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ORIGINAL RESEARCH | NEUROLOGY

RELATIONSHIP OF STABLE COMBINATIONS OF SALIVARY CATECHOLAMINES WITH CEREBRAL
FUNCTION ORGANIZATION IN PATIENTS WITH CHRONIC CEREBRAL ISCHEMIA

Fokin VF &, Abaimov DA, Ponomareva NV, Medvedev RB, Konovalov RN, Lagoda OV, Krotenkova MV, Shabalina AA, Tanashyan MM
Research Center of Neurology, Moscow, Russia

The study of the role of catecholamines (CAs) in cerebral organization of functions in patients with chronic cerebral ischemia (CCl) is relevant, since their important
role as neurotransmitters is well known, along with the association with stress severity and cortisol. The study aimed to assess the impact of stable combinations
of dopamine (DA), norepinephrine (NA), and adrenaline (ADR) on the organization of cerebral functions. A total of 76 patients with CCI were assessed based on the
fMRI data (n = 21) converted into a network structure using the SPM-12 and CONN-18 software tools. Significance level estimation involved adjustment for multiple
comparisons. Stable combinations of CAs reflecting mutual positive correlation of DA, NA and BP significantly affected cerebral organization of patients with CCl. CA
combinations were associated with salivary cortisol (F = 4.8; p = 0.038) and memory (F = 7.5; p = 0.011) indices: the CA level increase was associated with increased
cortisol levels and worse memory indices. Based on fMRI data the differences were revealed in connectivity organization of CCI patients with high and low levels of
all three CAs. Patients with the CA content below median are characterized by the presence of closed neural networks extending to both brain hemispheres, which
contributes to information integration and retention. It is assumed that such networks may be associated with the long-term potentiation mechanisms playing an
important role in memory processes and changes in the synaptic connection strength. Thus, the use of non-invasive biochemistry testing methods and fMRI has
made it possible to obtain new data on the ring organization of brain neural networks associated with stable CA combinations. Such neural network organization
is likely to affect cognitive functions. High catecholamine levels in CCl patients are associated with increased cortisol levels, memory deterioration, and decreased
connectivity in neural network of the brain.

Keywords: catecholamines, dopamine, norepinephrine, adrenaline, chronic cerebral ischemia, cerebral functions, connectivities, fMRI, neural networks

Author contribution: Fokin VF — manuscript writing; Abaimov DA — biochemistry testing; Ponomareva NV — physiological and neuropsychological testing
design, general study design; Medvedev RB — Doppler tests and clinical assessment; Konovalov RN — brain imaging testing design; Lagoda OV — clinical
assessment; Krotenkova MV — brain imaging testing management; Shabalina AA — biochemistry testing design; Tanashyan MM — clinical assessment
management, general study design.

Compliance with ethical standards: the study was approved by the Ethics Committee of the Research Center of Neurology (protocol No. 5-6/22 dated 1 June
2022). The informed consent was submitted by all study participants.
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CBA3b YCTONYMBbIX COYETAHU CAJIMBAPHbIX KATEXOJTAMUHOB C OPIFAHU3ALIMEN
LIEPEBPAJIbHbIX ®YHKLWI Y BOJTIbHbIX XPOHUYECKON ULLEMUEW MOSTIA

B. ®. ®okmH =, [1. A. AGavmos, H. B. MNoHomapesa, P. . Meagenes, P. H. KoHoanos, O. B. Jlaroga, M. B. KpoTeHkosa, A. A. LLIa6anvHa,
M. M. TaHawusH

Poccuiickunii Hay4HbIN LIeHTP HEBPOorn 1 HerpoHayk, Mockea, Poccus

ViccnepnoBanve ponu katexonamvHoB (KA) B LiepebpanbHO opranm3aummn yHKLMIA Y 60bHBIX XPOHNHYECKOW mniemmnen moara (XVIM) akTyanbHO, NMOCKONbKY
M3BECTHA UX 3HAYMTESNbHAS POJb Kak HEMPOMEAMaTOPOB, a TakxKe CBSA3b C YPOBHEM CTpecca 1 KOpTU301oM. Liensto paboTbl 6110 13y4nTs BIUSIHME YCTONHMBBIX
coyeTaHn godammHa (JA), HopagperHanvHa (HA) n agpeHanvHa (ALP) Ha opraHmgdaumto LepebpanbHbix yHKUWIA. iccnenoBaHme BbINOMHEHO Ha 76 60onbHbIX
XM, ¢ ncnoneadoBaHnemM faHHbix GMPT (n = 21), koTopble ¢ nomoLpto nporpamm SPM-12 1 CONN-18 npeobpasoBbiBany B CETEBYIO CTPYKTYPY. OLEHKY YPOBHS
3HAYMMOCTU MPOBOAVAM C YHETOM MHOXXECTBEHHOCTU CpaBHeHUI. CTabusbHble KOMOMHaLMM KA, oTpaxkatoLLe B3aviIMHYIO MONOXXUTENbHYIO koppensumio JA, HA
1n AP, cyLLecTBEHHO BNVsinn Ha LiepebpabHyto opraHmsaLyio 6omsHbIX XVIM. KombrHauwmmn KA Obinv cesidaHbl C nokasatensmim canmBapHoro koptusona (F = 4,8;
p = 0,038) n namatn (F = 7,5; p = 0,011): nosbiweHne KA 6b110 accoLmmpoBaHO C NOBbILLEHNEM KOPTU301a 1 yXyALeHeM nokasarenei namsati. o gaHHbIM
GOMPT HanfeHbl pas3nuyns B KOHHEKTUBHOM opraHmaaumm 605bHbIX XVIM ¢ BbICOKUM 1 HU3KM YpOoBHEM Bcex Tpex KA. [ns naumeHToB ¢ comepykaHnem KA
HV>KE 3HAYEHVSt MeanaHbl XapaKTePHO HaMYMe 3aMKHYTbIX HEMPOHHDBIX CETEN, PACMPOCTPAHAIOLLMXCA Ha 06a MoMyLLapus rofoBHOMO MO3ra, YTO CrocoOCTBYET
VHTErpaLmmn 1 CoxpaHeHuio nHopmMaumm. MNpednonaraeTcs, YTo Takue CETU MOryT UMETb CBSA3b C MeXaHU3Mammn LOSroBPEMEHHON NOTEHLMALWN, UrPaOLLMM
BaXKHYIO POSib B MPOLiEccax NamsTVi U U3MEHEHVSIMA CUMbl CUHANTUHECKON CBSA3W. TakuM 06pa3oM, MCMonb3oBaHe HEMHBa3MBHbBIX METOA0B BUOXMMNYECKOrO
aHammsa, a Takke GMPT no3Boanao NoayyMTb HOBblE AaHHbIE O KOMbLEBOW OpraHM3auum HempoceTe Mo3ara, CBA3aHHOW C YCTONHMBBIMU KOMBMHALMSMI
KA. MNopgobHasa opraHnsauns HerpoceTer, No-BUAUMOMY, BIMAET Ha KOMHUTUBHbIE (PYHKLMM. BbICOKMIA ypOBEHb KaTexonamuHoB y 60nbHbix XIM cBazaH ¢
MOBBbILLEHNEM YPOBHS KOPTU30MA 1 YXYALLEHUEM NMaMSATU U CHKEHNEM KOHHEKTMBHOCTY HEMPOCETE Mo3ra.

KrntoueBble cnosa: karexonammnHbl, AoOPamMmH, HOPaaPEHaMH, aAPEHVH, XDOHNHECKast ULLIEMISA MO3ra, LiepebpasibHble PyHKLN, KOHHEKTMBHOCTH, (PMPT, HelpoceTn

Bknap aBtopoB: B. ®. ®oknH — HanucaHue ctatbu; [. A. AbavMOB — npoBeaeHne Buoxmmmydecknx uccnegosanuin; H. B. MNMoHomapeBa — amsanH
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Catecholamines (CAs) represent a group of bioactive substances
playing an important and sometimes crucial role in regulation of
various body’s physiological processes. These belong to the
class of monoamines and include three major compounds:
dopamine (DA), norepinephrine (NA), and adrenaline (ADR). All
CAs are synthesized from the amino acid tyrosine. The sequence
of CA synthesis is as follows: tyrosine — dioxyphenylalanine
(DOPA) — dopamine — noradrenaline — adrenaline. CAs are
produced primarily by adrenal glands, as well as in the neurons
of the central and peripheral nervous systems. The above CA
synthesis pathway is referred to as classic or major CA synthesis
pathway. Non-classic synthesis pathways (for example, from
microbiome) are insufficient to have an effect on the CA content
in the brain or body as a whole.

Common CA functions include regulation of mood and
emotional state. Dopamine is often associated with the feeling of
pleasure and reward. NA and ADR represent the key components
of stress response. These alter cardiac output and heart rate,
contribute to dilation of blood vessels in certain regions [1].

CA functions are related to their molecular organization: DA acts
primarily on dopamine receptors, affecting motor functions, attention,
and motivation. DA has an impact on the functions associated
with reward, mood, and motion, playing a role in motor control.

NA is involved in stress responses and is in demand for
increasing attention and alertness. It acts on the alpha and beta
adrenergic receptors, contributing to blood pressure increase,
heart rate increase, and better concentration. ADR triggers
bronchial dilation, blood glucose level increase, and metabolic
activity enhancement. ADR is responsible for acute stress
reactions, ensuring rapid physical activity increase (heart rate
increase, blood pressure elevation, and increased blood supply
to muscles). One more important aspect associated with the
CA common origin is the lack of negative correlations between
distinct CAs and tyrosine. Some indirect negative regulation
methods have been found, for example due to competition for
common receptors, but the role of such regulation is minor.
Such features of CA metabolism result in mostly positive
correlations between DA, NA, and ADR [1, 2].

Salivary catecholamine levels may vary depending on
various factors, such as time of the day, health status, fact of
having stress, and sample collection method. A certain role is
played by the method to determine the CA content. According
to the literature data provided by different authors, the CA
content varied between several pg/ml and tens of ng/ml [3-5].
Since salivary CAs are very variable, it seems reasonable to
consider relative, mostly qualitative, but not quantitative indices.

Catecholamines are easily detected in human saliva,
but the origin of those is poorly understood. The majority of
papers report that CAs enter the salivary glands through the
bloodstream. It has been shown that some CAs, for example
NA found in human saliva, come both from the bloodstream
and sympathetic nerves of the salivary glands [5].

The common source of CAs suggests mutual conditioning of
those. However, the associated influence of catecholamines on
brain function is still poorly understood. With mutual correlations
of distinct CAs, resulting, in particular, from their common
origin, a synchronized CA alteration can be observed [6]. In
this regard, the study aimed to assess the impact of salivary
CA combinations on connectivity of the brain neural networks,
memory indices, and cortisol levels, when the quantity of all
three CAs is above or below median, in patients with chronic
cerebral ischemia (CCl), the disorder characterized by chronic
disorder of cerebral circulation and the related diffuse or focal
brain lesions, as well as cognitive and neurological deficits. The
diagnosis of CCl is established based on the comprehensive
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assessment of clinical, instrumental, and neuropsychological
data [7-10Q] (for details see Methods).

METHODS

The study involved 76 patients with CCl (42 females and 34 males
aged 58-82 years). Salivary levels of catecholamines (DA, NA,
ADR) were assessed. The patients were different from each other
mostly in quantitative characteristics of memory impairment,
performance, irritability, brainstem symptoms, etc. The main CCl
etiological causes were as follows: atherosclerosis, hypertension
(including hypertensive heart disease), venous insufficiency,
diabetic angiopathy, vasculitis of various etiology, blood disorders,
etc. Inclusion criteria: initial manifestations and subcompensated
CCl; no need for permanent care from others in patients' daily
life. Exclusion criteria: dementia severity score 1 or more (Clinical
Dementia Rating) [11]; history of acute cerebrovascular accident,
traumatic brain injury, severe cardiac or metabolic disorder
(type 2 diabetes mellitus); renal failure, uncompensated thyroid
dysfunction. All patients were right-handed.

