Ne 1



Among the cells of the adaptive immune response,
presumably involved in the pathogenesis of schizophrenia,
type 17 T helper cells (Th17 cells) attract particular atten-
tion. Th17 cells differentiate from naive T cells or memory
T cells with the participation of IL-6 cytokines, transforming
growth factor-p (TRF-p), IL-18, and IL-23. Th17 cells produce
proinflammatory IL-17, IL-21, IL-22 cytokines, granulocytic
and granulocyte-macrophage colony stimulating factors
(G-CSF or GM-CSF). As a rule, the Th17-type immune
response is of a pronounced inflammatory nature. The
involvement of these cells in the pathogenesis of autoim-
mune and neuroinflammatory diseases was emphasized in
[39]. The importance of Th17 cells in the development of
neuroinflammation is mainly attributed to their ability to mi-
grate to the CNS through the BBB. It was established that
C-C chemokine receptor 6 (CCR6; CD196) is a distinctive
receptor of Th17 cells, due to which Th17 cells are able to
penetrate the BBB. The CCR6 chemokine receptor binds
to the corresponding CCL20 ligand, which is expressed on
endothelial barriers, including the BBB. An additional fac-
tor contributing to the migration of Th17 cells to the CNS
may be the destabilizing effect of IL-17 (a key product of
Thi17 cells) on the BBB permeability. The role of neuroin-
flammation and Th17 cells in the pathogenesis of schizo-
phrenia has become a focus of research relatively recently.
It is believed that the immunopathogenesis of schizophre-
nia may be based on a chronic inflammatory process sup-
ported by the interaction of Th17 cells and microglia acti-
vated by IL-17 [39].

A number of studies have found that patients with
schizophrenia have a higher level of circulating Th17 cells,
as well as IL-17-producing CD4* T cells, compared with the
group of healthy donors [40]. Zheng et al. showed that the
number of CD4* T lymphocytes in the peripheral blood of
patients with schizophrenia in the acute phase in the ab-
sence of pathogenetic therapy is higher than in the control
group [41]. Activation of Th17 cells in patients with the first
episode of schizophrenia was also reported. In addition,
BBB disorders, brain infiltration by T cells, and activation
of microglia were shown in such patients. During the first
episode of schizophrenia, changes in the distribution of
T-cell subpopulations in the cerebrospinal fluid (CSF) and
higher T-lymphocyte densities in the hippocampus of pa-
tients were noted [42]. Having penetrated into the CNS,
Th17 cells produce pro-inflammatory IL-17 and IL-22 cy-
tokines, leading to neuroinflammation and neurodegenera-
tion [39]. These data are also consistent with the observed
increased concentrations of IL-17, IL-22, IL-6, and IL-23 in
the blood plasma of patients with schizophrenia compared
with the group of healthy donors [43]. Elevated plasma
levels of IL-17, TRF-B, and IL-23 (cytokines necessary for
Th17 cell differentiation) in patients with schizophrenia cor-
relate with the severity of the disease, aggressive behavior,
and apathy [44)]. In addition, increased production of IL-6,
IL-17A, TNF-a was found in the culture of peripheral blood
mononuclear cells (PBMCs) of patients with schizophrenia
compared with healthy donors [45].

The malfunction of T-regulatory cells (Treg) that have an
anti-inflammatory effect and prevent autoimmune neuroin-
flammation was revealed. In the absence of pathogenetic
treatment, patients with schizophrenia showed a decrease
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in the number of circulating Tregs, as well as a decrease
in the expression of the Foxp3 gene in these cells, which
determines their suppressive properties [45].

Immunomodulatory effects of biogenic amines and
antipsychotics in schizophrenia

The leading theory behind the pathogenesis of schizophre-
nia is associated with a metabolism disorder of biogenic
amines, dopamine in particular, whose receptors are one
of the key targets for pathogenetic therapy of this disease.
Due to the growing interest in the role of neuroinflamma-
tion in the schizophrenia pathogenesis, dopamine involve-
ment in neuroimmunomodulation is attracting particular at-
tention. It has become common knowledge that biogenic
amines, whose receptors are expressed by cells of both
the nervous and immune systems, are direct mediators of
neuroimmune interaction. Drugs acting on these receptors
are considered as potential neuroimmunomodulators [46,
47].

Dopamine is among the most studied neurotransmit-
ters with immune effects. It can be assumed that dopamine
involvement in the schizophrenia pathogenesis, at least
partially, may be mediated by its immunomodulatory effect.
Dopamine receptors are known to be expressed by T and
B lymphocytes, macrophages, monocytes, eosinophils,
neutrophils, dendritic cells, NK cells, and microglia.

Research found that the percentage of CD8* T cells
expressing the D2-dopamine receptor (CD8*D2R* T cells)
is increased in patients with schizophrenia compared to
that in healthy donors, while the percentage of CD4*D2R*
T cells, on the contrary, is reduced. In addition, a posi-
tive relationship was revealed between the scores on the
BPRS (Brief Psychiatric Rating Scale) and PANSS (Positive
and Negative Syndrome Scale) scales with the number of
CD8*D2R* T cells [48].

The effect of pathogenetic therapy drugs on immune
cell functions in schizophrenia has also been shown. Thus,
the patients with schizophrenia with a metabolic syndrome
treated with second-generation antipsychotics (SGAS) (ris-
peridone, olanzapine, quetiapine, and aripiprazole) demon-
strated an increase in the levels of a number of pro-inflam-
matory cytokines, such as IFN-o2, ILl-1a and IL-7, after six
weeks of therapy. At the same time, IFN-y, IL-1B, IL-12p40,
IL-17A, IL-6, and TNF-a levels were reduced in patients
without a metabolic syndrome [49].

A 28-day treatment of schizophrenia with aripiprazole
revealed a significant decrease in the levels of C-reactive
protein, insulin, IL-18, IL-6, TNF-a, sTNF-R1, IL-12, =23,
IL1RA, TRF-B1, IL-4, IFN-y, as well as a significant increase
in IL-10 [50].

Of the individual drugs used as monotherapy in patients
with the first episode of psychosis, risperidone was asso-
ciated with statistically significant activation of 11 immune
system genes, including cytokines and cytokine receptors,
pattern-recognizing receptors (TLR-1, TLR-2, TLR-6) and
molecules involved in apoptosis (FAS). It should be noted
that risperidone exhibited strong immunomodulatory prop-
erties, affecting mainly the components of innate immunity
in this category of patients, whereas the observed effects
of quetiapine and olanzapine were only insignificant [51].
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SGA risperidone has also been shown to reduce the
level of the chemotactic cytokine monocyte chemotactic
protein-1 (MCP-1), which may indicate some anti-inflamma-
tory effect [52]. A detailed literature review of the immune
effects of SGA provides evidence that most of these drugs
cause leukopenia, lymphopenia, neutropenia, thrombocy-
topenia, and agranulocytosis, while reducing the levels of
pro-inflammatory cytokines (TNF-q«, IL-4, IL-6, IL-8, IL-10,
IL-12, 1117, 121, I-23) and C-reactive protein in patients
with schizophrenic spectrum disorders [53].

Regarding the possibility of chronic inflammation in
patients with schizophrenia, it is worth noting that plasma
levels of IL-6 and its soluble receptor (IL-6R) are significantly
higher in patients with schizophrenia, although decreasing
after treatment with antipsychotics [54]. All first-generation
antipsychotics (FGASs), especially chlorpromazine and halo-
peridol, reduce IL-6 and IL-6R levels in patients with schizo-
phrenia. A meta-analysis of the use of antipsychotics in the
treatment of the first psychotic episode in schizophrenia
showed antipsychotic therapy to be associated with a de-
crease in the concentration of proinflammatory IL-1p, IL-6,
IFN-y, TNF-a cytokines, as well as anti-inflammatory IL-4,
IL-10 cytokines. On the other hand, the levels of pro-inflam-
matory IL-2 and IL-17 remain unchanged [55].

In patients with schizophrenia, all antipsychotics show
a clear effect on Treg. Tregs are elevated in the blood of
patients with schizophrenia who receive stable therapy. At
the same time, a negative correlation was found between
Treg cells and negative symptoms [56]. A decrease in the
level of Th17 cells was shown in the group of patients with
the first episode of schizophrenia after a four-week course
of treatment with risperidone. In addition, a significant posi-
tive relationship was found between the rate of changes in
the total PANSS score and those in the percentage of Th17
cells. However, it remains unclear whether these results
were related to risperidone treatment or the natural course
of the disease, since the study did not include a placebo
control group [40]. However, in a later study, in 113 patients
who had not previously taken antipsychotics (or had taken
them for less than two weeks in their entire lives), and who
had had symptoms of schizophrenia no more than five
years prior to the study, risperidone therapy did not cause
significant changes in IL-17 in the blood [57].

In another study, the effect of antipsychotic drugs on
the expression of STAT3 and RORC genes involved in the
development and differentiation of Th17 cells was studied
in 27 patients with schizophrenia who had not previously
taken antipsychotics. In addition, the effect of antipsychotic
drugs in plasma was evaluated at the level of five cytokines
associated with Th17 cells. A significant decrease in STAT3
gene expression and levels of IL-1, IL-6, and IL-17A in blood
plasma was found after three months of taking antipsy-
chaotic drugs [58].

Concerning the use of SGA in other diseases, in partic-
ular in multiple sclerosis, all studies agree on the effective-
ness of SGA in reducing the severity of symptoms in animal
models of multiple sclerosis and experimental autoimmune
encephalomyelitis (EAE), delaying the disease onset at the
same time as suppressing the production of various pro-
inflammatory cytokines. Clozapine demonstrated a similar
and even a more intense effect than risperidone, quetiapine,

and olanzapine, significantly reducing CD4* T cell infiltra-
tion and activation of myeloid cells, while increasing Treg
levels. Clozapine also reduced the level of chemokines re-
sponsible for the migration of immune cells to the CNS and
caused an increase in the level of dopamine receptors in
the brains of mice with EAE [59].

At the same time, it has been reported that antipsychot-
ics are capable of increasing IL-17 levels in in vitro experi-
ments (in stimulated blood samples of healthy women) [60].

An experimental model of schizophrenia has shown
an inhibitory effect of many FGAs and SGAs (risperidone,
aripiprazole, quetiapine, ziprasidone) on IFN-y-induced mi-
croglial activation in the mouse microglial cell line [61].

Feng et al. studied the possible correlation between
the level of inflammatory markers in the blood of patients
with schizophrenia and the level of their psychopathologi-
cal symptoms. Markers of inflammation and psychopath-
ological symptoms were studied in patients with schizo-
phrenia after 3, 6, and 12 months of antipsychotic therapy.
A significant decrease in monocyte levels, intercellular
adhesion molecules, and adiponectin levels between
baseline and 12 months of age was observed. A higher
baseline level of IL-6 in the blood predicted a greater de-
crease in the overall PANSS score after 3 and 6 months,
as well as the PANSS subscale for negative symptoms
after three months. A higher baseline level of leptin in the
blood predicted a greater decrease in the overall score
and score on the subscale of negative symptoms of
PANSS after six months. During the post-hoc analysis,
the associations between baseline IL-6 levels and symp-
tom reduction were strongest in patients receiving SGA
ziprasidone or quetiapine. The results obtained provide
additional evidence that measuring inflammatory markers
in the blood may be important for the clinical manage-
ment of patients with schizophrenia. In particular, these
markers can be helpful in selecting antipsychotic therapy
for a more personalized approach to the treatment of pa-
tients with schizophrenia [62].

It seems interesting that, due to the established role of
neuroinflammation in the pathogenesis of schizophrenia in
addition to the immunomodulatory effect of antipsychatics,
the potential therapeutic effect of anti-inflammatory drugs
in schizophrenia is also being discussed. Jeppesen et al.
presented a meta-analysis, according to which the addition
of anti-inflammatory drugs to basic antipsychotic therapy
reduces the clinical manifestations of schizophrenia (ac-
cording to the PANSS scale) [55].

CONCLUSION

The data accumulated to date indicate the important role
of inflammation in the pathogenesis of schizophrenia.
Moreover, the reviewed literature data allow us to assume
that in some cases, chronic inflammation, both at the
systemic and central nervous system levels, is not only a
pathogenetic, but also an etiological factor in schizophre-
nia. In this regard, anti-inflammatory therapy can be an
important component in the management of patients with
schizophrenic spectrum disorders. It seems also relevant
to analyze the existing classical antipsychotic therapy for its
anti-inflammatory effects.
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Numerous studies that have studied the effects of first-
and second-generation antipsychotics on different groups
of patients indicate mainly a common anti-inflammatory
vector of action of these drugs. However, there is a signifi-
cant amount of ambiguous and contradictory data. Hence,
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COMPARATIVE EVALUATION OF MINION AND NANOPORUS NANOPORE M) Check for updates‘
SEQUENCERS IN IDENTIFICATION OF PATHOGEN NUCLEIC ACIDS

Diana A. Grigoryan™, Ivan F. Stetsenko, Boris S. Gukov, Alina D. Matsvay, German A. Shipulin

Centre for Strategic Planning of the Federal Medical and Biological Agency, Moscow, Russia

Introduction. Nanopore sequencing technologies have become routine methods in science and medicine, being widely used in the study of pathogen diver-
sity and distribution and playing a key role in field epidemiology.

Objective. Comparative evaluation of the functional capabilities of third-generation MinlON and Nanoporus sequencers in the detection of pathogens in
biological material, including comparison of the as-determined taxonomic composition with the results obtained using the second-generation MiSeq (lllumina)
reference platform.

Materials and methods. A total of 138 archival DNA samples with known taxonomic composition (14 families, 20 genus, and 43 species of viral and bacte-
rial pathogens; altogether 169 pathogens) were analyzed. MinlON and Nanoporus nanopore sequencers with original R9.4.1 and R10.4.1 flow cells (ONT),
as well as the high-performance MiSeq (lllumina) platform were used for preliminary identification of the composition of samples containing different titers
of pathogen nucleic acids belonging to various taxonomic groups. Comparative evaluation of the obtained data (number of sequences, average read qual-
ity scores (Qscore) for each nucleotide, GC-content of sequences, sequence length distribution, read duplication level) was performed using the MultiQC
bioinformatics tool (version 1.20).

Results. The MinlON and Nanoporus devices identified 98.8% and 97.6% of pathogens, respectively, including understudied or new viruses. The use of the
latest-version flow cell on both devices significantly reduced the share of low-quality reads. The findings demonstrate a high degree of correlation between
the results obtained by the second- and third-generation sequencers, which confirms the comparability and interchangeability of these technologies for the
purposes of pathogen nucleic acid identification.

Conclusions. The study results demonstrate the potential of MinlON and Nanoporus nanopore sequencers for epidemiologic surveillance. These devices
are capable of identifying pathogens of different nature with high accuracy and, due to their compactness and portability, facilitating the diagnostics and
monitoring of infectious diseases.
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CPABHUTEJIbHbIA AHAJTIU3 HAHOMOPOBbLIX CEKBEHATOPOB MINION 1 HAHOMOPYC B 3ALAYE
MAEHTUOUKALIMN HYKNIEMHOBbIX KUCJ1IOT NMATOMEHOB

O.A. TpuropsH™, N.®. CteueHko, b.C. lykos, A.[l. Maugai, I"A. LLnnynuH

LleHTp cTpaTternieckoro nnaHMpoBaHus 1 yrpaBneHns MeamKko-61onorniecKnMmn prckamm 3aoposbio defepanbHoro Meamnko-61Monormiyeckoro areHTcTea,
Mockga, Poccug

BBepeHue. TexHONOrMM HAHOMOPOBOIO CEKBEHVPOBAHNS CTanN PYTUHHBIM MHCTPYMEHTOM B HayKe 1 MEAMLIMHE, LUMPOKO MPVMEHSIIOTCH B UCCNeA0BaHNN
pasHo0bpasns U PacnpPoOCTPaHEHUst MaTOreHoB, UrPatoT KIKOYEBYHO POJIb B MONEBOM 3NMAEMUONOTN.

Llenb. MNMpoBefeHne cpaBHUTENBHOrO aHanmaa yHKUMOHaNbHbIX BO3MOXHOCTEN CeKBEHATOPOB TpeTbero nokoneHus MinlON 1 Hanonopyc B 3aaade Bbi-
SB/IEHNS NaTOreHoB B OMONOrMYeCKOM Martepuarne, BKto4as conocTaBieHne TakKCOHOMUYECKOro COCTaBa, ONPeneneHHoro ¢ X NCNofb30BaHNEM, C pe-
3ynsTatamu, NonyYeHHbIMU Ha pedepeHcHoM nnatdopme BTOporo nokoneHns MiSeq (lllumina).

Martepuanbl u meTofabl. [poBeaeHO nccnegosaHne 138 obpasLos apxmeHo [IHK ¢ n3BECTHbIM TAKCOHOMUYECKM COCTABOM (MCCnefoBaHbl 14 ceMeincTs,
20 pofoB v 43 Braa NaTtoreHoB BMPYCHOM 1 GakTepuanbHOW Npupodbl, CymMMmapHo 169 Bosbyautenen nHdekunin). B nccnenoBaHm ncnonb3oBanmch Ha-
HonopoBble cekBeHaTopbl MINION 1 HaHonopyc ¢ opurHanbHbIMU NPOToYHbIMK syerikamy R9.4.1 1 R10.4.1 ot ONT, a Tak>xe BbICOKONPOU3BOANUTENBHASNA
nnatdopma MiSeq ot lllumina ans npegsapuTenbHOM naeHTUdMKaLMM cocTaBa ncchnenyemMbix 06pasLoB, coaepallmx pasnmyHble TUTPbl HYKNenHOBbIX
KNCNOT BO3OYyAnTENen MHPEKLNI PSAA TAKCOHOMUYECKIMX rpynn. CpaBHUTENbHbIA aHan3 NOy4eHHbIX AaHHbIX (KONMYECTBO NOCNEA0BAaTENBHOCTEN, CPef-
HMe nokasartenu kadectsa npodteHnii (Qscore) ons kaxaoro Hykneotnga, GC-coctaB nocnefoBaTteNsHOCTEN, pacnpeaeneHne AavH nocnefoBaTensHo-
CTel, ypoBeHb AynanKaLmii NPOYTEHW) NPOBOAMNCS BUOMHMOPMAaTNHECKUM MHCTPYMeHTOM MultiQC (Bepcus 1.20).

Pesynbrathl. B x04e nposefeHHbIx nccnegoBaHnii Ha npuéopax MinlON 1 HaHonopyc 6bino naeHtudmumposaHo 98,8 1 97,6% natoreHoB COOTBET-
CTBEHHO, BKJIOHaA Manonay4eHHble 1av HOBbIE BUPYChI. [TpUMEHEHE NOCNeaHEN BEpPCUM NPOTOYHON A4eKn Ha 060mnx Nprubopax 3HA4YUTENBHO CHU3MIO
OO HU3KOKa4YECTBEHHbIX MPOYTEHNIA. [1oNyYeHHble AaHHble MPOAEMOHCTPUPOBAN BbICOKYIO CTEMeHb KOPPENLIMM MeX Ly pe3ynsraTamy CEKBEHATOPOB
BTOPOrO 1 TPETLErO MOKONEHWIA, YTO NOATBEPXKAAET COMOCTaBMMOCTb 1 B3aVMO3aMEHSEMOCTb 3TUX TEXHONOMMIN B 3adade NASHTUMUKALMN HYKNENHOBbIX
KNCNOT NaToreHos.

BbiBoAbl. Pe3ynstaTsl ccnefoBaHvs AeMOHCTPUPYIOT NOTeHLman HaHonopoBbix cekseHaTopos MinlON 1 HaHonopyc Ans npuMeHeHns B anNMaeMmonori-
4YeckoM Haasope. [Mprbopbl CNocobHbI 06ecne4mnBaTb BICOKYIO TOYHOCTb MAEHTUMMKALMM NAaTOreHOB Pas3NYHON NPUPOAL! U 6naroaaps CBOEN KOMNaKT-
HOCTW 1 NOPTATUBHOCTU MOTYT CYLLEECTBEHHO MOBbLICUTH CKOPOCTb ANArHOCTUKM U MOHUTOPUHIa MHDEKLMOHHBIX 3ab60NeBaHMIA.

© D.A. Grigoryan, |.F. Stetsenko, B.S. Gukov, A.D. Matsvay, G.A. Shipulin, 2024
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INTRODUCTION

Sequencing technologies have become routine methods
in various areas of molecular biology, due to their capac-
ity to promptly and reliably detect mutations and genetic
variations in viruses, identify new pathogens, predict their
evolutionary changes, track the dynamics of distribution in
populations, and analyze phylogenetic relationships [1-3].
The method of nanopore sequencing was first introduced
by Oxford Nanopore Technologies (ONT) in 2014 with the
MinlON device [4]. This technology possesses a number of
unique advantages, which determine its indispensability in
modern medicine and science [5]. The ability to sequence
long DNA and RNA fragments has made it possible to de-
tect structural variations and epigenetic modifications [6—
8]. However, the key advantage of this sequencing method
consists in the compactness of nanopore sequencers,
their ability to operate by connecting to a laptop USB inter-
face, and low requirements for laboratory equipment. This
renders such devices applicable in various conditions, in-
cluding field studies [9].

Nanopore sequencing technology has already made
a substantial impact on various fields of medicine, includ-
ing diagnosis and treatment of genetic diseases [10, 11],
personalized medicine [2, 12], and cancer research [6, 13,
14]. Due to its speed and mobility, nanopore sequencing is
a convenient tool for epidemiologic surveillance and out-
break control [9, 15-17]. In particular, during the COVID-19
pandemic, nanopore sequencing played an essential role
in rapid identification of virus strains and detection of new
genetic variations of pathogens [12, 17, 18]. In addition, this
technology has proven to be a reliable alternative to routine
methods of sequencing complete virus genomes [15, 19].
These properties are particularly important in the context of
global pandemics and outbreaks of new infections, since
the promptness of data collection is crucial for the deci-
sion-making process.

The Russian market, along with the original third-
generation platforms by Oxford Nanopore Technologies,
also offers a similarly functional domestic device referred
to as Nanoporus. This device is designed for nanopore
sequencing using original flow cells by Oxford Nanopore
Technologies.
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In this work, we carry out a comparative evaluation of
the functional capabilities of third-generation MinlON and
Nanopore sequencers in detecting pathogens in biological
material, including comparison of the taxonomic composi-
tion identified with their use and the results obtained using
the second-generation MiSeq (lllumina) reference platform.

MATERIALS AND METHODS

During two stages of the study, 138 samples of archival
DNA from a laboratory collection with known taxonomic
composition and different titers of pathogen nucleic acid
belonging to different taxonomic groups were analyzed.
These included 14 families, 20 genus, and 43 species of
pathogens of a viral and bacterial nature, totaling 169 path-
ogens. Identification of the pathogenic composition of the
studied material had been previously performed by high-
throughput sequencing on the MiSeq platform (lllumina).
Based on the data of local alignment of nucleotide and
protein sequences, we analyzed similarity indices with se-
quences from the database used for taxonomic identifica-
tion.

The following reagent sets were used during the prep-
aration of amplicon DNA libraries. End Repair of double-
stranded DNA fragments and matrix-free adenylation were
performed using a NEBNext Ultra Il End Repair/dA-Tailing
Module reagent kit (New England Biolabs). Adaptor se-
quence ligation from PCR Barcoding Expansion 1-96 (EXP-
PBC096) (ONT) was performed using a Blunt/TA Ligase
Master Mix reagent (New England Biolabs). Barcoding of
libraries was performed using PCR Barcoding Expansion
1-96 (EXP-PBC096) (ONT). All kits were used according to
the manufacturer’s instructions.

DNA libraries for sequencing on a R9.4.1 flow cell were
prepared using a Ligation Sequencing Kit (SQK-LSK109)
(ONT) and then loaded into the flow cell. DNA libraries for
sequencing on a R10.4.1 flow cell were prepared using a
Ligation Sequencing Kit V14 (SQK-NBD114) reagent kit
(ONT) followed by loading into the flow cell. The sequence of
sequencing reagents was determined taking technical and
methodological considerations into account. At the primary
stage of the study, when using the R9.4.1 flow cell for the
first time, sequencing was initially performed on the MinlON
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sequencer to ensure a predictably stable operation of the
cell. This order was set to minimize potential risks associ-
ated with a possible decrease in the stability or functionality
of the cell after its use on the Nanoporus sequencer. At the
second step, in order to test the Nanoporus sequencer in
terms of its effects on cell functionality for subsequent use
in the MinlON, sequencing was performed initially on the
Nanoporus and then on the MinlON.

The detected signal from the devices was recorded us-
ing the MinKNOW software version 23.11.4; the basecall-
ing of data in pod5 format was performed by the Dorado
software version 7.2.13 (ONT). In order to ensure the cor-
rectness of sequencing quality comparison and taxonomic
identification by the tested devices, the equal number of
reads were selected for each sample representing a ran-
dom sample generated by the SegKit bioinformatics tool
(version v2.8.0). The quality of reads in fastq format was as-
sessed by using Trimmomatic bioinformatic tools (version
0.32), FastQC (version v0.12.0). Comparative evaluation of
the data obtained (number of sequences, average read
quality scores (Qscore) for each nucleotide, GC-content
of sequences (guanine-cytosine content), sequence length
distribution, read duplication level) was performed using
the MultiQC bioinformatic tool (version 1.20). Taxonomic
identification of the viral composition of the samples was
performed using the PathogenID software (FMBA, Russia).
As a reference tool for comparing the results of determining
the taxonomic composition of samples, the data obtained
on the second-generation MiSeq platform (lllumina) were
used.

For comparative evaluation of the tested sequenc-
ers, the investigated infectious agents were divided into
five groups according to their taxonomic identification in-
dex (% identity) obtained by high-throughput sequencing.
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The following identifiers were assigned to virus
groups: Group 1 — 30 pathogens, 100-97% identity,
Group 2 — 29 pathogens, 96-94% iden-
tity, Group 3 — 39 pathogens, 93-90% iden-
tity, Group 4 — 35 pathogens, 89-80% identity,

Group 5 — 24 pathogens, 79-71% identity. The presented
pathogen groups can be used to simulate the analysis of di-
vergent pathogen groups, new strains, species in particular.

RESULTS

Comparison of data transfer stability and sequencing
quality

Using the MinKNOW software, the stability of data trans-
mission from the device to the control computer was as-
sessed. No significant fluctuations and failures in signal
transmission, as well as deviations from the uniform distri-
bution of the DNA translocation rate through the pore were
registered during the analysis of the graphs obtained from
the MinlON and Nanoporus devices using the R10.4.1 flow
cell (Fig. 1; A2, B2). The graphs of temperature maintenance
throughout the entire sequencing process indicated no dis-
turbances in the operation of the sequencers; temperature
fluctuations were insignificant and remained within the per-
missible limits. The corresponding information is presented
in Fig. 1; A1, B1.

The quality parameters of reads obtained from both
old- and new-type flow cells for MinlON and Nanoporus
sequencers were compared (Fig. 2). An analysis of the pre-
sented graphs revealed an increase in the Qscore param-
eter, which reflects the accuracy of base identification in the
reads, and a decrease in the level of duplications when us-
ing a flow cell of the latest R10.4.1 version. All the presented
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Fig. 1. Graphical representation of key parameters of the MinION and Nanoporus sequencers
Note: A1, B1 — maintaining the temperature regime during sequencing; A2, B2 — the rate of DNA translocation through the pore.

The graphs were obtained using the MinKNOW software, version 23.11.4.
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metrics for assessing the quality of reads obtained from the
two compared nanopore sequencers were also found to
be consistent.

Additional indicators of sequencing quality, namely met-
rics N50, N95, and N5, as well as the percentage of reads
with quality above Q20 and Q30 were calculated; the cor-
responding data are presented in Table 1. A comparative
evaluation of sequence percentage with a quality of above
Q20 and Q30 found that when using the earlier version of
the flow cell (R9.4.1), about 70% of the data demonstrated
a quality below Q20 and about 97.3% had a quality be-
low Q30 on both sequencers. At the same time, when the
R10.4.1 flow cell of the latest version was used, the propor-
tion of data with a quality below Q20 was less than 55%
and below Q30 was less than 76%. There were no signifi-
cant differences in N50, N95, N5, and the percentage of
sequences with a quality above Q20 and Q30 between the
two different third-generation devices.
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Comparative analysis of the devices in pathogen
identification

The studied material contained fragments of pathogen ge-
nomes of the following families:

Pseudomonadaceae,  Circoviridae,  Adenoviridae,
Coronaviridae, Orthomyxoviridae, Parvoviridae,
Polyomaviridae, Astroviridae, Caliciviridae, Picornaviridae,
Solemoviridae, Hepeviridae, Partitiviridae, Tymoviridae.

The Adenoviridae family included 12 specimens and 5
pathogen species with viral loads ranging from 7.22% to
0.33% of reads per specimen according to high-through-
put sequencing data. As a result of processing the data ob-
tained by MinlON and Nanoporus devices, the taxonomic
composition was confirmed in 11 (92%) and 10 (83%) sam-
ples, respectively. The Circoviridae family counted 35 spec-
imens and 11 different pathogen species with viral loads
ranging from 57.27% to 0.04% of reads based on lllumina
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Fig. 2. Comparison of quality indicators of reads obtained from MinION and Nanoporus sequencers

Note: graph A.1 — total number of sequences obtained from each device; graph A.2 — distribution of reads by read length; graph A.3 — average read quality
values (Qscore) for each nucleotide; graph A.4 — number of reads depending on the quality indicator (Qscore); graph A.5 — GC content in sequences, %; graph
A.6 — level of read duplications; graph A.7 — nucleotide composition of reads obtained by the MinION sequencer; graph A.8 — nucleotide composition of reads
obtained by the Nanoporus sequencer.

The corresponding data for the R10.4.1 flow cell is shown in graphs B.1-B.8.

The graphs correspond to data recorded using R9.4.1 and R10.4.1 flow cells.

Read quality scores were obtained by the MultiQC bioinformatics tool (version 1.20).
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Table 1. Sequencing quality indicators on the original R10.4.1 and R9.4.1 flow cells on the third-generation sequencers: Nanoporus and MinlON

. Flow cell R10.4.1, Flow Cell R10.4.1, Flow cell R9.4.1, Flow cell R9.4.1,
Quality assessment parameters X .
MinlON sequencer Nanoporus sequencer MinlON sequencer Nanoporus sequencer
Average read length, units of nucleotides 407.8 41741 447 435
Maximum read length, units of nucleotides 1500 1500 1399 1388
N50 411 425 454 446
N5 250 256 289 275
N95 900 904 871 860

Table prepared by the authors using their own data

sequencing data. Data from MinlON and Nanoporus se-
quencers resulted in confirmed taxonomic composition
in 34 (97%) and 33 (94%) samples, respectively. Although
identification of the target pathogen by nanopore sequenc-
ers was not performed for 100% of samples containing vi-
ruses of these families (Adenoviridae and Circoviridae), a
more detailed virus typing by nanopore data was obtained
during alignment of nucleotide sequences to reference da-
tabases for a number of samples.

According to the high-throughput sequencing data
obtained on the lllumina platform, the Coronaviridae fam-
ily counted 70 samples and 9 different pathogen species
with viral loads ranging from 49.52% to 0.15% of reads. The
Orthomyxoviridae family sample counted 6 samples and
1 species with viral loads ranging from 28.97% to 1.32%
of reads. The selection of Pseudomonadaceae samples
counted 12 samples and 1 species. The test group of the
Parvoviridae family counted 15 samples and 11 species of
pathogens with viral loads ranging from 28.12% to 0.22% of
reads. The Picornaviridae family counted 4 samples and 4
species of pathogens with viral loads ranging from 11.53%
to 0.3% of reads. While the Astroviridae, Caliciviridae,
Polyomaviridae, Solemoviridae, Tymoviridae, Partitiviridae,
and Hepeviridae families counted single specimens, identi-
fication of the taxonomic composition of the Coronaviridae,
Parvoviridae, Picornaviridae, and Orthomyxoviridae families
was carried out in 100% of specimens during third-gen-
eration sequencing on MinlON and Nanoporus devices. A
total of 167 (98.8%) and 165 (97.6%) pathogens were identi-
fied by the MinlON and Nanoporus nanopore sequencers,
respectively.

For the most represented virus families, the percent-
age of reads attributable to the target infectious agent
was compared. For a more accessible visualization of
the comparison, data were taken on a logarithmic scale
and analyzed for three pairs of sequencers: MiSeq and
MinlON (A), MiSeq and Nanoporus (B), and MinlON and
Nanoporus (C) (Fig. 3). The plots showed an increase in
correlation between sequencing results along with an in-
crease in viral load in the samples, particularly between
Nanopore sequencing data at load levels more than
two logarithmic units. At low viral loads, deviations were
found, particularly between lllumina and third-generation
sequencing data.

The Pearson correlation coefficient was calculated to
assess the relationship between the percent viral load val-
ues on the three devices. An analysis of data collected

from both flow cells showed the following results. The cor-
relation coefficient between MiSeq and MinlON platforms
was r = 0.567 (p < 0.05), indicating a moderate positive
relationship. Between MiSeq and Nanoporus, a coeffi-
cient of r = 0.544 (p < 0.05) was recorded, also indicating
a moderate positive relationship. The highest correlation
value was observed between Nanoporus and MinlON
sequencers, equal to r = 0.993 (p < 0.05), indicating an
almost complete correspondence of the results between
the two devices.

In the course of the study, groups of infectious agents
formed according to the range of taxonomic identity
(% identity) were compared according to the average valu-
es of taxonomic identification indicators (e-value, % iden-
tity, alignment length (nucleotide base pairs), percentage
of reads of the target virus) obtained on the tested devices
(Fig. 4).

For all presented pathogen groups, the % identity and
e-value values obtained on the MiSeq platform were slightly
higher than those obtained on nanopore sequencers. At
the same time, the index of sequence alignment length
showed an inverse relationship. The histograms indicated
a high degree of concordance in the detection of infectious
agents between the three devices.

To visualize the differences in the reliability of taxonomic
identification provided by the tested sequencers, we sim-
ulated the variation distribution of viral load and percent
identity based on the data obtained from the three devices
(Fig. 5). Based on the results of the first stage of the study
(95 samples) (A), we observed the following distribution
pattern: on the MiSeq platform, the main data cluster was
in the range of high identity (90-100%) and medium viral
load (2-3 logarithmic units); when using the R9.4.1 flow cell,
the MinlON platform showed a dense cluster of data in the
area of high identity (more than 90%) and a relatively high
viral load (2-3 logarithmic units); data from the Nanoporus
sequencer were distributed more broadly along the identity
axis, however, the main dispersion cluster was also within
90% identity.

The results of the second stage of the study (43 sam-
ples suspected to contain nucleic acids of poorly stud-
ied pathogens) (B) showed the following data profile. The
MiSeq platform revealed a shift in data density towards
lower identity and viral load, which is explained by the pe-
culiarities of the tested material. When using the R10.4.1
flow cell, data from the MinlON were concentrated in a nar-
row range of 85% identity and a relatively high viral load

MEOVLIHA OKCTPEMATTbHBIX CUTYALIMI | 2025, TOM 27, Ne 1
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(2-3 logarithmic units). The Nanoporus sequencer showed
a less dense data distribution relative to its counterpart, al-
though demonstrating a comparable viral load.

DISCUSSION

For a long period of time, Oxford Nanopore Technologies
(ONT) has been the only developer offering nanopore se-
qguencing solutions. However, over the past year, several
similar platforms have entered the market. These include,
in particular, the Chinese QNome-3841 and QNome-
3841hex sequencers by QitanTech, which have already
found application in forensic genetics and full bacterial
genome studies [27, 28]; CycloneSEQ by MG, which has
showed significant results in de novo genome assembly,
as well as in metagenomic and single-cell sequencing
according to a study published by the platform devel-
opers [20]. At the time of this research, a comparative
evaluation of CycloneSEQ and Gnome with such sys-
tems as MinlON was not possible due to the recent an-
nouncement of the platforms. The Nanoporus Nanopore
Sequencer, which is an analog of the well-known MinlON

A

device, was announced in late 2023 and commercialized
in early 2024. At the time of preparing this article, we
were unable to find any publicly available studies devot-
ed to a direct comparison of the characteristics of these
devices; therefore, our conclusions are based purely on
our own experimental data.