The diagnosis of CCl was established based on the
comprehensive assessment of clinical, instrumental, and
neuropsychological data. Cognitive deficits represent the key
sign of CCI often manifested by mild cognitive impairment.
Assessment involved the use of neuropsychological tests: mini-
mental state examination (MMSE) for general cognitive function
assessment; Montreal Cognitive Assessment (MoCA test) more
sensitive to mild impairment, especially affecting executive
functions and attention; Luria’s verbal memory tests.

Typical CCl symptoms were as follows: deterioration of
memory, attention, decreased information processing speed,
executive function (planning, decision making) impairment.

Structural MRI was focused on determining the white
matter damage extent (leukoaraiosis). Fazekas score was used
to estimate the damage severity.

MRI was used to detect lacunar infarctions, small foci
(8=15 mm) in deep brain structures (basal ganglia, thalamus,
pons). Mild-to-moderate ventricular dilation or cortical atrophy
was one more CCI sign.

Neurological assessment revealed motor and sensory deficits
typical for CCl: mild hemiparesis, dysmetria, reflex asymmetry,
abnormal reflexes (for example, Babinski’s sign); gait disorders;
autonomic nervous system dysfunction, such as orthostatic
hypotension; extrapyramidal symptoms, such as tremor.

Neuropsychological testing was used to clarify the nature
and severity of cognitive impairment affecting memory (verbal,
visual), executive functions, speech activity, visual-spatial abilities.

Differential diagnosis with neurodegenerative disorders
took place.

fMRI

A total of 21 patients underwent T2* weighted resting state fMRI
of the brain in order to record BOLD signal in the Magnetom
Verio magnetic resonance imaging scanner (Siemens, Germany)
with the magnetic field strength of 3.0 Tesla. Functional scans
were acquired in the resting state using the T2* weighted EPI
sequence: TR = 1500 ms, TE = 30 ms, flip angle 70°, slice
thickness 2 mm, FOV 190 mm, FOV phase 100.0%. The
patients were previously instructed to relax as much as possible,
lay still with the eyes closed (to avoid stimulation of visual sensory
system), not to think about anything in particular. MRI data were
processed using the SPM12 software in the MATLAB computing
environment. The CONN-18b application being part of the
SPM-12 toolbox was used to assess connectivity.
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Biochemical tests

Determination of salivary catecholamines. Salivary levels of
monoamines, including DA, NA, ADR, and their metabolites
were determined by high performance liquid chromatography
(ion pair chromatography) with electrochemical detection
(HPLC-ED) using the System Gold liquid chromatography
system (Beckman Coulter Inc., USA) equipped with the
RECIPE EC 3000 electrochemical (amperometric) detector
(RECIPE Chemicals + Instruments GmbH; Germany), with the
Rheodyne 7125 injector, 20 uL sample loop. Catecholamines
were separated by chromatography on the reverse-phase
Nucleodur C18 Gravity column, 4.6-250 mm, pore diameter 5
um (Mashery-Nagel GmbH & Co. KG, Germany). The System
Gold 125 pump (Beckman Coulter Inc., USA) was used; the
mobile phase flow rate was 1 mL/min at the pressure of 200 atm.
am. The mobile phase for catecholamine separation was as
follows: 0.1 M citrate-phosphate buffer containing 1.1 mM of
octanesulfonic acid, 0.1 mM of EDTA, and 9% of acetonitrile (pH
3.0). Measurement was performed using the RECIPE EC 3000
electrochemical detector (RECIPE Chemicals + Instruments
GmbH; Germany) equipped with the ClinLab ECD-Cell, Model
Sputnik, glassy carbon working electrode (+ 0.85 V), and silver
chloride reference electrode Ag/AgCl. Prior to chromatography,
catecholamines were isolated from saliva by solid phase
extraction using the activated aluminum oxide as an extractant.

The patients’ salivary cortisol levels were determined with
the Abbott 2000 ARCHITECT immunochemiluminescence
analyzer (Abbott Laboratories, lllinois, USA) using the reagent
kits of the same brand.

Saliva samples were collected in accordance with the
previously reported protocol [9]. The patients did not drink

Salivary dopamine
K-S d = 28405, p < 01; Lilliefors p < 0,1
— Expected normal

alcohol for a week, tea or coffee for 1 h before saliva collection;
they rinsed their mouth with water 10 min before this. Saliva
collection was accomplished through spitting into a test tube
with the volume of at least 1.5 mL. Saliva samples contaminated
with blood were excluded from the study. For that the ELISA kit
for detection of saliva contamination with blood was used [12].

Other tests

The patients were tested for verbal memory using the Luria’s
test involving control of immediate and delayed recall of
10 words. They were through verbal fluency test, correction
test. Furthermore, blood pressure was recorded, pulse pressure
(difference between systolic and diastolic blood pressure) was
calculated, and heart rate was registered.

Statistical analysis

The data obtained were analyzed using the Statistica-12 software
package (Dell, USA). The distribution was tested for normality using
the Kolmogorov-Smirnov test and Lilliefors test. The mean and
standard error were calculated, and one-way analysis of variance
and correlation analysis were performed. Spearman’s rank
correlation coefficient was calculated. To analyze neural networks,
Student’s t-test was also calculated, and adjustment for multiple
comparisons was applied — FDR (False Discovery Rate).

RESULTS

CA content distribution: the salivary DA, NA, and ADR distribution
associated with chronic cerebral ischemia was significantly
different from normal (Gaussian) distribution (Fig. 1).

Salivary noradrenaline
K-S d=27463, p < 01; Lilliefors p < 0,1
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60 25
50
20
40 +
15
e}
Z 30 2
10
20
10 5
0 - (=
5 0 5 10 15 20 25 30 35 -10 0 10 20 30 40 50 60
X < = Category Boundary
Salivary adrenaline
K-S d = 37281, p < 01; Lilliefors p < 0,1
— Expected normal
60 4
50 +
40
o
Z 30 A
20 +
10
0 I LB I I
-5 0 5 10 15 20 25 30 35

Adb

Fig. 1. Bar charts of salivary dopamine, norepinephrine, and adrenaline distribution (ng/mL). Vertical axis (Y) — number of subjects; horizontal axis (X) — catecholamine

concentration (ng/mL). K-S — Kolmogorov—-Smirnov test, Liliefors — Lilliefors test

BULLETIN OF RSMU | 4, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.038



OPUTMMHAJTIBHOE NCCJTIEQOBAHNE | HEBPOJIOT A

Table 1. Spearman’s rank correlation (R)

Pair of variables Number Spearmsg;f:';r;l; tc(:;)r relation t(N-2) p-value
NA & ADR 76 0.511801 5.12474 0.000002
NA & DA 65 0.509447 4.699123 0.000015
ADR & DA 62 0.490695 4.362181 0.000051

Note: NA — norepinephrine; ADR — adrenaline; DA — dopamine; R — Spearman’s rank correlation coefficient; t — Student’s t-test; p — significance level.

The Kolmogorov—Smirnov test and Lilliefors test values
suggest significant difference of experimental distributions
from normal (Gaussian) distribution. Fig. 1 presents bar charts
of the distribution of salivary dopamine, norepinephrine, and
adrenaline. The range of changes of these monoamines is
consistent with the above literature data [3-6].

Distribution of various catecholamines in saliva was
generally close to log-normal. For testing, logarithms of all
baseline values were taken. It was found that based on the
Kolmogorov—Smirnov test d (maximum difference between the
theoretical and empirical distributions) was as follows: for NA
d =0.069; for ADR d = 0.086; for DA d = 0.092. P-values > 0.2
obtained for these logarithmic distributions suggest that there
is no reason to believe that these logarithmic distributions are
different from normal for the test CAs.

Due to the common origin, contingency of catecholamines
between pairs of CAs in the background is not surprising. Table
1 presents the correlation coefficient values obtained when
using nonparametric rank statistics.

The use of Spearman’s rank correlation analysis revealed a
moderate positive correlation between all CA pairs. All the rank
correlation coefficients were significantly different from zero
(Table 1). The squared correlation coefficient demonstrates the
share of the influence or factors explaining variation of a single
variable through the relationship with another one, since it shows
what proportion of the overall variability of a variable is due to the
linear relationship with another variable. That is why the share of
factors determined by joint effects of CAs on each other is about
25%. Such contingency suggests that in patients with chronic
cerebral ischemia the probability of having high (or low) levels of
all three catecholamines at once is higher, than the probability of
having any other inconsistent combination of CA levels.

All patients were divided into two subgroups: in each
subgroup, CA content was above or below median.

A
N =26; F =7.5; p=0.011
1.3 §

The share of cases, when the levels of all three CAs were
above or below median, was slightly more than a half (28 cases
out of 50 possible). This means that the conditions, when all
three CAs at once are above or below median levels, account
for at list a half of all possible variants. The median value for
dopamine was 1.447 (min — 0; max — 30.341) ng/mL; for
norepinephrine — 5.577 (min — 0.954; max — 56.647) ng/mL;
for adrenaline — 2.408 (min — 0.057; max — 90.257) ng/mL.

The number of patients with the levels of all three CAs
below median was 13 (group 1), and that of patients with the
levels of all three CAs above median was 15 (group 2).

Groups 1 and 2 differed from each other in that the levels
of all three CAs were below or above median. Patients of these
groups were significantly different based on the number of
psychophysiological characteristics. Thus, patients of group 1
had significantly lower cortisol levels, and their delayed word
recall scores (Luria’s test) were better, than that of group 2
representatives (Fig. 2).

Such differences in psychophysiological characteristics
of two groups support the idea that there are differences
in cerebral organization of these patients. To estimate the
differences in cerebral organization of groups 1 and 2, we
assessed connectivity difference in the groups with the levels
of all three CAs below or above median: group 1 — group 2.

Considering False Discovery Rate (FDR), all the connectivities,
that were different with lower CA levels, were significantly
higher, than with higher CA levels (Fig. 3).

We chose not the conventional pFDR < 0.05, but the lower
significance level pFDR < 0.02, to consider more significant
patterns, in which the plethora of connectivities of two groups
were different (Fig. 3).

Thanks to the cyclic (closed) organization of the connections
(Fig. 3) most common in group 1 with the lower CA levels,
stable excitation circulation is generated engaging the large

N =28; F=4,8;, p=0.038
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Fig. 2. Differences in memory characteristics (A) and salivary cortisol levels (B) in two groups with different CA values. N — number of subjects; F — F-test; p —
significance level. A. The vertical axis shows delayed word recall relative to the average level of direct recall of 10 words (Luria’s test). B. The vertical axis shows salivary
cortisol levels (nmol/L)
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number of neural centers, which contributes to more optimal
functional organization of the brain, as also confirmed by the
results of psychophysiological tests (Fig. 2).

Circulation of excitation is possible, for example, in the
following chain of the neural structures linked with the common
excitation process synergy:

Cerebellum (including the Vermis) — right lateral sensotimotor
network (Sensori Motor Lateral) — left superior frontal gyrus
(SFG) — left supramarginal gyrus (SMG) — cerebellum. This
circuit engaging both hemispheres can maintain generalized
synchronization of excitation processes.

DISCUSSION

In our studies, salivary cortisol and catecholamine levels
were determined by biochemical methods. According to the
literature data, salivary levels of these substances in individuals
with CCl are considerably higher, than in healthy individuals. In
the morning, salivary cortisol levels usually reach a few to
tens of nmol/L (the levels of about ~10-20 nmol/L are often
reported in the literature). Higher values are reported for CCl. In
this study, cortisol levels associated with CCl were about 3-3.5
times higher compared to normal based on the literature data
[12-14].

In CCl, an upward trend of salivary catecholamine levels is
reported, which reflects enhancement of sympathetic activity
and impaired vascular regulation. However, measurement in
saliva requires standardization for clinical use. The difficulty is
that catecholamine measurement has not been standardized,
and only a few authors report exact numbers: normal salivary
noradrenaline are 20-30 pg/mL, and adrenaline levels are
approximately 3—-4 pg/mL [5]. Another paper reports rough
equivalence of adrenaline and norepinephrine (0.1 pmol/L) [4],
and dopamine level is approximately 0.5 pmol/L [4-5].

Traditionally, assessment of distinct CAs is often considered
without taking into account their association with other ones.
Such an approach has the following shortcoming: since
CAs are related due to common origin, it is rather difficult to
isolate the features of distinct CAs, and in some cases these
should be considered in combination with other CAs. The
CA activity largely reflects the functional state of the brain,
for example, due to positive correlation between the levels
of some CAs (ADR and NA) and cortisol levels. One variant of
the “contextual” consideration is the above analysis of the
synchronized CA states. Such functional states affect both
cognitive and metabolic indices, especially the ones associated
with stress severity. The range of CA changes is different on
both sides of the median. This is probably due to the fact
that CA production is altered under exposure to stress, and
dysfunction of the negative feedback mechanism limiting the
release of CAs is possible, which can also be due to stress [15,
16]. In healthy individuals, the quantity of CAs released by the
adrenal glands and sympathetic nervous system is regulated
by the negative feedback mechanisms. When a certain CA level
is reached, further CA production is inhibited, which prevents
excess activation of the sympathoadrenal system. In prolonged
or chronic stress, permanent stimulation of the sympathetic
nervous system and adrenal glands is observed. This results
in the permanently high blood catecholamine levels. The
negative feedback mechanism begins to falil, i.e. the control
over adrenaline and norepinephrine production is lost, which
leads to negative effects on the brain function.

The main distinctive feature of the brain's connective
organization in the group with lower CA levels is the presence
of the closed circuit of connectivities, which can result in the

prolonged potentiation processes. Closed neural networks are
networks, in which inputs and outputs represent the closed
cycle, ensuring information storage and processing within
the closed structure [17]. The neural networks of the patients
different in salivary NA levels only were earlier considered; these
networks were not cyclic (closed) [18].

[t can be assumed that excitation circulation in the closed
circuit of neural structures can really maintain synergetic
processes between various brain regions. Consider some
characteristic features of this circuit.

[tis well known, that the cerebellum plays a key role in motor
coordination and maintaining balance. It is also involved in
cognitive functions, such as learning and memory. Its capability
of integrating sensory information and motor output makes it an
important link of this circuit. The cerebellum also can integrate
information from various sensorimotor sources, ensuring
coordination between various body parts and modulating the
activity of cortical structures. The link between the right lateral
sensorimotor network and the left cortical structures (superior
frontal gyrus and supramarginal gyrus) can be associated with
the mechanisms underlying cross-modal sensory processing,
enabling processing and integration of information from both
sides of the body and sensory inputs. Furthermore, the left
superior frontal (SFG) and supramarginal (SMG) gyri are involved
in higher cognitive functions, such as attention, problem-
solving, and planning. Excitation increase in these regions can
enhance cognitive information processing and improve the
controlled actions related to motor activity. The above chain
can effectively use the feedback mechanisms. Excitation
initiated in one node can be returned to the previous nodes to
ensure stable activity and possible enhancement (potentiation)

Fig. 3. Connectivity difference with the more low and high levels of all
catecholamines (group 1 — group 2), pFDR < 0.02. There is a Student’s t-test
color chart below the figure. r, | — right and left hemispheres; Vier — Vermis, Cereb —
cerebellum; digits following Ver, Cereb — share of the vermis or cerebellum; AC —
Cingulate Gyrus anterior part; ACC — Anterior Cingulate Cortex; Cuneal —
Cuneal Cortex; CO — Center Operculum Cortex; Forb — Frontal Orbital Cortex;
HG — Heschl’s Gyrus; IC — Insular Cortex; sLOC — Lateral Occipital Cortex
superior division; MedFC — Frontal Medial Cortex; PC — Cingulate Gyrus
posterior division; aPaHC — Parahippocampal Gyrus anterior division; PaCiG —
Paracingulate Gyrus; PostCG — Postcentral Gyrus; PreCG — Precentral Gyrus;
PP — Planum Polare; SMA — Juxtapositional Lobule; SFG — Superior Frontal
Gyrus; aSMG — aSTG — Superior Temporal Gyrus anterior division; tolTG —
Inferior Temporal Gyrus temperooccipital division; toMTG — Middle Temporal
Gyrus temporooccipital part
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of synaptic strength in these areas. Such a “closed contour”
can contribute to the neuronal activity synchronization between
various brain regions, which is important for maintaining
behavior stability and motor coordination. Excitation circulation
can contribute to alteration of structure at the synaptic level,
since repeated activation can result in the processes related
to synaptic plasticity (such as long-term potentiation and long-
term depression) that can strengthen the connections between
appropriate neuronal structures.

Thus, excitation circulation in the above neural circuit
demonstrates a complex interplay between motor coordination
and cognitive processing. Such interplay can maintain effective
functioning in both sensorimotor and cognitive spheres,
ensuring a synergistic mechanism for adaptation and learning.
In the closed circuits of connectivities, such as neural networks,
excitation can circulate, generating repeated launches of
neuronal activity. This process can contribute to the long-term
potentiation through the following mechanisms.

1. Enhanced neuronal activation. Prolonged excitation
circulation can maintain high intracellular calcium levels in the
neurons. The increase in calcium levels contributes to more
potent release of neurotransmitters and enhances synaptic
transmission being the most important component of both
short-term and long-term synaptic plasticity [19].

2. Creating positive feedback. In the closed circuit,
excitation can result in active return of the signal through the
excitatory synapses. Such a mechanism can yield the state
contributing to potentiation, since the neurons connected are
still activated, which enhances transmission of information and
prepares synapses for further activation [20].

3. Neuronal activity modulation. Mutual modulation of
neurons in the circuit can result in the long-term synaptic
strength modulation, which provides the basis for synaptic
plasticity. This phenomenon, in turn, contributes to the long-
term potentiation [21]. Synaptic strength is a measure of the
effectiveness of signal transmission between neurons at the
synaptic level. Synaptic strength determined by how much
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EFFICACY OF USING MELATONIN PER RECTUM FOR EXPERIMENTAL ACUTE CEREBRAL ISCHEMIA
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With limited efficacy and safety of the methods to treat ischemic stroke (IS), melatonin (MT) can be considered a promising neuroprotective agent having a pleiotropic
mechanism of action. The study aimed to assess the effect of MT contained in original rectal suppositories on the neurological status and microcirculation in the
injury focus in experimental acute cerebral ischemia (EACI) in vivo. A total of 30 sexually mature rats were divided into three groups, 10 animals per group: sham-
operated (SO) animals; animals with EACI; animals with EACI receiving original rectal suppositories weighing 100 mg with 2.5 mg of melatonin (MT) throughout
7 days. On days 3 and 7, neurological status was assessed using the Garcia JH score, Placing test, Bederson test; microcirculation rate (MR) was assessed in the brain
injury focus by laser flowmetry. A significant decrease in the Garcia JH scores by 58.3% (o = 0.001), Placing Test scores by 57.9% (p = 0.002), along with the significant
increase in the Bederson Test scores in animals with EACI compared to SO animals was reported on day 3; the significant decrease in the Garcia JH scores by 75%
(o <0.001), Placing Test scores by 78.9% (p < 0.001) and the significant increase in the Bederson Test scores were reported on day 7. MR decreased by 30% on day 3
(0 =0.02), by 38% on day 7 (p = 0.005). The use of the MT-based rectal suppositories resulted in the neurological deficit restoration in the form of the significant increase
in the Garcia JH scores by 53.3% (p = 0.008), Placing Test scores by 50% (p = 0.016) and the significant decrease in the Bederson Test scores by 50% (p = 0.029)
onday 3; on day 7, the significant increase in the Garcia JH scores by 233% (p < 0.0001), Placing Test scores by 325% (p < 0.0001) and the significant decrease in
the Bederson Test scores by 100% (p < 0.0001) were reported. MR increased by 12.5% on day 3 (p = 0.016), by 43.9% on day 7 (o = 0.005). The correlation analysis
revealed the association between the neurological status and MR values: the neurological deficit improvement in animals with EACI in the context of receiving the
MT-based rectal suppositories was associated with the MR increase in the ischemic focus in the brain. Thus, partial neurological status restoration in the context of
using the MT-based rectal suppositories for EACI resulted from the MT vasoactive properties, which was reflected in the MR increase in the ischemic focus in the brain.
Keywords: melatonin, rectal suppositories, ischemic stroke
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OPPEKTUBHOCTb NPUMEHEHUA MEJIATOHUHA PER RECTUM INMPUN 3KCMNEPUMEHTAJIbHOUN

OCTPOU ULLUEMNW T'OJTOBHOI'O MO3rA

M. B. Ocukos'?, A. B. LLienomerues*= M. C. Bornko', HO. C. LLnwkosa', A. A. ®epocos’

" FOXHO-YpanbCckuin rocyAapCTBEHHbIN MeALIMHCKUIA yHMBEpCUTET, HYensabuHek, Poccus

2 YenabuHckasn obnactHas KinHudeckast bonbHuLga, HYensouHek, Poccust

3 YenabuHCKNIA 061aCcTHOM KIIMHNHECKIMIA TepaneBTUYECKMIA rocnnTasb A1 BeTepaHoB BOWH, YensabuHck, Poccust

4 Poccuiicknin yHuBepcuTeT apy»0bl Hapoaos nvenw MNatpuca Jlymym6bl, Mocksa, Poccus

Mpn neveHnn nwemmndeckoro nHeynsta (LIA) menatoHnH (MT) MOXET GbiTb MEPCMEKTUBHbLIM HEPOMPOTEKTOPOM C MEOTPOMHBIM MeEXaHU3MOM AencTeus. Liens
1ccnenoBaHns — in vivo ndydunTbe BavsaHe MT B COCTaBe opurmHasibHbIx pekTanbHbix cynnosutopmes (PC) Ha HeBponormydeckuii cratyc (HC) 1 MUKPOLIMPKYNSLIO
B o4are MoBPEeXAEHVS MPU 9KCMEepUMEHTaIbHON OCTPON mwemun ronoBHoro mosra (SOWIMM). 30 kpbic pasdgenvnu Ha Tpu rpynnel no 10 ocoben:
1) noxxHoonepupoBaHHble (J10); 2) ocobu ¢ SOUTIMM; 3) ocobu ¢ SOUIMM, nonyyatoLime opurimHanbHble PC ¢ MT Ha NpoTsikeHnn 7 cyTok. XKUBOTHbIM rpymn 2 m
3 mozenvpoan S0VIM no mogudmumposaHHo MeToanke Chen S. T., et al. Ha 3 n 7 cytku ouenmBanm HC no wkanam Garcia J. H., Placing test, Bederson test
1 nokazatenb MUKpoLMpKynaumn (MVl) B ovare NOBPeXKAEHNSt FONOBHOMO MO3ra METOAOM Na3epHon diyoMeTpun. Y »xumnBoTHbIx ¢ SOMM no cpasHeHnto ¢ J10
Ha 3 CyTKM 3ahMKCMPOBAHO 3HAYMMOeE CHIDKeHWe Hannos no Lwkane Garcia Ha 58,3% (p = 0,001), no Placing test — Ha 57,9% (p = 0,002), yBenun4eHne 6annos
no Bederson test; Ha 7 cyTkn 3adhnKCrpoBaHO 3Ha4MOe CHbKeHme 6annos no wkane Garcia J. H. Ha 75% (p < 0,001), no Placing test — Ha 78,9% (p < 0,001),
yBenuyeHne 6annos no Bederson test. MM Ha 3 cyTtkn cHuamnnca Ha 30% (o = 0,02), Ha 7 cyTkn — Ha 38% (p = 0,005). MpumeHenne PC ¢ MT npusoguno K
BOCCTaHOBSIEHWIO HEBPOOMMHYECKOro fedhmLiMTa B BUAE 3HAYMMOrO yBenmyeHus 6annos Ha 3 cyTku no Wwkane Garcia Ha 53,3% (p = 0,008 ), no Placing test — Ha
50% (p = 0,016) 1 cHKeHns 6annos no Bederson test Ha 50% (p = 0,029); Ha 7 CyTKM (DUKCMpPOBann 3Ha4YMMOoe  yBenundeHve H6annos no wkane Garcia J. H. Ha
233% (p < 0,0001 ), no Placing test — Ha 325% (p < 0,0001) n cHwkenne 6annos no Bederson test Ha 100% (p < 0,0001 ). MM Ha 3 cyTkun nobicuncs Ha 12,5%
(o =0,016), Ha 7 cyTkn Ha 43,9% (p = 0,005). YCTaHOBNEHO, YTO YMEHbLLIEHNE HEBPONOrMHeCKOro AeduLpTa y )MBOTHbIX ¢ DOUIM B ycnosusix npumeHerns PC
¢ MT accoummpoBaHo ¢ nosbiLLeHneM MM B o4are NLLIEMNHECKOrO MOBPEXAEHNS FONOBHOMO MO3ra. TakvM 06pa3om, YacTn4Hoe BoccTaHoBeHve HC B ycnosumsx
npumererns PC ¢ MT npy SOUIMM o6ycnoBneHo ero Ba3oakT1BHbIMU CBONCTBAMU.