During testing of the Nanopore sequencer, no viola-
tions or abnormalities in operation were detected. The
compatibility of the device with the original flow cells of
the two latest versions, library preparation kits and soft-
ware by Oxford Nanopore Technologies was confirmed.
The data on the rate of DNA translocation through na-
nopores did not reveal any signal distortions, indicating
that there were no significant deviations from the expect-
ed indicators of the quality of information transfer to the
control computer. The indicators of temperature mainte-
nance stability by nanopore sequencers showed minimal
temperature fluctuations, which is important for stable
operation of nanopores, ensuring sequencing accuracy,
preventing library degradation, and maintaining optimal
conditions for the functioning of enzymes involved in the
sequencing process. In the framework of this analysis, the

FLO-MIN106D (R9.4.1)

MinlON Nanoporus

~

/)

\

% of samples
20%

/0
\
4

/,

16%

R
G s
)] 4 | /°\
° y I/ N
g ) ‘r A 12%
/4
Lc) \ y
81 \ / 8%
9) |
9 ||
g 1 \
o \ 4%
\\\\ /'// |
N e |
0 A 4 0%
70% 80% 90% 100% 70% 80% 90% 100% 70% 80% 90% 100%
Identity, % Identity, % Identity, %
B FLO-MIN114 (R10.4.1)
MinlON Nanoporus

/[
/
/

Pathogen load, log of %

/\
-
/ \/

/

% of samples
20%

7
/ \

16%

12%

8%

4%

0%

70% 80% 90%

Identity, %

100% 70% 80%

Figure prepared by the authors

90%
Identity, %

100% 70% 80% 90%

Identity, %

100%
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Note: graphs correspond to data recorded using R9.4.1(A) and R10.4.1(B) flow cells.
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equipment was found to meet the stated characteristics
and functional requirements.

An updated R10.4.1 flow cell significantly improves se-
quencing accuracy and stability, as evidenced by the in-
crease in average Qscore values on both nanopore plat-
forms compared to the previous flow cell version. The
existing studies in the field confirm that the latest version
of ONT flow cells provides significant improvement in ac-
curacy and quality of reads [21]. According to the data pro-
vided by the authors, the percentage of base pairs with
Q15 read quality for the R10.4.1 flow cell is six times higher
than that for the R9.4.1 version. In the case of bacterial ge-
nome assembly, the authors were able to assemble 97%
of the genome through the earlier version of the flow cell,
and this value increased to 98% in the case of R10.4.1. Our
study shows a similar improvement: the proportion of reads
with quality below Q20 and Q30 decreases significantly;
the proportion of low-quality reads below Q20 decreases
from 70% to 55% and below Q30 from 97.3% to 76%. This
change indicates an improvement in sequencing accuracy
and reliability when using ONT’s new V14 chemistry and
R10.4.1 flow cells.

Second-generation sequencing is recognized as a high-
ly accurate and reliable method for detecting nucleic acids
of infectious agents. Due to its high quality of nucleotide
reads, this method can be classified as a leading technol-
ogy among alternative molecular diagnostic methods [22].
However, nanopore sequencing technology (ONT) offers a
number of unique advantages, such as compactness and
mobility, thus standing out against the complex optical sys-
tems required for second-generation sequencing. These
characteristics of ONT allow efficient use of the technology
in resource-limited settings and rapid field studies, which is
an important factor in the introduction of this method into
epidemiologic surveillance processes.

Previous studies demonstrated the potential of ONT
as an alternative to high-throughput second-generation
platforms. In particular, in a study evaluating the identi-
fication of pathogens of bacterial nature using MinlON
and lllumina sequencers (the type of second-generation
devices is not specified), both devices were used to suc-
cessfully identify species, serotypes, MLST profiles, and
subtypes of Shiga-toxin in Escherichia coli (STEC) isolates
[23]. Another study on the identification of the bacterial
composition of a reference sample containing eight dif-
ferent pathogens found that classification performance at
the family and genus level prevailed when using MinlON.
However, at the species level, pathogen identification was
found to be more accurate on the MiSeq platform. It is im-
portant to note that the R9.4.1 flow cell version was used
for MinlON [24]. A number of other studies evaluating the
efficiency of using different generations of sequencing for
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the detection of viral pathogens, in particular, representa-
tives of the genera Alphavirus [25] and Adenovirus [26],
also demonstrate only a slight advantage of second-gen-
eration platforms in terms of identification quality com-
pared to the results obtained on nanopore sequencers.
Our data support the conclusions of the above studies
by demonstrating a high correlation between pathogen
detection results of different generations of sequencers.
The MinlON and Nanoporus devices identified 98.8% and
97.6% of pathogens, respectively, of the infectious agents
detected by the MiSeq platform. It was also found that an
increase in pathogen load in the sample led to an increase
in the level of similarity between second- and third-gen-
eration sequencing results. A particularly high concord-
ance is noted between the data obtained by MinlON and
Nanoporus platforms as the average value of pathogen
nucleic acid titer in the tested samples is exceeded. In
this regard, MinlON and Nanoporus can be considered
interchangeable in the context of pathogen identification
and quantification tasks.

Our study evaluated the ability of nanopore sequenc-
ers to detect novel or poorly understood viral variations.
The control material under study contained samples for
which preliminary identification of pathogen composi-
tion using MiSeq platform showed low alignment qual-
ity parameters. This may indicate limited representation
of these pathogen variations in existing databases or
complete absence of information thereon. The analysis
of variance distribution and quality parameters for taxo-
nomic identification demonstrated significant alignment
between second- and third-generation data. This con-
firms the capability of MinlON and Nanoporus nanop-
ore sequencers to identify previously unknown or poorly
studied viruses at a level comparable to high-perfor-
mance platforms.

CONCLUSION

The Nanopore device demonstrated compatibility with
the latest two versions of flow cells, library preparation
kits, and software by Oxford Nanopore Technologies.
This allows its integration into existing laboratory pro-
cesses without the need for significant modifications to
working protocols. The results of the conducted com-
parative evaluation confirmed a high level of consistency
of pathogen taxonomic identification data obtained us-
ing third-generation MinlON and Nanopore sequenc-
ers with the results provided by the second-generation
MiSeq platform. Based on the data obtained, no limita-
tions for the use of MinlON and Nanoporus nanopore se-
quencers in laboratory pathogen detection studies have
been identified.
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DEVELOPMENT AND EVALUATION OF A REAGENT SET FOR QUANTITATION OF M) Check for updates ‘
MRNA EXPRESSION LEVEL OF CHIMERIC BCR::ABL1 GENE
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Introduction. Chronic myeloid leukemia is a myeloproliferative disease associated with a t(9;22)(q34;q11) translocation resulting in a chimeric BCR::ABL1
gene. Molecular genetic studies are used as a diagnostic method and for determination of minimal residual disease by quantification of the mRNA expression
level of the chimeric BCR::ABL1 gene.

Objective. To validate the developed multiplex test system for simultaneous quantitative determination of e13a2 (b2a2) and e14a2 (b3a2) transcripts of trans-
location p210 in comparison with the analog system registered in Russia.

Materials and methods. In total, 50 peripheral blood samples were used. Of these, 39 belonged to patients diagnosed with CML; 11 blood samples from healthy
people were used to confirm analytical specificity. The reagent kit includes the specifically developed primers and fluorescently labeled probes, the concentration of
which was selected experimentally, as well as original reagents manufactured by the Centre for Strategic Planning, Federal Medical and Biological Agency (Russia).
Statistical analysis was performed using the StatTech v.4.5.0 software (developed by StatTech, Russia). Differences were considered significant at p < 0.05.
Results. The conducted analytical and diagnostic characterization of the developed kit showed the following results. The relative sensitivity determined us-
ing cell standards was 0.01 %. The reproducible analytical sensitivity was 100 copies/mL (CV = 1.86 %). In analytical specificity testing, the absence of false
results was shown. When testing the reagents of the test system on clinical samples, the complete convergence (100 %) with the results obtained using the
reference kit was revealed.

Conclusions. Approbation of the developed reagent set showed its sufficiently high analytical sensitivity and diagnostic sensitivity. This set can be used for
identification and quantitative determination of the mRNA of the chimeric BCR::ABL1 gene for the purposes of diagnosis, timely and accurate therapy, and
monitoring of minimal residual disease.
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PA3PABOTKA N OLLEHKA HABOPA PEATEHTOB AJ1 KOJINYECTBEHHOIO OMNPEAEJIEHNA YPOBHA
OKCMPECCUN MPHK XMMEPHOI'O N'EHA BCR::ABL1

M.A. AspoHuHa'™, H.IL KyknuHa'?, A.A. Thasaukan'?, B.K. Omutpues®, A.C. Yerogapb®, A.M. Oannwesny®, H.A. bonyHoBa®,
W.C. Abpamos?, A. LLinnynuH'

"UeHTp cTpaTernyeckoro NNaHMpoBaHns 1 ynpasneHns Meanko-61onornieckuMmn puckamm 30opossio PefepanbHoro Meanko-6ronornieckoro areHTCTBea,
Mocksa, Poccus
2Hay4Ho-nccnenoBaTeNbCKUin UHCTUTYT MeAMUMHBI TPYA2 UM. akadeMunka H.®. ameposa, Mockea, Poccus

3 MOCKOBCKUI KIIMHUHYECKNIA Hay4YHbIN LieHTP UMmeHn A.C. JlornHoBa, Mocksa, Poccust

BBepeHue. XpoHndieckuin mmenoneinkos (XMJ1) — muenonponudepaTrBHoe 3abonesaHne, acCoLMmnpoBaHHoe ¢ TpaHcnokaumei 1(9;22)(q34;q11), B pesynb-
TaTe KOTopor 06pagdyeTcs XMMmepHbIi reH BCR::ABLT. OoHUM 13 METOZI0B MOCTAHOBKM AVarHo3a, a Tak)ke OnpeaeneHns M1MHUManbHOM 0OCTaTo4HOM 601e3HM
ABNSAETCA MOJIEKYNAPHO-TEHETUYECKOE NCCNEA0BAHME, a UMEHHO KOIMYECTBEHHOE ONpeaeneHne yposHs akcnpeccum MPHK xumepHoro rena BCR::ABL1.
Llenb. Anpobauust paspaboTaHHON MyNbTUNNEKCHOW TeCT-CUCTEMbI A1t OAHOBPEMEHHOro KONMMYECTBEHHOrO onpeaeneHns TpaHckpuntos e13a2 (b2a2)
n el4a2 (b3a2) TpaHcnokaumm p210 B cpaBHEHWN C 3aperucTpnpoBaHHbIM B POCcumn aHanorom.

MaTepuanbl n metopbl. B kadecTse 06pasLoB mcnonb3osanv 50 npob nepuepn4eckon Kposu. V13 Hiux 39 npob nprHagnexanm nauveHTam ¢ ycra-
HOBMEeHHbIM AnarHo3oM XMJ1, 11 06pasLioB OT 300PO0BbIX YHACTHUKOB MCMONb30BaIMCh AN NOATBEPXAEHVS aHannTu4eckol cneumduyHocTr. B coctas
Habopa peareHTOB BXOAAT paspaboTaHHble npaiMepsbl 1 hlyopecLIEHTHO-MeYeHble 30HAbI, KORLIEHTPaLMS KOTOPbIX Oblna NogobpaHa skcnepuMeHTansHo,
a Takxke opurmHanbHble peareHTbl nponsdsoactea PrEY «LCM» GMBA (Poccus). CTaTucTieckunini aHanmns NpoBOANICH C UCMONb30BaHNEM MPOrPaMMbl
StatTech v.4.5.0 (paspaboTink — OO0 «CtaTTex», Poccus). Paznudus cuntannce 3HaqmmMbIMm npu p < 0,05.

PesynbTaTbl. OKcnepuMeHTanbHble AaHHble MO ONPEefeneHnio aHaNUTUYECKMX 1 ANAarHOCTUHECKNX XapakTePUCTUK paspaboTaHHoro Habopa nokasasm
cnepyloue pesynsraTbl: OTHOCUTENbHAS YYBCTBUTENBHOCTb, ONpeaensemas C NOMOLLBIO KNEeTOYHbIX cTaHaapToB, cocTtasuna 0,01%. Bocnpownasogumas
aHanuTUyeckas 4yBCTBUTENbHOCTL cocTasuna 100 konuii/mn (CV = 1,86%). Mpw NpoBepke aHaNMTUHECKON CneumdUYHOCT BbINo NokasaHo OTCyTCTBUE
NOXKHOCMeUdUYeckx BbIXOAOB. [pn TeCTMPOBaHNM peareHToB TeCT-CUCTEMbI Ha KIMHMYEeCKMX obpasLax 6biio BbisBeHO nonHoe coBnagerune (100%)
C pesynsratamu, Nosly4eHHbIMY MPU MCMOb30BaHUM aHanora 3aperncTpupoBaHHoro B Poccumn Habopa.
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YeCKOW YyBCTBUTENBHOCTM, YTO MO3BOMMT OBHAPY>XMBATb 1 BbISBASTE KonM4ecTBO MPHK xvMepHoro reHa BCR::ABLT kak Ans ANarHOCTUKM, Ha3HaYeHWst
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CBOeBpeMeHHOI;I 1 TOYHOM Tepanun, Tak 1 onga MOHUTOPUHIra MUHMMaIbHOM OCTaTO4YHOM 6ONesHN.
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INTRODUCTION

Chronic myeloid leukemia (CML) is a clonal myeloprolifera-
tive neoplasm caused by malignant degeneration of he-
matopoietic stem cells. This disease is characterized by
increased proliferation of granulocytic germ cells without
the loss of their differentiation ability, hyperplasia of my-
eloid tissue, myeloid metaplasia of hematopoietic organs.
These disorders are associated with a chromosomal ab-
normality, i.e., 1(9;22)(q34;q11) translocation or the so-called
Philadelphia chromosome, as a result of which the chimeric
BCR::ABL1 gene is formed [1]. This fusion is the most com-
mon cytogenetic abnormality in adult patients with chronic
myeloid leukemia (CML) in 95% of cases, as well as with
acute lymphoblastic leukemia (ALL) in 30% of adults and
about 5% of children' [1].

According to the statistical data for 2022, 1087 new
cases of CML were detected in Russia, with about 54%
women and 47% men. This nosology is most frequently (in
28.9% of cases) registered in people aged 60-69 years. In
16.5% of cases, CML was detected in people aged 50-59
years and 70-79 years. The incidence of CML in people
aged 30-39 years equals about 12% [2].

The mentioned translocation is diagnosed by cytoge-
netic examination (karyotype) of the bone marrow or mo-
lecular cytogenetic examination (FISH method), as well
as by determining the quantitative level of expression of
BCR:ABL1 p210 mRNA for e13a2 or e14a2 transcripts.?

Modern therapy is aimed at achieving a major mo-
lecular response (MMR=>3.0), a deep molecular response
(DMR=4.0), as well as at the subsequent prevention of the
appearance of tumor clones [3, 4]. Several assessment
methods can be used to monitor the response to treat-
ment with tyrosine kinase inhibitors (TKI), such as a com-
plete hematologic response, determined by examining the
complete blood count; a partial hematologic response, de-
termined by flow cytometry; and a complete cytological re-
sponse, evaluated using bone marrow aspirate and biopsy
samples based on studying the molecular response using
quantitative PCR [5].

PCR is known to be the most sensitive method for as-
sessing minimal residual disease; however, the diversity
of reagent kits from different manufacturers results in a
high interlaboratory variability in the results obtained. This
also leads to inconsistencies in the compared indicators,
thus affecting the selection of appropriate treatment tac-
tics. According to the recommendations of the European
LeukemiaNet and the National Comprehensive Cancer
Network, CML molecular monitoring can be harmonized by
monitoring the BCR::ABLT mRNA levels using the interna-
tional scale (IS), which is based on the standardized basic
transcript level presented in the International Randomized
Study of Interferon and STI571-IRIS [3]. According to the
results obtained, this study proposed to evaluate the loga-
rithmic decrease in BCR::ABLT (IS ratio) during therapy in
comparison with the initial IRIS ratio at diagnosis [6, 7]. To
be able to apply this International Scale, each laboratory
must calibrate the results obtained using a conversion fac-
tor (CF), the numerical value of which must be multiplied by
the quantitative indicators obtained in a particular laborato-
ry. In order to determine the CF, which is individual for each
laboratory, the World Health Organization has created an
international genetic panel for quantification of BCR::ABL1
transcripts using PCR, containing four different variants
(10%, 1%, 0.1%, 0.01%), using the K562 cell line diluted in
the cell line, the BCR::ABLT merger code [9].

According to the recommendations of International
Guidelines for the diagnosis of BCR::ABLT mRNA expres-
sion and monitoring of minimal residual disease, it is neces-
sary to use the quantitative reverse transcription PCR (RT-
PCR) method with a detection sensitivity lower than MO
4.5 (0.0032% IS) [4, 9]. The use of reagents with insufficient
sensitivity can lead to incorrect test results and, as a result,
premature termination of treatment and further progression
of the disease [6]. According to Clinical Recommendations,
the procedure for periodic monitoring of expression lev-
els has been define as follows. When the expression lev-
el of p210 BCR:ABLT mRNA is below the BMO, quanti-
tative real-time PCR is performed every three months.
After reaching the BMO, the assay is performed every six

" Clinical Guidelines: Management of Chronic Myeloid Leukemia (CML) in adults. C92.1.

2 Ibid.

EXTREME MEDICINE | 2025, VOLUME 27, No 1



OPUTMHAJIbHASA CTATbSA | OHKOJTOM A

months [10, 11]. In this regard, the development, testing,
and implementation into clinical and laboratory practice of
domestic highly sensitive specific diagnostic reagent kits
for determining the level of BCR::ABL1 transcripts using
PCR present a relevant research task.

In this work, we set out to develop and evaluate a set
of reagents for quantitative determination of the mRNA ex-
pression level of the chimeric BCR::ABL1 gene in peripheral
blood samples.

MATERIALS AND METHODS

The study included 50 people aged 20 to 80 years, includ-
ing 28 men and 22 women. The main group consisted of
39 patients with the established clinical diagnosis of CML.
In order to validate the analytical specificity for the absence
of false positive results, blood samples from 11 apparently
healthy individuals, comparable in gender and age with the
main group of patients, were used.

Peripheral blood samples were obtained at the Loginov
Moscow Clinical Scientific Centre; all the participants were
requested to sign an informed consent. Blood sampling
was carried out in vacuum tubes with K2 EDTA (China). To
confirm the diagnosis of CML and determine the mRNA
expression level of the chimeric gene BCR::ABL1, a set of
reagents was used to detect and quantify the BCR::ABL1
chimeric gene mRNA (M-bcr variant) and the abl gene
mMRNA in clinical material by real-time PCR with fluores-
cence detection AmpliSens® Leukemia Quantum M-bcr-
FRT (Central Research Institute of Epidemiology, Russia)
according to the manufacturer’s instructions.

RNA was isolated using a set of AmpliTest® RIBO-prep
reagents (Centre for Strategic Planning, FMBA, Russia) ac-
cording to the instructions. The efficiency of mRNA isola-
tion was determined using a Qubit 4 fluorimeter (Thermo
Scientific, USA).

The developed reagent kit includes specific primers
and fluorescently labeled probes, the presence of which
allows simultaneous detection of the expression of the
chimeric BCR::ABL1 gene and the ABL7 gene. The oligo-
nucleotides for detecting chimeric gene expression were
selected based on the recommendations of the interna-
tional group Europe Against Cancer (EAC) in 2003 and al-
lowed the identification of the two most common chimeric
transcripts, i.e., e13a2 (b2a2) and e14a2 (b3a2). The control
of material collection, RNA isolation, reverse transcription
reaction, and PCR was carried out using endogenous in-
ternal control, which used specifically selected primers and
a probe for the ABLT gene.

The concentrations of primers and fluorescently labeled
probes were selected experimentally.

The reaction mixture was prepared using the following
reagents (manufactured by Centre for Strategic Planning,
FMBA, Russia): 5x PCR buffer (5 pL), 10 mM dNTP (0.5 pL),
Taq polymerase (0.5 pL), and MMLYV revertase (0.25 pL).

PCR ampilification conditions were as follows: reverse
transcription at 50°C (30 min), preheating at 95°C (15 min),
followed by 45 cycles of denaturation at 95°C (10 sec) and
annealing at 60°C (60 sec). The fluorescent signal was de-
tected via the FAM and HEX channel.

Interpretation was carried out only for correct results
for a negative control sample (NCS) and a positive con-
trol sample (PCS) at each setting. Sterile deionized water
was used as a NCS; PCS was a mixture of bacteriophage
preparations containing sequences of MRNA translocation
p210 of the chimeric gene BCR::ABL7 and mRNA of the
control gene ABLT.

Plasmids containing mRNA sequences of translocation
p210 of the chimeric BCR::ABL1 gene and mRNA of the
control ABLT gene with a known concentration were used
as calibrators. The concentration of plasmids was mea-
sured using the QX200 digital PCR system (Bio-Rad, USA).
Plasmids were used in five 10-fold dilutions from about 10
to 1x108 copies/mL to determine the linearity and effective-
ness of RT-PCR. A single-stage RT-PCR reaction was per-
formed on a DT-96 amplifier (DNA Technology, Russia).

To establish the detection limit for the specificity and
sensitivity of the developed kit, RNA isolated from the K562
cell line (BCR::ABL1 — positive) and Hel.a (wild-type sam-
ples), as well as samples from CML patients and healthy
donors, were used. To determine the relative sensitivity,
cellular standards with certain concentrations were pre-
pared, namely 10%, 1%, 0.1%, and 0.01% according to the
procedure described by White et al., 2010 [8]. The number
of cells was calculated using an automatic Countess Il FL
Automated Cell Counter (Thermo FS). The resulting stan-
dards were calibrated according to the WHO protocol [12].

The relative mMRNA expression level of the chimeric
BCR:ABL1 gene was estimated based on calculations for
BCR::ABL1/ABL1 using the following formula:

BCR::ABL1 copies number

x o,
ABL1 copies number 100%.

Statistical analysis was performed using the StatTech
v.4.5.0 software (developed by Stattech LLC, Russia).
Differences were considered significant at p < 0.05.

RESULTS AND DISCUSSION

Testing of the reagent kit developed in this study produced
the following results. Real-time PCR parameters were as
follows: efficiency ranging within 95-105% and the correla-
tion coefficient r = 0.99. According to experimental data
using cellular standards, the relative sensitivity of the de-
veloped set was 0.01%, which corresponds to the level of
complete molecular response (CMR). The reproducible
sensitivity for control plasmids and for RNA isolated from
K562 cell culture was 100 copies/mL (CV% = 1.86).

Verification of the analytical specificity showed the ab-
sence of false positive results when testing samples ob-
tained from healthy patients. During testing, only the inter-
nal control signal via the HEX channel was detected; the
MRNA detection signal for the chimeric BCR::ABL1 gene in
the FAM channel was absent.

In this study, we analyzed a random sample of periph-
eral blood samples from patients with the clinical diag-
nosis of CML. In the main group, mRNA expression of
translocation p210 of the chimeric BCR::ABL1 gene was

¢ Clinical Guidelines: Management of Chronic Myeloid Leukemia (CML) in adults. C92.1.
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detected in all 39 samples. The number of positive results
was 21 (53.8%) and 18 (46.2%) among men and women,
respectively. The incidence of translocation in the age
groups of 20-29, 30-49, 50-59, 60-69 and 70-79, and
over 80 years comprised 3.2, 12.9, 9.6, 19.3, and 6.4%
of cases, respectively, which agrees well with statistical
data. The largest number of patients with these changes
were registered in the age group of 60-69 and 70-79
years, which is also consistent with statistical data for
Russia [2]. Patients under the age of 20 years were not
represented due to their limited sample. Morbidity at this
age equals about 1% nationwide. CML is equally common
in both men and women [13, 14].

The relative expression of the BCR::ABL1 gene (pro-
tein p210, variants b3a2 or b2a2) according to the results
of testing in peripheral blood samples of patients with the
clinical diagnosis of CML ranged from 2.3% to 100%. The
number of copies of the ABLT gene ranged from 2200
copies/mL to 17,595,440 copies/mL in the CML group and
from 11,675,896 copies/mL to 18,634,577 copies/mL in the
control group.

According to the Laboratory Guidelines for the
Diagnosis and Treatment of Chronic Myeloid Leukemia
(European LeukemiaNet), the minimum number of refer-
ence gene transcripts, regardless of whether BCR::ABLT
is detected or not, should be at least 10,000 ABL1 for MR
4, 32,000 for MR 4.5, and 100,000 for MR 5 in the same
volume of cDNA in which the sample is being tested for
BCR::ABL1 [4]. The number of transcripts of the reference
gene obtained meets international standards; therefore, the
results can be included in clinical reports.

During testing of CML patients, eight samples of IS<1%
BCR were identified: ABL1 (MR 2), nine samples of IS<0.1%
(MR 3), seven samples of 1S<0.01% (MR 4), seven sam-
ples of 1IS<0.0032% (MR 4.5). The object of the study was
blood samples from randomized patients. The criterion for
inclusion in the main group of patients was the presence
of the confirmed diagnosis of CML, established using the
AmpliSens® Leukemia Quantum M-bcr-FRT analogue reg-
istered in Russia.

Testing of the developed reagent kit on peripheral blood
samples with a known level of expression of the chimeric
BCR:ABL1 gene demonstrated their complete agreement
with the results obtained using the AmpliSens® Leukemia
Quantum M-bcr-FRT reagent kit.

When establishing the diagnosis of CML, molecular ge-
netic analysis (FISH method) is used to identify the chimeric
BCR:ABL1 gene, as well as to determine the expression
of BCR::ABL1 p210 mRNA (quantitative) for chimeric e13a2
or e14a2 transcripts by PCR [15]. This method is also used
in assessing the level of response to treatment of patients
with tyrosine kinase inhibitors (TKI) and determining the lev-
el of minimal residual disease when the number of residual
leukemic cells is below the sensitivity level of cytogenetic
studies [16].

The current market offers a number of domestic test
systems designed to detect the mRNA of the chime-
ric BCR:ABL1 gene. These include, e.g., AmpliSens®
Leukemia Quantum M-bcr-FRT (Central Research Institute

ORIGINAL ARTICLE | ONCOLOGY

of Epidemiology of Rospotrebnadzor), ONCOSCREEN 1-1-
Q (GenoTechnology), with and without registration certifi-
cates: Myeloscreen BCR-ABL (Gene Formula), BCR-ABLA1
Mbcr RQ Kit® (“Inogen”).

In terms of the number of reproducible copies, the ana-
lytical sensitivity of the AmpliSens® Leukemia Quantum
M-bcr-FRT kit was twice as low as that of the analyzed
kit, amounting to 237 copies/mL vs 100 copies/mL.* At the
same time, the analysis using the AmpliSens® Leukemia
Quantum M-bar-FRT kit involves setting up a reverse tran-
scription reaction initially in isolation, and then performing
real-time PCR, which is quite laborious. Unlike the refer-
ence kit, the developed kit used a mixture that allows de-
tecting the expression of BCR::ABLT p210 mRNA in one
tube.

The results of quantification of BCR:ABLT mRNA ob-
tained using the kit under study were similar to those re-
corded using the AmpliSens® Leukemia Quantum M-bcr-
FRT kit in all samples. Both sets are capable of identifying
at least a 4.5-fold decrease in the IS ratio.

The BCR/ABL MULTITEST kit can be used to simul-
taneously detect chimeric transcripts p210, p190, and
p230 of the BCR::ABLT gene using the RT-PCR multiplex
format, which is economically feasible during primary
screening [17].

In 2019, Kitamura et al. presented a new high-
sensitive two-stage reagent kit RT-PCR (Reverse
Transcription Polymerase Chain Reaction) with a diag-
nostic sensitivity of 0.01%, which was determined us-
ing the Armored RNA Quant® (ARQ) secondary control
panel (Asuragen, Inc., Austin, Texas, USA) [6]. Dubina et
al. determined the analytical parameters of the test, in
which the specificity should strive for 100%, adequate
for the sensitivity level of 3-5 copies of mMRNA to the
reaction, while the ratio of the BCR::ABL1 transcript to
the normalizer gene should be 0.01% (corresponding to
the level of CMR) [18].

In comparison with its analog system, the developed kit
has a number of advantages. Firstly, it exhibits higher ana-
lytical indicators. Secondly, the use of single-stage RT-PCR
significantly reduces the risk of contamination and techni-
cal errors during the excavation of reagents and samples,
while also reducing the working time of personnel. Finally,
the multiplex mixture of specific probes and primers used
over two detection channels can significantly reduce the
amount of expendable materials used.

Thus, we have succeeded in creating a highly sensitive
multiplex test system for simultaneous detection of e13a2
(b2a2) and e14a2 (b3a2) transcripts of the p210 transloca-
tion, which also assumes endogenous internal control to
assess the correctness of all stages of PCR, including RNA
isolation.

CONCLUSION

Quantification and detection of translocation in CML is
essential for selecting adequate treatment protocols and
monitoring disease recurrence. Sensitive and accurate
monitoring of minimal residual disease plays an important

4 https://roszdravnadzor.gov.ru/services/misearch
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role in managing CML, facilitating the decision-making
process concerning treatment cessation and identifica-
tion of patients at risk of progression. The conducted test-
ing of the developed test system, which makes it possible
to detect the p210 transcript of the chimeric BCR::ABL1
gene, showed a sufficiently high order of diagnostic spec-
ificity and sensitivity of the developed set of reagents for
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NGS ANALYSIS OF THE MUTATIONAL PROFILE OF PATIENTS WITH Ph-NEGATIVE | M) Check for updates ‘
MYELOPROLIFERATIVE NEOPLASMS
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Introduction. The identification of driver mutations in the JAK2, CALR, and MPL genes is a gold standard approach in the molecular diagnosis of patients with
Ph-negative myeloproliferative neoplasms (Ph-MPNs). However, such patients are characterized by a heterogenous genomic landscape. Standard molecular
genetic methods cannot be used to identify most somatic mutations, thus failing to provide a comprehensive understanding of the course and prognosis of
Ph-MPNs and to confirm the clonality of the disease in patients with triple-negative status. The next generation sequencing (NGS) technology allows simulta-
neous analysis of an extensive panel of genes and identification of both pathogenic and driver mutations.

Aim. To evaluate the possibility of using NGS to study the mutational status of patients with Ph-negative MPNs and to analyze the effect of identified patho-
genic mutations on patient survival.

Materials and methods. The study included 83 patients with polycythemia vera, essential thrombocythemia, and primary myelofibrosis aged from 19 to 85
years (the median onset age of 51 years). For all patients, sequencing was performed using a myeloid panel of 118 genes with an average reading depth of
1000x on MiSeq (lllumina, USA). The clinical significance of the mutations was determined using the COSMIC and Franklin databases. The survival rate was
analyzed using the Kaplan—-Meyer method followed by assessment of statistical significance using the Cox-Mantel test in the GraphPad Prism 8 environment.
Results. Pathogenic mutations in 23 genes were detected in 39 (46%) patients out of the total cohort of patients. The most frequent mutations were detected
in the ASXL1 gene in 25% of patients, which reduced event-free survival by 50.3% (Me = 7.83 years vs 15.75 years). The pathogenic mutations identified in
other genes combined with mutations in driver genes also decreased event-free survival compared to patients with isolated driver mutations. Two or more
pathogenic mutations significantly reduced event-free survival compared to patients with only one pathogenic mutation. The NGS method was also capable
of identifying pathogenic mutations in 8 out of 10 triple-negative patients studied, thus confirming the clonality of the disease.

Conclusions. The next-generation sequencing (NGS) method using a panel of 118 genes is an effective tool in identifying predictively significant mutations
important for selecting the most effective personalized therapy to achieve hematologic response.

Keywords: Ph-negative myeloproliferative neoplasms; next-generation sequencing; pathogenic mutations; event-free survival
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N3YHEHUE MYTALMOHHOI O NMPO®UIA BOJIbHbIX Ph-HETATUBHBbIMI
MUMENOMPOJIN®EPATUBHbIMA HOBOOBPA30OBAHNUAMW METOOM NGS

A.H. Knpuenko™, E.B. MoTbiko', E.B. Edppemosa’, [1.B. Kyctosa', T.H. TepT’, 1.B. Jlennaner’, B.A. LLlyaes?3, 1.C. MapTbiHkeBUY'

"Poccuiickunii Hay4HO-MCCNefoBaTeNbCKUn MHCTUTYT reMaTonorm 1 TpaHcdyanonoru PeaepansbHoro Meanko-6ronornyeckoro areHTCTBa,
CaHkT-leTepbypr, Poccus
2Poccuiickast MeguumMHcKas akaaemns HenpepbiBHOMO NpodeccrnoHanbHoro obpasosaqusi, Mockea, Poccust

3 MeanUMHCKINIA paanonormiecknii HayHblin LeHTp umeHn A.®. Libiba, O6HMHCK, Poccust

BeepeHue. OnpepgeneHe gparBepHbix MyTaumn B reHax JAK2, CALR n MPL aBnaeTcs «30/10TbiM CTaHAAPTOM» B MONIEKYSIAPHOM ANarHOCTUKE NaLNEeHTOB
¢ Ph-MIMH. OgHako reHoMHbI fnaHawadT Taknx nauyeHToB reTeporeHeH, 1 cTaHaapTHbIE MONEKYNSPHO-reHeTUYeCKe METOAb! He MO3BOMSIOT BbIABUTL
OOMBLUMHCTBO COMAaTUYECKMNX MyTauuii 1 TeM CaMbiM He JAt0T MOHOMO NPeACTaBAeHns 06 0COBEHHOCTAX TedeHns 1 nporHose Ph-MIMH, a Takxxe He no-
3BONSIOT NOATBEPANTL KNOHANBHOCTL 3a601eBaHNs Y 60/bHbIX C TPOMHbBIM HEraTUBHbBIM CTaTyCOM. MeTo CeKBEHNPOBaHMs cnepytoLLero nokoneHns (NGS)
[laeT BO3MOXXHOCTb OHOBPEMEHHO MPOBECTN aHaNM3 OBLUMPHOM NaHeNM reHOB U BbISIBUTH Kak NMaToreHHble, Tak U ApanBepHble MyTaumn.

Llenb. OueHka BO3MOXHOCTL ncnonb3doBaHns NGS B 13ydeHun MyTaLMoHHOro ctatyca naumeHToB ¢ Ph-HeratvsHbiMn MIMH 1 aHanva BAnsHUS BbiSiBNEH-
HbIX MATOrEeHHbIX MyTaLWii Ha BbIXKMBAEMOCTb NaLEHTOB.

MaTepuanbl u metoabl. B nccnegoBaHne Obin BKOYEHbI 83 naumeHTa ¢ AMarHo3amMm «MCTUHHASA NONMMLUTEMUS», «3CCeHLManbHas TPOMOOoLUTEMYIS»
1 «NepBUYHbI Mrenodurbpos» B BodpacTte oT 19 no 85 net (MeamaHa Havana 3abonesaHus — 51 roa). Y Bcex nauyeHTOB CEKBEHMPOBAHNE BbINOSIHSANOCH
C MCNONb30BaHNEM MUENONAHOM NaHenn 13 118 reHos co cpeaHen rnybuHomn npodteHns 1000x Ha nprubope MiSeq (lllumina, CLUA). KnuHndeckas 3Haum-
MOCTb MyTauuin ycTaHaBnMBanach no 6asam gaHHbix COSMIC v Franklin. [ns aHannaa BbiKMBaeMOCTN UCNOfb30Banu meTon KannaHa — Meliepa ¢ oueH-
KOW CTaTUCTUHECKON 3HAYMMOCTHM C MOMOLLIO TecTa Kokca — MaHTena ¢ ncnonbdoBaHnem nporpammbl GraphPad Prism 8.

PesynbTtaTtbl. [aToreHHble MyTaumm B 23 reHax 6bin BbisBieHb! y 39 (46%) naumneHToB 13 obLero Yncna 6onbHbix. Hanbonee 1acto, y 25% naumeHTos,
MyTauum AeTekTnpoBanu B reHe ASXLT; oHM CHKanm 6eccobblTUiiHYIO BbbKMBaeMocTb Ha 50,3% (Me = 7,83 roga npotus 15,75 ropa). BeisiBneHHble naTo-
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reHHble MyTaummn B Apyrux reHax Co4eTaHHO C MyTaumsamm B ApaiBepHbIX reHax Takxke yxyaLlanu nokasarenn 6eccobbITUAHOM BbKMBAEMOCTM MO CpaBHe-
HUIIO C NMokasaTensiMv NauneHToB, MMEBLLNX M30NIMPOBaHHbIE ApariBepHble MyTaLmn. [1Be 1 60onee naTtoreHHble My Talmn 3HaYMMO CHXKaNM 6eCCOObITUNHYIO
BbDKMBAEMOCTb MO CPaBHEHWUIO C NauyeHTaMn ¢ 0AHOWM natoreHHon MyTauven. Metogom NGS Takke yaanoch BbIsiBUTb NaToreHHble MyTtaumm y 8 na 10
ncenefyemMblx NauyeHToB C TPUHEraTUBHBIM CTAaTyCOM U TaknuM 06pa3oM NOATBEPANTL KNTOHAIbHOCTL 3ab01eBaHns.

BbiBoAbl. MeTOA CekBeHVpoBaHus cnegytoLlero nokonenns (NGS) ¢ ncnonbsosaHnem naHenv 13 118 reHos aBnaeTcs aMOEKTVBHBIM MHCTPYMEHTOM B Bbl-
ABNEHUM MPOrHOCTUYECKM 3HAYUMbIX My TaLmi, BaxHbIX 41 nogdopa Hanbosnee athhekTUBHOM NepCoHaN3NpoBaHHOM Tepanmm, Mo3BONSIOLLEN AOCTUraTb
remMaTonorn4eckoro oTeera.

KnioueBble crnioBa: Ph-HeraTuBHble MyenonponmbepaTBHbie HOBOOGPa30BaHWsl; CEKBEHMPOBAaHME CNedyoLLEro NoKoIEeHs!; NaToreHHsle MyTauwmm; 6ec-
COBbITUHAS BbIXXMBAEMOCTb

Ans untnposanus: Knprerko A.H., MoTbiko E.B., Edpemosa E.B., Kyctosa [1.B., lfept T.H., Jlennsaxer N.B., LLlysaes B.A., MapTbiHkeBu4 W1.C. V3y4eHre my-
TaLMOHHOrO NPodKNsa 60MbHbIX Ph-HeratnBHbIMU MenonponmMgepaTBHbBIMN HOBOOOPa3oBaHMaMK MeTofoM NGS. MeauumHa sKCTpemasibHbIX CUTYaLmi.
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INTRODUCTION

BCR:ABL1-negative myeloproliferative neoplasms (Ph-
MPNSs) are clonal hematologic malignancies characterized
by excessive release of mature myeloid cells into the blood,
arising from a mutated hematopoietic stem cell [1, 2, 3].
Classic Ph-MPNs include polycythemia vera (PV), essential
thrombocythemia (ET), and primary myelofibrosis (PMF) [4].

Recent advances in molecular genetics have revealed
a common trigger mechanism in the pathogenesis of the
above diseases. This mechanism is based on constant ac-
tivation of the Janus kinase (JAK-STAT) signaling pathway
in the cell, through which information is transmitted from
external chemical signals to the nucleus, resulting in DNA
transcription and expression of genes involved in immuno-
genesis, proliferation, differentiation, apoptosis, and onco-
genesis [5]. Constant activation of the JAK-STAT signaling
pathway is related to mutations in the JAK2, CALR, and
MPL genes, referred to as driver mutations. Detection of
mutations in these genes has become an integral part of
the modern diagnostic algorithm for patients with MPNSs,
being included in current clinical guidelines. Deciphering
the pathogenetic mechanisms of Ph-MPN development
has contributed to the development and introduction into
clinical practice of targeted therapy for Janus kinase inhibi-
tors that block the intracellular JAK-STAT signaling system
[5].

At the same time, recent studies have revealed the het-
erogeneity of the genomic landscape of Ph-negative MPNSs.
Mutations were detected in genes responsible for different
functions within the cell, such as epigenetic regulation of
DNA methylation (TET2, DNMT3A and IDH1/2), histone/
chromatin modification (ASXL1, EZH2, SUZ12), RNA splic-
ing (SRSF2, SF3B1, U2AFT), signal transduction (SH2B3,
LNK, CBL, RAS, NF1) and transcription factors (TP53 and
RUNXT), and others [6-9]. Detection of these mutations
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possesses a diagnostic and prognostic value, allowing the
risk of disease progression to be assessed, the most ef-
fective treatment tactics to be selected, and the need for
hematopoietic stem cell transplantation to be determined.
Thus, the next generation sequencing (NGS) method for
simultaneous determination of the mutational status of a
large number of genes is acquiring particular significance
in the diagnosis of BCR::ABL1-negative MPNs in patients.

In this study, we aim to evaluate the feasibility of NGS
analysis in studying the mutational status of patients with
Ph-negative MPNs and to assess the impact of identified
pathogenic mutations on patient survival.

MATERIALS AND METHODS

Our study enrolled 83 patients (30 males and 53 females)
aged 19 to 85 years (with the median onset age of 51
years) undergoing hospital treatment in St. Petersburg and
Moscow, Russian Federation. The diagnosis of Ph-negative
MPN was previously established in all patients according to
the WHO criteria. Out of them, 47, 15, and 21 patients were
diagnosed with PMF, PV, and ET, respectively (Table 1).

All patients had been previously screened for mutations
in driver genes followed by detection of mutations in the
JAK2 gene (VB617F) in 54 cases (65%), CALR in 16 cases
(19%), and MPL in 3 cases (4%). Nevertheless, these genes
were included in the NGS panel of investigational genes for
use as internal positive controls. The group of patients with
ET and PMF without mutations in any of the driver genes
(so-called triple-negative patients) comprised 10 (14.7%)
patients of the total sample.

During the follow-up period, 14 patients showed phase
transition or leukemic transformation: seven patients diag-
nosed with PMF showed transformation to Acute Myeloid
Leukemia (AML); three patients with ET and four with
PV showed transformation to secondary myelofibrosis
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(Table 1). DNA isolation from peripheral blood samples was
performed with a QlAamp RNA Blood Mini Kit (Qiagen, the
Netherlands).

Identification of mutations in JAK2, MPL, CALR genes

Mutation in the JAK2 gene was determined with a reagent
kit for detection of V617F G/T mutation in JAK2 (Janus
kinase 2) gene (Syntol, Russian Federation). Mutations in
the CALR and MPL genes were determined by Sanger se-
quencing using a NANOFOR-05 genetic analyzer (Syntol,
Russian Federation). The following primers were used to
design DNA fragments:

MPL-F 5-TAGCCTGGATCTCCTTGGTG-3;

MPL-R 5-AGAGAGGTGTGACGTGCAGGAAGT-3’;
CALR-F 5-TGAGGTGTGTGTGTGCTCTGCCT-3;

CALR-R 5-AGAGACATTATTTGGCGCGCGG-3.

Next-generation sequencing

In all patients, sequencing was performed using a targeted
exon panel of 118 genes with an average read depth of
1000x on a MiSeq device (lllumina, USA). The indepen-
dently developed panel included key genes involved in
myeloid neoplasms [6-9]. For lllumina sequencing, librar-
ies were prepared from 200 ng of genomic DNA split into
300 bp fragments using a Covaris S2 focused ultrasound
system.

Fragmented DNA was transformed into DNA libraries us-
ing a KAPA Hyper Prep Kit (Roche, Switzerland). DNA librar-
ies were enriched using a Hyper Cap Target Enrichment kit
and a KAPA Hyper Exome Probes kit (Roche, Switzerland)
according to the manufacturer’s protocol. The MGlEasy
Circularization Module V2.0 (MGlI, China) was used to pre-
pare DNA libraries. Quantitative analysis of the library was
performed on a Quantus fluorimeter with a QuantiFluor®
dsDNA System kit (Promega, USA).

The lllumina Sequence Analysis Viewer software was
used as the sequencing analysis viewer. The quality of the
raw NGS data was assessed using the FastQC software in
the lllumina BaseSpace Sequence Hub. Sequencing data
were analyzed using a combination of two sequence align-
ment and variant calling applications also used in lllumina
Base eSpace Sequence Hub, DNA Amplicon and Pindel,
with a 3% allele frequency detection limit (VAF).

The clinical significance of mutations was determined
using the COSMIC, ClinVar and Franklin databases accord-
ing to the ACMG/AMP criteria. The KEGG database was
used for gene function annotation.

The Kaplan—-Meier method was used for survival
analysis, with statistical significance assessed using the
Cox-Mantel test. Statistical analysis was performed us-
ing GraphPad Prism 8 (GraphPad Software, La Jolla, CA,
USA).

RESULTS
Mutational status of driver genes

At least one of the driver mutations in the JAK2, CALR and
MPL genes was detected in 72 (87%) of the total number

Table 1. Patient cohort description

Main characteristics | Number of patients, n

Gender:

male 30

female 53
Age (Me), yr 19-85 (51)
Diagnosis:

Primary myelofibrosis (PMF) 47

Polycythemia vera (PV) 15

Essential thrombocythemia (ET), 21
Mutations in driver genes:

JAK2 54

CALR 16

MPL 3

Triple-negative status 10
Phase transition / Leukemic transformation:

PMF in acute myeloid leukemia 7

ET in secondary myelofibrosis 3

PV in secondary myelofibrosis 4

Table prepared by the authors using their own data

of patients diagnosed with Ph-negative MPN who partici-
pated in the study. This finding is consistent with the data
obtained by other molecular methods.

We detected a mutation in the JAKZ2 gene (V617F) in
27 (57.5%) patients diagnosed with PMF, a mutation in the
CALR gene in 12 (25.5%), a mutation in the MPL gene in
2 (4.2%) patients. Mutations in driver genes were not de-
tected in 6 (12.8%) patients (the so-called triple-negative
status). In all 15 patients with PV, a mutation in the JAK2
gene (V617F) was detected. In the JAK2 gene, only muta-
tion in exon 14 (V617F) was detected; mutations in exon
12 were not detected. In the MPL gene, mutations were
detected only in the W515 position. Two main types of mu-
tations were detected in the CALR gene: deletion of 52 nu-
cleotides and insertion of 5 nucleotides.

In the course of the study, 12 (57%) of 21 patients diag-
nosed with ET had a mutation in the JAK2 gene (V617F).
Mutations in the CALR and MPL genes were registered in 4
(19%) and 1 (5%) patients, respectively. At the same time, 4
(19%) patients were triple-negative.

Mutation profile of the studied patient cohort

Our NGS study of 118 genes found mutations in 39 (46%)
of 83 patients in 23 genes presented in Fig. 1. Moreover,
19 (49%) of 39 patients under observation showed one
pathogenic mutation, with two mutations being recorded in
7 (18%) patients and three or more mutations being noted
in 13 (83%) patients with Ph-negative MPNs. On average,
one pathogenic mutation was detected across the entire
cohort.
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Figure prepared by the authors

Fig. 1. Mutational profile of 83 patients with Ph-negative myeloproliferative
neoplasms

In the analyzed sample of patients, pathogenic muta-
tions were detected most often in the ASXL7 and TET2
genes, in 25% and 15% of patients, respectively. Mutations
in the SRSF2 and IDH1/2 genes were detected in 8% of
patients; DNMT3A — in 6%; U2AF1, PHF6, and TP53 —in
4% each; APC, EZH2, SF3B1, and KRAS — in 3% each.
Mutations in the ATRX, CBL, DDX3X, EP300, GATAZ2,
RUNX1, SETBP1, SUZ12, and ZRSR2 genes were detected
only in 1% of patients each (Fig. 1).

Among triple-negative patients, pathogenic mutations
were detected in 8 (80%) of 10 patients in seven different
genes. In this case, only one mutation was detected in four
of them; two patients had two mutations; and two patients
had three pathogenic mutations simultaneously. Mutations
in two genes combined SRSF2 and ASXLT were detected
in four patients with triple-negative status; a mutation in
IDHT gene was detected in two patients; mutations in the
RUNXT, TET2, NF1, and HRAS genes were detected in one
patient.

Table 2. Functions of the genes identified during NGS analysis

Gene functions Gene names

Chromatin (histones) modification ASXL1, ATRX, EZH2, EP300

SRSF2, U2AF1, SF3B1, PHF6,

RNA splicing DDX3X, ZRSR2

DNMTS3A, IDH1, IDH2, TET2,

DNA methylation suz12

Transcriptional factors RUNX1, TP53, GATA2

DNA replication SETBP1, APC

Signal transmission KRAS, CBL

Table compiled by the authors; annotation of the gene function was carried out
using the KEGG database
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Fig. 2. Impact of mutations in the ASXL1 gene on event-free survival of patients
with Ph-negative myeloproliferative neoplasms. The event was considered to
be phase transition, leukemic transformation, or death

Our study established pathogenic mutations in 23
genes, which were further analyzed using the KEGG data-
base to predict the functions of these genes. Most genes
(SRSF2, U2AF1, SF3B1, PHF6, DDX3X, ZRSR?2) are involved
in RNA splicing and DNA methylation (DNMT3A, IDH1, IDH2,
TET2, SUZ12). A smaller number of genes are responsible
for chromatin (histone) modification, DNA replication and
signaling within the cell; three genes act as transcription
factors (Table 2). The limited cohort of the patients included
in the study did not allow us to evaluate the impact of each
functional group on the prognosis of the disease course or
the efficacy of treatment therapy. Nevertheless, the analy-
sis using the KEGG database improved our understanding
of the molecular mechanisms underlying Ph-negative my-
eloproliferative neoplasms.

Genetic markers of leukemic transformation

On average, we detected two pathogenic mutations
in 14 patients with phase transition to secondary myelofi-
brosis or leukemic transformation. Mutations in the ASXL7
gene were detected in 9 (64%) patients; mutations in the
IDH1/2, DNMT3A, TET2 genes were detected in 3 (22%)
patients; mutations in SRSF2, SF3B1, TP53 genes were de-
tected in 2 (14%) patients; mutations in KRAS, SUZ12, PHF6
genes were detected in 1 (7%) patient.

Impact of identified mutations on event-free patient
survival

Our study showed a significant impact of the gene muta-
tion profile on event-free survival rates of patients. Thus,
mutations in the ASXLT gene were statistically significantly
associated (p = 0.0011) with a decreased event-free sur-
vival (median — 11.8 years and 15.75 years) (Fig. 2) in the
studied cohort of patients.

An analysis of the data presented in Fig. 3 found that the
combination of driver and any of the pathogenic mutations
(driver+, pathogenic+ group) was statistically significantly
associated with a decreased event-free survival compared
to the group of patients with exclusively driver mutations
(driver+, pathogenic- group) (median survival of 10 and
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Fig. 3. Impact of pathogenic mutations on event-free survival of patients with
Ph-negative myeloproliferative neoplasms

15.8 years). The worst prognosis was shown for patients
with triple-negative status and the presence of at least one
pathogenic mutation (driver-, pathogenic+ group) (median
survival of 6.9 years). For the group of patients in whom nei-
ther pathogenic nor driver mutations were detected (driver-,
pathogenic+), the median survival was not reached.

Figure 4 shows that the presence of two or more mu-
tations was also associated with a significantly decreased
event-free survival (p < 0.0001) (median survival of 7 and
13.17 years) compared to patients with fewer pathogenic
mutations. An analysis of NGS data showed that a higher
number of pathogenic mutations was associated with a
worse survival prognosis.

DISCUSSION

The pathogenesis of Ph-negative myeloproliferative neo-
plasms is based on mutations in the driver genes, includ-
ing JAK2, CALR, and MPL. Detection of mutations in these
genes is currently the basis of molecular diagnostics in
patients with suspected Ph-negative MPNs. Meanwhile,
recent studies have shown that the genetic landscape of
classical Ph-negative MPNSs is not limited only to mutations
in driver genes. A significant number of mutations in various
genes have been described as pathogenic for Ph-negative
MPNs, influencing the phenotype, course, and prognosis
of the disease. Rapid and reliable detection of such muta-
tions in a wide range of genes is not possible with routine
laboratory methods. In this regard, the NGS method, which
detects mutations simultaneously in a large number of
genes with high accuracy and sensitivity renders feasible.
At present, both in research and clinical practice, the di-
agnosis of patients with Ph-negative MPNs by NGS is per-
formed using various personalized and commercial panels
of genes [9-12]. In our study, the mutational status of pa-
tients with Ph-negative MPNs was investigated for the first
time using a personalized panel of 118 genes. This panel in-
cludes not only genes associated with Ph-negative MPNSs,
but also genes with mutations in other types of myeloid
neoplasms. Sequencing was performed in 83 Ph-negative
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Fig. 4. Impact of the number of pathogenic mutations on event-free survival of
patients with Ph-negative myeloproliferative neoplasms

MPN patients. The data analysis showed that mutations in
the JAK2, MPL and CALR genes, detected in patients by
standard laboratory methods, were successfully detected
in our conditions by NGS. This fact indicates the reliability
of the obtained sequencing data.

In our study, in addition to driver genes, mutations de-
fined as pathogenic were detected in 23 (20%) genes out of
118 studied; these mutations were found in 39 patients. In
comparison with our data, the researchers in [13] analyzed
a group of 197 patients by NGS using a targeting panel
and found pathogenic mutations in 35% of patients. At the
same time, mutations were detected in 27% of genes out
of 104 analyzed. The difference in the number of mutated
genes (20% and 27%) of the total number of genes can be
explained by the different set of genes used in targeting
panels of our work and that of Lundberg et al. [13].

The most frequent additional pathogenic mutations in
patients with different MPNs are found in the ASXLT gene
[8]. We also found that 25% of patients had a mutation
in this particular gene. The frequency of mutations in the
ASXL1 gene varies in different Ph-negative MPNs. Thus,
according to the data presented in [14-19], mutations were
found in 23-25% of cases in primary myelofibrosis and in
5-20% cases of essential thrombocythemia. In true poly-
cythemia, the frequency of mutations in the ASXL7 gene
was 3.5-11.8%. In our study, mutations were found in
26.6% of PMF patients, 14.2% of ET patients, and 16% of
PV patients.

Two pathways of mutagenesis involving the ASXL7 gene
are proposed in the clonal evolution of MPNs:

e pathogenic mutations may occur as a consequence of
driver mutations in the JAK2 and CALR genes in PMF;
e may be the primary triggering event preceding driver

mutations [20-22].

Numerous studies showed the effect of mutations in
the ASXLT gene on general, event-free survival and throm-
botic events in patients with Ph-negative MPNs [23, 24].
However, Guglielmelli et al. found that mutations in the
ASXLT gene reduced overall survival in patients with PMF
but not with secondary MF [25]. In addition, ASXLT muta-
tions impact the outcome of therapy with targeted drugs
and allo-HSCT [26]. Our study showed an association of
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dramatic reduction in event-free survival (median survival
of 7.83 vs 15.75 years, p = 0.0011) for all patients with and
without mutations in this gene.

Advances in genetics and molecular biology in recent
years have offered an improved description of the genet-
ic landscape of Ph-negative MPNs and identified genes
whose mutations have a negative impact on prognosis.
These include ASXL1, EZHZ2, IDH1, IDH2, SRSF2, and
U2AF1Q157. Such mutations, referred to as high-risk mu-
tations, have been included in various prognostic scales.
The number of mutations in these genes also affects
prognosis, namely, one pathogenic mutation led to a 1.7-
fold reduction in the median overall survival of patients,
two mutations led to a 4.7-fold reduction compared to pa-
tients without mutations in these genes (Me = 12.2 years,
Me = 7 years, Me = 2.6 years respectively, p < 0.0001)
for patients with myelofibrosis [27]. Our study, based on a
panel of 118 genes, showed that not only high-risk muta-
tions affect the survival of patients with MPNs. Indeed,
any pathogenic variants in combination with driver genes
(p = 0.0004) significantly reduced patient survival, with
both the presence of such a variant and their number be-
ing important. Patients with two or more mutations dem-
onstrated a significantly decreased event-free survival
compared to those with one mutation (p < 0.0001). Thus,
when carrying out a diagnosis of Ph-negative MPNs, at-
tention should be paid to analyzing the maximum possible
panel of genes, rather than the mutational status of only
six genes of high molecular risk.

Recent studies have demonstrated the importance of
the NGS method for characterizing the mutational pro-
file of triple-negative patients [28, 29]. Indeed, pathogenic
mutations in various genes were detected in 8 out of 10
such patients in our study cohort. The detection of mu-
tations in this group of patients allowed us to confirm
clonality and assess the risks of the disease course. It is
important to note that the absence of driver and patho-
genic mutations in patients with the confirmed diagnosis
of Ph-negative MPN allows us to distinguish them into a
separate cohort with the most favorable prognosis of the
disease course without leukemic transformation [12]. Not
all studies, however, identified such a group; thus, Huang
et al. identified pathogenic mutations in all 12 patients with
triple-negative status [12].

In addition to assessing disease prognosis, NGS is
a convenient tool for selecting target genes for targeted
therapy, targeting not only driver genes but also genes
with different functions (e.g., IDH1/2 and EZH2). Mutations
in these genes were also identified in patients from our
cohort. The IDH1/2 genes were mutated in 8% of patients,
and EZH2 in 3% of patients, which is consistent with the
data obtained by other researchers using standard mo-
lecular methods [8, 30].
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Somatic mutations across a wide range of genes were
detected in 80% of patients with PMF and 50% of patients
with ET/PV, affecting the course and prognosis of the dis-
ease [29]. In our patient group, we found pathogenic mu-
tations affecting prognosis in 46% of patients with PMF,
including patients with leukemic transformation. Risk fac-
tors that increase the likelihood of leukemic transformation
include, among others, mutations in various genes: IDH1,
IDH2, SRSF2, ASXL1 in primary myelofibrosis, in SRSF2,
IDH2, or RUNXT in polycythemia vera, in TP53, SRSF2,
EZH2, U2AF1, or RUNXT in essential thrombocythemia.
At the same time, it was shown that the time to leukemic
transformation decreases with the increase in the number
of pathogenic mutations in patients with Ph-negative MPNs
(p < 0.0001), which agrees with our findings of a greater
number of mutations in patients with disease transforma-
tion [12].

The detection of driver mutations has been a break-
through discovery in the diagnosis of myeloproliferative
neoplasms, which facilitates determination of the patho-
genesis of these diseases. At present, the introduction of
NGS analysis is substantially changing the perception and
approach to the diagnosis, risk assessment, and treatment
of patients with Ph-negative MPNs. Due to the possibility of
simultaneous search for mutations in many genes, NGS as-
sists not only in establishing the diagnosis and confirming
the clonality of the disease, but also in identifying groups of
patients with unfavorable prognosis and increased risk of
disease progression and transformation.

CONCLUSION

Thus, the application of NGS technology using a panel of
118 genes in the diagnosis of patients with Ph-negative
myeloproliferative neoplasms made it possible to study the
mutational profile of the disease, to confirm the clonality
of the disease in patients with triple-negative status, and
to identify pathogenic mutations significantly affecting the
results of patient therapy.

In our study, pathogenic mutations were detected in al-
most half of patients with Ph-negative MPNs in 23 genes.
Reduced event-free survival was shown for patients with
a combination of driver and pathogenic mutations. Two
or more pathogenic mutations in a single patient reduced
event-free survival compared to patients with a single mu-
tation. The most frequent molecular event in Ph-negative
MPNs was mutations in the ASXLT gene associated with a
decreased event-free survival of patients. An integrated ap-
proach to the diagnosis of Ph-negative MPNs using mod-
ern molecular genetic technologies will make it possible to
establish the diagnosis, assess the prognostic features of
the disease course, and select the most effective personal-
ized therapy.
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BIOCOMPATIBLE CHITOSAN- AND STARCH-BASED GELS M) Check for updates ‘
FOR 3D PRINTABLE INKS
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Introduction. Carriers intended for cell culture and transplantation are widely used in modern tissue engineering. The creation of inks for printing such
media assumes a wide range of variations in their shape and architecture. Chitosan as a natural polymer is increasingly finding application in various fields of
regenerative medicine. Chitosan-based scaffolds are an artificial prototype of the extracellular matrix in vitro. The method of 3D printing can be used to bring
the structure of such a matrix as close as possible to the properties of native tissues. However, in order to achieve the desired printing quality, the task of
developing a chitosan-based ink composition and selecting optimal printing parameters should be solved.

Objective. Development of a biocompatible chitosan-based ink with optimal rheological properties suitable for 3D printing.

Materials and methods. A bioink was manufactured using the chitosan produced by BiologHeppe (Germany) with a molecular weight of 164 kDa and a
deacetylation degree of 92.5%. Starch produced by Merck (Germany) was used to modify the bioink. The method of 3D extrusion bioprinting was used to
obtain 3D matrices by a 3D bioprinter by Rockit Invivo (Republic of Korea) equipped with the Android OS software. 3D-printed matrices were obtained from a
bioink with different chitosan concentrations: 4% and 6%. Cultures of rabbit mesenchymal stem cells were seeded to study the biocompatibility of the printed
structures.

Results. The developed chitosan- and starch-based inks demonstrated an increased viscosity of the solution and improved characteristics of the printed
designs. The rheological parameters were optimized for printing by increasing the chitosan concentration in the solution up to 6%, as well as by introducing
starch at a similar concentration into the solution. An in vitro study also showed the biocompatibility of the printed structures with respect to mesenchymal
stromal cells.

Conclusions. The developed inks can be used to form scaffolds by 3D printing.
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BMOCOBMECTUMbDIE M'EJIN HA OCHOBE XUTO3AHA N KPAXMAIJIA B KAHECTBE YEPHWJ1
OJ1A 3D-TNMEYHATIA

E.A. Manuk', KO.A. HawekuHa?, N.A. Bapcyk®*™, K.I. Tonosko*®, B.E. Anekcanapos®*®, B.lO. Enoxosckuit’, B.E. tOouH’

" CaHkT-eTepbyprekunii NONNTEXHUHECKN yHBepcHTeT MeTpa Benvkoro, CaHkT-MNeTepbypr, Poccust

2NHeTuTy T untonorum PAH, CankT-MNeTepbypr, Poccus

3[naBHOE BOEHHO-MeaMUMHCKOe ynpasneHne MuHmnctepctea 060poHbl Poccuiickon ®epepaunm, Mocksa, Poccus

4 BoeHHo-MegmumHekas akagemus um. C.M. Knuposa, CarkT-lNeTepbypr, Poccus

5 CaHkT-lNeTepbyprekuin rocyaapcTeeHHbln yHuBepcuteT, CaHkT-INeTepbypr, Poccusa

8 CaHKT-INeTepbyprekumin rocyaapcTBeHHbI NneanaTpudecknin yHmsepcuteT, CaHkT-TeTepOypr, Poccus

"VIHCTUTYT BbICOKOMOEKYNSAPHbIX coeamHermnin PAH, CankT-MNeTepbypr, Poccus

BBepeHue. Hocutenn, npeaHasHa4eHHble AN KyNsTVBMPOBAHUS M TpaHCMIaHTaLMM KNETOK, HaXoaaT LWMPOKOEe NPUMEHEHVE B COBPEMEHHOW TKaHEBOM
nHxeHepun. Co3aanHre YepHWUN ANs neyvaTh TakMx HOCUTENeNn NO3BONSET B LUMPOKMX NPeAenax BapbnpoBaTh Ux opMy 1 apxXuTekTypy. XMTo3aH — npu-
POAHDBIN MONAMMEP, KOTOPbIN YXKe HAXOANUT NMPUMEHEHNe B PadnnyHbix 061acTsx pereHepaTnBHOM MeauLmHbl. Ckaddonibl Ha ero OCHOBE SBASHOTCSA UCKYC-
CTBEHHbIM MPOTOTUMNOM BHEKIETOYHOIrO MaTpukca in vitro. MeTog TpexMepHo nedvaTyt NO3BOIUT MakCManbHO NPUBAN3UTL CTPYKTYPY Takoro MaTpukca
K CBOWMCTBaM HaTUBHOW TkaHW. OaHaKO ANs yyyLIEeHNs Ka4ecTBa nevatin HeoOXoaMO Kak pa3paboTaTb COCTaB YepHIUST Ha OCHOBE XMTO3aHa, Tak 1 Nofo-
6paTb onTUManbHble NapaMeTpbl NeyaTu.

Llenb. PaspaboTka 6B1I0COBMECTUMbBIX YEPHUIT HA OCHOBE XMTO3aHa C ONTUMaSbHbIMY PEOIOTMYECKMI CBOMCTBAMU, NPUrOAHbIMK ANna 3D-nevatn.
MaTepuanbl 1 meToabl. B vccnenoBaHuy Ans co3faHns GUOYepHU NPUMEHSINCS xMTo3aH rpmel BiologHeppe (TepMaHisl) ¢ MONeKynspHOM Maccomn
164 k[a n cteneHbto geaueTnnmpoBarus 92,5%. Ons mogudrkaummn brodepHnn ncnonb3oBann kpaxman dupmbl Merck (Tfepmanus). Ons nofnydeHus
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TPEXMEPHbIX MaTPUL, MPUMEHANM METOL 9KCTPY3nOoHHON 3D-6ronedatn. B pabote ncnonbdosanu 3D-6uonpuHtep durpmbl Rokit Invivo (Pecnybnmnka Ko-
pes), B KOTOPOM yCTaHOBNEHO nporpammHoe obecneveHne Android OS. 3D-nevaTHble MaTpuLbl N3roTaBvBav U3 G1UOHEPHI C PasnyHbIM Cofep)KaHnem
xuTo3aHa: 4 n 6%. [Ana nccnenoBaHus 6MOCOBMECTUMOCTI NMeYaTHbIX KOHCTPYKLIMA NMPOBOANIM MOCEB KYNBTYPbl ME3EHXMMasbHbIX CTBOOBbLIX KNETOK
Kponuka.

PesynbTaTbl. HYepHuna Ha OCHOBE XMTO3aHa 1 Kpaxmasa npoLeMOHCTPUPOBANN YBENMYEHME BASKOCTM PacTBOPA 1 HavyyLLINE XapakTepUCTVKL Hamneva-
TaHHbIX KOHCTPYKLUMIA. Yy4LleHne peonormyeckinx napameTpoB, ONTUManbHbIX A5 neYaT, MPOMCXOANT NPU YBEANYEHNM KOHLIEHTPaLMN XMTO3aHa B pac-
TBOPE [0 6%, a Takxxe Npv Lob6aBneHnn B pacTBOP Kpaxmana ¢ aHaorM4Hom KOHLEeHTpaumnen. iccnenoBanue in vitro Takxke nokasdano b1oCoBMECTUMOCTb
HaneyaTaHHbIX KOHCTPYKLMA MO OTHOLLIEHWIO K ME3EHXMMHbBIM CTPOMAaNbHBIM KNIETKaM.
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INTRODUCTION

Additive technologies, including 3D printing, are driving
major innovations in diverse fields of science, including
medicine and biology.

Various polymers of natural and synthetic origin are
used as printing materials. Such structures can serve as
a basis for manufacturing functional 3D fabrics [1]. These
biomaterials are referred to as inks that mimic the compo-
sition of human or animal body tissues. The advantage of
3D printing consists in the possibility of reproducing the
geometry of a 3D structure that is more similar to a natural
biological system than an in vitro 2D model. The structural
similarity of the printed design can lead to more physiologi-
cally relevant functional results. No other technology is ca-
pable of providing such a level of geometric complexity and
similarity to living tissues [2].

3D printing allows 3D volumetric media to be created
for use as 3D cell cultures for further transplantation into
damaged organs and tissues [2]. The printed designs, to-
gether with the cells grown thereon, may serve as tissue
models for testing new drugs [3].

The printing parameters can be defined as bioprinter
settings (firmware input) that are necessary for an accu-
rate creation of 3D-printed structures. In this sense, only a
certain range of values is suitable for 3D printing, with their
choice being a key factor in obtaining viable structures.
These values depend on the ink composition, which should
be carefully selected in each specific case [4].

The main printing parameters include dispenser tem-
perature, substrate temperature, printing speed, and input
flow parameters (speed and pressure). Being directly relat-
ed to the overall 3D printing time, the printing speed (move-
ment across the XY plane) is a highly important parameter.
In addition, in the extrusion printing method, the hydrogel
flow (thread width) is managed primarily by the printing
speed and the retraction speed. The printing speed values
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used vary from 0.2 to 150 mm/s, ranging within1-30 mm/s
in the majority of cases [4].

The exact dimensions of a 3D-printed structure can be
preserved when the input flow is selected correctly, which
is indicated as a percentage. This parameter is responsible
for the amount of ink being extruded by the printer. Input
flow calibration also improves the retraction settings [4].

The main properties of 3D printable inks include strand
printability, viscoelastic properties, biodegradability, and
cytocompatibility [5]. The 3D matrix should mimic the bio-
logical environment and facilitate cell attachment, prolif-
eration, and growth; promote the dispersion of bioactive
molecules and growth factors; and contain space for the
extracellular matrix [6].

Although both natural and synthetic polymers can be
used as inks, the preference is given to natural materials
due to their high biocompatibility. At the same time, natu-
ral materials may exhibit insufficient mechanical properties
[7]. The most commonly used components in ink are chi-
tosan and alginate, followed by gelatin, hyaluronic acid, silk
fibroin, and polyethylene glycol [8]. Hydrogels can mimic,
e.g., the modulus of elasticity of soft tissues of the human
body. For the most durable tissues, such as bones or teeth,
other materials are required — thermoplastic polymers with
the addition of hydrogels [8].

Chitosan is one of the most promising materials for 3D
printing. Chitosan has three types of reactive functional
groups: amino groups, as well as primary and secondary
hydroxyl groups at C-2, C-3, and C-6 positions, respec-
tively. The positive charge of its functional groups makes
chitosan the only positively charged natural polysaccha-
ride. Consequently, chitosan is able to interact with nega-
tively charged biomolecules, lipids, proteins, deoxyribonu-
cleic acid (DNA), and various cellular receptors that trigger
a cascade of interrelated reactions in living organisms,
which determines its unique characteristics [9]. Among
such characteristics of chitosan-based bioink are good
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cell-matrix interactions, imitation of the structure of native
tissues, creation of a microenvironment for oxygen and nu-
trient exchange, as well as a favorable immune response
after implantation.

According to Huang J. et al., 3D-printed structures
showed biomolecular adaptation, stable biocompatibil-
ity, and biological activity even after various post-printing
modifications [10]. However, chitosan is not devoid of dis-
advantages, such as a slow gelation rate, sufficient thermal
stability, and a low mechanical strength of materials pro-
duced on its basis.

It is important to note that the physical stability and
mechanical strength of 3D printable inks depend on their
viscoelastic properties. The viscoelastic properties of
chitosan can be achieved through physical or chemical
crosslinking methods, as well as by introducing additional
components. Therefore, chitosan is often structurally rein-
forced with other biopolymers, including polysaccharides.
Starch can be used as such a reinforcing biopolymer [11].
Starch consists of carbohydrates, possessing the prop-
erties of hydrophilicity, biocompatibility, low cost, good
biodegradability, and non-toxicity [12]. Starch consists of
a granular form with linear amylose and a large amount
of branched amylopectin. The starch structure is semi-
crystalling; thus, the addition of a limited amount of wa-
ter under the action of heat and shear treatment will lead
to the destruction of hydrogen bonds. At this stage, the
starch will melt, resulting in the formation of a thermo-
plastic starch. Thus, we assume that the combination of
biocompatible and biodegradable biopolymers, such as
chitosan and starch, may compensate for the disadvan-
tages of each biopolymer individually and that their com-
bined use will make it possible to obtain inks with optimal
characteristics for the formation of carriers with specified
structural characteristics by 3D printing. In order to obtain
a predictable result, namely matrices with specified struc-
tural characteristics, such as the size and height of cells,
the optimal ratio of chitosan and starch, as well as optimal
printing parameters, should be determined.