Knio4yeBble cnoBa: MenaToHuH, PeKTanbHble Cynno3nTopun, NLLEMUNYECKII NHCYNbT
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Today, ischemic stroke (IS) ranks second among the causes of
death and third among the causes of disability all over the world
[1]. More than 450,000 cases of stroke are reported annually in the
RF, and case fatality rate varies between 17.6 and 20.7% [2]. The
IS pathogenesis is multifaceted; it involves such mechanisms,
as neuroinflammation, glutamate-induced excitotoxicity, and
oxidative stress resulting in the death of neurons in the ischemic
focus [3]. The existing pathogenetic approaches to treatment of
IS show limited efficacy and safety due to narrow therapeutic
window, high risk of hemorrhagic transformation, low permeability
of the blood-brain barrier (BBB) for neuroprotective agents, as
well as poor knowledge about their pharmacokinetics and rather
frequent adverse effects, which emphasizes the need to develop
new therapeutic strategies aimed at neuroprotection [4]. In this
regard, melatonin (MT) possessing pleiotropic effects, including
antioxidant, anti-inflammatory, vasoactive, anti-apoptotic ones,
is of interest [5-7]. A number of papers demonstrate the MT
neuroprotective effect in IS realized through its direct binding to
free radicals, increase in activity of key antioxidant enzymes
(glutathione peroxidase, catalase), inhibition of caspase-3 and
NF-kB pathway, as well as the decrease in expression of AQP4
and enhanced SIRT-1 synthesis in the ischemic brain lesion and,
therefore, cerebral infarction volume decrease with subsequent
neurological deficit improvement [8-10]. However, the use of
MT as a potential neuroprotective agent in oral dosage forms
can be considerably limited by post-stroke dysphagia reported
in 81% of cases in patients post IS [11]. The use of injectable
dosage forms as an alternative allows one to work around the
issue of post-stroke dysphagia, but it is associated with constant
re-traumatization of the patient when performing injections, high
risk of microbial contamination, etc. [12]. The MT-based rectal
suppositories represent a promising dosage form ensuring the
atraumatic administration and low risk of microbial contamination.
In the RF, there are no approved MT-based rectal dosage forms
for neuroprotective therapy of IS that could effectively deliver the
drug and have a systemic effect on the ischemic injury focus
in the brain, thereby minimizing the risk of injury and infectious
complications. The development and assessment of the use of
MT-based rectal suppositories in IS are relevant due to potential
benefits of atraumatic administration routes. The study aimed
to perform in vivo experimental assessment of the effect of
melatonin contained in original rectal suppositories on the
neurological status and microcirculation in the ischemic brain
injury focus in experimental acute cerebral ischemia.

METHODS

The experiment involved 30 sexually mature male Wistar rats
weighting 220-240 g obtained from the experimental biology
clinic of the South Ural State Medical University of the Ministry
of Health of the Russian Federation in spring and summer. The
animals were kept with natural light, at a temperature of 20-22 °C
and relative humidity of 60-70%. Simple randomization was
used to divide the rats into three groups, 10 animals per group:
group 1 — sham-operated (SO) animals, group 2 — animals
with experimental acute cerebral ischemia (EACI), group 3 —
animals with EACI receiving original rectal suppositories
weighing 100 mg with 2.5 mg of MT every 24 h throughout
7 days [13].

EACI was simulated using the modified method by Chen
ST under the combination zoletil-xylazine anesthesia [14, 15].
In animals of groups 2 and 3, skin incision with the length of up
to 2 cm was performed between the left auricle and left eye.
In the incision site, soft tissues were dissected up to the skull
bones, and a burr hole 5 mm in diameter was created using a

high-speed bur (20,000 rpm) with constant irrigation-induced
cooling. Selective diathermocoagulation of the cerebral pial
vessels (15 'V, 3 s) in the cortical zone of the middle cerebral
artery was performed using the operating microscope with
the 10x magnification. All methodological aspects of the
study were compliant with modern standards of experimental
cerebral ischemia modeling [16, 17]. Animals of group 1 underwent
all consecutive surgical interventions, including selective
diathermocoagulation of the cerebral pial vessels.

Three animals were excluded from further assessment (two
in group 2 and one in group 3), since these died within 6 h after
surgery. Thus, three groups of animals were created: group 1
(n=10), group 2 (n = 8), group 3 (n = 9).

On days 3 and 7, neurological status was assessed in all
groups using the Garcia JH score, Placing test, Bederson test
[18-20]. The results of each particular test were expressed
in points.

Microcirculation rate (MR) was assessed in ischemic brain
injury focus by laser Doppler flowmetry for 5 min using the
LAAK-01 system (Lazma, Russia). The values were processed
using the software package by Lazma (Russia), and MR was
calculated using the following formula: MR = Ne + Vav, where
Ne was the concentration of erythrocytes in the probed tissue
volume, Vav was the average erythrocyte sedimentation rate.
MR was expressed in perfusion units (PU).

Statistical data processing was performed using the IBM
SPSS Statistics 19 software package. The quantitative data
distribution was tested for normality using the Shapiro-Wilk
test. Since the distribution of most studied parameters was
non-normal, nonparametric methods were used for analysis.
Intergroup comparison was performed using the Kruskal-Wallis
test (when comparing three or more groups), Mann-Whitney
U-test (when performing pairwise comparison of groups). The
paired Wilcoxon signed-rank test for related samples was used
to estimate the intragroup dynamics (to compare the values
on days 3 and 7); Spearman’s rank correlation coefficient (1)
was used for correlation analysis. The data were presented
as the median (Me), lower and upper quartiles (Q,; Q). The
differences were considered significant at p < 0.05.

RESULTS

Animals with EACI showed focal neurological deficit in the form
of right hemiparesis, stato-locomotor disorder on days 3 and 7.
Animals with EACI demonstrated a significant decrease in
Garcia JH scores by 58.3% (p = 0.001), Placing test scores
by 57.9% (p = 0.002), along with the significant increase in
Bederson test scores compared to SO animals; on day 7, the
significant decrease in Garcia JH scores by 75% (p < 0.001),
Placing test scores by 78.9% (p < 0.001), along with the
increase in Bederson test scores were reported. Animals with
EACI showed the significant decrease in Garcia JH scores by
40% (p = 0.008), Placing test scores by 50.0% (p = 0.003),
along with the increase in Bederson test scores by 100%
(o = 0.001) on day 7 compared to day 3 (Table 1).

Microcirculation assessment showed the decrease in MR
on day 3 by 30% (p = 0.02), by 38% on day 7 (p = 0.005) in
animals with EACI compared to SO ones. Animals with EACI
showed the significant MR decrease by 11% (p = 0.03) on day 7
compared to day 3 (Table 2).

Thus, focal neurological deficit and the decrease in cerebral
blood flow in the ischemic brain lesion were reported in animals
with EACI on days 3 and 7, which was confirmed by the
significant decrease in Garcia JH, Placing test scores, as well
as by the increase in Bederson test scores and MR decrease.
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Table 1. Effect of MT on neurological status in EACI (Me [Q,; Q)
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Group 1 Group 2 Group 3
Indicator Day 3 Day 7 Day 3 Day 7 Day 3 Day 7
(n=10) (n=10) (n=28) (n=28) (n=9) (n=9)
Garcia JH score 18.00 18.00 7.50 4.50 11.50 15.00
arcia JH sco [18.00; 18.00] [18.00; 18.00] [7.00; 8.00]* [3.00; 6.00] *& [10.00; 13.00] *# | [14.00; 16.00] *#&
Placing test score 9.50 9.50 2.00 4.00 1.00 0.00
acing [9.00; 10.00] [9.00; 10.00] [2.00; 3.00]" [4.00; 4.00] *& [1.00; 2.00] *# [0.00; 1.00] *#&
Bederson test score 0.00 0.00 4.00 2.00 6.00 8.50
e [0.00; 0.00] [0.00; 0.00] [3.00; 4.00]" [1.00; 2.00] *& [6.00; 7.00] *# [8.00; 9.00] *#&

Note: significant differences based on the Mann-Whitney U-test are designated as follows: * — compared to group 1 (o < 0.05); # — compared to group 2 (p < 0.05);
& — significant differences based on the Wilcoxon test between days 3 and 7 within the same group (o < 0.05).

The use of MT-based rectal suppositories on days 3 and
7 led to the right hemiparesis and stato-locomotor disorder
severity decrease. The animals receiving MT showed the significant
increase in the Garcia JH scores by 53.3% (p = 0.008), Placing
test scores by 50% (p = 0.016), along with the significant decrease
in Bederson test scores by 50% (p = 0.029) compared to animals
with EACI on day 3; on day 7, the significant increase in Garcia
JH scores by 233% (p < 0.0001), Placing test scores by 325%
(0 < 0.0001) and the significant decrease in Bederson test scores
by 100% (p < 0.0001) were reported. The significant increase in
Garcia JH scores by 30.4% (p = 0.004), Placing test scores by
41.7% (p = 0.002) and the significant decrease in Bederson test
scores by 100% (p = 0.003) upon MT administration on day 7
compared to day 3 were reported (Table 1).

Microcirculation assessment showed the increase in MR by
12.5% on day 3 (p = 0.016), by 43.9% on day 7 (p = 0.005)
in the animals receiving MT compared to the ones with EACI.
The animals showed the significant MR increase by 13.8%
(o = 0.028) upon MT administration on day 7 compared to day
3 (Table 2).

The animals receiving MT showed the significant decrease
in Garcia JH scores by 36.1% (p < 0.001), Placing test scores
by 36.8% (p < 0.001) and the significant increase in Bederson
test scores by 100% (p = 0.002) compared to SO animals on
day 3; on day 7, these demonstrated the decrease in Garcia
JH scores by 16.7% (p < 0.008), Placing test scores by 10.5%
(p < 0.038) and the significant increase in Bederson test scores
by 0% (p = 0.157) (Table 1).

The correlation analysis of Garcia JH scores, Placing test scores,
and MR values on days 3 and 7 revealed a positive correlation, along
with the negative correlation between Bederson test scores and
MR: the neurological deficit improvement in animals with EACI in the
context of using MT-based rectal suppositories was associated
with the MR increase in the ischemic brain lesion (Table 3).