In this research, we aimed to develop biocompatible
inks with an optimal ratio of chitosan and starch, suitable
for 3D printing.

MATERIALS AND METHODS
Chitosan (BiologHeppe, Germany) with a molecular weight
of 164 kDa and a deacetylation degree of 92.5% and starch

(9005-25-8, HC, Merck, Germany) were used to produce
ink compositions.

Table 1. Chitosan and starch calculated concentrations in solutions

Solutions Chitos_an Starch
concentration, % concentration, %

C/S (4/0) 4 0

C/S (6/0) 6 0

C/S (4/4) 4 4

C/S (6/6) 6 6

Table prepared by the authors using their own data

Mesenchymal stem cells (MSCs) obtained from rabbit
adipose tissue according to the method [13, 14] and provid-
ed by the Center for Cellular Technologies of the Institute of
Cytology of the Russian Academy of Sciences were used.
Adipose tissue was washed in a phosphate-salt buffer
followed by treatment with collagenase. Following colla-
genase inactivation, the cells were centrifuged. The cells
were cultured in a o-MEM (modified Igla medium) nutrient
medium with the addition of L-glutamine, 10% bovine fetal
serum and antibiotics (100 units/mL) — penicillin, 100 mi-
crograms/mL streptomycin (all Gibco reagents, USA). Cells
of 4-9 passages were used in the work.

Preparation method of solutions

The following procedure was used to obtain a matrix based
on pure chitosan and chitosan with the addition of starch.
Chitosan was mixed with water at room temperature for
15 min on a laboratory mixer (OSC-10L, Russia) at a mix-
ing speed of 1000 rpm to obtain a suspension, which was
further supplemented with acetic acid (at a concentration
of 97%, 2% of the solution volume), as well as starch at
concentrations from 0 to 6%.

The composition was mixed during 1.5 h on a labora-
tory mixer (OSC-10L, Russia) at a speed of 1000 rpm until
chitosan was completely dissolved. Solutions with starch
addition were additionally mixed for 15 min at a temperature
of 100°C in a water bath to swell the starch. The volume of
chitosan, starch, and acetic acid was calculated in mass
percentages. The concentration of chitosan and starch in
the solution varied. The compositions of the as-obtained
solutions are shown in Table 1. The names of the solutions
are presented in the C/S (4/0) format, where C is chitosan
and S is starch; in parentheses, — chitosan concentration/
starch concentration.

Rheology of solutions

The dependence of the shear viscosity of hydrogels on
the strain rate was measured on an AntonPaar rheometer
(Physica MCR-301 model, Austria) in a cone/plane measur-
ing unit CP25; [d=1 mm] in shear and dynamic modes, in
modes of falling and rising strain rates (circular frequency).
A viscosity relaxation test was performed at two shear
rates of 100 and 0.01 s

3D bioprinting

The method of 3D bioprinting extrusion was used to obtain
3D matrices. We used a 3D bioprinter produced by Rokit
Invivo (Republic of Korea) equipped with the Android OS
software.

To design a 3D matrix, the Autodesk Fusion 360 soft-
ware application was used, in which a parallelepiped with
sides of 16 mm, 10 mm, and 0.2 mm was created.

To set the 3D printer settings and convert the created
model into G-code, we used the NewCreator K.

The printing speed (mm/s) is the linear speed of the
printing table. The input flow (%) is the pressure exerted on
the gel in the syringe. The selected print options are shown
in Table 2.
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As a result of 3D bioprinting, volumetric matrices were
obtained. Next, they were precipitated in a 10% sodium
hydroxide solution for 5 min, after which they were washed
with distilled water to remove alkali residues. Subsequently,
96% ethanol was used for additional sterilization, followed
by its rinsing with distilled water.

Print quality analysis

The main parameter describing the print quality in this
study is strand printability (SP), which is calculated using
formula (1):

S Ds B Dexp

P=1- TS,
where D_  is the experimental diameter of the printed strips
(mm); D, is the theoretically found standard diameter (mm).

The experimental diameter of the printed fiber was
measured in the Imaged software. Then the strand print-
ability was calculated using formula (1). The print result was
considered satisfactory at SP = 1 = 0.1 [12]. The diameter
of the printhead nozzle equal to 0.9 mm was taken as the
standard diameter D._.

Dexp measurement was performed 30 times for each
sample on different sections of the matrix using the ImageJ
software. The diameter values were obtained by comparing
the measured value with the reference value.

In vitro cell culture

To study the biocompatibility of the printed structures, rab-
bit mesenchymal stem cell cultures were seeded onto alll
printed matrices. To that end, 300 pL of cell suspension
with a concentration of 5x10° uL-=' was added to each Petri
dish followed by incubation at 37°C for 40 min. After that,
8 mL of ready-made nutrient medium containing a-MEM
nutrient medium (modified Igla medium) with the addition
of L-glutamine, 10% bovine fetal serum and antibiotics
(100 units/mL) penicillin, 100 pg/mL streptomycin (all rea-
gents — Gibco, USA) was added to each sample.

The cells were cultured under aseptic conditions at a con-
stant temperature of 37°C, 5% CO, concentration, and 98%
humidity. To analyze the interaction of cells with the matrices,
photographs were taken 1 h, 1 day, 3 days, and 7 days after
the onset of the study. All experiments were carried out in 3-5
replicates. Lifetime visualization of cells was performed using
a Nikon camera (USA); the size scale was 200 pm.

Statistical analysis

Statistical analysis was performed using the Microsoft
Excel software; the Student’s t-test was used to evaluate
statistically significant differences between specific sam-
ples. The differences were considered statistically signifi-
cant at p < 0.05.

RESULTS AND DISCUSSION
The data on the dynamic viscosity of ink compositions with

different concentrations of chitosan and starch demon-
strate an increase in the viscosity of the polymer solution
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Table 2. Printing parameters for solutions

Solutions Printing speed, mm/s Input flow, %
C/S (4/0) 1-5 25-75
C/S (6/0) 1-5 75-125
C/S (4/4) 3-7 125-175
C/S (6/6) 3-7 125-175

Table prepared by the authors using their own data

with an increase in concentrations of chitosan and starch in
the solution, which appear quite logical (Fig. 1). Under the
transition from a higher shear rate (100 s™), which simulates
the movement of the polymer solution in the nozzle of the
extruder, to a lower shear rate (0.01 s7), which simulates
the state of the solution on the table of the printing device,
the composition of C/S(6/6) shows the highest ability to re-
store and preserve the shape of the resulting product.

In the first part of the experiment, the printing speed was
varied under a constant input flow. In the second part, the
amount of input flow was varied at a constant printing speed.

Figures 2-5 show histograms that were used to visually
evaluate the ratio of the standard diameter, i.e., the noz-
zle diameter (0.9 mm, light columns) to the experimental
diameter (bright columns). Histograms with blue columns
2A — with a changing speed, with purple 2B — with a
changing input flow. The columns are labeled with the val-
ues of the average experimental diameter, taking the error
into account. Above the histograms are photos of the stud-
ied samples. They were taken from the same height next
to the millimeter paper, which makes it possible to estimate
the actual dimensions of the matrix and calculate the ex-
perimental diameters.

The results obtained show that the most approximate
values of the experimental diameter to the standard diame-
ter for a solution with a chitosan concentration of 4% and a
starch concentration of 4% (C/S— 4/4) were obtained when
the printing speed was set to 3 mm/m, and the input flow
was 50%. The relevant data is shown in Fig. 2.

For the C/S (6/0) solution, the exact value of the ex-
perimental diameter was achieved only when the printing
speed was set to 3-5 mm/s and the input flow was 100%.
Similar to the previous case, this range can be considered
quite narrow. The corresponding data is shown in Fig. 3.

For the C/S (4/4) solution, a wide range of settings was
obtained, at which the experimental diameter was quite
close to the standard diameter: 3-5 mm/s at 150% of the
input flow and 5 mm/s at 175% of the input flow. The cor-
responding data is shown in Fig. 4.

The value of the experimental diameter in the C/S sam-
ple (6/6) turned out to be the most stable (Fig. 5) when
changing the printing parameters. Thus, a sufficiently accu-
rate printing (the proximity of the actual dimensions to the
theoretical ones) can be achieved by setting the print speed
from 3 to 7 mm/s under an input flow of 125 to 150%.

Table 3 shows the results of calculations of strand print-
ability of all the studied ink compositions.

Values close to 1 + 0.1 were considered acceptable. In
all groups, a decrease in printability to 0.9 was observed
with an increase in printing speed or a decrease in input
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Figure prepared by the authors using their own data

Fig. 1. Dynamic viscosity of hydrogels with different starch—chitosan ratios (X-axis (Time t) — time, min; Y-axis (n) — shear viscosity, Pa-s)

Note: the yellow color of the line is the concentration of 4% chitosan in the solution; the green color of the line is the concentration of 4% chitosan and 4% starch in
the solution in a ratio of 1:1; the blue color of the line is the concentration of 6% chitosan in the solution; the red color of the line is the concentration of 6% chitosan
and 6% starch in the solution in a ratio of 1:1.
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Fig. 2. Effect of printing speed (A) and flow (B) on the printing quality for the C/S solution (4/0)
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Fig. 3. Effect of printing speed (A) and input flow (B) on the printing quality for the C/S solution (6/0)
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Fig. 5. Effect of printing speed (A) and input flow (B) on the printing quality for the C/S solution (6/6)

flow. In extreme cases, a violation of the integrity of the
printed structure was noted. When the printing speed de-
creases and the input flow increases, the experimental
diameter exceeds acceptable values, i.e., the printabil-
ity value exceeds 1.1. In some cases, strip fusion occurs,
which makes it impossible to determine the experimental
diameter and printability.

The result can be considered satisfactory when the
printing speed is increased to 5 mm/s (p < 0.01) with the
same value of the input flow. Consequently, a fairly narrow
range of settings was observed, at which the experimental
diameter is close to the standard diameter.

When setting the value of the input flow to less than the
average (25% (p < 0.001)), an excess of the experimental di-
ameter over the standard value was recorded, which does not
correspond to the results of all other groups. This deviation
can be explained by an uneven distribution of bioink over the
area of the printed structure due to its poor adhesion to glass.

With an increase in the input flow to 175% (p < 0.0001),
the experimental diameter exceeds the permissible values
(the printed lines are thicker than required).
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Thus, the following general conclusion can be drawn.
An increase in printing speed and a decrease in input flow
leads to a decrease in the thickness of the printed line.
The opposite trend was noted under a decrease in printing
speed and an increase in input flow.

Printability increases with a simultaneous increase in
printing speed and input flow for solutions with a higher
viscosity (Fig. 1), such as C/S (4/4) and C/S (6/6). In ad-
dition, these solutions are characterized by a wide range
of parameters, at which the printability is close to unity.
This means that the actual dimensions of the matrices are
quite close to the theoretical ones. The use of solutions
with a lower density, i.e., C/S (4/0) and C/S (6/0), as bioink
requires a more careful selection of printing settings. For
such solutions, it was possible to select only one value of
the input flow, at which the printability was close to unity.

MSCs were cultured both on the surface of the matrices
and next to the printed filaments during the period of seven
days.

Figure 6 shows an MSC culture 1 h after seeding. MSCs
form aggregates near the C/S (4/0) matrix and on its surface
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Table 3. Effect of printing speed and input flow on strand printability for C/S
solutions

Solutions Flt:'\:vn:/aste, Input flow, % Strz;r:i!";:;int-
1 50 119+ 012
3 50 1.03£0.13
C/S (4/0) 5 50 0.97 + 0.10%
3 25 1.09 £ 0.13*
3 75 118 +0.14
1 100 1.34 +0.12
3 75 0.84 £ 0.10
/S (6/0) 3 125 115+ 012
5 100 0.92 + 0.10
3 100 1.00 £ 0.10
5 175 113+ 0.14
7 150 0.88 + 0.12
C/S (4/4) 3 150 114 £ 015
5 150 1.00 + 0.12
5 125 0.72 +0.10
3 150 1.03 £ 0.16
5 125 0.96 + 0.13
C/S (6/6) 5 150 1.00 + 0.13
7 150 0.95+0.12
5 175 1.32 £ 0.16"

Table prepared by the authors using their own data
Note: * —p < 0.01; * — p < 0.001; * — p < 0.0001.

(Fig. BA). Figure 6B demonstrates that the cells are evenly
distributed over the surface of the dish, with a small cluster
present on the surface of the matrix. The largest number of
cells was observed on the C/S matrix (4/4) (Fig. 6), while the
cells were concentrated and did not aggregate. In Fig. 6G,

scaffold

scaffold

Photos taken by the authors
Fig. 6. Results of MSC culture 1 h after seeding

an uneven distribution of cells was observed with their high
concentration on the surface of the matrix C/S (6/6).

Figure 7 shows photos taken one day after seeding. In
Fig. 7A, the cells are spread out on the surface of the dish.
Conversely, on the surface of the C/S (4/0) matrix, the cells
formed large, loose aggregates. In the case of using the C/S
(6/0) matrix (Fig. 7B), a high concentration of cells near the
surface was noted. Similar to the previous case, there are
significantly fewer cells on the matrix itself. In Fig. 7C, a large
number of non-spread cells are observed on the surface of
the C/S matrix (4/4). On a Petri dish, the cells are spread out
at some distance from the matrix. The C/S matrix (6/6) has
a highly heterogeneous structure, as can be seen in Fig. 7D,
which makes it difficult to estimate the number of cells. The
cell concentration between the printed strips is low.

Figure 8 shows photos taken three days after seeding.
In Figs. 8A and 8D, the spread of cells on the Petri dish
surface is observed. On the surface of the C/S (4/0) and
C/S (6/0) matrices (Figs. 8A and 8B), the cells are seen in
low concentrations without spreading out. In Fig. 8C, cells
are observed on the surface of the C/S (4/4) matrix in a high
concentration. Figure 8D shows that the cells are spread
out at a distance from the surface of the matrix C/S (6/0).

Figure 9 shows the results of MSC culture seven days
after seeding. Figure 9 (A-C) indicates that the cells are
spread out over the Petri dish surface, being adhered tight-
ly to the side surface of the samples. Thus, an assumption
can be made about the biocompatibility of the matrices.
On the other hand, in Fig. 9D, the cells adhere at a certain
distance from the matrix C/S (6/6), which makes this matrix
the least preferred for use. The cells do not spread out over
the surface of any of the matrices, with their largest number
observed on the C/S matrix (4/4). This may indicate a posi-
tive effect of starch addition.

CONCLUSION
Our research has shown the possibility of developing effec-

tive chitosan- and starch-based inks for 3D bioprinting. An
increase in the chitosan concentration in the solution up to

\ scaffold

200pm
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Note: A — C/S matrix (4/0); B — C/S matrix (6/0); C — C/S matrix (4/4); D — C/S matrix (6/6).
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Fig. 7. Results of MSC culture one day after seeding
Note: A — C/S matrix (4/0); B — C/S matrix (6/0); C — C/S matrix (4/4); D — C/S matrix (6/6).
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Fig. 8. Results of MSC culture three days after seeding
Note: A — C/S matrix (4/0); B — C/S matrix (6/0); C — C/S matrix (4/4); D — C/S matrix (6/6).

200um

scaffold

scaffold

200pum D

Photos taken by the authors

Fig. 9. Results of MSC culture seven days after seeding
Note: A — C/S matrix (4/0); B — C/S matrix (6/0); C — C/S matrix (4/4); D — C/S matrix (6/6).
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6% along with starch addition was shown to increase the
dynamic viscosity of the ink, promoting rapid restoration and
prolonged preservation of the polymer solution shape after
its flowing out of the extruder nozzle. The conducted experi-
ments allowed us to establish optimal printing parameters,
including the printing speed and input flow rate, which made
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COMPOSITION ANALYSIS OF PROTEOGLYCANS SYNTHESIZED IN VITRO M) Check for updates ‘
BY CHONDROCYTES OF VARIOUS ORIGINS
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Georgiy P. Arapidi, Artem V. Eremeev

Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine, Moscow, Russia

Introduction. The use of cellular constructs based on human pluripotent stem cells (hPSCs) is associated with a number of challenges, including the need to
standardize methods for cultivating chondrocyte-like hPSCs derivatives to produce a cartilage tissue similar to natural hyaline cartilage. Glycosaminoglycans
(GAGs) are the basis of the extracellular matrix (ECM) of cartilage tissue; therefore, a qualitative and quantitative analysis of the GAG composition of cartilage-
like tissue engineering structures is an important step in the final assessment of their potential therapeutic effectiveness.

Objective. To determine the composition of GAGs synthesized in vitro by chondrocytes of various origins using enzyme-linked immunoassay (ELISA) and
liquid chromatography with tandem mass spectrometry (LC-MS/MS), as well as to evaluate the effect of 2D and 3D culturing on their synthesis.

Materials and methods. \We analyzed the GAG levels in 2D and 3D tissue-engineered structures obtained from the cartilage tissue of five donors, chondro-
cyte-like cells differentiated from two hPSC lines. Cellular spheroids were obtained by aggregation in microlunar plates and cultured in mini-bioreactors. The
analysis of the GAG content in cell culture samples and spheroids was carried out using ELISA and LC-MS/MS. The Kruskal-Wallis and Dunn tests were used
to assess the statistical significance of the differences between the samples.

Results. The ELISA study revealed statistically significant differences (p < 0.0021), confirming higher levels of GAGs synthesized in 3D cultures of native chon-
drocytes compared to 2D cultures (108.67 ng/mL and 1099.87 ng/mL, respectively). The average number of spectra of the chondroitin sulfate proteoglycan 4
protein, determined using LC-MS/MS, was also higher in 3D cultures, amounting to 41.75 spectra compared to 2.24 spectra in 2D culture samples. The levels
of aggrecan, biglican, and decorin did not differ between cultures. 3D cultures of chondrocyte-like cells from hPSC showed no significant differences in the
content of GAG compared to 2D cultures, which indicates the need to optimize the conditions for their differentiation.

Conclusions. In our study, the composition of the GAGs synthesized in vitro by chondrocytes of various origins was determined using ELISA and LC-MS/MS.
The the effect of 2D and 3D cultivation on their synthesis was evaluated. The results showed that 3D culture media create favorable conditions for a more
complete formation of chondrocytic ECM in native chondrocyte samples. Despite this, the obtained spheroids of chondrocyte-like hPSCs derivatives fail to
achieve functional identity with natural cartilage tissue, even after completion of differentiation protocols, thus not representing optimal tissue engineering
structures for correcting cartilage defects.
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OMPEOENEHUNE COCTABA MNMPOTEOINTMKAHOB, CUHTE3UPYEMBbIX IN VITRO XOHAPOLUUTAMW
PA3JIMNYHOIO rEHE3A

M.A. TonybuHckas, E.C. Py4ko™, A.C. MuknHa, V.M. CmupHos, T.B. Bnagumunposa, B.[. lopaeesa, II1. Apannoun, A.B. Epemees

PepgepanbHbli Hay4HO-KNMHNHECKNA LIEHTP (OU3MNKO-XUMUHECKON MeauLmHbl nveHn KO.M. JlonyxuHa ®efepansHoOro Meavko-61Monornieckoro areHTcTea,
Mocksa, Poccus

BBepeHue. [prMeHeHne KNeTo4HbIX KOHCTPYKLIMIA Ha OCHOBE MOPUNOTEHTHBIX CTBOOBbLIX KNEToK Yenoseka (HMCK) cBs3aHo ¢ psaom TpyaHOCTeN, of-
HOWM 13 HUX ABASETCH HEOOXOAMMOCTb CTaHAaPTU3aLMN METOAOB KYNETUBMPOBAHNSA XOHAPOUMTONOA0OHbIX MPOon3BoAHbIX YIMCK ans nonyyeHns xpsieson
TKaHW, CXOXEN C eCTECTBEHHbBIM MMaMHOBBIM XPALLOM. [MMKo3aMuHornmnkaHsl (FAlN) — ocHOBa BHEKNETOYHOMO MaTpukca (BKM) xpsLLeBon TKaHu, mo3aToMy
aHanM3 Ka4eCTBEHHOrO U KOMM4eCTBeHHOro cocTasa Al XpsALLEnoA0OHbIX TKAHENHXXEHEPHbIX KOHCTPYKLMIA SBASETCS BaXHbIM 3BEHOM [N UTOrOBOW
OLEHKM 1X NOTeHLmanbHOM TepaneBTUHeckon apeKTUBHOCTY.

Uenb. Onpegenntb coctas Al CUHTE3NPYEMbIX in Vitro XOHAPOLMTaMU Pasnn4HOro reHesa, C UCMosb30BaHeM MMMYHOEepPMEHTHOro aHanmnsa (VPOA)
1 XKNOKOCTHOM XxpomMaTtorpadumn ¢ TaHaeMHoN Macc-crnekTpomeTpuren PKX-MC/MC), a Takxxe oLeHUTb BAnsiHue 2D- 1 3D-KyNbTUBNPOBaHKSA Ha UX CUHTES.
MaTepuanbl n metoabl. B nccnefoanum aHannsmposanu yposHU TAl B 2D- 1 3D-TKaHeH>XEHEPHbIX KOHCTPYKLMSAX, MOYYEHHbIX 13 XPSALLEBON TKaHW
5 [OHOPOB, XOHAPOLMTONOAOOHbBIX KNETOK, AN MEPEHLIMPOBaHHbBIX 13 2-X InHKM YICK. KneTo4Hble cthepounbl noayyan MeTOA0M arperauum B MUKPONy-
HOYHbIX MAaHLWEeTax 1 KynsTUBMPOBaM B MUHK-6opeakTopax. AHanma coaepxxaHns MAIN B obpastax KNeTo4HbIX KynsTyp 1 ccheponaos NpoBeaeH C NomMo-
bto VNOA n XKX-MC/MC. Ans oLeHKM CTaTUCTUHECKOW 3HA4YMMOCTIM pas3nnyni Mexxay obpasuammn ncnonbdosanu Tect Kpackena — Yonnuca v tect JaHHa.
PesynbTaTtbl. B nccneqosaHum ¢ nomMoLLbio VIQA BbigBIEHbI CTAaTUCTUHECKN 3Ha4MMble pasnnyus (o < 0,0021), nogTeepxgatoLLme 6oee BbICOKMA yPOBEHb
cuHTesa FAIN B 3D-KynbTypax HaTUBHbIX XOHAPOLMTOB MO cpaBHeHuo ¢ 2D-kynsTypamin (108,67 1 1099,87 Hr/mn cooTBeTCTBEHHO). CpeaHee Y1Co cnek-
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TPOB 6enka XoHAPOUTUHCYNbMAaT-NPOoTeorNMKaHa 4, onpefeneHHoe ¢ NoMoLLbo XKX-MC/MC, Takrke 6b1510 Bbile B 3D-kynbTypax, coctasme 41,75 cnekTpa
no cpaBHeHUto ¢ 2,24 criekTpa B obpasuax 2D-kyneTyp. YpoBHU arrpekaHa, burnvkaHa 1 ekopuHa Mexxay KynsTypamu He pasnudanuce. 3D-KynsTypbl
XOHOPOUMTONOA06HBIX KNETok 13 YINCK He nokasdanu 4OCTOBEpHbIX OTANYMA B copgepxxaHun FAI no cpaBHeHuto ¢ 2D, YTo ykasblBaeT Ha HEOOXOAUMOCTb
ONTUMM3aLMNN YCIOBUIN X ANPHEPEHLIMPOBKM.

BbiBOAbl. B Hallem nccnegosaHny 6bin onpeaeneH coctas Al CUHTE3UPYEeMbIX in Vitro XoHApoUMTaMM pasfinyHoro reHesa, ¢ ucnosnb3oBaHmem VDA
n XKX-MC/MC, a Takxe oueHeHo BnnsHue 2D- n 3D-KynsTMBMPOBaHMSA Ha KX CuHTe3. PesdynbtaTbl nokasanu, 4to 3D-cpena KynsTUBUPOBaHUS co3pa-
€T yCnoBus, cnocobCTByoLLMe 6oee NONHOLEHHOMY (hOPMMPOBaHNIO XoHApoLMTapHoro BKM B obpasLuax HaTuBHbIX XxoHApoUMToB. OgHako, HECMOTPS
Ha 3TO, nosyYeHHble cheporabl XOHAPOUMTONOAOOHbIX NPOM3BOAHbIX YICK He gocTuratoT PyHKUMOHANBHON MAEHTUYHOCTN C €CTECTBEHHOW XPSILLIEBON
TKaHblo, Aaxke NMocsie 3aBepLUeHNs MPOTOKON0B ANPdEPEHLMPOBKM 1 He MPELACTaBNSOT COO0M MaeanbHble TKaHEMHXXEHEPHbIE KOHCTPYKLIMM AN KOPPeK-
LUn AeheKToB xpsLa.

Knto4yeBble cnoBa: XOHAPOLMTbI; apTPUT; BHEKNETOUHbIN MaTPUKC; MnkodaMuHornnkarbl; YCK; anddeperumposka; NPA; XXKX-MC/MC

Ansa umtnposanus: fonybuHckas M.A., Pydko E.C., MukuHa A.C., CmupHos W.I1., Bnagnmuposa T.B., lopaeesa B.[., Apanuawm 111, Epemee A.B. Onpege-
JIeHVie cocTaBa rMKo3aMUHOMIMKaHOB, CUHTE3NPYEMbIX in Vitro XOHApOoLMTaMy pasnniHoro reHesa. MeauuyHa akeTpemasibHbIx cutyauymi. 2025;27(1):97-106.
https://doi.org/10.47183/mes.2025-27-1-97-106
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INTRODUCTION

Chronic joint diseases continue to pose a serious challenge
to global health. These diseases impose a significant eco-
nomic burden due to the prevalence and severity of dam-
age to the musculoskeletal system, as well as the costs
associated with treatment and related disabilities. In 2019,
about 528 million people worldwide suffered from osteoar-
thritis, which was by 113% more than in 1990 [1]. The clini-
cal potential of chondrocytes derived from the cartilage tis-
sue of patients has long been recognized. Matrix-induced
autologous chondrocyte implantation (MACI) is currently
the most common method for treating cartilage deficiency
and correcting cartilage defects. This therapeutical meth-
od was approved by the US Food and Drug Administration
(FDA) in 2016 [2].

MACI technique uses autologous chondrocytes isolat-
ed from a biopsy of the cartilage tissue of patients, which
are cultured on a 3D matrix of a collagen membrane [3].
However, in some cases, such as under a prolonged use
of corticosteroids, nonsteroidal anti-inflammatory drugs, or
chemotherapy, sufficient amounts of cellular material can-
not be obtained, which is the main limitation of this tech-
nique. Human pluripotent stem cells, not only being an
unlimited source of cellular material but also not requiring
painful surgical intervention, represent the next step in the
development of cellular technologies [4]. However, a num-
ber of problems associated with the hPSCs use remain
unresolved, such as the high cost of their culture and dif-
ferentiation in the chondrocytic direction, the potential risks
of an immune reaction to chondrocytes obtained from hP-
SCs, and the risks of tumorigenicity and oncogenicity of

cell constructs obtained from hPSCs. Progress in solving
these problems is inextricably linked to the development
of new protocols for differentiation, genetic editing, and
culturing of both chondrocytes derived from hPSCs and
hPSCs themselves [4].

Cartilage tissue forms on the extracellular matrix (ECM)
and a small number of specialized cells known as chon-
drocytes. The composition and organization of the ECM
determine its biomechanical properties. The functional
properties of ECM are similar to those of a viscoelastic gel
consisting of two main phases: a solid phase comprising
collagen fibers, proteoglycans and non-collagen proteins,
and a liquid phase consisting of 80% water and electrolytes
(Ca?, K+, Na*, CI); the main proteoglycan in cartilage is ag-
grecan.

Chondrocytes are mechanosensitive cells, whose
functional activity depends significantly on the microen-
vironment [5]. Chondrocytes are located in small cavities
referred to as lacunae surrounded by ECM. These struc-
tures, known as chondrons [6], form the main structural,
functional, and metabolic units of articular cartilage [7] and
differ in the composition of collagen fibrils and GAGs. The
chondron area is 2—4 pum thick, consisting mainly of proteo-
glycans and GAGs (perlecan, decorin, biglycan, aggrecan,
and hyaluronic acid), as well as type VI collagen [8].

The main proteoglycan of cartilage tissue is aggrecan,
which interacts with hyaluronic acid and forms large ag-
gregates that impart shock-absorbing properties to car-
tilage tissue. A decrease in the content of aggrecan and
other proteoglycans in cartilage is associated with the
development of osteoarthritis, which leads to deteriora-
tion of the mechanical properties of cartilage and disease
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progression [9]. At the same time, biglycan and decorin
are small leucine-rich proteoglycans (SLRP) that play a
key role in maintaining the structure and function of carti-
lage tissue. They are involved in the regulation of collagen
fibrillogenesis by interacting with its fibers and influenc-
ing the ECM organization. Dekortin, in particular, binds to
type Il collagen, regulating the size and shape of collagen
fibrils thus maintaining the structural integrity of cartilage.
Biglycan also interacts with collagen; however, its func-
tions are more diverse: participation in bone mineraliza-
tion and regulation of cell growth [10]. Chondroitin sulfate-
proteoglycan 4 is a membrane proteoglycan involved in
adhesion, migration, and intercellular signaling. Although
its role in cartilage tissue remains to be understood, it is
assumed to affect the interaction of chondrocytes with
ECM, supporting the structure and functionality of carti-
lage. Chondroitin sulfate-proteoglycan 4, is also capable
of regulating cell growth and differentiation, rendering it a
promising target for osteoarthritis therapy and cartilage
tissue regeneration [11].

Enzymatically isolated chondrocytes can produce a
new ECM within a few hours after culture in vitro, although
no further formation of ECM occurs around the cell [12]. It
is believed that the full maturation of ECM takes 2—-3 weeks.
At the same time, studies have shown that specific con-
ditions are necessary for the full maturation of ECM and
the formation of chondrons: the microenvironment and
physical factors, such as gravitational and hydrodynamic
effects [13], which can be maintained in 3D structures [14].
Spheroidal cell cultures promote improved cell survival and
functional activity compared to conventional 2D chondro-
cyte cultures. These advantages are explained by the abil-
ity of 3D structures to more effectively simulate the natural
microenvironment, as well as the influence of chemical and
physical factors [15]. Conversely, under the conditions of
2D culture, chondrocytes lose their phenotype, demon-
strate increased production of type | collagen (associated
with fibrous cartilage) and decreased levels of type Il col-
lagen (associated with hyaline cartilage), as well as lower
levels of GAG. It should be noted that this differentiation
phenomenon has not yet been fully studied in chondro-
cytes obtained from HPSCS.

The GAG composition and content level are the critical
characteristics describing the formed chondron. Therefore,
when developing cartilage-like tissue engineering struc-
tures for regenerative medicine, determining the level of
GAG content and composition is essential for assessing the
effectiveness and functional activity of the resultant carti-
lage implant [16]. In addition, the state of chondrocytes and
their microenvironment affect the content, properties, and
composition of ECM. Chondrocytes obtained from dam-
aged tissues, such as osteoarthritis-affected cartilage, syn-
thesize heparan sulfate with increased sulfation, which is
associated with an increased activity of catabolic enzymes
such as matrix metallopeptidases (MMP3, MMP13), and a
decreased expression of key chondrocyte genes such as
type Il collagen alpha 1 chain (COL2AT), aggrecan (ACAN),
and SRY-box transcription factor 9 (SOX9) [8].

In their study, Lee G. and Loeser R. [12] showed that
chondrocytes from the surface and middle/deep areas of
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cartilage isolated by zonal abrasion exhibit significant dif-
ferences in GAG content when cultured during the period
of four weeks. Hu J. and Athanasiou K. found that chon-
drocytes from the middle/deep area produced 250% more
GAG and collagen in terms of dry weight compared to
chondrocytes from the surface area [17]. In addition, chon-
drocytes of the middle/deep area are capable of forming
aggregates and cartilage-like structures, which is favora-
ble for the creation of tissue engineering structures. In an-
other study, Beckers J. et al. [18] found a discrepancy in
the synthetic activity of chondrocytes isolated from loaded
and unloaded cartilage areas, although these differences
decreased when the cells underwent several passaging
procedures.

The existing approaches to obtaining cartilage-like cell
structures from hPSCs remain to be imperfect, associated
with low reproducibility, variability in cell differentiation ef-
ficiency, insufficient mechanical strength of the formed tis-
sues, and scaling complexity. GAGs are one of the main
components of the ECM of cartilaginous tissue; therefore,
a qualitative and quantitative analysis of GAG composition
is an important stage in assessing the potential therapeu-
tic efficacy of cartilage-like cellular structures. At the same
time, the cultivation conditions that directly affect the re-
sultant GAG content are key to creating effective cellular
structures. Cultivation conditions can be modified to ob-
tain tissue samples most similar to hyaline cartilage in their
characteristics.

In this study, we aim to determine the composition of
GAGs synthesized in vitro by chondrocytes of various ori-
gins using enzyme immunoassay (ELISA) and liquid chro-
matography with tandem mass spectrometry (LC-MS/MS),
as well as to evaluate the effect of 2D and 3D cultivation on
their synthesis.

MATERIALS AND METHODS
Distribution of samples by experimental groups

Samples of the studied cell cultures were divided into
groups (Table 1) according to the criteria of cell origin and
type of their culture:

1) The group of 2D cultures of native chondrocytes in-
cluded samples obtained from patients with gonarthrosis
and meniscal neuralgia;

2) The group of 3D cultures of native chondrocytes was
also represented by samples from patients with similar di-
agnoses, but grown under 3D culture conditions;

3) The group of 2D cultures of chondrocytes differen-
tiated from hPSCs included samples obtained from the
IPSRG4SAb2m ¢55/1 and IPSRG4S hPSC cell lines;

4) The group of 3D cultures of chondrocytes differenti-
ated from hPSCs also contained samples obtained from
the same cell lines, but under 3D cultivation conditions;

5) The control group of hPSCs consisted of IPSRG4S
and IPSRG4SAb2m ¢55/1 cell lines that did not undergo
differentiation into chondrocytes.