DISCUSSION

It can be assumed that neurological deficit we have detected
results from local critical decrease in cerebral blood flow in the
brain matter and activation of the cascade of pathochemical
reactions, including mitochondrial dysfunction with subsequent
neuronal energy deficiency, oxidative stress activation,

Table 2. Effect of MT on microcirculation values in EACI (Me [Q,; Q,])

glutamate-induced excitotoxicity, neuroinflammation resulting
in neuronal damage in the ischemic injury focus [21]. The
use of MT-based rectal suppositories resulted in partial
restoration of neurological status and cerebral blood flow
in the ischemic injury focus, which could be due to the MT
pharmacological features and pleiotropic effects, including
neuroprotective and vasoactive effects. The MT relatively low
molecular weight (232 g/mol), moderate lipid solubility (Log p = 3),
and moderate bioavailability when administered rectally
(54-72%) can ensure penetration of the blood-brain barrier
and have a systemic effect on the ischemic injury focus and
potential penetration [22, 23]. We believe that MT contained
in the rectal suppositories entered the systemic blood flow
and reached the ischemic lesion in the brain, showing the
neuroprotective effect. The MT pleiotropic effects determining
its possible neuroprotective effect can be associated with the
activity mediated by specific membrane and nuclear receptors
(MT1, MT2, ROR), as well as with the direct effect [24]. The
MT binding to the MT receptors of microglial cells through the
STAT3 pathway inhibition contributed to the reduced synthesis
of pro-inflammatory cytokines in the ischemic injury focus and
reduced neuroinflammation [25]. Furthermore, MT could cause
inhibition of NADPH reductase activity and enhanced synthesis
of glutathione peroxidase, thereby decreasing the activity of
oxidative stress processes in the ischemic brain injury focus
[26]. MT enhanced the 90RSK activity resulting in the Bad pro-
apoptotic protein inactivation through ERK1 phosphorylation,
thereby contributing to the increased survival of neurons in the
ischemic injury zone [27]. The MR increase in the ischemic
brain injury focus can be associated with the vasoactive
effect of MT, which enhanced NO synthesis in endothelial
cells and increased cerebral blood flow through the increased
activity of endothelial NO synthase [28]. The findings clearly
demonstrate clinical prospects for the use of MT-based rectal
suppositories as adjunctive therapy for IS, especially in the
elderly and seriously ill patients, in whom standard treatment
methods show limited efficacy. The data obtained provide a
strong basis for further research aimed at in-depth study of
the mechanisms underlying the MT neuroprotective effect via
monitoring of the dynamic changes in the levels of biochemical
markers (MDA, S100B) and their correlation with clinical
outcomes. The promising areas for scientific research can be

Group 1 (n=10) Group 2 Group 3
Indicator Day 3 Day 7 Day 3 Day 7 Day 3 Day 7
(n=10) (n=10) (n=10) (n=10) (n=10) (n=10)
Microcirculation 22.11 22.11 15.51 13.79 17.45 19.85
value, PU [20.65; 22.69] [20.65; 22.69] [15.48; 15.88]" [13.49; 14.09]*& [17.33; 18.83]# [19.44; 19.90]"#&

Note: significant differences based on the Mann-Whitney U-test are designated as follows: * — compared to group 1 (p < 0.05); # — compared to group 2 (p < 0.05);
& — significant differences based on the Wilcoxon test between days 3 and 7 within the same group (p < 0.05).
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Table 3. Correlation between neurological status indicators and MR in EACI in the context of using MT-based rectal suppositories

Microcirculation rate, PU
Indicators
Day 3 Day 7
Garcia JH score r=0.63 r=0.67
Placing Test score r=0.77 r=0.64
Bederson Test score r=-0.61 r=-0.60

Note: r — Spearman’s rank correlation coefficient (r < 0.05).

as follows: development of differentiated MT dosing algorithms
considering the patients’ individual characteristics; assessment
of delayed therapy effects between 6 and 12 months of follow-
up; study of the possibilities of using combination therapy
with other neuroprotective agents. Successful introduction
of this method into wide clinical practice requires large-scale
multicenter randomized trials involving the use of standardized
assessment protocols. The development of personalized
approaches to therapy considering the age-related specifics,
comorbidities, and individual characteristics of the patients’
cerebral hemodynamics is of special importance.

CONCLUSIONS

Selective diathermocoagulation of the cerebral pial vessels
performed on days 3 and 7 resulted in the critical cerebral blood
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COMPARISON OF THE EFFICACY OF MRNA VACCINES AGAINST M. TUBERCULOSIS BASED

ON LINEAR AND CIRCULAR RNAS

Kirshina AS', Shepelkova GS?, Khlebnikova AS', Maslov AA', Kozlova AV', Kunyk DA, Yeremeev VW2, lvanov RA', Reshetnikov VW'

" Sirius University of Science and Technology, Sirius, Russia

2 Central Tuberculosis Research Institute, Moscow, Russia
The success of mMRNA-based vaccine formulations against viral infections motivated many researchers to develop mRNA vaccines against bacterial infections. The
development of new anti-tuberculosis vaccine is an urgent task since the only approved BCG vaccine is not effective enough in terms of infection prevention, despite
the fact that it reduces the risk of severe disease. The study aimed to compare two anti-tuberculosis mRNA vaccines based on the classic linear mMRNA (MRNA-MTB-
mEp-5-1) and circular RNA (circRNA-MTB-mEp-5-1) by immunogenicity and the capability of protecting I/St mice against M. tuberculosis infection. The efficacy of
mRNA vaccines in the formulations with lipid nanoparticles was compared with the BCG efficacy. The findings suggest that immunization with the mRNA vaccine
based on the linear MRNA resulted in the cell-based and humoral immune response (OD IgG = 0.36 + 0.12) that was less pronounced than after BCG vaccination
(OD IgG = 0.54 + 0.14). At the same time, immunization with the mRNA vaccine and BCG ensured comparable reduction of bacterial load in the lung and spleen of
experimental mice (CFU in lung tissue for BCG: 4.00 x 10° + 2.13 x 10°, p = 0.0068; mRNA: 4.72 x 10° + 3.44 x 10°, p = 0.0059; LNP: 4.91 x 10¢ + 3.89 x 10°, ns; PBS:
4.01 x 10° + 1.69 x 10° and increased survival of mice after getting infected with M. tuberculosis. Immunization with the vaccine based on the circular RNA resulted
in developing humoral mmunity only (OD IgG = 0.52 + 0.13) and did not ensure protection after getting infected with M. tuberculosis (CFU in the lung for circRNA:
2.12 x 10° £ 5.30 x 10°, p = 0.85). Thus, in our studies, anti-tuberculosis vaccines based on circular RNAs are inferior in effectiveness to formulations based on linear RNAs.
Keywords: mRNA vaccine, circular RNA, tuberculosis, immunogenicity, protective immunity
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Tuberculosis (TB) is a highly contagious disease caused by the
bacterium Mycobacterium tuberculosis, which is still the leading
cause of death from infectious diseases. In 2023, a total of
10.8 million of incident TB cases and 1.25 million of deaths
from this infection were reported [1]. Tuberculosis prevention
is hampered by often asymptomatic course of the early-
stage disease and delayed manifestation, which make it
difficult to monitor the epidemiological situation. The spread
of antimicrobial-resistant mycobacteria is associated with
further challenges. TB is still a deadly disease, and the search
for effective prevention and treatment methods is an urgent
problem.

The development and introduction of a new tuberculosis
vaccine represents the most important step on the way to
elimination of this dangerous infection. BCG vaccine is not
recommended by the World Health Organization for tuberculosis
prevention in adults due to the risk of adverse effects. Variable
efficacy in different geographic regions, strain heterogeneity,
and low efficacy against pulmonary tuberculosis being the
most prevalent tuberculosis form can be also considered the
BCG disadvantages [2]. Thus, there is an urgent need to
create new drugs capable of preventing TB in all age groups.
Currently, a total of 15 vaccines are through various phases of
clinical development: between phase | and phase lll clinical trials
[3]. All these represent different formulation types: viral vector-
based, inactivated mycobacteria, live-attenuated mycobacteria,
protein subunit and MRNA vaccines.

mRNA vaccines have become widely used due to the
success of the RNA-1273 (Moderna) and BNT162b2 (Pfizer)
vaccines against SARS-CoV2 [4]. This approach to vaccination
has a number of benefits compared to other immunization
variants: low cost of production, rapid development, high
efficacy, lack of infectivity, and no integration into the genome.
At the same time, the experience of using mRNA vaccines
against infectious diseases caused by bacteria is limited
[5]. Moreover, not all mRNA-based formulations show high
efficacy: low RNA stability in the cell results in premature RNA
degradation, reduced target protein translation [6]. The use of
the alternative mRNA platforms, such as self-amplifying and
circular RNAs, are considered as a possible way to solve these
problems.

Circular RNAs were discovered in the 1980s. Since then
these attracted attention due to their features. In contrast to
linear mRNAs, the circular RNA-based formulations are less
prone to degradation due to the lack of free 5’ or 3’ end, through
which cleavage by exonucleases occurs [7]. Furthermore,
circular RNAs are not subject to the degradation mechanisms,
such as nonsense-mediated mRNA decay (NMD) or non-
stop decay (NSD) [8]. Circular RNAs are translated through
IRES (internal ribosome entry site), the indirect mechanism
activated primarily under conditions of cellular stress, when
the cap-dependent translation is inhibited; it is ensured by
recruiting of the so-called IRES-transacting factors (ITAF)
together with the elF and eEF [9]. Currently, no clinical trials of
the circular RNA-based tuberculosis vaccines are conducted
[3]. At the same time, the circular RNA-based formulations
have shown high efficacy in experimental models of viral
infections [10, 11]; these are currently tested in clinical trials of
the drugs for radiation-induced xerostomia [NCT06714253]
and SARS-CoV-2 [NCT06205524]. We assume that these
features of circular RNAs can make it possible to consider the
circular RNA-based formulations as a promising platform for
future tuberculosis vaccines. Therefore, the aim of our study
was to evaluate the effectiveness of an anti-TB vaccine based
on circular RNA.
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METHODS
Animals

The experiments involved female inbred C57BL/6Cit (B6) and
I/StSnEgYCit (I/St) mice obtained from the breeding nursery of
the Central Tuberculosis Research Institute. The animals aged
2-4 months with the body weight of 20-25 g were included
in the study. Lineages were maintained through brother-sister
inbreeding; the animals had ad libitum access to food and
water. A total of 25 B6 and 75 /St females were used.

Experimental design

A total of 5 experimental groups for each mouse lineage were
formed for the study: for B6 (5 animals per group) and I/St
(15 animals per group) mice.

1. Group with the double intramuscular administration of
the MRNA-MTB-mEp5-1 vaccine in a dose of 5 pyg/mouse with
the 4-week interval between injections.

2. Group with the double intramuscular administration of
the circRNA-MTB-mEp5-1 vaccine in a dose of 5 pg/animal
with the 4-week interval between injections.

3. Group with a single BCG administration in a dose of
1 x 10° CFU/mouse (5 weeks before tissue collection).

4. Control group with the double intramuscular administration
of the lipid nanoparticles (LNP) with no mRNA in a dose
equivalent to that administered to groups -l with the 4-week
interval between injections.

5. Control group with the double intramuscular administration
of phosphate buffered saline (PBS) with the 4-week interval
between injections.

The B6 mice were used to assess T cell-mediated response
(ELISpot), as well as to assess the titer of IgG against antigens
of M. tuberculosis.

The I/St mice were used to assess protective immune
response, since mice of this lineage show increased sensitivity
to tuberculosis infection [12]. The I/St mice were intravenously
infected with the virulent M. tuberculosis strain 4 weeks after
the second vaccination with mRNA vaccines / 5 weeks after
BCG vaccination. Mycobacterial load in the spleen and lung
(5 mice in each group) and the dynamics of deaths of animals
after getting infected (10 mice in each group) were assessed 50
days after infection in these mice.

Obtaining mRNA vaccines

The MTB-mEp5-1 multi-epitope mRNA vaccine was described
in detail earlier [13]. The coding sequence for the circMTB-
mEp5-1 circular RNA-based vaccine was the same as that
for MTB-mEp5-1. The cassette for circRNA comprised type |
introns from Anabaena (on the 5’ and 3’ ends), homology arms,
spacers, type | IRES (CVB3). The construct was also built by
PCR and cloned into pSmart (Lucigen, USA) at the EcoRI and
Ahll restriction endonuclease sites. The MTB-mEp5-1 circular
RNA sequence is provided in Appendix.