This sample separation approach enabled a compara-
tive analysis of the effect of different cultivation conditions
and cell origin on their characteristics.
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Table 1. Distribution of samples into groups for glycosaminoglycan content measurement by ELISA and proteoglycan content measurement by LC-MS/MS

ELISA LC-MS/MS
Sample group Sample Cell culture characteristics Sample group Sample Cell culture characteristics
number number
2D cultures of native Gonarthrosis — 4 2D cultures of native chon- Gonarthrosis — 4
5 ) . 5 ) )
chondrocytes Meniscal neuralgia — 1 drocytes Meniscal neuralgia — 1
3D cultures of native Gonarthrosis — 1 3D cultures of native chon- Gonarthrosis — 4
2 ) . 5 ) )
chondrocytes Meniscal neuralgia — 1 drocytes Meniscal neuralgia — 1
. the cell line hPSCs 4SAb2m
2D cultures of chondrocytes the cell line hPSCs 2D cultures of chondrocytes cl55/1
. . 2 IPSRG4SAb2m cl55/1 ; ; 2 :
differentiated from hPSCs . differentiated from hPSCs the cell line hPSCs IP-
the cell line hPSCs IPSRG4S
SRG4S
. the cell line hPSCs
3D cultures of chondrocytes the cell line hPSCs 3D cultures of chondrocytes IPSRG4SAb2m cl55/1
. . 2 IPSRG4SAb2m cl55/1 ; ; 2 :
differentiated from hPSCs . differentiated from hPSCs the cell line hPSCs IP-
the cell line hPSCs IPSRG4S
SRG4S
the cell line hPSCs IPSRG4S ;
hPSCs control group 2 the cell line hPSCs hPSCs control group 1 the cellg;eGT;SCs 1P-
IPSRG4SAb2m cl55/1

Table prepared by the authors using their own data

Obtaining chondrocyte primary culture from donor
material and chondrocyte cultivation

Chondrocytes were isolated from biopsies of cartilage
tissue of patients who provided their informed consent.
Prior to crushing, the cartilage was transferred to a 15 mL
tube using a serological pipette and washed once with a
Dulbecco’s Modified Eagle Medium DMEM (Thermo Fisher
Scientific, USA) supplemented with double the amount of
penicillin/streptomycin (200 U/mL, PanEco, Russia). The
cartilage was then placed in a sterile 60 mm Petri dish and
crushed with sterile scissors and a scalpel in the presence
of 4 mL of DMEM medium, to which double the amount
of antibiotic was also added. The crushed cartilage was
washed in 15 mL of the same medium. The cartilage piec-
es were then incubated for 40 min in a 15 mL tube on a
laboratory orbital shaker (Infors HS Celltron, Switzerland)
at 37°C with 5% CO, using 10 mL of DMEM medium sup-
plemented with double the amount of antibiotic, as well as
10 mg of type IV collagenase (Worthington Biochemical,
USA) and 10 mg of type | collagenase (Worthington
Biochemical, USA). Following incubation, the cartilage
pieces were centrifuged for 5 min at 200 g in a centrifuge
(Eppendorf Centrifuge 5804R, Germany). The filler fluid
was carefully removed, and the pieces of cartilage were
resuspended in DMEM medium and additionally rinsed
twice. After that, 10 mL of Dulbecco’s Modified Eagle
Medium was added to the cartilage with the addition of
a 1:1 F-12 nutrient mixture DMEM/F12 (Thermo Fisher
Scientific, USA) supplemented with 20% fetal bovine
serum FBS (HyMedia, India), 2 mM Glutamax (Thermo
Fisher Scientific, USA) and 100 U/mL of penicillin/strepto-
mycin (PanEco, Russia). The pieces were then transferred
to a culture vial T-25 cm?, pretreated with 0.01% gelatin
type B solution (PanEco, Russia). Pieces of cartilage were
cultured at 37°C with 5% CO,,. The culture was passaged
until the cell monolayer reached 70% confluent density;
the culture medium was replaced every five days.

Cultivation of human pluripotent stem cells

The IPSRG4S line of induced pluripotent human stem
cells was obtained by collaboration of the Cell Biology
Laboratory (Lopukhin National Research Center for
Biological Medicine, Moscow, Russia) and the Stem
Cell Laboratory of the A.lVirtanen Institute for Molecular
Sciences (University of Eastern Finland, Kuopio, Finland)
[19]. Later, in the Cell Biology Laboratory of the Lopukhin
National Research and Scientific Center of the Russian
Academy of Medical Sciences, based on the IPSRG4S
hPSC cell line, the IPSRG4SAb2m cl55/1 hPSC cell line
was obtained, in which the beta-2 microglobulin gene was
inactivated using CRISPR/Cas9 genomic editing. hPSC
was cultured in six-well plates pre-coated with matrigel
(BD, USA) on a nutrient medium consisting of mTeSR-1
(STEMCELL Technology, Canada) and Hybris 8 (Paneco,
Russia) in a ratio of 1:3.

Differentiation of human hPSCs in the chondrocytic
direction

To induce differentiation, hPSCs were cultured in a DMEM/
F12 medium (Thermo Fisher Scientific, USA) supplemented
with 10% FBS (HyMedia, India), 2 mM Glutamax (Thermo
Fisher Scientific, USA), 100 U/mL penicillin/streptomycin
(PanEco, Russia), 10 uM kinase-3 glycogen synthase in-
hibitor CHIR99021 (Miltenyi Biotec, Germany), and 10 nM
retinoic acid (Miltenyi Biotec, Germany). The cells were in-
cubated for two days in a CO, incubator at 37°C with 5%
CO,. After that, the medium was replaced with a DMEM/
F12 medium (Thermo Fisher Scientific, USA) supplemented
with 10% FBS (HyMedia, India), 2 mM Glutamax (Thermo
Fisher Scientific, USA), 100 U/mL penicillin/streptomycin
(PanEco, Russia), 10 ng/mL transforming growth factor f
(TGF-p) (Miltenyi Biotec, Germany), 10 ng/mL bone mor-
phogenetic protein-2 (BMP-2) (Miltenyi Biotec, Germany),
2% B27 (Thermo Fisher Scientific, USA), 10 uM ascorbic
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acid (Sigma-Aldrich, USA), and 1% insulin solution-Trans-
ferrin-selenite (PanEco, Russia). The cells were cultured for
two weeks under the same CO, incubator conditions. After
differentiation, chondrocyte-like derivatives were cultured in
a DMEM/F12 medium (Thermo Fisher Scientific, USA) sup-
plemented with 10% FBS (HyMedia, India), 2 mM Glutamax
(Thermo Fisher Scientific, USA), 100 U/mL penicillin/
streptomycin (PanEco, Russia), 10 ng/mL TGF-p (Miltenyi
Biotec, Germany), and 10 ng/mL of BMP-2 (Miltenyi Biotec,
Germany).

Preparation of spheroid culture

For the formation of spheroids, chondrocytes were taken,
which were on the second passage after isolation of the cell
culture from cartilage tissue; chondrocyte-like derivatives of
hPSCs were folded into spheroids on the second passage
after the onset of the differentiation protocol of hPSCs. By
the commencement of chondrocyte differentiation of hP-
SCs, the IPSRG4S cell line had been located at passage
34, and IPSRG4SAb2m cells had been located at pas-
sage 41. Chondrocyte-like derivatives were removed from
six-well plates using 0.05% trypsin solution (Thermo Fisher
Scientific, USA), and chondrocytes were removed from
T-75 cm? culture vials using 0.25% trypsin solution (Thermo
Fisher Scientific, USA). The cells were washed of trypsin us-
ing a DMEM medium (Thermo Fisher Scientific, USA) sup-
plemented with 10% FBS (HyMedia, India) and centrifuged
for 5 min at 200 g. The cells were then transferred to an
AggareGellB00™ plate (STEMCELL Technology, Canada) at a
density of 900,000 to 3 million cells per well and cultured in
a DMEM/F12 medium (Thermo Fisher Scientific, USA), sup-
plemented with 10% FBS (HyMedia, India) and 10 uM Rho
kinase inhibitor Y27632 (Miltenyi Biotec, Germany), by add-
ing 2 mL of the full medium to the well.

The cells were cultured on an AggreGellB00™ plate
from 12 h to 24 h. After the incubation period, the sphe-
roids were collected from the wells using a 5 mL serological
pipette and transferred to a 15 mL tube. They were allowed
to precipitate to the bottom of the tube for 2-3 min, after
which the filler liquid was discarded. The spheroids were
then placed in a freshly frozen undiluted matrigel (BD, USA).
Following 30 min, the spheroids were washed by passive
settling in a 15 mL tube or careful centrifugation for 1 min
at 300 rpm. Subsequently, the spheroids were transferred
to homemade mini-bioreactors, which were low-adhesion
Petri dishes with a drop of glue in the center. A detailed
protocol for creating mini-bioractors was described in a
previous study [20]. The mini-bioreactors were placed on
an orbital shaker in a CO, incubator. The rotation speed
was set to 70-75 rpm. Following 24 h, the medium was re-
placed. Later, the environment was changed weekly. After
transfer to the bioreactors, the spheroids were cultured for
two weeks.

Quantitative polymerase chain reaction (QPCR)
To evaluate the expression of chondrocyte markers, a
quantitative reverse transcription polymerase chain reac-

tion was performed according to the previously described
protocol [21].
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For cell lysis in monolayer cultures and spheroids, an
RLT buffer (QIAGEN, Germany) supplemented with 10 uL/
mL of B-mercaptoethanol was used. Spheroids (3-5 pieces
each, depending on the size) and monolayer cell cultures
were pipetted in 600 pL of RLT for lysis. The RNeasy Plus
Mini Kit (QIAGEN, Germany) was used to isolate RNA,
and a solution of DNA was used for purification from
genomic DNA (SibEnzyme, Russia). The synthesis of the
first cDNA strand was carried out using an MMLV RT kit
(Evrogen, Russia) according to the manufacturer’s proto-
col. For gPCR, a reaction mixture was prepared: 5 pL of
5xgPCRmix-HS SYBR (Evrogen, Russia), 0.8 pL of 10 uM
primer mixture, 18.2 pL of water, then 1 yL of cDNA matrix
was added to the wells of a 96-well plate (SSIbio, USA).
Amplification was performed on a CFX96 thermal cycler
(Bio-Rad, USA) at 39 cycles. cDNA of IPSC samples was
used as a negative control to evaluate the specificity of the
reaction. The results were analyzed using Microsoft Excel
by the AACt method.

Measurement of glycosaminoglycan content using
ELISA

The GAG contentin 2D and 3D chondrocyte culture samples
was determined using a Human IGG ELISA Kit (FineTest,
China). During the cultivation of chondrocytes, aliquots of
the medium were selected for analysis. The samples were
stored at a temperature of minus 80°C. Each analysis of a
biological sample consisted of two repetitions. The optical
density was measured at a wavelength of 450 nm using
a Tecan Infinite 200 Pro reader. The standard curve was
formed in the Curve Expert Basic software by plotting the
dependence of the optical density at A = 450 nm of each
standard solution on its corresponding concentration. The
target concentration of the samples was interpolated from
this standard curve.

For ELISA of 2D cell culture samples, 200,000 to
500,000 chondrocyte cells, chondrocyte-like cPSC deriva-
tives, and 1,500,000 cPSC cells were taken. For ELISA of
3D cell culture samples, 700 thousand cells of chondrocyte
spheroids, from 375,000 to 1,000,000 cells of chondro-
cyte-like derivatives of hPSCs and 1,000,000 cells of hPSC
spheroids were taken. For data processing, the values ob-
tained for each sample were normalized depending on the
volume of the medium in which the chondrocytes were cul-
tured and the number of cells.

Collecting samples for LC-MS/MS

Chondrocytes and chondrocyte-like derivatives from hP-
SCs were used to create chondrocyte multilayers (2D car-
tilage-like structures) and 3D spheroids using AggreWell
800™ microlunar plates (STEMCELL Technology, Canada).
In addition, 2D and 3D cartilage-like structures were ob-
tained from primary cultures of chondrocytes isolated from
patients’ donated biological materials. Samples of cell cul-
tures and 3D structures were subjected to trypsinolysis,
liquid chromatography was performed using the Dionex
Ultimate 3000 system (Thermo Fisher Scientific, USA) fol-
lowed by mass spectrometric analysis using an Orbitrap Q
Exact HF-X system (Thermo Fisher Scientific, USA).
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For LC-MS/MS, 1,000,000 cells were taken for the
analysis of 2D cultures and 10 spheroids for the analysis of
3D cell cultures. Prior to the procedure, monolayer cultures
were washed three times with phosphate buffer to remove
the culture medium followed by separation from the culture
dish using a Versene solution. After flushing by centrifuga-
tion, the filler liquid was removed and the cells were frozen
at minus 70°C before the analysis. The 3D structures were
similarly washed with phosphate buffer three times by pas-
sive sedimentation. The precipitate was then subjected to
the final washing procedure before freezing. After sedimen-
tation, the precipitate was transferred for protein composi-
tion analysis by the LC-MS/MS method.

Analysis of GAG composition using LC-MS/MS

To destroy cellular structures and isolate proteins, a 10%
solution of sodium deoxycholate was added to the sam-
ples, adjusting to a final concentration of 1%. A mixture
of nucleases was then added to degrade the nucleic ac-
ids followed by incubation at 4°C for 30 min. Next, tris(2-
carboxyethyl)phosphine (5 mM) and chloroacetamide
(30 mM) were added to the solution to restore and alkylate
disulfide bonds, after which they were incubated at 80°C
for 10 min. The proteins were precipitated with methanol-
chloroform; the resulting precipitates were resuspended
in 100 pL of Tris-HCI buffer (60 mM, pH 8.5). After that,
the protein concentration was determined using a BCA
Assay Kit (Thermo Fisher Scientific Inc.). Enzymatic protein
cleavage was performed with trypsin (Trypsin Gold, Mass
Spectrometry Grade, Promega) in the trypsin ratio:protein
1:50 (% w/w), holding samples at 37°C for 16 h. Proteolysis
was stopped by adding trifluoroacetic acid to a concentra-
tion of 1%. The peptides were then dried using vacuum
concentration (SpeedVac, Thermo Fisher Scientific Inc.)
and dissolved in 20 pL of a solution containing 3% ace-
tonitrile and 0.1% trifluoroacetic acid in ultra-high purity
(mQ) water. Subsequently, the concentration of peptides
was determined using a coloristic method followed by as-
sessing protein concentration using bicynchonic acid (BCA
analysis).

A Dionex Ultimate 3000 nano-LC system (Thermo
Fisher Scientific, Waltham, MA) with a PicoTips C-18 col-
umn (length 10 cm, inner diameter 75 um, New Objective,
USA) filled with Kinetex C18 sorbent (2.4 um, Phenomenex,
Torrence, CA) was used for liquid chromatography. The
flow was set at 300 nL/min at 60°C. Buffer A consisted of
0.1% formic acid in LC/MS water, and buffer B consisted
of 80% acetonitrile, 0.1% formic acid in LC/MS water. The
separation was carried out in a gradient mode, increasing
the concentration of buffer B from 3% to 40% for 120 min.
Mass spectrometric analysis was performed on an Orbitrap
Q Exact HF-X (Thermo Fisher Scientific) instrument with a
nanospray source (voltage +2.2 kV, capillary temperature
300°C). MS1 scanning was performed in the range of
350-1500 m/z (resolution 60,000, AGC 3e6, injection time
45 ms). HCD with an energy of 30 eV were used for frag-
mentation. MS2 scanning was performed in the range of
200-2000 m/z (resolution 30,000, AGC 2€5, injection time
50 ms). The dd-MS2 strategy was used with the selection
of the 12 most intense ions (Top12).

LC-MS/MS data analysis

The raw LC-MS/MS data obtained on the Orbitrap mass
spectrometer was converted to mgf format data using
the MSConvert software with the following command line
parameters: “--mgf --filterpeakPicking true”. For complex
identification of proteins, the obtained results were pro-
cessed using MASCOT and X! Tandem. Tandem mass
spectrometry parameters were analyzed using the UniProt
Knowledgebase protein sequence database (human tax-
on) using the ALANINE algorithm with an error tolerance
of 20 ppm to determine the precursor mass and 50 ppm
to determine the fragment mass. The search parameters
were set as follows: protein hydrolysis by trypsin with one
possible missing cleavage site, permanent carbamide
methylation modification (C), and variable oxidative modi-
fication (M). To compare the identification results obtained
using MASCOT and X! Tandem, and the compilation of
the final list of identified proteins, the results of both iden-
tification algorithms were analyzed in the Scaffold 5 soft-
ware. This algorithm estimated the local frequency of false
positive identifications using a standard protein grouping
throughout the experiment. To assess the identification er-
ror of peptides and proteins, a threshold level of false iden-
tification of less than 5% was selected. Differential gene
expression was identified using the R limma programming
language package.

Statistical analysis

Statistical analysis of gPCR, ELISA, and LC-MS/MS data
was performed using the Bizorender software. The differ-
ences between the groups were assessed by the nonpara-
metric Kruskal-Wallis test, which is used for independent
samples in which data did not have a normal distribution.
When a statistically significant difference was detected
(p < 0.05), a multiple Dann comparison test was additional-
ly performed for paired comparisons between the groups,
which allowed us to adjust the probability of false positive
results. The differences at p < 0.05 were considered sta-
tistically significant, while the following symbols were used
to indicate the significance levels: * (o < 0.05), » (p < 0.01),
o (p < 0.001). To analyze the gPCR data, the Welch t-test
was used, which takes into account differences in standard
deviations between two groups of independent samples.
The differences were considered significant at a statistical
significance level of p < 0.05.

RESULTS AND DISCUSSION
Analysis of chondrocyte gene expression

The gPCR method was used to confirm the identity of cell
cultures of chondrocytes and chondrocytes obtained from
hPSCs by analyzing the expression of key molecular mark-
ers characteristic of mature cartilage cells.

The results of gPCR confirmed that cell cultures of na-
tive chondrocytes exhibit high expression of specific mark-
ers such as aggrecan (ACAN), type Il collagen (COL2AT1),
and transcription factor SOX9, which is a key regulator
of chondrogenesis (Fig. 1). The graph shows the relative
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expression values of key chondrocyte genes in cell cultures
of native chondrocytes and those obtained from hPSCs.
The YWHAZ reference gene was used to normalize expres-
sion levels. The columns on the graph reflect the average
values of relative normalized gene expression (AACY) with
an indication of the standard deviation (SD). No significant
differences were found between the samples of native
chondrocytes and chondrocyte-like derivatives of hPSCs
analyzed using the Welch t-test. A high level of chondrocyte
gene expression indicates the functional maturity of native
chondrocyte cell cultures. Chondrocytes obtained from
hPSCs also showed a pronounced expression of these
markers, which indicates a high degree of their differentia-
tion into cartilage cells similar to native chondrocytes.

Quantitative determination of GAG in chondrocytes of
various origins using ELISA

The conducted quantitative analysis of GAG using ELISA
revealed that the content of these biopolymers is signifi-
cantly higher in 3D cultures of chondrocytes compared
to those in 2D cultures. In particular, the concentration
of GAGs in 3D cultures of native chondrocytes reached
1,099.87 ng/mL, which was significantly higher than the
level recorded in 2D cultures (108.67 ng/mL). A similar
trend was observed in chondrocyte cultures obtained from
hPSCs; however, the GAG content remained lower com-
pared to native chondrocytes, which may indicate the need
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for additional optimization of differentiation conditions and
prolongation of the cultivation period; the corresponding
data are presented in Fig. 2.

The phenomenon of chondrocyte dedifferentiation in
2D conditions is well documented [25, 26]. It was shown
that the cultivation of chondrocyte spheroids in 3D media
enhances the process of chondrogenic differentiation, al-
lowing for the production of chondrogenic cell constructs
without the need for scaffolding or multiple cell passaging
[27, 28]. However, a quantitative assessment of the GAG
content was not provided in this context.

Gene composition in cultures of chondrocyte cells of
various origins

LC-MS/MS analysis was used to explore the ECM compo-
sition. Glycosaminoglycans (GAGs) were found to comprise
chondroitin sulfate proteoglycan 4 as the main component,
the level of which was significantly higher in 3D cultures of
native chondrocytes. This indicates favorable conditions for
the production of key components for the cartilage matrix.
At the same time, the content of other proteoglycans, such
as aggrecan, biglycan, and decorin, remained unchanged.

Figure 3 presents the results obtained when investigat-
ing the composition of GAGs synthesized in cultures of
chondrocytes of various origins using the LC-MS/MS meth-
od. The graph shows the quantitative content of various
types of GAGs, including chondroitin sulfate-proteoglycan
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Fig. 1. Relative expression of chondrocyte genes (AACt), normalized for the YWHAZ gene, in 2D samples of chondrocyte cultures of various origins, measured by

the gPCR method

Note: a. Aggrecan (ACAN); b. Alpha-2 chain of type | collagen (COL1A2); c. Alpha-1 chain of type II collagen (COL2A1); d. Transcription factor SOX-9; color
matching in the diagram to the samples under study: blue — chondrocytes of patient 76; red — chondrocytes of patient 75; green — chondrocytes of patient
47; purple — chondrocytes of patient 44; brown — chondrocytes of patient 12; gray — chondrocyte-like cells differentiated from hPSC IPSRG4SAb2m cl55/1;
yellow — chondrocyte-like cells differentiated from hPSC IPSRG4S; purple — hPSC IPSRG4SAb2m cl55/1; dark green — hPSC IPSRG4S.
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Fig. 2. Results of quantitative determination of GAG by ELISA in chondrocyte
cultures under 2D and 3D conditions

Note: the colors in the diagram correspond to the studied samples:
blue — 2D cultures of patients’ chondrocytes (n = 5); red — 3D cultures of
patients’ chondrocytes (n = 2); green — 2D cultures of patients’ chondrocytes
differentiated from hPSC (0 = 2); purple — 2D cultures of patients’
chondrocytes differentiated from hPSC (n = 2); gray is the control group of
hPSC (n = 2); the level of GAG expression in hPSC cultures is zero; levels
of statistical significance compared with the control group: * — p < 0.0332;
»—p <0.0021.
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Fig. 3. Composition analysis of GAGs by the LC-MS/MS method

4, aggrecan, biglycan, and decorin, in 2D and 3D cultures
of native chondrocytes and chondrocytes obtained from
hPSC. The data is presented as averages with a standard
deviation (SD). Significant differences between the groups
were assessed using statistical criteria.

The composition of GAGs determined using LC-MS/
MS showed an increased level of their content in 3D cul-
tures of native chondrocytes compared to that in 2D cul-
tures (Fig. 3). Chondrocyte spheroids obtained from the
biopsies of patients’ tissues showed a significantly higher
concentration of chondroitin sulfate proteoglycan 4. At the
same time, 3D cultures of chondrocyte-like derivatives of
hPSC demonstrated a low level of all the studied GAGS,
which indicates their immaturity even after differentiation.
This limitation can potentially be eliminated by extending
the cultivation period and supplementing the medium with
factors that stimulate the metabolic pathways of GAG syn-
thesis, such as TGF-B, SOX9, bone morphogenetic pro-
teins, and retinoic acid signaling pathways.

CONCLUSION

In this study, we investigated the composition of GAGs
synthesized in vitro by chondrocytes of various origins
using ELISA and LC-MS/MS and evaluated the effect of
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Note: a. Aggrecan; b. Biglycan; ¢. Chondroitin sulfate proteoglycan 4; d. Decorin; color matching in the diagram to the studied samples: blue — 2D cultures of
patients’ chondrocytes (n = 5); red — 3D cultures of patients’ chondrocytes (n = 5); green — 2D cultures of patients’ chondrocytes differentiated from hPSCs (n = 2);
purple — 2D cultures of patients’ chondrocytes differentiated from hPSCs (n = 2); gray — hPSCs control group (n = 1); the level of proteoglycan expression in hPSCs
cultures is zero; levels of statistical significance compared with the hPSCs control group: * — p < 0.0332; 2 — p < 0.0021; o — p < 0.0001.
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2D and 3D cultivation on their synthesis. According to the
results obtained, the conditions of 3D culture are favora-
ble for a more complete formation of chondrocyte ECM in
native chondrocyte samples. Nevertheless, the obtained
spheroids of chondrocyte-like derivatives of hPSCs fail
to achieve functional identity with natural cartilage tissue,
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LUMINESCENT IMMUNOCHROMATOGRAPHY BASED ON Eu®** COORDINATION W) Check for updates ‘
COMPOUNDS FOR DETECTION OF PATHOGENIC MICROORGANISMS AND
BACTERIAL TOXINS

Sergey P. Yarkov™, Sergey |. Tretyakov, Inessa V. Shilenko, Ekaterina K. Shaulina, Angelina Mandaji, Denis A. Zenkov, Yury N. Ishkov,
Konstantin K. Styazhkin

State Scientific Research Institute of Biological Instrumentation, Moscow, Russia

Introduction. Increasing the sensitivity of immunochromatographic assay as an express method for detection and diagnosis of pathogenic microorganisms
and toxins is a relevant task with regard to ensuring food safety and population health in general.

Objective. Development of a prototype of a video digital recorder of luminescent immunochromatograms (RLI-Eu®*) and luminescent immunochromato-
graphic tests (LICHT) adapted to a device based on microspheres with europium compounds. Comparison of the sensitivity of LICHT and AuNPs-based
immunochromatography assay (ICA) tests to increase the sensitivity of the method for detection of pathogenic microorganisms and their toxins.

Material and methods. Submicron polymer microspheres labeled with organic complexes of trivalent europium (Eu®*) were used as a luminescent label for
immunochromatography. LICHT were recorded using the developed RLI-Eu® recorder.

Results. The detection threshold of the Eu®* luminescent complex on the immunochromatographic membrane was shown to be 2 pg/mm?, with the linear-
ity of the readings ranging within 2-200 pg/mm?. The coefficients of variation of the instrument readings in the luminescent complex concentration range of
20-200 pg/mm? and 2-20 pg/mm? were found to be less than 5% and 10%, respectively. Using LICHT and the RLI-Eu®* device, detection thresholds were
determined as follows: cholera toxin — 10 ng/mL, staphylococcal enterotoxin type B — 0.5 ng/mL, plague pathogen cells — 1x10° cells/mL, anthrax pathogen
spores — 5x10° spores/mL, Crimean-Congo hemorrhagic fever (CCHF) virus antigens — at a dilution of 1:640,000.

Conclusions. The developed video digital recorder RLI-Eu®* and LICHT based on europium coordination compounds enabled the detection threshold of
pathogenic microorganisms and bacterial toxins to be reduced by 20-128 times compared to immunochromatographic tests based on colloidal gold (CG) for
the same pathogens.
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enterotoxin type B; plague pathogen cells; anthrax pathogen spores; CCHF virus antigens
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JIOMUHECLEEHTHAA UMMYHOXPOMATOIPA®US HA OCHOBE KOMIMJIEKCHbIX COEQVHEHWUI Eu3*
014 BbIABJIEHUA NATOMEHHBIX MUKPOOPITAHU3MOB N BAKTEPUAJIbHbIX TOKCUHOB

C.I. Apkos™, C./. TpeTbsikos, M.B. LLInneHko, E.K. LLaynuHa, A. Mangaxku, [.A. 3eHkos, FO.H. Vwkos, K.K. CTsSXKMH
[ocynapcTBeHHbIN Hay4YHO-MCCNefoBaTeNbCKNA UHCTUTYT Bruonorndeckoro npuéopocTpoerusi, Mockea, Poccus

BBepeHue. [10BbILLEHVE HYYBCTBUTENBHOCTU MMMYHOXPOMATOrPan4eCcKoro aHanmaa kak 04HOro 13 3KCNpecc-MeToA0B MHAVKALMA U ANarHOCTVKIL NnaTo-
rEeHHbIX MUKPOOPIraHN3MOB 1 TOKCMHOB akTyasbHO A5 NULLEBON 6e30MacHOCTN 1 30paBOOXPaHEHNS B LIENIOM.

Llenb. Pa3paboTka aKcnepuMeHTanbHoro obpastia BuaeoLumdpoBOro permctparopa JloMUHECLEHTHBIX MMyHoxpomMaTorpamm PI-Eu®t n agantupoBaH-
HbIX K MPUHOPY MOMUHECLIEHTHBIX UMMyHOXpOMaTorpaduyiecknx tectos (JINXT) Ha ocHoBE MUKPOCHEP C COEANHEHVSIMIN EBPONKS, CPABHEHWE YYBCTBU-
TensHocTv JINXT ¢ IXA-TecTaMu Ha OCHOBE HaHO4aCTUL, konnonaHoro 3onota (HK3) ans yBenmyeHrs YyBCTBUTENbHOCTU METOAA 1 BbISIBIEHWS NaTOreHHbIX
MUKPOOPIraHM3MOB ¥ X TOKCUHOB.

MaTepuanbl 1 meToAbl. B kayecTBe NIOMUHECLIEHTHOW METKM A1t UMMYHOXPOMaTorpacdun UCrnonb30oBanv CyOMUKPOHHbIE MONMMMEPHbIE MUKPOCEpPD,
MeYeHHbIE OPraHNYeCKUMN KOMMIeKcamu TpexBaneHTHoro eBponus (Eu®), JINXT pervctprpoBani ¢ MOMOLLBo paspaboTaHHoro npubopa-pervcrparopa
PIN-Eus+.

PesynbTaThbl. [1oKkasaHo, 4TO MOpPOr 06HAPY>KEHWS NIOMUHECLMPYHIOLLIEro Kommiekca Eu®t Ha nMMmyHoxpomMaTorpagpuieckoin MmembpaHe paBeH 2 nr/Mm?,
JIMHENHOCTb NokadaHuii HabntogaeTcs B avanasdoHe 2-200 nr/mMm?. KoadduumeHTsl Bapraummn nokasaHunii npubopa B AnanasoHe KOHUEeHTpaLmWiA toMu-
HecuypytoLLero komnnekca 20—200 nr/Mm? cocTaBnsaioT < 5%, B AnanasoHe 2-20 nr/mm? — MeHee 10%. C ncnonbaoBanvem JINXT n npubopa PIIN-Eu*
onpefeneHbl CneaytoLme Noporn 06Hapy»KeHWs: XONEPHOro TOKCHa — 10 HI/Mn, CTaUIOKOKKOBOrO SHTEPOTOKCHUHA Tuna B — 0,5 HI/Mn, KNeTok Bo30y-
auTtens Yymbl — 1x10° M.K./Mn, cnop Bo36yanTenst cMémpckoin 93sbl — 5x10° cnop/mn, aHTureHoB Brupyca KoHro-KpbIMCKo reMopparm4eckom nixopaaxm
(KKTJ1) — B passegeHumn 1:640 000.

BbiBoAbl. PaspaboTaHHbiii Buaeoumdposoin peructpatop PIIV-Eu®t n NNXT Ha 0CHOBE KOMMIEKCOB eBPONnst MO3BONMAM CHU3UTL B 20-128 pas nopor
0BHapPY>KEHWS MaTOreHHbIX MUKPOOPraHW3MOoB 1 6akTepuasbHbIX TOKCMHOB MO CPaBHEHWIO C MMMYyHOXpoMaTorpaduyeckmmm Tectamu Ha ocHose HK3
0151 TEX >Ke NaToreHoB.

KnioyeBble cnoBa: JIIOMUHECLEHTHAs UMMYyHOXpomMaTorpadus; BraeoumdpoBas perncTpauns pesynstaToB; CyOMUKPOHHbIE MONMMEPHbIE H4acTuLibl
C KOMMIEKCaMu eBPOMms; XONEePHbIN TOKCUH; CTathUIOKOKKOBbIN OHTEPOTOKCUH TvNa B; kKNneTkn Bo3dyamnTens YyMbl; Criopbl BO3OYANTENS CUOUPCKON S3BbI;
aHTureHbl Bupyca KKl

© S.P. Yarkoy, S.I. Tretyakov, I.V. Shilenko, E.K. Shaulina, A. Mandaji, D.A. Zenkov, Y.N. Ishkov, K.K. Styazhkin, 2025

EXTREME MEDICINE | 2025, VOLUME 27, No 1



OPUTMHAJNBbHASA CTATbA | KIMMHNYECKASA JTABOPATOPHASA OVMATHOCTUKA

Ansa untnposanus: Apkos C.M1., TpeTbakos C.W., LUnnerko W.B., LaynuHa E.K., Mangaxu A., 3eHkos [.A., Vwkos FO.H., CtaxxkunH K.K. JloMmrHecLeHTHas
MMMYHOXpOMaTorpacusi Ha OCHOBE KOMMIIEKCHbBIX COEAVHEHN EU® ANs BbISBNEHS NaTOreHHbIX MKPOOPraHM3MOB 1 6akTepuanbHbIx TOKCUHOB. MeauLy-
Ha aKCTpemasibHbix cutyaumi. 2025;27(1):107-114. https:/doi.org/10.47183/mes.2025-257

CooTBeTCTBUE NPUHLMNAM 3TUKU: B MCCNEA0BaHN HE MPUHUMANW yHacTe NaumeHTbl 1 N1aGopaTopHbIE XKMBOTHbIE, MOSTOMY UCCNEAoBaHve He TpebyeTt

NPeAcTaBeHNs 3aKItoHeHNsS KOMUTETa N0 BUOMEONLIMHCKOM STUKE.

®duHaHcMpoBaHmWe: NCcrefoBaHve BbiMoIHEHO 683 COHCOPCKON MNOAAEPKKN.

MoTeHunanbHbIi KOHPANKT MHTepecoB: K.K. CTAXKNH ABNAETCA YNEHOM PEAaKLMOHHON KOINernn xypHana «<MegnumHa SKCTpemManbHbiX CUTyaLnii».
OcTasibHble aBTOPbI 3aABAAIOT 06 OTCYTCTBUM MOTEHLMANBHOMO KOHMINKTa NMHTEPECOB.

><1 dpkos Cepreit MeTposuy diasol@dol.ru

Crtatbsa noctynuna: 29.10.2024 Mocne pgopa6otku: 11.12.2024 MpuHaTa k ny6nukauuu: 24.12.2024 Online first: 19.02.2025

INTRODUCTION

Immunochromatographic assay (ICA) in its various schemes
is widely used as a rapid clinical and laboratory diagnostic
tool for detecting pathogenic microorganisms and toxins
in the fields of, inter alia, food safety and environmental
monitoring.

Luminescent immunochromatographic assay (LICA) is
a versatile rapid diagnostic method (e.g., for detection of
specific antibodies to the foot-and-mouth disease virus in
blood serum [1]), in which luminescent particles are used
to label antibodies. LICA quantifies the blood level of car-
diac markers by analyzing the luminescence intensity of
a test strip [2, 3]. The advantages of this method include
its high reproducibility, sensitivity, and noise immunity
against the natural fluorescence of the test sample. LICA
is widely used for ensuring food safety [4, 5] and environ-
mental monitoring [6].

In comparison with conventional immunochromatog-
raphy labels — colloidal gold nanoparticles (AuNPs), LICA
provides a two- or threefold increase in sensitivity [7, 8]. A
comparison of fluorescent markers with AuNPs-based la-
bels and magnetic nanoparticles in ICA can be found in
[9]. Among the luminescent markers used in LICA, poly-
mer microspheres with a diameter of 0.1-0.3 pm stand
out. Their surface contains carboxyl groups, which allows
covalent bonding with receptor proteins, e.g., immuno-
globulins of various classes. When obtaining microspheres
during polymerization, organic complexes of trivalent eu-
ropium are introduced into the reaction environment, such
as Eu(DBM),Phen, (1,10-phenanthroline)-tri-  (dibenzoyl-
methanate) europium; Eu(TTA),Phen, (2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline-tri-tenoy!l  triphluoroacetonate)
europium in the amount of no greater than 10 wt % [10].
Preparations of such microspheres absorb light in the near
ultraviolet band at A = 365 nm and fluoresce in the red
regionat A =615nm, while possessing a narrow emission
peak of fluorescence. Semiconductor diodes, photoelec-
tronic multipliers, and video cameras are used to register the
luminescence of the analytical and control zones of immuno-
chromatography (AZ, CZ). The digital video recording (DVR)
method of ICA results with various labels has a number of
advantages over other design solutions. Thus, the DVR of
AuNPs-based tests makes it possible to obtain quantitative
data on the content of toxins in dairy products [11].

In this study, we aim to develop a prototype of a video
digital recorder for luminescent immunochromatography
RLI-Eu® and luminescent immunochromatographic tests
(LICHT) adapted to the device based on microspheres with
europium compounds. A comparison of the sensitivity of
LICHT and AuNPs-based ICA tests is conducted with the
purpose of increasing the sensitivity of the method in iden-
tifying pathogenic microorganisms and their toxins.

MATERIALS AND METHODS

In order to obtain conjugates, we used monoclonal an-
tibodies MAB to the B-subunit of the cholera toxin (CT),
clone 3D11 (HyTest, Russia); MAB to capsular F1 antigen
of the plague pathogen; MAB to anthrax spores, clone
SA26; MAB to SEB (staphylococcal enterotoxin B) clone
S222 (VNCMDL, Russia); mouse polyclonal immuno-
globulins to CCHF (Gamaleya National Research Center
for Epidemiology and Microbiology). The same batches
of antibody preparations were used to create LICHT and
AuNPs-based tests.

The certified CT and SEB preparations, inactivated
Y. pestis microbial cells (strain EV), inactivated B. anthra-
cis cells, strain 942 (State Research Center for Applied
Microbiology and Biotechnology), certified sucrose-acetone
antigens of the CCHF virus (strain 741), genotype Europe 1
(Gamaleya National Research Center for Epidemiology and
Microbiology) were used as analyzed antigens.