RNA synthesis was accomplished using the mRNA-20
kit (Biolabmix, Russia) supplemented with pyrophosphatase
(NEB, USA) and RNAse inhibitor (Biolabmix, Russia). The
m,”¥-0GpppAmG synthetic cap analogue (Biolabmix,
Russia) was used for in vitro linear RNA transcription. To obtain
circular RNA, guanosine triphosphate (GTP) was added to the
reaction mixture after the transcription termination to a final
concentration of 2 mM (Biolabmix, Russia) in order to induce
circularization. The mixture was incubated at 55 °C for 15 min,
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cooled on ice for 5 min and purified on the magnetic particles
(VAHTS RNA Clean Beads, China). To eliminate linear RNA
forms from the circular RNA-based formulation, the sample
was treated with RNAse R (Abcam, USA). For that RNA was
heated at 70 °C for 3 min, then cooled rapidly on ice (5 min).
After that we added 0.5 pL of RNAse R (Abcam, USA) per 20
ug of RNA and 10x RNAse R buffer and incubated at 37 °C for
7 min, after the end of which another 0.5 uL of RNAse R were
added, further incubated for 7 min at 37 °C and purified on the
magnetic particles (VAHTS RNA Clean Beads, China).

After the in vitro transcription termination, the DNA matrix
was eliminated by treating with 2 U of DNAse | (NEB, USA) per
1 pg of DNA at the temperature of 37 °C for 15 min. RNA was
purified using magnetic particles (VAHTS RNA Clean Beads,
China) in accordance with the manufacturer’s instructions. The
RNA quality was assessed by capillary electrophoresis (Qsep1-
Plus, BiOptic, Taiwan).

mRNA was formulated into lipid nanoparticles using the
microfluid cartridge in the NanoAssemblr™ Benchtop system,
as earlier reported [14]. RNA was mixed with the lipid mixture
ethanol solution in the microfluid cartridge; the aqueous
and ethanol phases were mixed in a ratio of 3 : 1 v/v. The
five-component lipid mixture consisted of the ionized lipidoid
ALC-0315 (Sinopeg, Xiamen, China), SM-102 (Sinopeg,
Xiamen, China), DSPC (Avanti Polar Lipids, USA), cholesterol
(Merck Millipore, USA), and DMG PEG-2000 (Merck Millipor,
USA) in a molar ratio (%) of 23.15:23.15:9.4 : 42.7 : 1.6.
Particles were concentrated and sterilized using the PES
membrane with the pore diameter of 0.22 um. The quality of
the LNPs obtained was assessed based on three parameters:
particle size, polydispersity index (PDI) (Zetasizer Ultra ZSP;
Malvern PanalityCal, USA), and mRNA payload of the particles.
The particle size for the MTB-mEp-5-1 sample was 90.5 nm,
polydispersity index was 0.22. The hydrodynamic diameter for
the circMTB-mEp-5-1 formulation was 85.7 nm, polydispersity
index was 0.19. The RNA payload was above 90% in both
formulations. Lipid nanoparticles were stored at +4 °C for no
more than 2 weeks prior to formulation administration.

T-cell response assessment: quantification
of IFNy-producting cells

The level of protective T-cell immune response in B6 mice
was assessed based on the counts of cells secreting IFNy in
response to stimulation with mycobacterial antigens isolated
from the spleen by the ELISpot method using the Mouse IFNy
ELISpot Set (BD; USA) and AEC Substrate Set (BD; USA) kits
in accordance with the manufacturers’ instructions [15]. The
M. tuberculosis sonicate in a dose of 10 pg/mL was used as a
source of mycobacterial antigens. Sonicate for the study was
kindly provided by V.G. Avdienko. To produce it, mycobacteria
were grown in the Sauton medium for 28 days at 37 °C.
Sonicate was obtained from the washed clean bacterial mass
using the MSE ultrasonic disintegrator by the method earlier
reported by V.G. Avdienko et al. [16].

Humoral immunity assessment: determination
of the titer of IgG immunoglobulins against
M. tuberculosis sonicate

The titer of the IgG immunoglobulin against the M. tuberculosis
sonicate was determined in the serum samples of experimental
animals. Blood serum of the B6 experimental mice was
subjected to titration in the phosphate buffered saline (PBS)
from 1 :50to 1 : 400. The humoral immune response intensity

was assessed based on optical density (OD) by the earlier
reported method [17].

Vaccination protective effect assessment

To induce experimental tuberculosis infection 4 weeks after the
second mRNA vaccine dose, the I/St mice were intravenously
infected by the virulent M. tuberculosis H37Rv strain (Pasteur)
from the collection of the Central Tuberculosis Research Institute
in a dose of 5 x 10° CFU per mouse. BCG vaccination was
performed 5 weeks before subcutaneous infection in a dose of
1 x 10° CFU per mouse. The experiments involving assessment
of survival after getting infected with M. tuberculosis were
terminated on day 111 after infection.

Determination of mycobacterial counts
in organs of infected animals

Mycobacterial load in the lung tissue and the spleen was
determined on day 50 after infection (5 animals per group). For
that the organs were homogenized in 2 mL of saline. The 10-
fold dilutions of homogenates were sown on the Middlebrook
7H10 agar (HiMedia Laboratories LLC, USA) (50 pL/Petri dish).
After 18-21 days, colonies were enumerated, and CFU/organ
were calculated using the following formula: N = 2N, x D/ 0.05,
where N was CFU per organ; N, was the number of colonies in
the dish; D was dilution.

Statistical analysis

Statistical data processing was performed by two-factor analysis
of variance and Tukey's test for multiple comparisons to assess
the IgG titer. The Dunn's test as a post-hoc test used after the
Kruskal-Wallis test was applied to the ELISpot analysis data
and the data on the bacterial load in the lung and spleen of the
immunized mice infection with M. tuberculosis. Overall survival
was assessed using the Kaplan-Meier estimator. Significance
of differences in overall survival was calculated the Mantel-Cox
log-rank test. The differences between experimental groups
were considered significant at p < 0.05. Data analysis and
visualization were performed using the GraphPad Prism 10.4.1
software tool (GraphPad Software, USA).

RESULTS
Tuberculosis mRNA vaccine immunogenicity assessment

We assessed the efficacy of two different tuberculosis mRNA
vaccines with the antigen sequence MTB-mEp-5-1 based on
the linear and circular RNAs. The MTB-mEp-5-1 and circMTB-
mEp-5-1 vaccines (Fig. 1A) formulated into lipid nanoparticles
(LNPs) were tested for the ability to activate humoral (Fig. 1C)
and cell-mediated immune responses (Fig. 1D) compared to
the BCG vaccine and control groups (PBS and LNP). When the
animals were immunized with the LNPs containing no mRNA,
the testing results showed no differences from that of the group
of mice receiving PBS.

The highest anti-mycobacterial IgG titers were found in the
groups of mice vaccinated with BCG and circMTB-mEp-5-1
(o < 0.001 for most dilutions compared to the control; see
Table), and IgG levels for BCG and circRNA-MTB-mEp were
comparable (Fig. 1C; Table). The increase in IgG titer was less
prominent after immunization with MTB-mEp-5-1; the increase in
the IgG immunoglobulin titer relative to non-vaccinated animals
was reported for the serum dilution 1 : 50 only (p = 0.001). The
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Fig. 1. mRNA vaccine immunogenicity assessment. A. Structure of the tuberculosis RNA vaccines with the MTB-mEp-5-1 antigen sequence based on the linear
and circular RNAs. B. Experimental design scheme. C. Titer of IgG immunoglobulins to M. tuberculosis antigens in blood serum of mice after immunization with the
tuberculosis vaccines. D. Differences in IPC counts in the spleen of mice vaccinated with various mRNA vaccine variants. The data are presented as the mean +
standard deviation. Mice per group n = 5. * — p < 0.05; ** — p < 0.01; *** — p < 0.001; **** — p < 0.0001.

anti-mycobacterial IgG levels reported after immunization with
MTB-mEp-5-1 were inferior to both circMTB-mEp-5-1 and
BCG for aimost all serum dilution variants (Fig. 1C; Table). Thus,
both mRNA vaccines yielded the humoral immune response to
M. tuberculosis, but when using the circular RNA-based vaccine,
the humoral immune response was stronger and comparable
with the immune response observed after BCG vaccination.

To determine the ability of the tuberculosis vaccines
based on various RNA platforms to activate specific cell-
mediated immune response, we assessed the counts of IFNy-
producing cells (IPC) of the spleen after the mycobacterial
sonicate stimulation (Fig. 1D; Table). The highest IPC counts
were reported for the group of BCG vaccinated mice (more
than 100 spots, p < 0.001 compared to the control; Table).
Vaccination with MTB-mEp-5-1 also led to the increase in IPC
counts relative to the control (more than 20 spots, p = 0.026;
Table). The mice immunized with circMTB-mEp-5-1 showed no
significant differences in IPC counts from the control groups.

Thus, among RNA-based vaccines, only circMTB-mEp-5-1
could yield the humoral immune response comparable to that
observed after BCG immunization. However, vaccination with
this vaccine did not result in the T-cell immunity development,
while immunization with the MTB-mEp-5-1 linear mRNA-based
vaccine yielded moderate humoral and cell-mediated immune
responses to mycobacterial antigens.

Tuberculosis mMRNA vaccine protective effect assessment

For a vaccine, one of the most important criteria is its ability
to generate the protective immune response after infection.
We conducted comparative assessment of the efficacy of two
tuberculosis vaccines based on different RNA platforms by the
ability to protect mice after getting infected with M. tuberculosis
(Fig. 2A). Fig. 2B and the Table show that vaccination
with MTB-mEp-5-1 and BCG can ensure the decrease in
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mycobacterial counts in the lung and spleen on day 50 after
infection compared to the control (p = 0.007 and p = 0.006 for
the lung, p = 0.009 and p = 0.022 for the spleen, respectively).
As for mice vaccinated with circMTB-mEp-5-1, no significant
decrease in bacterial load in the lung and spleen relative to the
control was reported after infection.

When assessing the dynamics of mouse deaths after
getting infected, immunization with BCG or MTB-mEp-5-1
ensured survival of 8 and 7 animals out of 10 for 111 days after
the M. tuberculosis infection (p < 0.001; Table). Survival of mice
in the control group was 20%. In the group of mice receiving
circRNA-MTB-mEp, survival after getting infected showed no
differences from that of the control. However, the number of
survivors in this group was 50% (Fig. 2C).

Thus, only vaccination with MTB-mEp-5-1 yielded the
protective immune response due to the decrease in bacterial
load in the lung and spleen and increased survival of the
infected mice. The reported protective effect of vaccination with
this mRNA vaccine was comparable with that reported after
BCG vaccination.

DISCUSSION

In this study, we assessed immunogenic and protective
properties of the vaccines against M. tuberculosis based on
the linear and circular RNAs compared to the BCG vaccine.
The findings show that immunization with the MTB-mEp-5-1
linear mRNA-based vaccine yielded the adaptive and
protective immune responses, reduced bacterial load in the
lung and spleen, and increased survival rate of the infected
mice. The MTB-mEp-5-1 immunogenicity was lower than that
reported after BCG immunization, but protective efficacy was
compared to that observed after BCG.

The circMTB-mEp-5-1 circular RNA-based vaccine
turned out to be less effective. Our findings have shown
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Fig. 2. Protective immune response assessment after immunization with mRNA vaccines A. Experimental design scheme. B. Bacterial load in the lung tissue and the
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that circMTB-mEp-5-1 can induce the pronounced humoral
immune response comparable to that observed after BCG
vaccination. However, immunization with circMTB-mEp-5-1
yielded no IFNy-mediated T cell-mediated response and did
not ensure protection of animals against the M. tuberculosis
infection. These results show that yielding humoral immunity
only is insufficient to ensure protection against pathogen, it
is also necessary to yield T cell-mediated immunity, which is
consistent with the results of the earlier studies of the nucleic
acid-based tuberculosis vaccines [2].

Apparently, the differences in mRNA vaccine efficacy are
associated with the mechanisms underlying the dynamics
of antigen translation. Circular RNAs differ from linear RNAs
by increased stability [7]. High circRNA stability contributes

Table. Summary of study results

to prolonged antigen production, which can result in the
pronounced humoral immune response, but due to IRES the
antigen translation is considerably lower, than the speed of
translation through the cap-dependent pathway with the linear
RNA [18], which results in low antigen expression that can
be not enough to develop the cell-mediated and protective
immunity. The role of the T cell-mediated immunity is important
to form granulomas. That is why in the earlier studies the main
efforts were focused on the development of vaccines yielding
the strong cell-mediated immune response [19]. However, a
number of recent rodent, non-human primate, and human
studies have shown that humoral immunity induction is
important for vaccine efficacy [20]. This is in line with our data
obtained for the linear RNA than induced moderate humoral

1gG titer (mean + standard deviation, OD = A450)

Dilution BCG MTB-mEp-5-1 CircRNA-MTB-mEp LNP PBS
1:50 0.71 +0.08 0.50 +0.10 0.66 +0.11 0.39 + 0.01 0.34 +0.05
1:100 0.58 + 0.05 0.37 +0.11 0.56 + 0.10 0.34 + 0.02 0.30 + 0.03
11200 0.46 + 0.05 0.30 + 0.06 0.44 + 0.08 0.28  0.02 0.26 +0.03
11400 0.39 + 0.07 0.25 + 0.03 0.42 + 0.05 0.21 £ 0.02 0.20 + 0.01
IPCs per well (mean + standard deviation)
| 11400:3899 | 27.60 + 5.41 | 1.00 = 1.00 | 1.00 = 1.00 | 0.20 + 0.45

CFU in the lung (mean + standard deviation)

| 4.00 x 10° +£2.13 x 10°

4.72 x10°+ 3.44 x 10° | 2.12 x 10°+ 5.30 x 10° | 4.91 x 10° + 3.89 x 10° | 4.01 x 10°+ 1.69 x 10°

CFU in the spleen (mean + standard deviation)

| 1.01 x 10° + 5.52 x 10°

1.13 x 10°+ 6.78 x 10° | 2.95 x 10° + 6.47 x 10° | 5.49 x 10° + 3.75 x 10° | 4.69 x 10°+ 1.74 x 10°

Median survival

94 | 104 | 84
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and cell-mediated immune responses that ensured the
development of protective response.

One more possible explanation of developing stronger
humoral immunity after immunization with circMTB-mEp-5-1 is
possible excess innate immunity activation after vaccination.
Along with the viral IRES sequence, circular RNAs also
comprise bacterial sequences: the intron-exon regions being
the essential elements for RNA circularization, when the self-
splicing group 1 introns are used [21]. The study conducted
by Chen et al. has shown that the exogenous circular RNA
obtained using the self-splicing group 1 introns can activate
the innate immune response receptors (RIG-1, MDA5, OAST,
OASL), in contrast to the endogenous circular RNA obtained
using human introns deprived of the capability of autocatalytic
splicing, but capable of forming circular RNAs in the cell using
a spliceosome. The endogenous circular RNA is not identified
as a foreign one, since it is associated with many RNA-binding
proteins [22]. Due to its structure, the exogenous circular RNA
can activate the innate immunity receptors, thereby contributing
to the higher reactogenicity of the circular RNA-based vaccines
compared to the linear RNA-based one. Activation of the
innate immunity receptors, such as RIG-1 and MDAS, results
in IFN-I production [23], which can cause activation of humoral
immunity, intense B cell-mediated response [24], as well as
inhibition of the T cell-mediated response [25].

However, the circular RNA-based vaccine is likely to be
effective against viral infections, in which it is more important
to generate a strong humoral immune response. Perhaps in
the future it will be a promising avenue to combine the circular
RNA- and linear RNA-based vaccines in the same formulation
or different prime-boost strategies in order to enhance both
humoral and T cell-mediated immune responses and ensure
more effective protective immunity.

When constructing vaccines against M. tuberculosis, it is
necessary to consider one more problem: the microorganism
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MICROBIOLOGICAL ANALYSIS AND IDENTIFICATION OF PATHOGENS IN ORTHOPEDIC THEATRES:
AL-NASSIRIYAH CITY'S STUDY

Kareem Al-Zirkan =2
College of Medicine, Al-Ayen Iragi University, AUIQ, An Nasiriyah, Iraq

Bacteria found in the operating room can lead to surgical site and hospital-acquired infections. This study was conducted in Imam Hussein Hospital in Nasiriyah
to investigate the contamination levels in the operating rooms. The main goal of the research was to identify the bacteria responsible for contamination and the
factors contributing to it. The study also aimed to map these microorganisms' distribution across different operating room areas and their antibiotic resistance
pattern using microbiological standards. We gathered 1358 samples for analysis from surfaces and objects in the operating room. The results showed that 3.1%
tested positive for bacteria, and 96.9% were negative cultures. Six types of pathogenic bacteria have been identified; Coagulase-negative staphylococci 14.3%,
Staphylococcus aureus 11.9%, Pseudomonas aeruginosa 19.1%, E. coli 21.4%, Bacillus spp. 11.9%, and Enterobacter spp. 21.4%. We observed moderate to
high resistance pattern to amoxicillin and ampicillin, Cefaclor, Cefuroxime, Cefadroxil, Erythromycin. The highest resistance pattern was detected in P aeruginosa
isolates followed by E. coli, it showed different resistance patterns to 14 antibiotics showing susceptibility to Amikacin only. Conclusion: the study at Imam Hussein
Hospital found a generally low but notable level of bacterial contamination in orthopedic operating theaters, with specific pathogens posing risks to patients. These
findings align with global data, underscoring common challenges in maintaining sterile surgical environments. Identifying contamination hotspots and patterns over
time highlights the need for targeted interventions and continuous monitoring.

Keywords: Pseudomonas aeruginosa, operating room areas, antibiotic resistance
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MWUKPOBWOIOMMYECKNA AHATTN3 U UOEHTU®UKALMA NATOMEHOB
BO BPEMS OPTONEOUYECKUX OMNEPALMA: UCCNEAOBAHME B I. 3H-HACUPUSA

Kapum Anb-3npkad =
MegmunHCKMA Konnepk, Vipakckuin yHuepcuteT Anb-AriaH (AUIQ), SH-Hacupus, Vpak

BakTepun, BCTpevatoLLmecs B onepauyioHHbIX, MOryT MPMBOAUTL K XVIPYPTUHECKUM 1 BHYTPMOOMBHUYHBIM HAEKLWSM. Liensto paboTbl Bbino naeHTUhULMPOBaTL
H6akTepun, OTBETCTBEHHbIE 3a OOCEMEHeHne, OnpeaenTb (PakTopbl, CNOCOOCTBYIOWME 0OCEMEHEHMIO, a TakXKe KapTMpOoBaTb PacnpefeneHne aTmx
MVKPOOPraH13MOB MO PazNyHbIM 30HaM OrepaLioHHOrO 610Ka 1 ONPEAEnUTL XapakTep X YCTONHMBOCTY K MPOTUBOMUKPOOHBIM CPeacTBaM C UCTIONBE30BaHNEM
MVKPOOMONOMMHECKMX CTaHAaPTOB. Bbino otobpano 1358 obpasLioB ¢ MOBEPXHOCTEN 1 NpeaMeToB B onepaupmonHor. B 3,1% crnyyaes pesynsraTel aHanmsa Ha
Hanm4me 6akTepuii BblI NONOXKUTENBHBIMK, a B 96,9% Cy4aes UMeNIo MECTO OTCYTCTBME pOCTa BakTepui. oeHTUMNLMPOBaHbI MaTOreHHble OaKTepun LecTn
TUMOB: KoarynasoHeraTuBHble cTadunnokokku (14,3%), Staphylococcus aureus (11,9%), Pseudomonas aeruginosa (19,1%), E. coli (21,4%), Bacillus spp. (11,9%)
n Enterobacter spp. (21,4%). BbisBneHa ymepeHHasi 1 cuiibHasi YyCTOMHYMBOCTb K aMOKCUUMIIMHY 1 aMnUMNnHy, Liedaknopy, uedypokecumy, Ledaapokcuy,
apuTpoMULIMHY. Camast BbICOKas yCTONHMBOCTb BbIIBIEHa Y U3014TOB P, aeruginosa. Ha BTOpoM mecTe — E. coli, i(poAeMOHCTPUPOBaBLLAs Pa3Hyto yCTOMHYMBOCTb
K 14 NpOTVBOMMKPOOHBIM CPeacTBamM 1 HyBCTBUTENBHOCTb TOMBKO K aMmuKaLyHy. Takim 06pasom, nccnenosaHve, nposeaeHHoe B BonbHule Vimama XyceiHa,
BbISIBIIO B LIENIOM HU3KUIA, HO 3aMETHbIN YPOBEHb 0BCEMEHEHMS OPTONEANHECKNX OMEePaLMOHHbIX ONacHbIMU A1 NaUWEHTOB CreLmdUYecKMM natoreHamu.
[Nony4eHHble pedynsTaTtbl COrMacytoTcs ¢ MobabHbIMU AaHHbIMM, YTO FOBOPUT 06 YHMBEPCANBHOCTY MPOONEMbl 06ECNEYEHNA CTEPUNBHOCTU OMEePaLOHHbIX.
[ocTeneHHoe BbISIBNEHNE 04AroB U 3aKOHOMEPHOCTEN 06CEMEHEHSI MOAYEPKMBAET HEOOXOAVMOCTL NPUMEHEHUS LieneHanpaBieHHbIX Mep 1 MOCTOSIHHOMO
HabnoaeHVs.

KntoueBble cnoBa: Pseudomonas aeruginosa, 30Hbl ONepaLiioHHOro 610Ka, YCTONHYMBOCTb K MPOTVBOMUKPOBHBIM CPEACTBaM

CobniogeHne 3TUHECKNX CTaHAAPTOB: VICCef0BaHVE MPOBEAEHO B COOTBETCTBUM CO CTaHAAPTaMM1 [O6POCOBECTHOMN KIMHNYECKOW MPaKTVKW 1 [OKa3aTENbHO
MeanLHbI.
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A critical factor in the occurrence of hospital-acquired
infections (HAI) is the existence of germs in the room. The
clinical implications of this finding are significant, not only for
the patient but also for the surgical team that is caring for them
[1, 2]. According to statistics from the Centers for Disease
Control and Prevention (CDC), nosocomial infections impact
around 1.7 million people annually. They are responsible for
99.000 fatalities [3]. Orthopedic surgery, especially elective
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treatments such as joint arthroplasty and hand surgery, reduces
the risk of postoperative infection [4]. Orthopaedic surgery
implements more stringent sterile protocols compared to other
surgical procedures. Although the measurement technique
used to assess the NI risk index may vary, the incidence might
fluctuate greatly [5].

On the other hand, NI continues to be a source of worry
because of the significant morbidity that results from it and the
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extended hospital stays, readmissions, and revision operations
that lead to a rise in medical treatment expenses [6, 7].
According to the data, due to bacterial NI, approximately 1718
total operations were performed in Nasiriyah during the past
two years (2021-2023) for hip, knee, internal fixation, surgery,
hip, and hand surgery. It should come as no surprise that these
concerning figures have prompted several attempts by medical
experts to identify and minimize NI origins and associated risks.
Research has revealed many sources linked to the spread
of pathogenic microorganisms, such as air, hospital areas,
nitrogen gas freezers, staff clothing, and even keeping sterile
plates open for an extended period [8, 9].

It has been determined that the operating room pollution
results from several distinct reservoirs. These storage
containers include unprocessed air, ventilated spaces, and
antiseptic fluids; drainage of wounds; patient and gathering
bag travel; surgical group; degree of inside traffic; theatre dress;
foot wares; gloves and hands; use of inadequately sterilized
supplies; polluted surroundings; and grossly polluted surfaces
[10, 11]. By appropriately implementing infection control
procedures, it is possible to avoid microbial contamination in
the operating room. Reducing airborne bacteria in the operating
room by about thirteen times, for instance, would result in a
50% reduction in wound contamination this mostly depends on
the frequent fumigation of operation theater (OT) and improving
cleaning and disinfection procedures.[12, 13].