The synthesis of antibody conjugates with lumines-
cent microspheres was carried out by covalent binding
[12]. 5 uL of suspension of luminescent microspheres (1%,
weight/volume) were dispersed in 1.0 mL of MES buffer
(0.05 M, pH 6.0) and supplemented with 10 yL EDC and
NHS solutions (0.5 mg/mL) to activate the carboxyl groups
contained on their surface. The resulting suspension was
stirred and shaken on a Vortex-3000 laboratory vortex
shaker (Viggens, China) for 20 min at room temperature in
the dark followed by centrifugation on a Thermo Scientific
SL 4R Plus centrifuge (Thermo Fisher Scientific, USA) at
x9600 g for 15 min; the supernatant was discarded. The
precipitate was resuspended in 1.0 mL of phosphate buffer
(0.01 M, pH 7.4). Then 100 pL of an antibody solution was
added at a concentration of 0.2 mg/mL. The resulting mix-
ture of antibodies and activated luminescent microspheres
was continuously stirred for 2 h at room temperature in the
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dark. Subsequently, 100 pL of a blocking solution (20%
bovine serum albumin BSA) was added to block non-spe-
cific binding sites on the surface of the luminescent mi-
crospheres; the mixture was kept at room temperature for
1 h. The resulting suspension was centrifuged at 8000 g
for 15 min, the supernatant was discarded, and 200 pL
of a dispersing solution was added to the precipitate to
prevent agglutination of conjugates of luminescent mi-
crospheres with antibodies (0.02 M, TRIS-HCI) containing
0.5% (weight/volume) trehalose, 10% (weight/volume) su-
crose, 0.5% polyvinylpyrrolidone, 0.1% Tetronic 1307 (S9),
0.05% ProClinTM 300, 1% BSA and 0.1% Tween-20). Prior
to application, the solution was stored at 4 °C.

For the formation of the LICHT analytical zone, the fol-
lowing antibodies were used: rabbit polyclonal antibodies
to the B-subunit of the cholera toxin; MAB to the cap-
sular F1 antigen of the plague pathogen clone F41F8C9;
MAB to anthrax spores clone 278H4A7 (branch of the
48th Central Research Institute of the Russian Ministry of
Defense, Kirov); mouse immunoglobulins to CCHF antigens
(Gamaleya National Research Center for Epidemiology and
Microbiology); MAB to SEB S643 (VNCMDL, Russia) at a
concentration of 2.0 mg/mL. The antibodies of the LICHT
control zone were goat antibodies to mouse immunoglobu-
lins and goat antibodies to rabbit immunoglobulins (HyTest)
at a concentration of 0.1 mg/mL.

AGFCP001000 glass fiber membrane and CFSP203000
and CFSP173000 cellulose membranes (Millipore), cards
with TYPE-CNPF-SN12-L.2-P25, 10 uy (Mdi, India) nitrocel-
lulose membrane were used to manufacture the LICHT
multimembrane composite. The finished test strips were
placed in TYPE-Device-1 plastic frames (Mdi, India), the top
cover of which was coated with a matte black paint. Prior
to application to the glass fiber membrane, the conjugate of
microspheres with antibodies was treated with ultrasound
on a Labsonic 2000 dispersant (B. Braun, Germany) for
10 s followed by stirring. Then, a storage buffer was added
to a concentration of 0.01%. The resulting conjugate was
manually applied onto a GFCPO01000 (Millipore) fiberglass
membrane and dried at room temperature.

A video digital luminescent immunochromatographic
analysis was performed using an RLI-Eu®* device at room
temperature for 25 min after the introduction of the analyte.
The volume of the analyte introduced into the LICHT was
140 pL.

Control samples (CS) intended for studying the analyti-
cal characteristics of the recording device were produced
in two versions, differing in the range of concentrations
of luminescent microspheres in the analytical zone. CSs
were immunochromatographic membranes on which a
suspension of luminescent microspheres with europium
with a linear density of 0.08 pL/mm was applied in strips
using an IsoFlowTM dispenser (Imagene Technology Inc,
USA). The membranes were dried at room temperature,
cut into strips 4 mm wide using a Matrix 2360 programma-
ble guillotine (Kinematic Automation Inc, USA), and placed
in rims for multianalytical immunochromatographic ele-
ments. A suspension of microspheres at a concentration
of 0.01% was used to form a short circuit. Concentrations
of microspheres from 0.00005% to 0.01% were used to
form the AZ. The area of each zone on the membrane
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with luminescent microspheres was 4 mm?. In this way,
an imitation of LICHT with different luminescence intensi-
ties was obtained. CSs were stored in light-proof bags at
4 °C. The following reagents were used in the study: 1%
(weight/volume) suspension of carboxylated polystyrene
microspheres with a europium complex in deionized wa-
ter with the addition of 0.05% NaN, (Bang Laboratories,
USA). The average diameter of microspheres was 190 nm.
2-(N-morphino)-ethanesulfonic acid (MES) monohydrate,
tris-(hydroxymethylaminomethane) hydrochloric acid (TRIS-
HCI) salt, Twen-20 bovine serum albumin (BSA) free of pro-
teases, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
(EDC) hydrochloride, N-hydroxysuccinimide (NHS), so-
dium hydroxide, ProClinTM-300, glycine, polyvinylpyrro-
lidone MM 40,000, sodium chloride — all these materials
were produced by Sigma-Aldrich. Trehalose-D(+) — dihy-
drate for biochemistry, hydrochloric acid (chemically pure,
C.P) (Dia-M (Russia), Tetronic 1307(S9), Braveds (China)
were used.

Particles with the average diameter of 30 nm were used
as a conjugate label for the manufacture of AuNPs-based
immunochromatographic tests [11]. The immune compo-
nents of such tests were identical to those used in LICHT.
Multimembrane composites and test manufacturing tech-
niques were similar to LICHT manufacturing techniques.
A video digital immunochromatographic Reflex analyzer
(Registration certificate for a medical device dated April 26,
2016 No. FSR 2011/11281/, TU9443-001-43312649-2014,
Sinteko-Complex, Russia) was used as a digital video re-
corder (DVR).

The results were processed using the Microsoft Excel
2003 program, the Descriptive Statistics option.

RESULTS

The developed prototype of a video digital recorder of Iu-
minescent immunochromatograms RLI-Eu®* consists of a
measuring unit and a laptop with a pre-installed software
application for monitoring and calculating the obtained re-
sults. The appearance of the device is shown in Fig. 1.

Figure prepared by the author using their own data

Fig. 1. Appearance of the developed luminescent immunochromatography
recorder RLI-Eu®*



OPUTMHAJNBbHASA CTATbA | KIMMHNYECKASA JTABOPATOPHASA OVMATHOCTUKA

Table 1. Luminescence intensity in the CS analytical zone as a function of the concentration of the luminescent europium complex on the membrane

%‘:le'g;a;'f{;g;:;f;:zgrfgi ;“;fensmn duingthe |4 102 | 54105 | 25410° | 110 | 5¢10 | 2540+ | 1x104 | 5<105 | 0
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Average luminescence intensity, conl. units. 552.3 314 144.3 45.5 44.3 24.4 121 3.5 1.06
Standard deviation (SD) 13.0 12.1 5.9 2.3 3.9 2.0 1.2 1.7 0.62
Coefficient of variation (CV), % 2.35 3.9 4.09 5.05 8.80 8.20 9.92 48.57 | 58.49
Standard error (SE) 41 4.0 1.9 0.7 1.2 0.6 0.4 0.5 0.20
Confidence interval (95.0%) 9.3 9.3 4.2 1.7 2.8 1.4 0.9 1.2 0.44

Table prepared by the authors based on their own data

The measuring unit contains a fluorescent light source
consisting of two 4 W mercury discharge lamps. The lamp
flasks are made of Wood glass, which creates a field of uni-
form ultraviolet irradiation of immunochromatograms with a
maximum wavelength at 365 nm, as well as a lamp power
source. A solid-state video camera with a resolution of
1200x1600 pixels and a video shooting speed of 15 frames
per sec is also located in the housing of the measuring unit.
A SV580 glass luminescence emission filter is installed in
front of the camera lens, ensuring a 90% transmission of
radiation in the wavelength range from 600 nm to 900 nm.
The video camera is connected to a laptop via a USB 2.0
connector. Plastic frames containing LICHT membranes
are placed inside the device using a holder. The device al-
lows simultaneous registration of up to five immunochro-
matograms; however, the possibility of measurement and
single tests is also provided.

The images obtained using the device video camera
were processed by a fluorescent immunochromatogram
analysis software application running in Windows 7, 10.

The device provides calculation of the integral intensity
of the LICHT analytical and control zones with automatic
correction of the baseline. The criterion for a positive re-
sult of DVR analysis was the excess of the luminescence
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Figure prepared by the author using their own data

Fig. 2. Dependence of the luminescence intensity of the CS analytical zone
on the surface concentration of the europium complex on the analytical
membrane

intensity of the analytical zone of the test over the aver-
age background value in an idle experiment, taking into
account the measurement error with a 95% confidence
probability:

[X - ts x SE]swgna\ = [Xmean + ts x SE]

mean background’ (1)

where X — mean of n-measurements;
t. — Student’s coefficient for n-measurements;
SE — standard error mean at 95% confidence level.

The RLI-Eu®* luminescence recorder has the follow-
ing technical characteristics: weight — 1.64 kg, dimen-
sions — 150x200x170 mm, power supply — 220-240 V,
0.15 A, 50 Hz. Management from an external laptop with
Windows 710 OS is performed using a specialized soft-
ware application. The maximum wavelength of exciting
light is A = 365 nm; the maximum wavelength of emis-
sionis A, = 615 nm. The detection limit of the luminescent
substance on the immunochromatographic membrane is
2.0 pg/mm2. The number of immunochromatograms in
the test frame can vary from one to five. The coefficient
of variation of the luminescence intensity readings of the
analytical zone of the test in the concentration range of the
luminescent complex is 2-20 pg/mm? <10%, in the range
of 20—200 pg/mm? <5%. The linearity of readings ranges
within 2-200 ng/mm?2. The operating temperature ranges
from 5 °C to 35 °C.

Table 1 shows the results of CS measurements using
the RLI-Eu®* instrument in various concentration ranges
of the luminescent europium complex in the CS analytical
zone.

Table 1 demonstrates satisfactory values of the coef-
ficient of measurement variation (CV) in the range of mi-
crosphere concentrations from 20 pg/mm to 200 pg/mm?2,
which indicates a high reproducibility of measurement re-
sults using the RLI-Eu®* device. Higher values of the coeffi-
cient of variation are observed at measuring concentrations
<5 pg/mm?. The detection sensitivity of luminescent mi-
crospheres on the membrane surface reaches 1 pg/mm?2,
which is 3.5 times higher than the average luminescence
values in an idle experiment.

The linearity of instrument readings during measure-
ment is shown in Fig. 2.
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A linear regression for the dependence of the lumines-
cence intensity of microspheres on the membrane on the
microsphere concentration was constructed using the least
squares method using the Origine 6.1 software (OriginLab
Corp.). The correlation coefficient of the linear relationship
is R =0.99.

Luminescent tests for the immunochromatographic
detection of pathogenic microorganisms and toxins were
developed in a sandwich format. A detailed description of
AuNPs-based immunochromatographic tests in the sand-
wich format and the analytical procedure for detecting
bacterial toxins and spore forms of microorganisms can be
found in [13, 14].

During the study, a liquid sample potentially containing
pathogenic microorganisms or toxins was applied onto a
sample substrate. Under the action of capillary forces, lig-
uid moves through the multimembrane composite. First,
the conjugate of microspheres with specific immuno-
globulins immobilized on the surface is solubilized. The
conjugate of microspheres is luminesced in the red region
of the spectrum. In the presence of a detectable antigen
in the sample, an antigenic immune complex is formed.
This complex moves along the analytical membrane with
an excess of conjugate with the flow of liquid. Next, the
immune complex is captured on the analytical membrane
by specific antibodies in the AZ, forming a sandwich. The
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unbound conjugate antibodies are captured by antibod-
ies in the CZ of the test strip, which leads to the formation
of two luminescent lines. In the absence of an antigen in
the sample, an antigenic immune complex is not formed;
therefore, the only line visible in ultraviolet light is formed
by binding conjugate antibodies and CZ antibodies (anti-
specific with respect to conjugate antibodies) only in the
CZ. The appearance of tests for detecting cells of the vac-
cine strain of the plague causative agent based on AuNPs
and on the basis of luminescent microspheres under ul-
traviolet irradiation with a wavelength of 365 nm is shown
in Fig. 3.

Table 2 shows the detection (LICHT and AuNPs-based
immunochromatography) thresholds for various pathogen-
ic microorganisms and bacterial toxins.

Using the example of microorganisms of various taxo-
nomic groups (vegetative and spore forms of bacteria, vi-
ruses, and bacterial toxins), Table 2 shows that the use of
immunochromatography with conjugates based on micro-
spheres with luminescent labeling of europium compounds
provides a much greater sensitivity than the use of tests
with AuNPs conjugates. The correctness of the compari-
son is ensured by using the same batches of antibodies to
produce tests based on luminescent antibodies and tests
based on colloidal gold nanoparticles. When comparing
the sensitivity level, identical antigenic drugs were used.
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Fig. 3. Appearance of immunochromatograms of Y. pestis EV cells.

Note: Arrows and letters indicate the analytical (AZ) and control (CZ) test zones. Concentrations are indicated in cells/mL.
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Table 2. Comparative characteristics of LICHT and immunochromatographic tests based on AuNPs in the detection of toxins and pathogenic microorganisms

Ratio of the minimum detectable analyte concentrations for different conjugate labels

of immunochromatographic tests

Analyte .
LICHT based on microspheres | | oa pased on the AUNPs, | Ratio of LICHT sensitivity to
with Eu**complex, } -
] reflected light DVR ICA sensitivity

luminescence DVR
Staphylococcal enterotoxin type B, ng/mL 0.5 30 60
Cholera toxin, ng/mL 10 500 50
Microbial cells of Y. pestis, strain EV, mg/mL 1x108 5x10* 50
B. anthracis spores/mL 5x10° 1x10° 20
Causatlv_e agentl of CCHF (dilution of the initial 1:640,000 1:5000 128
preparation of viral antigens)

Table compiled by the authors based on their own data

DISCUSSION

The use of digital video recording of immunochromato-
grams in combination with microspheres containing euro-
pium complexes provides a significant gain in ICA sensitiv-
ity. This is due to the significant volume of microspheres
containing a large number of europium complexes per
particle and the photophysical properties of the europium
complexes themselves. These compounds are excited by
UV light in the near range of 365-370 nm and emit lumines-
cence in the red region.

The significant Stokes shift is due to the processes of
excitation of the chelated ligand of the complex and fur-
ther energy transfer to the °D, energy level of the Eu®* ion
with subsequent transitions between the °D, — F, level
and light emission in the range of A = 610-660 nm with a
high quantum yield. Practically speaking, this makes it pos-
sible to use inexpensive glass filters in the device design
to isolate exciting light and emission light, which provides
a good contrast between the lines of immunochromato-
grams and the background. Another advantage of such
labels is the small width (<10 nm) of the emission lines
and the long luminescence lifetime of microspheres with
europium t = 0.43-0.55 ms. The europium luminescent
complex isolated in a polystyrene matrix is stable, being
protected from exposure to atmospheric oxygen and lu-
minescence-extinguishing substances potentially present
in the analyte and buffer solutions used in ICA. However,
these compounds are not devoid of drawbacks, since they
reduce the quantum yield of luminescence with an increase
in temperature. Thus, europium complexes polymerized in
films have stable luminescence in the range from —60 °C to
+25 °C. When the film is heated to a temperature of above
+25 °C, a decrease in the intensity and decay time of lumi-
nescence corresponding to the °D — F, transition is ob-
served [15]. The effect is reversible; thus, upon cooling, the
luminescence intensity is restored. This phenomenon can
reduce the sensitivity of LICHT when used in field studies
at elevated temperatures.

According to the passport data of the drug, the surface
of one microsphere contains up to 353,000 of carboxyl
groups with a microsphere average diameter of 190 nm.
This allows for effective conjugation of luminescent mi-
crospheres with antibody proteins due to the formation of

covalent bonds between the amino groups of antibodies
and the carboxyl groups of microspheres. The conjugate of
microspheres with immunoglobulins has a significant num-
ber of antibody valences, which contributes to the effective
formation of immune complexes with antigens of bacteria,
toxins, and viruses [16].

The use of video cameras as a radiation receiver is
also a significant advantage in DVR [17], since the latter
have high sensitivity and the ability to change the bright-
ness, contrast, and gamut of the image. These properties
of video cameras make it possible to improve the image of
immunochromatograms in a wide range of luminescence
intensity. In addition, the DVR does not require mechanical
drives (actuators) to move immunochromatograms under
the beam of exciting light.

We have obtained data on significant differences in the
sensitivity of LICHT and AuNPs-based immunochroma-
tographic tests in the detection of toxins and pathogenic
microorganisms. The increased sensitivity of detection of
microorganisms and toxins in the use of fluorescent tags
compared to tests based on AuNPs is primarily due to the
higher sensitivity of detection of fluorescent tags compared
to the sensitivity of detection of colorimetric tags (AuNPs).
An important factor in increasing sensitivity is the greater
number of capture antibodies in the immunochromato-
graphic conjugates of luminescent microspheres com-
pared with similar conjugates of AuNPs. This is due to the
geometric dimensions of the microparticles: the AuNPs
average diameter is 30 nm, compared to the luminescent
microspheres average diameter of 190 nm. These factors
lead to a more efficient process of immunochromatog-
raphy and detection results. It should be noted that the
preparation of samples for analysis, the procedure for the
analysis, and the time of its implementation do not change.
Technologically, the production of LICHT and ICA tests
based on AuNPs are also similar, with the exception of the
conjugate synthesis stage. Therefore, no changes in the
technological line of production equipment are required.

The high sensitivity of LICHT is important for the sanitary
and hygienic aspect of the use of immunochromatography
in general, making it possible to detect lower concentra-
tions of pathogenic microorganisms and toxins in environ-
mental objects, food products, and body fluids. LICHT can
be useful for the immunochemical verification of microbial

MEOVLIHA OKCTPEMATTbHBIX CUTYALIMI | 2025, TOM 27, Ne 1



crops using the conventional microbiological method by
reducing the cultivation time, allowing the identification of
cells and bacterial toxins across a shorter period of time.

CONCLUSIONS

1. An experimental prototype of a video digital recorder of
luminescent immunochromatograms RLI-Eu®** has been
developed, where submicron microspheres containing
complex compounds of trivalent europium conjugated with
specific antibodies are used as a label for immunochroma-
tography.

2. RLI-Eu®* has a sensitivity threshold for the lumines-
cent europium complex of 2 pg of the substance per 1 mm?
of the immunochromatographic membrane and a linearity
in the range of 2-200 pg/mm?2.

References

1. Hou FP, Bai MY, Zhang Y, Liu H.Y, Sun SQ, Guo HC. Fluorescent
immunochromatographic assay for quantitative detection of the
foot-and-mouth disease virus serotype O antibody. Microchem.
J. 2020; 155:104690.
https://doi.org/10.1016/j.microc.2020.104690

2. Kim TK, Oh SW, Hong SC, Mok YJ, Choi EY. Point-of-Care
Fluorescence Immunoassay for Cardiac Panel Biomarkers. J.
Clin. Lab. Anal. 2014; 28: 419-427.
https://doi.org/10.1002/jcla.21704

3. Gao Y.M., Wei JC., Mak PU., Vai M.I, Du M., Pun S.H.
Development of a Calibration Strip for Immunochromatographic
Assay Detection Systems. Sensors. 2016; 16: 1007
https://doi.org/10.3390/s16071007

4. Raeisossadati M.J., Danesh N.M., Borna F., Gholamzad M.,
Ramezani M., Abnous K., Taghdisi S.M. Lateral flow-based im-
munobiosensors for detection of food contaminants. Biosens.
Bioelectron. 2016; 86:235-246
https://doi.org/10.1016/j.bi0s.2016.06.061

5. Wu, Sun J, Huang X, Lai W, Xiong Y. Ensuring food safety us-
ing fluorescent nanoparticles-based immunochromatographic
test strips. Trends in Food Science & Technology. 2021; 118:
658-678.
https://doi.org/10.1016/j.tifs.2021.10.025

6. Sanchis A., Salvador J.P., Marco M.P. Multiplexed immuno-
chemical techniques for the detection of pollutants in aquatic
environments. TrAC Trends Anal. Chem. 2018; 106: 1-10.
https://doi.org/10.1016/j.trac.2018.06.015

7. Berlina AN, Taranova NA, Zherdev AV, Vengerov YY, Dzantiev
BB. Quantum dotbased lateral flow immunoassay for detec-
tion of chloramphenicol in milk. Analytical and Bioanalytical
Chemistry. 2013; 405(14):4997-5000.
https:/doi.org/10.1007/s00216-013-6876-3

8. Taranova NA, Berlina AN, Zherdev AV, Dzantiev BB. Traffic light’
immunochromatographic test based on multicolor quantum
dots for the simultaneous detection of several antibiotics in milk.
Biosensors and Bioelectronics. 2015; 63:255-261.
https://doi.org/10.1016/j.bios.2014.07.049

9. Yang JC, Wang K, Xu H, Yan WQ, Jin QH, Cui DX. Detection plat-
forms for point-of-care testing based on colorimetric, lumines-
cent and magnetic assays: A review. Talanta. 2019; 202: 96-110.
https:/doi.org/10.1016/j.talanta.2019.04.054

10. Bajusheva VV, Belozerova OA, Cherednichenko AG. Synthesis
and luminescent properties of rare earth metal (rem) complexes

EXTREME MEDICINE | 2025, VOLUME 27, No 1

ORIGINAL ARTICLE | CLINICAL LABORATORY DIAGNOSTICS

3. The coefficient of variation of measurements does not
exceed 5% in the concentration range of 20-200 pg/mm?
and 10% in the range of 2-20 pg/mm?.

4. LICHT has been developed to detect cholera tox-
in, staphylococcal enterotoxin type B, plague pathogen
cells (vaccine variant EV), anthrax pathogen spores, as
well as antigens of the Crimean-Congo hemorrhagic fe-
ver pathogen virus. Further studies should address the
extension of the LICHT range for the detection of patho-
gens.

5. The sensitivity of LICHT based on microspheres
containing europium complexes during instrument regis-
tration is 20-128 times higher than that of immunochroma-
tographic tests based on AuNPs, designed on the basis of
the same specific immunoglobulins and analytical mem-
branes.

with substituted 1,10-phenanthroline and B-diketones. Advances
in chemistry and chemical technology. 2014; 28(6): 16-18. (In
Russ.).
EDN: STEWMN

11. Yarkov SP, Tret’jakov Sl, Shilenko IV, Ishkov JuN, Stjazhkin KK.
Detection of staphylococcal enterotoxin type B in dairy products
by immunochromatography with visual and video digital detec-
tion. Extreme Medicine. 2023; 3: 86-91 (In Russ.).
https://doi.org/10.47183/mes.2023.039

12. Jiao, X,; Peng, T, Liang, Z;Hu, Y.; Meng, B.; Zhao, Y.; Xie,
J.;Gong, X,; Jiang, Y.; Fang, X.; et al. Lateral Flow Immunoassay
Based on Time-Resolved Fluorescence Microspheres for Rapid
and Quantitative Screening CA199 in Human Serum. Int. J. Mol.
Sci. 2022, 23: 9991-9.
https:/doi.org/10.3390/ijms23179991

13. Eremkin AV, Ipatov SS, Kuklina GV, Pechenkin DV, Kytmanov AA,
Tihvinskaja OV, Kuznecov SL, Gorshkov A.S., Hapaev NG.
Development of enzyme immunoassay systems and immuno-
chromatographic reagent kits designed to detect staphylococ-
cal enterotoxins of types A and B. Problems of especially dan-
gerous infections. 2021; 2:94-99 (In Russ.).
https:/doi.org/10.21055/0370-1069-2021-2-94-99

14.  Yarkov SP, Tret’jakov SI, Shaulina EK, Brovkina AN, Hramov EN.
Increasing the sensitivity of immunochromatographic tests to
detect the causative agent of anthrax and staphylococcal en-
terotoxin type B based on silver amplification and instrumental
registration. Extreme Medicine. 2019; 21(3):455-463. (In Russ.).
EDN: KSFEST

15. Lapaev DV, Ziatdinova RM, Knjazev AA, Galjametdinov JuG,
Nikiforov VG, Lobkov VS. The mechanism of thermal quenching
of luminescence in a glazed film of the beta-diketonate com-

plex of europium (lll). Bulletin of the Technological University.
2018;21(4):13-18 (In Russ.).
EDN: XPSTYL

16.  Xie QY, Wu YH, Xiong QR, Xu HY, Xiong YH, Liu K, Jin'Y, Lai WH.
Advantages of fluorescent microspheres compared with colloi-
dal gold as a label in immunochromatographic lateral flow as-
says. Biosens. Bioelectron. 2014; Apr15; 54:262-265.
https://doi.org/10.1016/j.bi0s.2013.11.002

17, Gupta R, Gupta P, Wang S et al. Ultrasensitive lateral-flow as-
says via plasmonically active antibody-conjugated fluorescent
nanoparticles. Nat. Biomed. Eng. 2023; 7: 1556-1570.
https:/doi.org/10.1038/s41551-022-01001-1




OPUTMHAJNBbHASA CTATbA | KIMMHNYECKASA JTABOPATOPHASA OVMATHOCTUKA

Authors’ contributions. All the authors confirm that they meet the ICMJE criteria for authorship. The most significant con-
tributions were as follows: Sergey P. Yarkov — idea, participation in creation of the RLI-Eu®* device, planning of experiments
and analysis of results, preparation of a draft manuscript; Sergey |. Tretyakov — participation in creation of the RLI-Eu®*
device and its tests, creation of luminescent immunochromatographic tests; Inessa V. Shilenko, Ekaterina K. Shaulina — cre-
ation of immunochromatographic tests, conducting experiments, analysis of the obtained results; Angelina Mandazhi,
Denis A. Zenkov — participation in creation of immunochromatographic tests; Yury N. Ishkov — current research manage-
ment, editing of the manuscript; Konstantin K. Styazhkin — general editing of the manuscript and management.

AUTHORS

Sergei P. Yarkov, Dr. Sci. (Biol.)
https://orcid.org/0000-0003-4644-0485
diasol@dol.ru

Sergey |. Tretyakov, Cand. Sci. (Engin.)
https://orcid.org/0000-0003-2826-9581
14otd@gosniibp.ru

Inessa V. Shilenko, Cand. Sci. (Engin.)
https://orcid.org/0000-0003-0801-6923
14otd@gosniibp.ru

Ekaterina K. Shaulina
https://orcid.org/0009-0008-7522-7775
14otd@gosniibp.ru

Angelina Mandaji
https://orcid.org/0009-0005-4482-3724
14otd@gosniibp.ru

Denis A. Zenkov
https://orcid.org/0009-0001-3209-4940
14otd@gosniibp.ru

Yury N. Ishkov, Cand. Sci. (Engin.)
https://orcid.org/0000-0001-8355-7821
14otd@gosniibp.ru

Konstantin K. Styazhkin, Dr. Sci. (Biol.)
https://orcid.org/0000-0002-9988-2343
director@gosniibp.ru

MEOVLIHA OKCTPEMATTbHBIX CUTYALIMI | 2025, TOM 27, Ne 1



ORIGINAL STUDY | SPORTS MEDICINE

https://doi.org/10.47183/mes.2025-270 ch BY 4.0

EFFECTIVENESS OF CONSERVATIVE METHODS FOR PLANTAR FASCIITIS M) Check for updates‘
TREATMENT IN ATHLETES

Anton V. Slivin"?*, Valerii V. Karmazin', Kirill A. Shlykov®, Sergey A. Parastaev'?

"Federal Research and Clinical Center of Sports Medicine and Rehabilitation, Moscow, Russia
2Pirogov Russian National Research Medical University, Moscow, Russia
2 Osteopathy and Classical Medicine Clinic Osteopolyclinic, Moscow, Russia

Introduction. Plantar fasciitis (PF) is a multifactorial pathology that restricts an athlete’s training and competitive activities, leading to premature termination
of a sports career in some cases. The search for optimal conservative treatment methods that may improve the overall therapy effectiveness represents an
important task of sports medicine.

Objective. Development of a differentiated approach to conservative treatment of athletes suffering from PF, taking the biomechanical features of the disease
into account.

Materials and methods. The study involved 82 athletes, including 37 men and 45 women suffering from unilateral PF with a median age of 30 (23; 34) years.
The participants were divided into four groups depending on the type of therapeutical action: Group 1 — shock wave therapy (ESWT); Group 2 — vibration
therapy combined with myofascial release of the muscles of the posterior thigh and shin; Group 3 — individual orthoses of the feet; Group 4 — a combination
of vibration therapy, myofascial release, individual orthoses of the feet. The tested therapeutic measures were assessed by the dynamics of pain syndrome,
the results of baropodometry, the severity of tension in the thigh and shin muscles, and changes in the thickness of plantar aponeurosis.

Results. All the studied treatment methods showed varying degrees of effectiveness in reducing pain (p < 0.001), reducing the thickness of plantar apo-
neurosis (p < 0.05), normalizing plantar pressure in the posterior and anterior parts of the affected foot (p < 0.05), and increasing the postural stability of
athletes according to objective indicators (p < 0.05). The use of ESWT resulted in the most pronounced reduction in pain. In Groups 2 (vibration therapy and
myofascial release) and 3 (individual foot orthoses), a statistically significant decrease in muscle tension in the posterior shin group was observed (p < 0.05).
In addition, in Group 2, the angle of dorsiflexion of the ankle joint increased significantly (o < 0.05). Group 4 (combined treatment) demonstrated the highest
level of biomechanical stability.

Conclusions. ESWT demonstrates a high effectiveness in relieving a pronounced acute process. In cases where an athlete experiences some biomechanical
disorders or deformities of the foot, orthoses of the feet are advisable. In case of tension of the shin muscles and limitation of dorsiflexion, vibration therapy
combined with myofascial release is recommended.

Keywords: plantar fasciitis; sports; shock wave therapy; vibration therapy; foot orthoses; myofascial release; biomechanics
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QPOEKTUBHOCTb KOHCEPBATUBHBLIX METOAOB JIEYEHUA NMNAHTAPHOIO ®ACLIUNTA
Y CNNOPTCMEHOB

A.B. Cnveun'?¥, B.B. KapmasuH!, K.A. LLnbikos®, C.A. MNapacTaes'?

T ®epepanbHbIin HayYHO-KIMHUYECKIMA LLEHTP CMOPTUBHOM MeauLnHbl 1 peabunuTaumnm GeaepansHoro Meamnko-ouonorndeckoro areHTcTea, Mocksa, Poccus
2 PoccuiicKmnii HaumoHanbHbIN MccneaoBaTeNbCKUin MeANLMHCKINIA yHUBepcuTeT uM. H.W. Muporosa, Mocksa, Poccust
3 KnuHnka octeonaTun 1 Knaccu4eckon MeanumHbl «OcTeononnknmHnk», Mockea, Poccus

BeepeHue. MnaHTapHbi hacummT (MNP) — MHOrohakTopHasa NaTonorns, OrpaHnYMBatoLLLas TPEHNPOBOYHYIO 1 COPEBHOBATENBbHYIO AEATENBHOCTb CNOPT-
CMeHa, a B HEKOTOPbIX Clly4asx 06yCnoBAnBatoLLas NpexaeBpeMeHHOe 3aBepLUEeHVe CMIOPTUBHOM kapbepbl. [ONCK onTUManbHbIX METOLOB KOHCEPBaTVB-
HOro BO3AENCTBISA, KOTOPbIE MO3BONAT NMOBLICUTL 3(MMEKTUBHOCTb NIEHEHUNS, ABNSETCS BaXKHOW 3aa4ei CNOPTUBHON MEANLIMHBI.

Llenb. Paspabotka andhepeHUmpoBaHHOrO NOAX04a K KOHCEPBATUBHOMY JIEYEHMIO CMOPTCMEHOB C [P ¢ y4eToM BroMexaHN4eCcKnx 0COOeHHOCTeN 3a-
6oneBaHus.

MaTtepuanbl n metogbl. B rccnegoBaHny NpuHANK ydacTre 82 cnopTcMeHa (37 My>drH 1 45 >xeHLUWH, meguara BospacTta — 30 (23; 34) neT) ¢ ogHo-
CTOPOHHUM [P, KoTOpbIE ObINM PasaeneHbl Ha 4 rpynnbl B 3aBUCUMOCTI OT TUNa TepaneBTU4eCcKoro BO3AENCTBMA: rpynna 1 — ygapHo-BonHOBast Tepanvs
(YBT), rppynna 2 — B1bpauroHHOe BO3[AENCTBYE B COHETAHUM C MrOMacLmanbHbIM PenrM3oM MblLLL, 3a4Hen rpynnbl 6edpa v ronexHn, rpynna 3 — nHavBuay-
anbHble OpTE3bI CTOM, Fpynna 4 — KOMMIEKC BMOPaLMOHHOr0 BO3AENCTBIS, ModacLmanbHOro pennsa, MHAnBNayansHbIX OpTe30B CTomn. TepaneBTu4eckme
MepPONpPUATAS OLIEHMBANNCHE MO ANHaMKKe 60EBOr0 CMHAPOMA, pe3yrsTataM 6aponofoMeTPUHECKOro 06CNef0BaHNS, BbIPAXKEHHOCTM HANPSXKEHNS MbILLIL,
6efpa v roneHn, N3MeHeHMIo TONLLMHBI MOAOLLBEHHOMO anoHeBpo3a.

Pe3ynbTratbl. Bce nccnegyemble MeToAbl BO3AEVCTBMSA NMokasanu pasdnmyHyto cteneHb 3MeKTUBHOCTH B OTHOLLEHNUM CHKEHNA 6onm (p < 0,001), ymeHb-
LEeHNs TONLLMHbBI MOAOLWBEHHOrO anoHesposa (p < 0,05) 1 HopManuaaummn NoAOLWBEHHOIO AaBMNEHNS 3aQHErO 1 NepedHero OTAEN0B NOPaXKeHHON CTOmMbI
(p < 0,05), NOBbILLEHNS NOCTYpPasIbHOW YyCTOMHMBOCTN COPTCMEHOB MO 06 bEKTUBHbBIM NokadaTensMm (p < 0,05). Havbonee BbipaXkeHHOe CHUKeHVe 60NeBOro
cuHapoma 6bIno oTMeYeHo Npw ncnonbdosaHuy YBT. B rpynnax 2 (BubpaunoHHoe BO3aencTBIMe 1 MrodacumanbHbii penns) u 3 (MHAMBuayanbHble opTesbl
CTOM) OTMEYEHO CTATUCTUHECKM 3HAYMMOE CHIDKEHNE HANPSKEHMSA MbILLLL 3a4HeRn rpynnbl roneHn (p < 0,05); kpome Toro, B rpynne 2 3Ha41Mmo yBenmymsasncs
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yron gopcudnekcum roneHoCcTonHoro cyctasa (p < 0,05). Mpynna 4 (koMnnekcHoe BO3AENCTBIE), MO AaHHbIM OOBEKTVBHbBIX MOKa3aTenew, xapakTepn3osa-
nacb nyuLuer 6uoMexaHn4eckon cTabunbHOCTBIO.

BbiBoAbl. B Kyn1MpoBaHu1 Bblpa>keHHOro OCTPOro npoLecca BbICOKYIO 3hdeKTVBHOCTb AeMoHCTpupyeT YBT. Mpu Hannyum y cnopTcMmeHa briomexaHmnye-
CKWX HapyLLeHW / gedpopmMaLinin CToMbI LeNecoobpasHo NCnob30BaTb OPTE3bl CTOM, @ B CllyHYae HanpPsKeHNS MbILLUL, FONEHN 1 OrpaHnYeHns 4opcudnex-
Ccun — BMBpPaLMOHHOE BO3AEVICTBIE B COHETaHUM C MUOoacLmanbHbIM Penvaom.

KntoyeBble cnoBa: nnaHTapHbii hacummT; CropT; yaapHO-BONHOBas Tepanus; BUubpaLMoHHOe BO3AenCTBIMe; opTedbl CTOM; MModacLumanbHbii penns; 6uo-
MexaHvKa

Ansa untnposanus: CnaveuH A.B., KapmasuH B.B., LLnbikos K.A., MapacTaes C.A. OdHeKTUBHOCTb KOHCEPBATVBHbIX METOA0B JIEHEHNSA NMIaHTapHOro dac-
LummnTa y CnopTeMeHoB. MeauuuHa akcTpemaribHbix cutyarmi. 2025;27(1):1156-123. https:/doi.org/10.47183/mes.2025-270
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INTRODUCTION

Plantar fasciitis (PF) is an urgent and widespread problem
in sports that hinders the training process. Both conserva-
tive and surgical methods of treatment can be used to treat
this pathology [1]. However, due to the prolonged recovery
period and postoperative complication risks, conservative
methods are recognized as the first line of therapy in clinical
practice [2].

It has been repeatedly noted that the main problem
faced by a physician in the treatment of athletes with PF
is the low effectiveness of conservative interventions, in-
cluding insufficient duration of pain relief [3]. Conservative
treatment methods widely employ approaches of physi-
cal and rehabilitation medicine; however, none of the
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Fig. 1. PF prevalence in various sports in the research sample

available PF treatment methods have been supported by
convincing scientific evidence [4]. This may be related to
biomechanical disorders underlying the development of
degenerative changes in plantar aponeurosis, thus re-
sulting in a significant heterogeneity of treatment out-
comes.

Despite the wide range of correction methods tested in
PF, including athletes, an integrated approach to combin-
ing therapeutical measures is yet to be developed. Tools
for monitoring the effectiveness of therapeutic effects and
tactics for managing athletes with PF should be improved
in order to correct not only pain syndrome, but also to pre-
vent disease recurrence.

In this connection, the assessment of disease risk fac-
tors and impaired biomechanical patterns is extremely im-
portant for PF in general and among athletes in particular
[5]. The impact on key steps in the pathogenesis of the
disease will make it possible to personalize therapeutical
approaches and, accordingly, improve the outcome of
therapeutic effects, and reduce the rehabilitation time for
athletes.

In this study, we set out to develop a differentiated ap-
proach to the conservative treatment of athletes suffering
from PF, taking the biomechanical features of the disease
into account.

MATERIALS AND METHODS

The study included 82 athletes (37 men and 45 women)
representing various sports: athletics, football, basketball,
rugby, tennis, handball, volleyball, bobsleigh, fencing, and
some others (Fig. 1). The median age of athletes was 30
(23; 34) years. The athletes underwent rehabilitation treat-
ment at the Federal Research and Clinical Center of Sports
Medicine and Rehabilitation during the 2023-2024 period.

The criteria for inclusion in the study were: clinical diagno-
sis of PF with unilateral localization of the process, age from
16 to 50 years, presence of sports qualifications. Criteria for
non-inclusion of athletes in the study were: excluded diag-
nosis of plantar fasciitis, presence of systemic connective
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tissue diseases, age that does not meet the inclusion cri-
teria (less than 16 years and more than 50 years), inability
to perform diagnostic and correction programs due to cir-
cumstances beyond their control (severe injuries, diseases,
epidemic risks leading to interruption of a sports career), lack
of athletic qualifications, refusal to participate in the study.

Criteria for exclusion of athletes from the study were: injury to

the musculoskeletal system that occurred during the study

period, refusal to further participate in the study.

All athletes with PF were divided into four groups de-
pending on the type of therapeutic measures performed:

e Group 1 (n = 27) — athletes who were treated with ex-
tracorporeal shock wave therapy (ESWT);

e Group 2 (n = 20) — athletes who were treated with vi-
bration therapy combined with myofascial release (MFR)
of the muscles of the posterior thigh and shin;

e Group 3 (n = 19) — athletes who underwent treatment
using individual orthoses of the feet;

e Group 4 (n = 16) — athletes who were treated with vi-
bration therapy combined with MFR of the muscles of
the posterior thigh and shin, as well as with the use of
individual orthoses.

Focused ESWT was performed on a BTL-6000 FSWT
device (UK) with an energy flow area of 0.65 mJ/mm? and
a frequency of 4-6 Hz. A course vibration exposure last-
ing 9-10 days was performed on a Vibrosphere device
(Sweden) with a sequential increase in the frequency range
from 20 to 45 Hz. The myofascial release of the muscles
of the posterior thigh and shin was carried out by athletes
independently using a roll with a ribbed surface. For the
manufacture of individual orthopedic insoles, Formthotics
blanks (New Zealand) were used.!

The effectiveness of curative services was assessed
by the dynamics of pain syndrome, determined using
the Russian version of the Visual Analog Scale Foot and
Ankle — VAS FA [6]; the muscle pain in the posterior thigh
and shin; evaluation of ankle joint range of motion by the
angle of ankle joint dorsiflexion; baropodometry (in static
and dynamic tests); and changes in the thickness of the
plantar fascia. The muscle tenderness of the posterior
thigh and shin was palpated, and the angle of ankle joint
dorsiflexion was measured in a supine position with the
knee joint extended by goniometry. Baropodometry was
performed using the WINTRACK hardware and software
complex (Medicaptures, France) according to an algorithm
consisting of static and a series of dynamic tests (sagit-
tal, frontal, forefoot lifting and jumping tests) [7]. In addi-
tion, changes in the center of pressure (CoP) velocity in the
frontal and sagittal planes, as well as the statokinesiogram
area, were evaluated: the CoP velocity in the frontal plane
was evaluated in the sagittal dynamic test, and in the sagit-
tal plane — in the frontal test; the statokinesiogram area
was studied in the jumping dynamic. The thickness of the
plantar fascia was determined using magnetic resonance
imaging, which was performed on a SIGNA Creator instal-
lation 1.5 T (General Electric, USA). The measurement was
performed on sagittal sections 1 cm distal to the place of
attachment to the calcaneal protuberance. The effective-
ness of curative services was evaluated after 7 and 14
days. On day 28 after the completion of curative services,
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an additional reassessment of the pain severity was per-
formed. As an additional method for determining the pres-
ence and severity of foot pronation, the foot posture was
assessed using the FPI-6 scale (Foot Posture Index — 6).

Statistical data analysis was carried out using the IBM
SPSS Statistics 23 application software package. To as-
sess the type of distribution of quantitative feature values,
the Kolmogorov-Smirnov and Shapiro-Wilk criteria with a
critical significance level of 0.05 were used. In the case of
differences in the distribution from the normal, nonpara-
metric analysis methods were applied. Descriptive statis-
tics of quantitative data are given in the form of medians
and quartiles; descriptions of qualitative features are given
in the form of relative frequencies and their confidence
intervals. The nonparametric Mann-Whitney U-test was
used for comparative intergroup analysis; the Wilcoxon test
was used for intragroup analysis. A comparison of discrete
quantities was carried out using the x? criterion. The signifi-
cance level for all calculations of less than 0.05 was taken
to be statistically significant.

RESULTS

The largest number of PF cases was observed in athletes
involved in athletics, football, basketball, rugby, and tennis
(Fig. 1). More detailed information about the study groups
evaluated before the onset of curative services is presented
in Table 1.

The study did not reveal any statistically significant dif-
ferences in the sample by age, BMI, and sports experience.
An assessment of the pronation degree on the FPI-6 scale
found that the foot of athletes with PF was moderately pro-
nated, with all the studied groups of athletes being compa-
rable in this parameter.

Group 1, i.e., the athletes treated with ESWT, showed
the lowest angle of ankle joint dorsiflexion, amounting to
15°. This indicates a more pronounced tension of the shin
triceps muscle compared to other groups before the onset
of curative services.

The analysis of the pain syndrome assessed by VAS FA
revealed a statistically significant (o < 0.001) decrease in
the pain syndrome intensity in all the studied groups in the
follow-up period during the intragroup analysis. The corre-
sponding data is shown in Fig. 2. Thus, in Group 1, the ath-
letes reported a decrease in pain by 63%, in Group 2 — by
14%, in Group 3 — by 61%, and in Group 4 — by 18%. In
the follow-up observation of athletes with PF, no statistically
significant decrease in the VAS FA score was observed 28
days after the completion of therapy, which indicates the
stability of the achieved therapeutic effect.

In all the studied groups, an evaluation of the effective-
ness of curative services found no statistically significant
decrease in muscle tenderness of the posterior thigh group
on palpation on days 7 and 14 of therapy compared with
the period before the onset of the study. The correspond-
ing data is shown in Fig. 3A.

At the same time, athletes from Groups 2, 3, and 4
showed a statistically significant decrease in tenderness
and tension of the posterior shin muscles on palpation af-
ter 14 days compared with the period before treatment by

' Ponomarenko GN, Hajduk AA. The use of individual foot orthoses Formthotics in clinical practice. Guidelines. St. Petersburg; 2015 (In Russ.).
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Table 1. Summary of athletes’ characteristics in groups before the onset of therapeutical measures

Parameter ((;’:(;“;7; ((5';’1“;0? C(E’:Zufg? ((E;c;u1p6;l
Age, years 31 (23; 37) 27.5 (24; 35) 27 (21; 36) 30 (25; 33)
Body mass index, kg/m? 22.1 (21; 23) 21.8 (21; 24) 22.2 (21; 24) 22.8 (21; 25)
Sports experience, years 22 (18; 30) 20 (17; 25) 19 (16; 25) 20.5 (17; 22)
Pronation degree, FPI-6 score 6(5;7) 6(4;7) 6 (5; 6) 6(5:7)
Ankle joint dorsiflexion angle, degree (°) 15 (12; 18) 20 (17; 23) 19 (15;22) 19 (17: 22)

Table prepared by the authors using their own data

Note: the data is presented as a value median (Me) of the lower and upper quartiles Q [25-75%)].

63%, 59%, and 61%, respectively (p < 0.05). The corre-
sponding data are shown in Fig. 3B.

In an intragroup analysis of changes of ankle joint dor-
siflexion angle in follow-up (prior to treatment/14 days of
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Fig. 2. Effectiveness of curative services in athletes with PF by VAS FA pain
assessment
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Fig. 3. Effectiveness of therapeutic measures in athletes with PF by parameters

treatment), athletes showed a statistically significant in-
crease in the ankle joint range of motion in Groups 2 (vi-
bration therapy and myofascial release) (p < 0.05) and 4
(vibration therapy, myofascial release, and individual foot
orthoses) (b < 0.01) by 15% and 26%, respectively. No sta-
tistically significant dynamics was observed in other study
groups (Fig. 4).

Table 2 presents the analysis of changes in plantar pres-
sure on the support surface in the anterior and posterior
parts of the affected foot before/after treatment according
to baropodometry. During corrective actions, athletes in all
groups showed normalization of the distribution of plantar
pressure in the static test (p < 0.05). At the same time, in
Groups 1 (ESWT) and 3 (individual orthoses of the feet),
an increase in the pressure of the posterior part of the af-
fected foot was detected by 37% and 18%, respectively. At
the same time, Groups 2 (vibration therapy and myofascial
release) and 4 (vibration therapy, myofascial release, and
individual orthoses of the feet), conversely, showed a de-
crease in plantar pressure by 17% and 13%, respectively,
compared to the measurements prior to treatment.

The analysis of baropodometric parameters in dynamic
tests in athletes with PF compared before/after treatment
(Fig. 5) revealed a decrease in the CoP velocity in both
the frontal and sagittal planes, as well as the statokine-
siogram area (p < 0.05). Thus, in athletes from Group 1,
the decrease in CoP velocity in the frontal plane was 31%,
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Athletes amount, %
[e)) ~
o (6]
] ]

nN
(&)
1

0 T L o L
Before treatment 7 days of treatment 14 days of treatment

Periods

Note: A — muscle tenderness of the posterior thigh group; B — muscle tenderness of the posterior shin group.
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in athletes from Group 2 — 21%, in patients from Group
3 — 26.6%, and in athletes from Group 4 — 39%. At the
same time, the decrease in CoP velocity in the sagittal
plane in athletes from Group 1 was 29.4%, in patients from
Group 2 — 16.6%, in athletes from Group 3 — 27.7%, and
in patients from Group 4 — 37%.

There was also a decrease in the statokinesiogram area
by 8.7% in athletes from Group 1, in Group 2 — by 12.7%,
in Group 3 — by 16.3%, in Group 4 — by 9.2%.

The most pronounced decrease in the CoP velocity
was observed in athletes in Group 4 (vibration therapy,
myofascial release, and individual orthoses of the feet): by
39% of the CoP velocity in the frontal plane, by 37% of
the CoP velocity in the sagittal plane (Fig. 5G). The statoki-
nesiogram area significantly decreased in Group 3 — by
16.3% (Fig. 5B).

Figure 6 shows the results of baropodometry of athletes
with PF in follow-up (before treatment/14 days of treatment),
reflecting changes in the pressure general vector (PGV) and
plantar pressure.

Attention should be drawn to the increase in plantar
pressure of the posterior part of the foot in the static test
(Fig. 6A), a decrease in the area of PGV distribution and
pressure vectors under the feet in the sagittal dynamic test
(Fig. 6B), the PGV centralization after curative services in
the frontal (Fig. 6C), as well as a decrease in the area of
PGV distribution in the jumping dynamic test (Fig. 6D).

The dynamics of changes in the plantar fascia thickness
is shown in Fig. 7. In all groups, a statistically significant
decrease in the plantar fascia thickness was observed:
Group 1 — by 4.8% (p = 0.001), Group 2 — by 5.8%
(p = 0.037), Group 3 — by 8.5% (p = 0.008), and Group
4 — by 12.5% (p = 0.012). However, in Groups 1 (ESWT)
and 2 (vibration therapy and myofascial release), the
change in plantar fascia thickness was less pronounced
than in athletes from Groups 3 (individual foot orthoses)
and 4 (vibration exposure, myofascial release and individual
foot orthoses).

Despite statistically significant changes in the plantar
aponeurosis thickness, their pronounced character does
not point definitely to clinically significant differences (in
particular, in Groups 1 and 2).

DISCUSSION
Our study established a statistically significant decrease

in pain by VAS FA in all groups of athletes, which gener-
ally indicates the effectiveness of PF corrective measures.
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Fig. 4. The effectiveness of curative services in athletes with PF by the ankle
joint dorsiflexion angle

Thus, ESWT has been successfully used for PF treatment
by some foreign and domestic authors [8, 9]. Mendes et al.
reported a positive effect of individual orthopedic insoles in
terms of pain reduction in patients with PF [10], which was
subsequently confirmed by other authors [11, 12]. Kirmizi
et al. noted the effectiveness of a combined therapy with
therapeutic exercises and foot orthoses in reducing pain in
patients with PF and flat feet [13].

In our research, pain in the muscles of the posterior shin
group decreased statistically significantly in the participants
of Group 2, whose therapy used vibration and myofascial
release, and Group 3, who used individual orthoses of the
feet. This fact can be explained by a significant impact of
vibration therapy and individual orthoses of the feet on the
activation of the internal and external muscles of the foot,
thus contributing to their facilitated inclusion in the act of
walking. It was previously suggested that the tenderness
and tension of the triceps muscle of the shin, mainly its me-
dial head, may be associated with increased stress on the
muscle due to compensation for the insufficient function of
the external muscles of the foot, in particular the posterior
tibial muscle [14, 15]. Moreover, Zhou et al. reported that
measures aimed at reducing stiffness and tension in the
medial portion of the gastrocnemius muscle could be help-
ful in reducing the severity of pain in PF patients [15].

The ankle joint dorsiflexion angle increased statistically
significantly in Groups 2 (vibration therapy and myofascial

Table 2. Intragroup analysis of changes in plantar foot pressure in athletes with PF in various groups

Anterior part, % Posterior part, %
Athlete groups P p
before treatment after treatment before treatment after treatment
Group 1 (n =27) 27 (24; 29) 24 (23; 24) <0.001 19 (14; 21) 26 (23; 27) <0.001
Group 2 (n = 20) 20.5 (17; 23) 23 (22; 24) 0.001 35 (29; 39) 29 (27; 31) 0.001
Group 3 (n=19) 26 (23; 28) 23 (23; 24) 0.008 22 (18; 29) 26 (25; 27) 0.024
Group 4 (n = 16) 21 (19; 24) 23 (22; 24) 0.046 31.5 (29; 37) 27.5 (26; 29) 0.002

Table prepared by the authors using their own data

Note: the data is presented as a value median (Me) of the lower and upper quartiles Q [25-75%].
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Fig. 5. Changes in baropodometry values in dynamic tests before/after treatment in athletes with PF, depending on the intervention type
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Fig. 6. Baropodometry results of athletes with PF in follow-up
Note: A — in a static test; B — in the jumping dynamic test; C — in the sagittal dynamic test; D — in the frontal dynamic test.
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release) and 4 (vibration therapy, myofascial release, and
individual orthoses of the feet). This seems logical due to
vibration and myofascial effects on the muscles of the pos-
terior shin group, which improve their softness and plastic-
ity. In combination with stretching, these measures allowed
the volume of ankle joint posterior flexion to be significantly
increased, as previously reported by some authors [15-20].
However, Landorf et al. did not find the aforementioned
connection [21].

According to the results of baropodometry in PF, nor-
malization of plantar pressure on the affected foot was
noted. Thus, in athletes with low plantar pressure in the
posterior part of the foot, it increased to normal values,
and in athletes with initially high plantar pressure in the
posterior part of the foot, on the contrary, decreased. The
redistribution of pressure in the posterior part of the foot
was also accompanied by normalization of plantar pres-
sure in the anterior part of both the affected foot and the
intact (contralateral) foot, in which plantar pressure had
previously been compensationally impaired. In addition to
the normalization of plantar pressure, all athletes with PF
showed an improvement in both general postural stability
and local stability during corrective measures, which were
assessed based on the results of dynamic tests. At the
same time, in Groups 2 (vibration therapy and myofas-
cial release) and 4 (vibration therapy, myofascial release,
and individual orthoses of the feet), a greater decrease
in the statokinesiogram area in the jumping test was
observed, which may indicate the influence of vibration
therapy on the overall postural balance by influencing the
proprioceptive apparatus. This fact is particularly interest-
ing concerning the possibility of important effects of the
pathobiomechanics of the overlying parts of the organs
of support and movement (pelvis) on the underlying ones
(feet). A similar effect was previously reported by some
authors [22-24].

The plantar aponeurosis thickness tended to decrease
in all the studied groups, which indicates a decrease in the
fascia edema severity. This, in turn, may reflect a decrease
in the load on plantar aponeurosis and a decrease in de-
generative-inflammatory changes [25, 26]. The slight de-
crease in the plantar fascia thickness can be explained by a
short follow-up period (14 days), insufficient to identify clear
morphological changes accompanying a clinically signifi-
cant improvement in athletes with PF. At the same time,
Drake et al. noted that changes in the plantar aponeurosis
morphology may not always correspond to the patient’s
clinical examination data [27].

In our study, the athlete groups were formed by sim-
ple randomization, based on the analysis of changes in the
observation dynamics. Therefore, it can be concluded that
ESWT allows the most effective relief of severe pain in ath-
letes. In addition, individual orthoses of the feet also show
significant effectiveness. However, significant risk factors
may also influence the choice of the recommended ther-
apeutic agent [28]. Such factors include flat feet, exces-
sive foot pronation, limited ankle joint dorsiflexion, tension
and tenderness of the muscles of the posterior shin group,
hammer toe deformity [29-32]. Thus, vibration therapy,
myofascial release, and individual feet orthoses showed
the most pronounced action on correcting/compensating
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Fig. 7. Plantar fascia thickness before/after treatment in the observation groups

for existing biomechanical risk factors for this disease in
athletes. In this connection, it seems advisable to use lo-
cal treatment methods in the case of an acute process,
in order to achieve an anti-inflammatory effect followed by
correction of the pathobiomechanics that had triggered the
disease. In the case of a sluggish process, correction of
impaired biomechanical patterns will not only prevent the
development of disease relapses in the future, but also to
relieve pain.

Further research should focus on assessing the sus-
tainability of the achieved clinical results in the sports popu-
lation with a longer follow-up period (12-18 weeks) and the
role of therapeutic exercises in preventing possible recur-
rence of the disease.

CONCLUSION

Our study found that all the therapeutic methods used
showed moderate effectiveness in PF treatment in the
sports population. The choice of a therapeutic method
should be primarily determined by the pain syndrome se-
verity, as well as the foot structural and functional features,
identified during a biomechanical examination on a baro-
podometric platform.

In athletes, the use of a differentiated approach based
on a combined therapy aimed at correcting all existing risk
factors seems justified. If necessary, ESWT is highly ef-
fective for relieving an acute pain syndrome. For achieving
good therapeutic effects in the presence of foot deformi-
ties, it is advisable to use individual feet orthoses. In the
case of limited ankle joint dorsiflexion and muscle tension
of the posterior shin group, vibration action in combination
with MFR of the muscles of the posterior shin group proves
highly effective.

Treatment of athletes with PF is a challenging and
lengthy process that does not always result in the resump-
tion of full-fledged sports activities. The use of a combined
and algorithmized personalized therapeutic strategy, ac-
counting for significant risk factors for the disease in the
sports population, can significantly reduce the duration of
rehabilitation treatment for athletes with this pathology, as
well as reduce the rate of disease recurrence.
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REGIONAL CUTANEOUS BLOOD FLOW IN HEALTHY SUBJECTS UNDER M) Check for Updates‘
CONDITIONS OF 21-DAY HEAD-DOWN BED REST

Daria V. Pashkova'™, Julia A. Popova', Andrey A. Fedorovich'?, Alexey V. Shpakov'

"Institute of Biomedical Problems, Moscow, Russia
2National Medical Research Center for Therapy and Preventive Medicine, Moscow, Russia

Introduction. Research into the microvasculature as an integral component of the cardiovascular system is particularly relevant in space medicine for identifying
adaptive changes to weightlessness and developing new diagnostic criteria for assessing the functional state of an astronaut’s body in long-duration space flights.
Objective. To study the process of microcirculation and its regulation in various skin areas in healthy volunteers under conditions of 21-day head-down (-6°)
bed rest (HDBR).

Materials and methods. The experiment involved six male volunteers aged 26-34 years. To simulate translocation of liquid media and physical inactivity, the
subjects remained in an antiorthostatic position for 21 days. Microcirculation was studied by laser Doppler flowmetry using LAZMA PF portable laser analyzers
(SPE “LAZMA” Ltd, Russia). Participant examination was conducted two days prior the onset of the study, on the 3rd, 7th, 15th, 18th, and 20th day of experi-
mental exposure, as well as two days after the completion of HDBR. Statistical data analysis was performed using the Statistica 13.0 software (IBM, USA).
Results. On day 3 of HDBR exposure, a statistically significant decrease in basal perfusion and the amplitude of myogenic oscillations in the skin of the
forehead and shin was observed. The analysis of functional tests on the forearm showed a decrease in the respiratory test index by 10.87% throughout the
experimental period. On day 3 of hypomobility, a decrease in the venuloarteriolar response by an average of 10.64% and an increase by 91.82% in the capillary
blood flow reserve were noted, with the latter persisting throughout the entire exposure.

Conclusions. The effect of HDBR is expressed in a decrease in skin perfusion against the background of increased tone of terminal arterioles and precapil-
lary sphincters in the forehead and lower legs, which may indicate microcirculation shift toward larger vessels. Despite the skin perfusion stability in the fore-
arm area at rest, the conducted functional tests showed the probability of changes in vasomotor function under the action of HDBR.

Keywords: head-down bed rest; cardiovascular system; skin blood flow; laser Doppler flowmetry; blood perfusion; skin blood flow regulation
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PEMMOHAPHbI KOXXHbII KPOBOTOK Y 300POBbIX OECJIEQYEMbIX B YC/TIOBUSAX 21-CY TOYHOW
AHTUOPTOCTATUYECKOW MMNOKNHE3NUN

[.B. Nawkosa™, tO.A. MNonoga', A.A. efoposny™?, A.B. LLInakos'
"VIHCTUTYT MeauKo-bruonorudeckmx npobnem Poccuiickoin akagemmn Hayk, Mockea, Poccus

2 HaupoHanbHbIi MeQULMHCKNIA MCCNeaoBaTeNbCKUn LIEHTP Tepanuu 1 NpodunakTuyeckor MeamumHel MuHMCTepcTBa 3apaBooxpaHeHns Poccuinckonm
depepaunmn, Mocksa, Poccust

BBepeHue. /IccnenoBaHvie MUKPOLMPKYISTOPHOMO 3BeHA Kak 3NeMeHTa CepreyHO-COCYANCTON CUCTEMbI MPUMEHUTENBHO K KOCMUYECKON MeauLIMHE ak-
TyanbHO Kak ANs BbIABAEHVS afanTauyoHHbIX M3MEHEHWIN K HEBECOMOCTM, TaK M MOUCKa HOBbIX ANArHOCTUHECKNX KPUTEPUEB OLEHKN (DYHKLMOHANBHOMO
COCTOSIHMS OpraHn3Ma KOCMOHaBTa B MePCneKTUBE AalbHNX KOCMUYECKNX MONETOB.

Llenb. /13y4eHne MUKPOKPOBOTOKA 1 €r0 Perynsumm B pasnmyHbix 061acTsax KOXXM y 300POBbIX JOOPOBOJLLEB B YCNOBUSAX 21-CyTOYHOM aHTUOpTOCTaTYe-
CcKoW (-6°) rmnokmHeaun (AHOI).

MaTtepuanbl 1 MeTogbl. B akcnepymMeHTe NpuHANM ydactue 6 My>K4H-06poBOsbLEB B Bo3pacTe 26—-34 neT. [ns MOAeNnMpOBaHMA TpaHCNOKaLMM XXIA-
KWX CPEeS, M rvnoavHaMmm UCnbITyeMble HAXOAWINCh B aHTMOPTOCTATUHECKOM MOMOXEHUN B TeveHre 21 cyT MUKPOLIMPKYASLMIO MCCNefoBan C MOMOLLBIO
MeTOoa NnadepHo AoNNepOBCKOM hNoyMeTpun ¢ NCnosb3oBaHNEM NOopTaTVBHbIX nasepHbix aHanmdatopos «/TASMA Md» (OO0 HIIM «JTASMA», Poccus).
Viccnepgosanne nposoamnu 3a 2 cyT Ao Hadana AHOT, Ha 3, 7, 15, 18 1 20 cyT 9KCNepnMEeHTanbHOro BO3AENCTBYSA, a TakxKe 4epes 2 CyT NMoc/e OKOHYaHus
AHOT. CtaTtucTnyieckuii aHanma aaHHbIX NPOBeAeH C MCronb3oBaHeM NporpamMmMHoro obecneveHns Statistica 13.0 (IBM; CLLA).

Pe3ynbraTbl. O6Hapy>XEHO CTATUCTUHECKM 3HAYMMOE CHKEHWE 6adanbHOM Nepdysnm 1 aMnanTyAbl MUOTEHHBIX KoflebaHnii B 061acTn KXW n6a 1 roneHmn
Ha 3 CyT B YCOBUSX aHTUOPTOCTATUYECKOWM MMNOKMHE3UW. AHANN3 pPedynsTaTtoB (DyHKLIMOHAbHBIX MPO6 Ha Npeanneybe nokasdan yMeHbLUeHe nHaekca
ObixaTenbHor Npobbl Ha 10,87% Ha NPOTSXEHWM BCEro SKCNEPUMEHTaNbHOIO NePUOAA, CHKEHNE BEHYNO-apTEPVONSPHON peakLmmn Ha 3 CyT rMnoKMHe3mn
B cpeaHemM Ha 10,64% v yBennyeHve Ha 91,82% pesepBa KanuansipHOro KpoBOTOKa Ha 3 CyT, COXpaHstoLLeecst Ha NMPOTSXKEHUM BCEro BO3AENCTBYS.
BbiBoabl. OPdexT Bo3aenctama AHOI BbipaXkeH B CHUXKEHUN KOXHOWM Nepdy3nn Ha hoHe YBENMYEHHOrO TOHyca TePMUHAIbHBIX apTePUON 1 NpeKanwn-
NAPHbIX CHMHKTEPOB B 061aCTN N6a 1 rONEeHEN, YTO MOXET yKasblBaTb Ha pacnpefeneHne MYMKPOKPOBOTOKA B CTOPOHY 60siee KPyrHbIX COCyaoB. HecMoTps
Ha cTabubHOCTb Nepdy3nn B 061aCTV KOXM NPeanieYdbs B MOKOe, MPoBeAeHHble (DyHKLOHaNbHbIe MPobbl Mokasanu, 4To, BeposTHO, yenosus AHOT npu-
BOAAT K N3MEHEHMNIO Ba3OMOTOPHOM PYHKLMN.
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neprMeHTa 1 BO3MOXKHOCTb MPOBEAEHNSA NCCNEeN0BaHNA, a Takke BceM foOPOBOsbLIAaM 3a y4acTue.

CooTBeTCTBME NPMHUMUNAM 3TUKW: UCCNELOBaHME NPOBELEHO B COOTBETCTBUM C NPUHLMNAMUN XeNbCUHKCKOM feknapaLmn. Bce obcneayemMble NPOXOAUM
MeanUMHCKMin 0T6op BpadebHoM akcnepTHol komuccurelt MHL PO — MBI PAH, B xoge KOToporo 3abofieBaHnii 1 NaTonoruin, NpensaTCTBYOWMNX yHaCTUIO
B 9KCMepUMeEHTE, BbISIBNIEHO He 6bino. Bce y4acTHVKM nognucany o6poBofibHOe MHDOPMMPOBaHHOE Cornacue Ha y4acTue B ccnegoBanum. Viccnepnosa-

He ogobpeHo Komumccuein no bromeanmnumHekon atuke ML PO — MBI PAH (npotokon Ne 621 oT 08.08.2022).

nOTeHLWIaﬂbeIﬁ KOHCbﬂI/IKT WHTEepeCcOoB: aBTOPbLI 3adABNAIOT o6 OTCYTCTBUU KOHCbJ'II/IKTa VHTEPECOB.
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INTRODUCTION

Weightlessness is known to be a significant factor affecting
the state of the cardiovascular system (CVS) during space
flights (SF). Its effects are mainly caused by blood redistri-
bution toward the cranial direction. In addition, SF condi-
tions trigger such changes in the cardiovascular system as
fluid movement from intravascular compartments toward
intracellular spaces, a decrease in the total circulating
blood volume, myocardial mass loss, decreased vascular
resistance, increased venous return, and orthostatic intol-
erance after returning to gravity [1-2].

The prospects of long-duration space flights, e.g., to the
Moon, Mars, etc., with the possibility of landing on their
surface poses the challenge of solving arising medical is-
sues without timely support from the Earth. In this connec-
tion, assessment of the functional state of the circulatory
system at both macro- and micro-levels can provide the
necessary information about the overall adaptational ca-
pacity of the body and its resilience to external influences.
From this standpoint, the microcirculatory bed as the pri-
mary element of the cardiovascular system that responds
to environmental changes presents particular research in-
terest [3]. The skin is one of the most accessible objects for
studying blood microcirculation; however, account should
taken of the cutaneous blood flow being directly involved in
thermoregulation [4].

According to N. Charkoudian, the skin microcircula-
tion reacts to heat or cold stress [5], while scientific data
in available publications may differ due to the variety of
methods used to assess the overall thermal effect [6, 7].
Thus, according to Fedorovich et al. [6], a 30-day stay in
a hermetic object at a temperature of +30-38 °C and a
humidity of 30-50% did not result in an increase in tissue
perfusion recorded by laser Doppler flowmetry (LDF) on
the forearm. This was explained by the specifics of skin
angioarchitectonics and the depth of sensing by measur-
ing equipment. Examination of the skin microcirculatory
bed by Yuan et al. using the LDF method in an experiment
with 180-day isolation in temperature- and humidity-neutral
conditions revealed a decrease in the blood flow response
to an acetylcholine test, which indicated the manifestation
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of endothelial dysfunction [8]. The study of skin micro-
hemocirculation in SF conditions was undertaken in two
experiments. In the first study [9], the authors evaluated
cutaneous blood flow and endothelium-dependent va-
sodilation at the forearm level using LDF in combination
with acetylcholine iontophoresis during a three-week SF
at the Tiangong-2 station in two taikonauts. The authors
observed a slight decrease in basal perfusion during and
directly after SF, as well as signs of endothelial dysfunction.
In the second study [10], conducted on board the ISS with
the participation of one space tourist and one professional
cosmonaut, a decrease in tissue perfusion and an increase
in vascular tone were found on days 2 and 3 of SF in the
skin of the first toe and the temporal region of the head. In
addition, functional differences were found in the indices of
skin perfusion of the upper and lower extremities between
the examined astronauts, which the authors attributed to
the use of a preventive blood redistribution agent in one of
the study participants [10].

The complexity of organizing space experiments and
the limited sample of the astronauts being examined, giv-
en multicomponent SF factors, impede a comprehensive
study of the microcirculatory link and its regulation in these
conditions. Earth model experiments can be used to evalu-
ate the effect of weightlessness, including inactivity, lifting
of the support load, and redistribution of liquid media in the
cranial direction. One of such experiments is head-down
bed rest (HDBR) used for modeling the redistribution of
body fluids toward the cranial direction.

In this article, we report a study undertaken to investi-
gate microcirculation and its regulation in various areas of
the skin in healthy male volunteers under conditions of 21-
day head-down bed rest.

MATERIALS AND METHODS

The experiment was conducted on six healthy male volun-
teers (average age 30.3 + 5.2 years; weight — 72.8 + 7.7 kg;
height — 1771 £ 6.3 cm) using a hypogravitation bench
at the Institute of Biomedical Problems (Russia). The vol-
unteers were placed in an antiorthostatic position with an
angle of inclination of the body relative to the horizon of
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—6° without the use of preventive physical exercises and a
moderate restriction of motor activity for 21 days. The sub-
jects were verticalized for short-term hygiene procedures
(once daily), as well as for passive orthostatic testing (on
days 6, 14, and 19) and a lower body negative pressure
(LBNP) on day 19. For medical reasons, one of the subjects
was allowed to participate in the experiment with restric-
tions: provided that stress tests, including orthostatic ones,
were excluded. A detailed description of experimental con-
ditions can be found in [11].

The method of laser Doppler flowmetry (LDF) was used
to assess the state of the skin microcirculatory bed. This
method is based on probing the area under study using
laser radiation and analyzing the reflected signal from red
blood cells moving in the bloodstream. The exclusion crite-
ria for this study of the skin microcirculatory bed (MCB) us-
ing the LDF method were: age over 40 years, the presence
of additional exposure factors (breathing with hyperoxic
mixtures, etc.), the presence of nevi and tattoos in the area
of sensor application in the subjects. All six participants in
the experiment were included in the study group according
to these criteria.

To register microcirculation parameters using the LDF
method, three LAZMA PF portable laser analyzers (SPE
“‘LAZMA” Ltd, Russia) with the wavelength of the probing
radiation of 850 nm were used. One sensor was placed on
the non-dominant arm in the Zakharin—-Ged area: along the
median line of the forearm, 3—4 cm above the ulnar and ra-
dial styloid. The second sensor was placed on the anterior-
inner surface in the lower third of the shin. The third sensor
was applied on the central area of the forehead (Fig. 1).

The analyzers were fixed using medical tubular elastic
bandages. The total examination duration was 45 min. At
the first stage, basal perfusion was recorded at rest: the
subject was in a relaxed lying position, calmly breathing

Forehead

Forearm

Shin

Figure prepared by the authors using data from an open online source

Fig. 1. Placement of portable laser analyzers during the study

in a waking state. Following 10 min, functional tests were
performed in the forearm area: respiratory and occlusive
(venous and arterial) tests. The respiratory test includes
a breath-holding maneuver (for 15 sec after rapid deep
inhalation through the mouth), allowing assessment of
the functional state of sympathetic vasomotor regulation.
Venous occlusion was created by increasing pressure
in the shoulder cuff to 40 mmHg followed by its main-
tenance at this level for 2 min. This artificially created an
increase in postcapillary pressure, without obstacles to
arterial blood flow, to assess the venuloarteriolar constric-
tor response without involving sympathetic regulation.
Arterial occlusion was used to determine the reserve of
capillary blood flow, for which pressure was pumped into
the shoulder cuff at a level of 30-50 mmHg above the
individual systolic pressure and maintained at this level for
3 min, followed by parameter registration in the period of
postocclusive hyperemia. The use of these tests allowed
us assess the state of the regulation mechanisms of tis-
sue blood flow, as well as the general functional state of
the microcirculatory bed in the forearm skin according to
the accepted methodology [12, 13].

The Lazma specialized software (SPE “LAZMA” Ltd,
Russia) was used to calculate the basal perfusion level (M)
in perfusion units (PU), as well as the amplitude—frequency
spectrum of blood flow oscillations based on wavelet anal-
ysis. Thus, the maximum amplitudes of vasomotion were
determined in the appropriate frequency ranges, i.e., Ae,
An, Am, Av, Ac (endothelial, neurogenic, myogenic, venu-
lar (respiratory), and cardiac components of microvascular
tone formation, respectively). When performing functional
tests, the following indicators were evaluated: BHI as an
index of breath holding test, VAR as an venuloarteriolar re-
sponse, CFR as capillary blood flow reserve (according to
the LDF of the forearm skin).

The microcirculatory bed was examined two days prior
to the onset of experimental exposure (background study);
on days 3, 7, 15, 18, and 20 during HDBR exposure; as
well as two days after the completion of exposure (afteref-
fect period). The studied parameters were recorded prior
to and following the HDBR period in the prone position of
the subject (15 min after adaptation to the horizontal po-
sition). During HDBR exposure, the participants were ex-
amined in an antiorthostatic position. The study prior to
and following exposure was performed in laboratory con-
ditions with a constant microclimate: ambient tempera-
ture — 24.33 + 2.58 °C; humidity — 57.83 + 6.97%; atmo-
spheric pressure — 741.17 + 16.57 mmHg. Under HDBR
conditions, the study was conducted in a room with the
following environmental parameters: ambient tempera-
ture — 23.36 + 1.34 °C; humidity — 54.57 + 3.03%; atmo-
spheric pressure — 744.57 + 17.08 mmHg.

A statistical analysis of the datasets obtained was car-
ried out using the STATISTICA 13.0 statistical software
package (IBM, USA) using principal component analysis
and the Wilcoxon criterion [14].

RESULTS

When analyzing the data obtained, the study sample
of six people was checked for uniformity using principal
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component analysis for all parameters recorded during the
experiment. The results obtained recorded the uniformity
of the group, with the values not exceeding two standard
deviations.

On day 3 of HDBR stay, the conducted statistical
analysis revealed a decrease in the basal perfusion level
(p = 0.05, Wilcoxon criterion) by 32.84% in the forehead
skin and 22.52% in the shin skin (Fig. 2). In addition, a de-
crease in this parameter in the shin skin was noted on days
15 and 18 of exposure, amounting to 31.64% and 34.68%,
respectively. This may be related to the cyclogram of the
experiment, which included an orthostatic test. It should
be noted that, by day 3 of hypokinesia, the participant
who was not allowed to undergo an orthostatic test and
an LBNP test during the HDBR period, showed a 7.02%
decrease in blood perfusion in the forehead skin; during
the entire HDBR, the downward trend in this parameter
persisted and had reached the maximum difference with
the background (34.21%) by day 20 of exposure. It could
be assumed that changes in skin perfusion might be
associated with temperature changes, since the skin is
an essential component of the human thermoregulatory
system [4].

In our study, the ambient temperature during the expo-
sure period was kept at 23.36 + 1.34 °C, being close to the
temperature of the laboratory room in which the studies
were conducted before and after HDBR (24.33 + 2.58 °C).
In addition, the temperature of the study area was mea-
sured using a sensor built into the LDF analyzer, with
the parameter remaining around the same level during
the entire experiment. The average temperature was
32.88 + 1.36 °C in the forehead skin and 32.73 + 1.38 °C
in the shin skin. The humidity level in the rooms during the
study practically did not differ between sessions: during
the procedure, the windows were closed, and the air con-
ditioning system was turned off before (15 min before the
start of the measurement) and during the study. Around
15 min before the onset of the experiment, the partici-
pants were not covered with a blanket, the examined skin
areas were open (freed from clothing) to adapt to envi-
ronmental conditions. According to subjective feelings, all
volunteers felt comfortable in these conditions. Thus, the
effect of fluctuations in environmental parameters on our
results was minimal.

A decrease in the amplitude of myogenic oscillations
by 51.15% and 41.94% was found in both the forehead and
shin skin areas at an early stage of the body’s adaptation
to HDBR conditions (day 3). It should be noted that in the
head area, the Am value remained below the background
(measured 2 days prior to exposure) and decreased relative
to the background by 57.03% on day 7, by 47.23% on day
15, and by 47.71% by day 18 (Fig. 3).

When analyzing the data obtained during functional
tests, changes were found in both the VAR during the
breath holding test, and in the VAR and CFR during venous
and arterial occlusion, respectively (Fig. 4). However, these
changes were multidirectional: when the VAR and BHI
decreased, the CFR increased throughout the exposure.
Moreover, VAR had a reduced value of relative background
exposure on days 3 and 15 of HDBR, BHI — throughout
the entire exposure.
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DISCUSSION

It is known that bed rest models primarily simulate such
an effect of weightlessness as the redistribution of body
fluids toward the cranial direction. In our series of experi-
ments, part of which was the current study, the authors [11]
showed that, due to HDBR exposure, the central hemo-
dynamics showed an average daily decrease in heart rate
and blood pressure. Previous studies found a decrease in
total peripheral resistance [15] and, concerning the periph-
eral hemodynamics, a decrease in blood flow in the lower
extremities [16].

The results obtained in our study indicate that HDBR
conditions with an inclination angle of —6° lead to chang-
es in skin microcirculation, which are manifested in a de-
crease in basal perfusion in the shin and forehead at an
early stage of the body’s adaptation (day 3 of exposure).
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Fig. 2. Basal perfusion changes in HDBR conditions
Note: the graphs show the average values and the interquartile range; on the
X-axis: —2 and +2 are the days before and after head-down bed rest; * p < 0.05.
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Fig. 3. Changes in the amplitude of myogenic oscillations (Am) under the
conditions of head-down bed rest.

Note: the graphs show the average values and the interquartile range; on the
X-axis: —2 and +2 are the days before and after head-down bed rest; * p < 0.05.

In other words, the changes are unidirectional in both the
skin of the lower extremities and the scalp. These data are
consistent with the results of a study conducted by Britt et
al. [17], who observed a decrease in blood perfusion in the
neck area under HDBR conditions.

In an experiment by Kurazumi et al. [18], the subjects
briefly placed in an antiorthostatic position demonstrated
a decrease in cutaneous blood flow in the cheek area dur-
ing 10-min antiorthostasis with a body tilt angle of —30°,
against which a significant increase in vascular resistance
in this area was detected.

In our study, against the background of decreased per-
fusion, a decrease in the amplitude of myogenic oscillations
was noted both in the lower extremities and in the forehead
skin. This indicates an increase in vascular tone in the skin
microcirculatory bed of these regions. Due to the relatively
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Fig. 4. Parameter dynamics of functional tests in the conditions of head-down
bed rest

Note: the graphs show the average values and the interquartile range; on the
X-axis: —2 and +2 are the days before and after head-down bed rest; * p < 0.05.

increased tone of the arterioles, the microvascular lumen
narrows, which reduces skin blood flow in the studied ar-
eas. It can be assumed that the decrease in the amplitude
of myogenic vasomotions in the forehead skin may reflect
protective mechanisms in the basin of the internal carotid
artery (including for the capillaries of the brain) from an ex-
cessive increase in hydrostatic pressure in conditions of in-
creased arterial blood flow and obstructed venous outflow
(myogenic autoregulation of the cerebral vascular bed). It
is the myogenic tone that is the last regulatory link at the
entrance to the capillary. An increase in the level of tissue
perfusion in the forehead skin may be a consequence of
activation of other regulatory mechanisms or a contribu-
tion to the overall spectral power of the reflected signal of
the venular component (venular fullness) against the back-
ground of venous outflow difficulty from the head in HDBR

MEOVLIHA OKCTPEMATTbHBIX CUTYALIMI | 2025, TOM 27, Ne 1



conditions. The restoration of the blood perfusion level in
the forehead skin on days 7, 15, and 20 of HDBR back
to the initial background level is probably due to the con-
sequence of temporary verticalization of the subjects on
the eve of the study session associated with the passive
orthoprobe (days 6, 14, and 19) and the LBNP test (day 19).

The detected changes (decreased perfusion and am-
plitude of myogenic oscillations) on days 3 and 18 may in-
dicate the redistribution of blood from the skin of the shin
and forehead into larger vessels against the background of
centralization of blood flow. It was previously shown that
during space flight conditions, the main volume of extra-
cellular fluid, according to bioimpedance measurements, is
observed in the abdominal region [19].

It was found that the changes in skin perfusion in the
forehead and lower leg area under HDBR conditions are
similar to those recorded in a study of microcirculatory tis-
sue systems by the LDF method on the International Space
Station [10]. In comparison with the LDF results under con-
ditions of a three-week SF, indicating a slight decrease in
basal perfusion in the forearm skin throughout the flight
[20], our study under similar-duration conditions revealed
no changes in the LDF parameter in the forearm skin.

Nevertheless, the analysis of the above functional tests
showed that HDBR exposure leads to changes in the va-
somotor function of the vessels of the forearm skin, which
may be indicated by both a decrease in VAR and a decrease
in IDP. This, hence, states a decrease in the microvascular
response to both types of constrictor stimuli. The steadily
reduced value of IDP throughout the entire period of HDBR
indicates that the degree of shortening of smooth muscle
cells during activation of the sympathetic adrenergic system
decreases either due to changes in the sensitivity of myo-
cytes to norepinephrine, or due to increased muscle tone.
In this regard, it can be assumed that the tone of myocytes
is increased on the forearm (the higher the initial tone, the
lower the degree of muscle shortening and, consequently,
the lower the amplitude of the recorded signal). However,
according to the amplitude-frequency wavelet analysis, we
did not register a significant decrease in the amplitude of
myogenic vasomitations. The constrictor reaction in venous
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IN WOMEN WITH MULTIPLE ADHESIONS
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Introduction. Recent progress in abdominal surgery and operative gynecology has led to a significant increase in the number of patients with postoperative
abdominal adhesions. The incidence of adhesions after abdominal surgery reaches 67-95%, a serious health problem. In their presence, any following opera-
tions may be associated with an increased risk of intra- and postoperative complications.

Objective. To study the possibility of laparoscopic access and its outcome in the surgical treatment of women with reproductive system diseases concomi-
tant with pronounced abdominal and pelvic adhesions.

Materials and methods. A retrospective analysis of 265 patient medical records was performed. The general group included 91 women who had under-
gone surgery for diseases of the reproductive system in the setting of pronounced abdominal and pelvic adhesions. The second group (control) comprised
174 patients who had undergone surgery for diseases of the reproductive system and had no adhesions. The average age of the patients in the general and
control groups was 47.1 + 12.8 and 46.5 + 8.1 years, respectively. The preoperative examination included ultrasonography and dynamic magnetic resonance
imaging (MRI) of the abdominal cavity and lesser pelvis. For laparoscopic surgery, a STORZ high-resolution video system (Germany) and a BOWA power plant
(Germany), including high-frequency (HF) electric, laser, and argon plasma energy, were used. Statistical data processing was carried out using the Statistica
13 and MS Office Excel software. The result was considered statistically significant at p < 0.05.

Results. The conducted comparative analysis demonstrated the possibility of using laparoscopic access for the treatment of women with reproductive
system pathologies in combination with pronounced abdominal and pelvic adhesions. The duration of surgery, the volume of blood loss, the severity of pain,
the duration of hospitalization, and convalescence had no statistically significant differences between the general (n = 91) and control groups (n = 174). The
absence of differences in the frequency of intra- and postoperative complications proves laparoscopic access to be safe in the setting of severe adhesions.
The safety is ensured by preoperative patient preparation and examination, use of necessary modern equipment and tools, surgical skills and experience.
Conclusions. The use of laparoscopic access for performing surgical treatment of patients with reproductive system diseases in combination with pro-
nounced adhesions can be considered as the preferred and safe treatment method.
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JNIANAPOCKOMNUWYECKNA JOCTYN ANA NEYEHUSA SABOJIEBAHUIA PEMPOAYKTUBHOW CUCTEMbI
>KEHLWWH NMPU BbIPAXXEHHOM CIMNMAEYHOM MNPOLIECCE

E.A. Conosbea'™, O.C. dununnos?, A.lN. YptonmHa', H.A. YyryHosa', [1.A. iBaHoBa', A.M. YTknHa'

"HoBopoCccUnCcKMin KNMHUYecKnii ueHTp ®egepanbHOro Meamnko-61Monorm4eckoro areHTcTea, HoBopoccuiick, Poccus
2PefepanbHbli HayYHO-KNUMHNHYECKUI LIEHTP AeTel 1 NnoapocTKoB PefepanbHOro Meamko-6ronormieckoro areHTcTea, Mockea, Poccus
S defepanbHbIi MEAVLMHCKNI Broduandeckuii LieHTp M. AW, BypHassaHa ®efiepanbHOro Meayko-6uonornieckoro areHtcTea, Mocksa, Poccus

BBepeHue. Pa3BuTrie aboMVHANBHOM XMPYPriv U ONepaTUBHOM MHEKONOMN ONPeAENNIO0 3HaYUTENbHOE YBENMYEHME Yncna 60MbHbIX C Nocneonepaum-
OHHbIMU cnarkamu BPIOLLHOM NONOCTU. HacToTa BCTpe4aeMoCTy Cnae4yHoro npotiecca nocne abaoMmHanbHbix onepauuii gocturaeT 67-95%. AbooMmuHab-
Hble Cnarikn NPeACTaBnAT COOOM CePbe3HyYI0 MPobneMy Ana 340P0BbS. [1pn HEOOXOAMMOCTM NMOBTOPHbIX ONepaLnii MNPy HaIn4YMM CnaevHoro npouecca
3HaYNTENBbHO BO3PACTaeT PUCK UHTPA- M MOCTONEPALMOHHBIX OCIIOKHEHWIA.

Lenb. /13y41Tb BO3MOXKHOCTE 1 PE3YNETaTbl NPYMEHEHNS NanapoCKOMMHYEeCKoro 4OCTYyNna Npw XMPYPriM4eCkoM IEYEHNN XXEHLLIMH C 3ab0neBaHnsIMN penpo-
OYKTUBHOWN CUCTEMBI B COYETaHUM C BbIP@>KEHHbBIM CMae4HbIM MPOLECCOM OPIOLLIHON MNOAIOCTY 1 MaNoro Tasa.

MaTepuanbl u meTofabl. [1pOBeAEH PETPOCNEKTUBHbIM aHann3 265 nctopuii 6one3Hn nauneHTok. B 0CHOBHYtO rpynny 6bina Bkao4YeHa 91 xeHLimHa,
npoonepupoBaHHas No NoBoAdy 3aboneBaHnii PeNPOAYKTUBHOW CUCTEMbI HA POHE Cnae4Horo npotecca OPIoLWHOM NOA0CTY U Manoro Tasa. Bropyto
rpynny (KOHTpONbHas) cocTaBunn 174 nauMeHTKN, NPOoNeprMpoBaHHbIe MO NMOBOAY 3aboneBaHuin penpoayKTUBHOM CUCTEMbI U HE UMEIOLLME CNag4HOro
npouecca. CpeaHuii BO3pacT NaumMeHToOK OCHOBHOWM rpynnbl cocTasun 47,1 + 12,8 roga, KOHTpoNnbHoW rpynnsl — 46,5 + 8,1 roga. MNpepnonepauoHHoe
obcnefoBaHve BKKOYANo B cebst ynsTpa3BykoBOE UCCNEfOBAHME U ANHAMUYECKOE MarHUTHO-pPe30HaHCHoe nccneposarmne (MPT) 6ptoluHo nonocTm
1N Manoro tasa. [4ns BbINOMHEHVSA NanapoCKONMYECKMX onepaunii MCNob30Bann BUAEOCUCTEMY BbICOKOrO paspelueHns komnannm STORZ (fepma-
HWSY), SHEPreTM4ecKyto ycTaHoBKY koMnanum BOWA (TepmaHust), BKIOYAOLLYKO 3NeKTPOXMPYPrto BbICOKONM YacToTel (OXBY), nasepHyto 1 aproHo-
nnasmeHHyto aHepruto. CtaTnuctndeckas o6paboTka faHHbIX NPOBOAMMIACh C UCMONb30BaHemM nporpaMmsbl Statistica 13 n MS Office Excel. Peaynstar
cyMTancsa cTatucTn4ecky 3HaqnumeiM npu p < 0,05.
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PesynbTaTbl. [TpoBeAeHHbIV CPaBHUTENBHbIA aHaNM3 NPOAEMOHCTPUPOBAS BO3MOXHOCTb MPUMEHEHNS N1anapOCKONNYEeCKOro AOCTYNa ANS NEYEHNS XXeH-
LLMH C NaTonorviein opraHoB PenpoayKTUBHOM CUCTEMbI B COYETAHNMN C BblpaXkeHHbIM CraeyHbIM MPOLECCOM BPIOLLHOM NONOCTY 1 Manoro Tasa. Aautens-
HOCTb OMepaTVBHOro BMeLLaTebCcTBa, 06beM KPOBOMOTEPH, BbIPaXXEHHOCTL 60M1EBOro CMHAPOMA, ANUTENBHOCTb rOCMMTaNM3aLmMn N PEKOHBaNECLEHLMN
He MMenn CTaTUCTUHECKN 3HAYMMbIX PA3NHMIA MEX Y OCHOBHOWM (N = 91) 1 KOHTPONbHOW rpynnamu (n = 174). OTcyTCTBME Pas3nnyuii 4acToTbl UHTPa- ¥ NO-
creonepauyoHHbIX OCNOXHEHWI JOKa3bIBAET, YTO NanapOCKOMMYECKUIA AOCTYMN B YCNOBUSIX BbIpaXKEHHOrO CraeqyHoro npouecca ABnseTcs 6e30nacHbIM,
4TO obecne4vnBaeTCcsa NpefonepaLyioHHLIMN NOAFOTOBKOM 1 06cnefoBaHemM nauneHTa, NpUMeHeHneM HeobXOAMMOro COBPEMEHHOr0 060PYA0BaHUS 1 H-
CTPyMEHTapusl, OnepaTuBHbLIMI HaBblkaMu 11 OMbITOM X1pypra.

BbiBoAbl. MpUMEHeHEe NanapocKoNM4YecKoro 4oCTyna A5 BbINOAHEHWS ONepaTUBHOIO SIeHEeHIs NaLMEeHTOK ¢ 3ab0NeBaHnsMM OpraHoB PenpoayKTUBHON
CUCTEMbI B CO4ETaHWM C BbIPaXKeHHbIM CraeyHbIM MPOLIECCOM MOXET paccMaTprBaTbCs Kak NpeanoHTUTEeNbHbIN U 6e30MacHbIi MEeTOA NNeHeHs.

Knio4yeBble cnoBa: cragyHblin npouecc; nanapockonua; aare3anoNn3nc; rmCTepaKToOMUA; MMOMIKTOMIA, I'IpOTVIBOCI'IaeHHhII;I 6apbep

Ans yutupoBanusn: Conosbesa E.A., dununnos O.C., YptonuHa A, YyryHosa H.A., MBaHosa [.A., YTkuHa A.M. Jlanapockonuyeckuii 4ocTyn ans ne-
YeHns 3aboneBaHnii PENPOAYKTVBHOM CUCTEMbI XKEHLLIMH MPU BbIPaXKEHHOM crae4yHoM npovecce. MeaguimHa akeTpemaribHbix cuTyaumii. 2025;27(1):131-137.
https:/doi.org/10.47183/mes.2025-269

duHaHcMpoBaHMWe: NCCrefoBaHVe BbiMoIHEHO 683 CMOHCOPCKON MOAAEPKK.

COOTBETCTBME NPUHLMMAM 3TUKN: UCCNENOBAHNE BbINOMHEHO PETPOCMEKTUBHO, MOSTOMY He HY)XXAAeTCsi B 3TMHECKOM 006peH . Bee naumneHTs! ganm
MHOPMUPOBAHHOE COrnacue Ha ornepaunio u Apyrue Buabl neverrisi. C y4eToM PETPOCNEKTUBHOMO XapakTepa UCCNE0BaHNs NS aHanvaa pesynstatos
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INTRODUCTION

Recent achievements in abdominal surgery and operative
gynecology have led to a significant increase in the number
of patients with postoperative abdominal adhesions [1]. The
development of abdominal adhesions occurs in 67-95%
of cases after general abdominal surgery and up to 97%
after gynecological surgery with laparotomy access [2, 3].
According to research studies, 63% of the laparotomy ac-
cess length is involved in the formation of anterior abdomi-
nal wall adhesion of the omentum and intestinal loops [4, 5].

According to the International Adhesion Society ex-
perts, postoperative adhesions in the abdominal cav-
ity are the most common complication, posing a serious
health problem for patients and significantly reducing their
quality of life. The most significant consequences of ad-
hesions involve intestinal obstruction (32—-85%), female in-
fertility (15-40%), dyspareunia and chronic abdominal pain
syndrome (20-50%) [6]. The need for adhesiolysis during
subsequent surgical procedures increases the operation
duration by an average of 24-50 min. In addition, the risk
of iatrogenic intestinal damage, bleeding, and subsequent
fistula formation increases, thus lengthening the recovery
time. Moreover, repeated laparotomy and adhesiolysis can
only worsen the adhesion formation [2, 7-9, 10]. At the
same time, according to some authors, laparoscopic ad-
hesiolysis decreased the risk of adhesion recurrence and
secondary surgical infections (infectious septic complica-
tions, wound infection) [11, 12].

Currently, the efforts aimed at preventing adhesions in-
volve anti-adhesive barriers made of hyaluronic acid and
carboxycellulose, thorough hemostasis during surgery,
and delicate tissue handling [2, 13-15].

Most publications on the characteristics of adhesions
in the abdominal cavity address the features of diagno-
sis, treatment methods, and analysis of complications of

intestinal adhesive obstruction that occur after surgical in-
terventions on abdominal organs [16—18].

Despite the current progress in minimally invasive tech-
nologies that have made it possible to minimize the trau-
matic nature of surgical interventions, the use of modern
multimodal postoperative rehabilitation programs and a
variety of means and methods aimed at preventing the
adhesive process, the results of therapeutic and preven-
tive measures cannot be considered sufficient [6, 19]. The
issue of pelvic and abdominal adhesions resulting from
surgical interventions on the female reproductive system
requires research attention due to its decisive importance
for selecting treatment tactics and surgical access.

To date, standardized diagnostic criteria and recom-
mendations for selecting surgical access when treating
women with reproductive organ pathologies concomitant
with a widespread adhesive process are lacking. This dic-
tates the need to study the technological capabilities of
minimally invasive surgery for its further improvement and
implementation in gynecological practice.

In this study, we set out to investigate the possibility of
using laparoscopic access and its outcome in the surgical
treatment of women with reproductive system diseases in
combination with pronounced abdominal and pelvic adhe-
sions.

MATERIALS AND METHODS

We carried out a retrospective analysis of 265 records
of patients operated at the Gynecological Department of
the Novorossiysk Clinical Center for Reproductive System
Diseases using laparoscopic access.

The general group included 91 women who had under-
gone surgery for reproductive system diseases in the set-
ting of pronounced abdominal and pelvic adhesions (grade
lII-IV according to Blinnikov’s scale). The second group
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(control) consisted of 174 patients who had undergone
surgery reproductive system diseases and had no adhe-
sions or those with a slight degree of its severity (I-Il degree
according to Blinnikov’s scale). The scale is presented in
Table 1.

The criteria for selecting patients in the study group
were the age of women over 18 years old, reproductive
system diseases that required surgical treatment, and ab-
dominal adhesions of varying severity.

In the general group, the average age of the patients
was 471 + 12.8 years. In the general group, 55 (60.4%)
women were overweight or obese of varying severity with
an average BMI of 27.5 + 5.9 kg/m? (maximum 42.4 kg/m?);
5 (5.4%) patients with morbid obesity with a BMI of more
than 40 kg/m? underwent surgery. Body weight deficiency
was found in only 1 (1.1%) case. Out of the entire sample,
only 30 (32.3%) women were of normal weight.

In the control group of 174 patients, the average age
was 46.5 + 8.1 years. Overweight and obese women pre-
vailed: 113 (64.9%) patients with an average BMI of 30.1 +
6.7 kg/m? (maximum 52.6 kg/m?), of whom 30 (17.2%) were
morbidly obese. Most of the operated patients had a com-
bined gynecological pathology.

The preoperative examination of the patients and op-
eration planning included ultrasonography and dynamic
magnetic resonance imaging (MRI) of the abdominal cavity
and lesser pelvis. One of the objectives of this study was to
determine the presence, localization, and prevalence of the
adhesive process, the involvement of the anterior abdomi-
nal wall and intestinal loops with the purpose of selecting
the safest access to the abdominal cavity (places of inser-
tion of trocar for optics and trocar for instruments).

Abdominal ultrasonography (US) was performed in all
patients. Isolated preoperative ultrasonography in obese
patients was associated with technical difficulties, which
resulted in an objective diagnostic error. In such cases, 16
(17.6%) patients additionally underwent dynamic MRI of the
abdominal cavity and lesser pelvis. This group included
women with 3-4 obesity grade.

Laparoscopic surgery was performed using a STORZ
high-resolution video system (Germany), a BOWA power
plant from (Germany), including high-frequency (HF) elec-
tric, laser, and argon plasma energy.

A laparoscopic access using 30° anterolateral vision
optics provided more reliable information about the con-
dition of the abdominal organs, as well as the presence,
localization, and prevalence of adhesions. The volume of
dissected splices was determined individually in each case.

In order to prevent damage to internal organs during
the introduction of an optical trocar, taking into account ul-
trasonography and MRI mapping data, in 18 (19.9%) cases

Table 1. Grades of abdominal adhesions by O.l. Blinnikov

ORIGINAL STUDY | SURGERY

the trocar was installed in an open way along the midline
3-5 cm above the navel; in 9 (9.8%) cases, the optical tro-
car was not inserted along the classical point of the um-
bilical region. The Veres needle was not used to create a
carboxyperitoneum. To minimize the pathological effect of
carboxyperitoneum, abdominal pressure was maintained
at a level of 6-8 mmHg.

A combination of various methods and tools was
used to dissect the splices: an ultrasonic scalpel (BOWA,
Germany), scissors, and mechanical traction. After per-
forming adhesiolysis and gaining access to the pelvic or-
gans, the necessary amount of surgery was performed
to solve the set clinical task. To prevent the formation of
adhesions in the postoperative period, great importance
was given to hemostasis and sanitation of the abdominal
cavity. To create an anti-adhesive barrier, an anti-adhesive
preparation based on polyethylene oxide and carboxym-
ethylcellulose was injected into the abdominal cavity. Upon
the completion of the surgery, the site of the first trocar
insertion was examined to ensure the absence of intestinal
damage.

A comparative assessment of the results of surgical
treatment was carried out by analyzing the duration of sur-
gical treatment, the volume of blood loss, the severity of
pain syndrome on the VAS scale, and the duration of hos-
pitalization. In the postoperative period, the classical visual
analog pain scale (VAS) was used to assess the pain syn-
drome [21, 22].

Statistical data processing was carried out using the
Statistica 13 and MS Office Excel software. The result was
considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

According to the results obtained, The study found that
benign uterine tumor processes prevailed in the general
group in 34 (37.4%) cases and in the control group in 86
(49.4%) cases. Benign ovarian neoplasms were registered
in 23 (25.3%) patients of the general group and 29 (16.7%)
women from the control group. The relevant data is pre-
sented in Table 2.

In the general group, 81 (89%) of the patients had pre-
viously undergone various surgical procedures on the
abdominal and pelvic organs. Only 10 (10.9%) women in
this group had no history of any prior surgical procedures.
Table 3 shows the types of surgical interventions previous-
ly performed in patients of the general group with a pro-
nounced adhesive process. The total number of operations
performed was 180, of which 123 (68.3%) were performed
for gynecological pathology and 57 (31.7%) operations on

Grade | Local adhesions limited to the postoperative scar area or part of the abdominal cavity, occupying no more than 1/3 of one
compartment in the absence of adhesions in other areas

Grade Il Local adhesions in combination with single rare adhesions in other areas

Grade lll Adhesions occupying more than 1/3 of the abdominal cavity

Grade IV Diffuse adhesions occupying 2/3 of the abdominal cavity

Table prepared by the authors using data from [20]
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Table 2. Indication for surgical treatment (p > 0.05)

General group Control group
n=91 n=174

n % n %
Uterine fibroids 34 37.4 86 49.4
Ovarian neoplasms 23 25.3 29 16.7
External genital endometriosis 1 121 18 10.3
Chronic inflammatory diseases of the pelvic organs with hydrosalpinxes 8 8.8 7 4.0
Infertility 6 6.6 17 9.7
Pelvic organ prolapse 4 4.4 12 6.9
Atypical endometrial hyperplasia, adenomatosis 2 2.2 5 2.9
Chronic pelvic pain syndrome 3 3 0 0

Table prepared by the authors using their own data

abdominal organs. Previous surgical interventions in the
vast majority of 149 (82.8%) cases were performed by
laparotomy access. Laparoscopic access was performed
only in 29 (16.1%) operations, vaginal access — in 2 (1.4%)
operations.

To achieve the clinical task, the patients of the general
and control groups underwent various amounts of surgery.
Table 4 shows the main types of surgical treatment per-
formed. A large proportion were radical operations, such as
radical hysterectomy with appendages or fallopian tubes.

The analysis of the medical records of the patients in
both groups found that no damage to the internal organs
occurred during the introduction of the trocar for optics and
instruments. When comparing the features of the course
of surgery and the course of the postoperative period in

Table 3. Total number and types of previous surgical interventions in patients
of the general group based on anamnesis data

Surgical interventions . Number_ of
interventions

On the reproductive system organs, in particular: 123
operations on the uterine appendages 43
Caesarean section 38
tubal pregnancy 13
hysterectomy 12
endometriosis 10
myomectomy 5
inflammatory diseases 2

On the abdominal organs, in particular: 57
appendectomy 30
cholecystectomy 9
bowel surgery 6
injuries and traumas of abdominal organs 5
operations for diffuse peritonitis 4
liver surgery 3

Table prepared by the authors using their own data

cases of surgical treatment in patients of the general and
control groups, no statistically significant differences were
found (Table 5).

Thus, the average duration of surgical intervention in-
creased by 25—-40 min in the general group due to the time
spent on adhesiolysis. The average volume of blood loss
and the hospitalization duration did not differ significantly
among the groups. In all cases of surgical intervention,
the amount of surgical treatment required by the clinical
situation was performed, which additionally confirms the
possibility of performing the required amount of surgical in-
tervention in the presence of pronounced adhesions in the
abdominal cavity. There were no laparotomy conversions in
both groups of patients.

Health promaotion in both groups was carried out start-
ing from the first day of the postoperative period; sparing
nutrition was organized from the second day. In all patients,
intestinal motility was restored on days 1-2.

On the first day after surgery, only 6 (6.6%) patients
from the general group rated pain on a scale of 7-8 points.
Moderate pain at a level of 5-6 points according to VAS
was noted in 38 (41.8%), while a mild pain level of 3-4
points was noted by 42 (46.2%) women. There were no
complaints of pain at all in 5 (5.4%) patients from the gen-
eral observation group. By the third day, all patients had
reported a pain level of 2-3 points, which made it possible
to cancel the use of painkillers. Similar data were obtained
in the control group.

The average duration of hospitalization stay in both
groups did not differ statistically, the corresponding data
are presented in Table 5. The need to perform adhesiolysis
during surgery did not lead to an increase in the postopera-
tive bed day. Significant intraoperative and postoperative
complications, such as injury to adjacent organs, bleeding
from damaged vessels, and purulent-septic complications
in the early and late postoperative periods, were not re-
corded in both groups. In the general group, in one case,
sigmoid colon deserosing occurred without opening the lu-
men. The defect was sutured laparoscopically and did not
affect the course of the postoperative period. During the
follow-up year, there were no cases of intestinal adhesive
obstruction in both groups of patients.
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Table 4. Types of surgical procedures
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General group Control group
Types of surgical interventions n=91 n=174

n % n %
Radical hysterectomy with bilateral oophorectomy 38 41.8 99 55.2
Ovarian neoplasm excision 13 14.3 20 1.5
Adnexectomy 1 121 13 7.5
Endometriosis surgery 8 8.7 8 4.6
Myomectomy 7 7.8 20 11.5
Tubectomy 5 5.5 0 0
Dissection of the adhesions (infertility) 5 5.5 4 2.3
Promontofixation using a mesh implant 4 4.4 12 6.9
Scar metroplasty after cesarean section 0 0 1 0.6

Table prepared by the authors using their own data

Table 5. Main indicators of surgical intervention

Parameter General group Control group
Average surgery duration, min 107.9 + 34.38 81.9 +25.6
Average volume of blood loss, mL 65 +32.5 61.9 +29.2
Average hospital length of stay, bed days 56+1.8 6.1+1.3
Stay in the intensive care unit 1 day after surgery, number of patients, % 28 (30.8%) 59 (33.9%)
Conversion to laparotomy, % 0 0

Table prepared by the authors using their own data

To date, pronounced adhesions remain a contraindi-
cation for selecting laparoscopic access during surgical
treatment. It is believed that adhesions impair visualization,
increase the risk of damage to the internal organs of the ab-
dominal cavity (intestines, large vessels, etc.), and worsen
the outcome of surgical treatment in patients with diseases
of the female reproductive system. In addition, the range of
noninvasive preoperative diagnostic tools of adhesions is
limited, not finding application in routine practice [23, 24].

The development and implementation of standardized
diagnostic criteria and surgical tactics for a safer surgical
treatment in patients with reproductive system diseases in
combination with pronounced abdominal and pelvic adhe-
sions will make it possible to use laparoscopic technolo-
gies in larger groups of patients with reproductive system
diseases [24-26].

Preoperative mapping of adhesions using ultrasonogra-
phy and MRI of the abdominal cavity and lesser pelvis with
a high degree of probability facilitates the selection of the
safest points of trocar insertion into the abdominal cavity.
The refusal to use a Veres needle and the direct introduc-
tion of the trocar into the abdominal cavity followed by the
creation of a carboxyperitoneum does not increase the risk
of abdominal organ damage. The use of 30° anterior-lat-
eral vision optics significantly improves visualization in the
presence of adhesions. A combination of modern instru-
ments with various types of energy improves the quality of

EXTREME MEDICINE | 2025, VOLUME 27, No 1

adhesiolysis, reduces the risk of damage to the abdomi-
nal and pelvic organs, injury to surrounding tissues, and
bleeding. All of the above increases the safety of surgical
intervention performed in the setting of adhesions using the
laparoscopic method. The presented conclusions are con-
sistent with the literature data [12, 25-27].

The conducted comparative analysis demonstrates the
possibility of using laparoscopic access for the treatment
of women with reproductive system pathologies concomi-
tant with pronounced abdominal and pelvic adhesions.
Laparoscopic access in the setting of pronounced adhe-
sions is a safe choice, which is ensured by preoperative
preparation and examination of the patient, the use of nec-
essary modern equipment and tools, the surgical skills and
experience of the surgeon.

CONCLUSION

The use of laparoscopic access for performing surgical
treatment in patients with reproductive system diseases in
combination with pronounced adhesions can be consid-
ered as the preferred and safe method of treatment. The
use of modern methods of preoperative mapping of adhe-
sions (ultrasonography, MRI) and modern equipment con-
tributes to improving the safety of laparoscopic methods
and reducing the risk of intraoperative and postoperative
complications.
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