In addition, research has shown that mobile devices,
which medical professionals use throughout the hospital, are a
prominent origin of pollution inside the operating room. Several
studies have shown that disease-causing microbes, such as
coagulase-negative staphylococci (CoNS), S. aureus, and
Acetinobacter, utilize mobile phones [14, 15].

Several preventable causes of NI have been identified. If
the proper treatments are implemented, the incidence of NI
may be decreased. There are many primary focus areas of
concern, including patients, surgeons, nurses, the atmosphere
of the operating room, and the equipment. Although several
methods have been established to reduce the risk of infection
after implant surgery, infection is still a potential. To reduce
the number of infections that arise in the operating room,
engaging in practices such as practicing hand hygiene,
providing prophylactic antibiotics in an acceptable manner and
at the proper dose, donning surgical clothing, and reducing
staff mobility is important. Surgical site infections are the third
most frequently reported nosocomial infection (about 14-16%)
. Given that antibiotic resistance has become a worldwide
issue with corresponding consequences, the operating rooms
serve as both a breeding ground and a hub for the spread of
multidrug-resistant (MDR) microorganisms across the hospital
setting. In developed and developing nations, the prevalence
of nosocomial infections was linked directly or indirectly to
bacterial contamination has been rising despite the high
degree of relative hygiene and cleanliness as well as basic
understanding of infection control with preventive techniques
16, 171].

It becomes essential to conduct surveillance within the
unit to produce the vastly needed epidemiological data, which
serves as a model for the creation of infection control and
prevention policies. Bone and joint infection are considered
a major cause of morbidity ' emotional stress, and enhanced
mortality, in addition to significant economic loss ,and so one
can imagine the magnitude of the problem. The purpose of
this study was to examine the degree of contamination in the
operating rooms at Imam Hussein Hospital in Nasiriyah. Finding
the bacteria causing contamination and the related factors was

the primary objective of the study. Using microbiological criteria,
the study also sought to map the spread of these microbes
throughout several operating room locations and their pattern
of antibiotic resistance. We made the decision to evaluate the
degree of bacterial contamination in our hospital's Orthopedic
Theatres rooms in light of this information.

METHODS

Imam Hussein Hospital, located in the city of Nasiriyah under
study, contained three distinct operating rooms, distributed as
three rooms designated for general surgery, two for urology,
and three rooms for orthopedic operation theatres between
February 2022 and May 2024. We assessed the microbial
contamination at orthopedic theatres, within the hospital
approximately four to five times per month. To perform the
swab, sterile swabs were soaked in sterile normal saline, then
instantly & severally rolled onto floor surfaces, doors, telephone
hands, walls, washbasins, and medical tools in the operating
room and the intensive care unit (ICU) before and after surgery,
then the samples were properly labeled before transportation
to the to be processed in Laboratory. After sample collection,
all swabs were immediately cultured using the sectioning
technique on enriched medium blood agar and CLED agar [18]
(Fig. 1).

In accordance with CSLI guidelines on Mueller Hinton
agar, antibiotic susceptibility testing was conducted using the
disc diffusion technique (Fig. 2). The 15 tested antibiotic discs
were Ampicillin (AM), Amoxicillin (AMX), Amoxicillin/Clavulate
(AMC), Cefaclor (CEC), Cefadroxil (CFR), Cefuroxime (CXM),
Ceftriaxon (CRO), Ceftazidime (CAZ), Cefotaxim (CTX), Cefixim
(CFM), Erythromycin (ERY), Ciprofloxacin (CIP), Levofuxacin
(LE), Gentamycin (GM) Amikacin (AK) (Fig. 3). Following the
guidelines, the zone of growth inhibition diameter of the
bacterial isolates was measured and interpreted [19].

Statistical analysis

Values expressed as frequencies and percentages were
analyzed using the statistical software SPSS version 17.0.
Statistical analysis of the data was done considering an alpha
error of 0.05 with a 95% confidence interval. Data are presented
by mean + SD. Frequency and percentage are used to describe
demographic and baseline factors. Chi-square test was used
for the above comparisons when the test assumptions were
met, otherwise T- test method test was used.

RESULTS

For microbiological analysis, one thousand three hundred
fifty-eight swabs were taken from the orthopedic surgery
rooms between February 2022 and May 2024. Following the
inoculation and cultivation of the swabs under aerobic and
anaerobic conditions, it was discovered that 42 (3.09%) of
the swabs had positive growth, while the negative culture was
1316 (96.90%).

The temporal distribution of positive culture shows a high
pattern in the months (February, March, April), while there was
generally a decrease in May.

A high incidence of positive cultures was detected in
those swabs obtained from the couch of operating room
12 (28.57%), floor 11 (26.19%), and wall 9 (21.43%). A low
incidence of positive cultures was recorded in those swabs
taken from section parts 5 (11.91%), antiseptic solutions
3 (7.14%), and anesthetic trollies 2(4.76%), swabs from gauze
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Fig. 1. A. Gram —ve bacteria appearance on CLED media. B. Gram +ve bacteria appetence on CLED media. C. Characteristic appetence of P, aeruginosa isolates

(0%) and surgical instruments (0%) show no growth of bacteria %)
(Fig. 3). A highly significant difference (P-value < 0.001) was
detected in bacterial contamination rates across different swab
sources, where the contamination in couch, floor, and wall was
significantly more contaminated than other areas.

Six types of pathogenic bacteria have been identified in
orthopedic operating rooms as follows: CoNS 6 (14.29%),
S. aureus 5 (11.90%), P. aeruginosa 8 (19.05%), E. coli
9 (21.43%), Bacillus spp. 5 (11.90%), and Enterobacter spp.
9 (21.43%). There is no statistically significant difference in the
frequency distribution of the bacterial species (Table 1).

We observed moderate to high resistance pattern (Table 2)
to amoxicillin and ampicillin, Cefaclor, Cefuroxime, Cefadroxil,
Erythromycin. All the detected organisms showed highest
resistances to both amoxicillin and ampicillin, this resistance
pattern were decreased upon adding clavulate to amoxicillin.

S. aureus demonstrated the highest resistance to Ampicillin
and amoxicillin (n = 5), followed by Amoxicillin/ Clavulate and
Erythromycin (n = 3), Cefaclor (n = 2), only one isolate was
resistant to Cefadroxil, Ceftazidime, Cefotaxim, Cefixim, and
Gentamycin, While all the isolates were susceptible to the
rest of the tested antibiotics. The highest resistance pattern
was detected in P aeruginosa isolates followed by E. coli, it
shoed different resistance patterns to 14 antibiotics showing
susceptibility to Amikacin only. The lowest resistant patterns
were detected among CoNS, Enterobacter spp. & Bacillus spp.
Which showed resistance to (4, 5, 4) antibiotics, respectively.
Resistance rates differ significantly (P-value < 0.05) across
antibiotics with the highest resistance battern to AM, AMX,
ERY, while the least resistance to LE, AK, CFM. Also, the
resuts shoed that, E. coli and P aeruginosa were significantly
resistance to antibiotics than other bacteria (P-value < 0.05).
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DISCUSSION

It is possible for patients and their families to face severe
consequences as a result of postoperative infections that
are caused by microbial contamination in operating rooms.
Investigating any suspected case of hospital-acquired infection
(HAI) involves the collection of cultures from several regions
of the patient's body, as well as from other patients, staff
members, and the surrounding environment [20]. When trying
to gather useful data, it is vital to pick the specimens that will
be cultivated with great care. Infections are responsible for
extending hospital admissions, causing long-term impairment,
increasing resistance to antimicrobials, causing avoidable
deaths, and representing a large additional cost burden for

P = N

Fig. 2. Bacterial culture showing resistance to both Ceftazidime (CAZ),
Cefixim(CFM)
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Fig. 3. Visualization of the Frequency of Positive Microbial Cultures in Operating Rooms Broken Down by Sample Source. ** — indicates statically significant difference,

P-value < 0.001

health systems. Therefore, the solution is a well-implemented
infection control program that may increase staff education and
accountability.

Additionally, research should be conducted to adapt and
validate surveillance procedures based on developing nations'
realities to attain acceptable performance. This can potentially
minimize the number of HAIs by approximately one-third [21].
The environmental disinfection and instrument sterilization
procedures undoubtedly demand the most stringent monitoring
out of all the procedures and regulations.

The study identified six types of pathogenic bacteria in
the positive swabs: CoNS (14.29%), S. aureus (11.90%),
P aeruginosa (19.05%), E. coli (21.43%), Bacillus spp.
(11.90%), and Enterobacter spp. (21.43%). These pathogens
are well-known culprits in hospital-acquired infections, and
their presence in operating theaters is a matter of concern.
S. aureus is notorious for its role in postoperative wound
infections. It can be challenging to treat due to its resistance
to multiple antibiotics. The relatively high incidence of E. coli
and Enterobacter spp., which accounted for 21.43% of the
identified pathogens, highlights the potential for contamination
from sources like surgical instruments or healthcare workers'
hands, emphasizing the need for strict sterilization protocols.

The distribution of positive cultures within the orthopedic
operating rooms shows a concerning pattern, with the highest
contamination rates observed on the couch (28.57%), floor
(26.19%), and walls (21.43%). This suggests that these

Table 1. Distribution of bacterial isolates in operation surgical rooms

surfaces, which are frequently in contact with patients,
staff, and equipment, are critical contamination points. The
presence of pathogens on the couch, where patients lie during
surgery, directly threatens patient safety, potentially leading
to surgical site infections. The significant contamination of
the floor and walls further emphasizes the need for rigorous
cleaning protocols and the regular disinfection of all surfaces
within the operating room. In contrast, a lower incidence
of positive cultures were found on section parts (11.91%),
antiseptic solutions (7.14%), and anesthetic trollies (4.76%).
At the same time, no bacterial growth was detected on gauze
or surgical instruments. The absence of contamination on
surgical instruments and gauze is a positive finding, indicating
that sterilization procedures for these critical items effectively
prevent the transmission of pathogens. This aligns with best
infection control practices, prioritizing the sterility of instruments
used in invasive procedures. A study cited by [22] showed that
operating rooms harbor bacteria, S.aureus, also found in this
study with a prevalence rate of around 15% in surgical settings —
slightly higher than the 10.34% detected in AL Nassiriyah.

Variations in how hospitals handle sanitation and infection
control measures in different regions could explain the
differences observed.

A relevant study [23] focused on contamination in clean
orthopedic procedures, highlighting Coagulase Staphylococci
and Enterobacter spp, as the types of bacteria. These
findings align with the study emphasizing the prevalence of

Species isolated No. of isolated n (%)
CoNS 6 -14.29%
S. aureus 5 -11.90%
P, aeruginosa 8 -19.05%
E. coli 9 -21.43%
Bacillus spp. 5 -11.90%
Enterobacter spp. 9 —21.43%
Total 42 100%
P-value 0.766
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Table 2. Antibiotic resistance patterns of the detected bacterial isolates
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Enterobacter spp. Bacillus spp. E. coli P, aeruginosa S. aureus CoNS Antibiotic
4 3 5 8 5 4 AM
2 2 6 8 5 3 AMX
1 0 3 6 3 0 AMC
0 1 5 6 2 0 CEC
0 0 6 7 1 0 CFR
0 1 4 7 0 1 CXM
0 0 1 3 0 0 CRO
0 0 1 2 1 0 CAZ
0 0 1 3 1 0 CTX
0 0 0 1 1 0 CFM
1 1 3 6 3 2 ERY
0 0 1 2 0 0 CIP
0 0 0 1 0 0 LE
0 0 2 2 1 0 GM
0 0 1 0 0 0 AK

Note: mpicillin (AM), Amoxicillin (AMX), Amoxicillin/Clavulate (AMC), Cefaclor

(CEC), Cefadroxil (CFR), Cefuroxime (CXM), Ceftriaxon (CRO), Ceftazidime (CAZ),

Cefotaxim (CTX), Cefixim (CFM), Erythromycin (ERY), Ciprofloxacin (CIP), Levofuxacin (LE), Gentamycin (GM), Amikacin (AK).

Coagulase Staphylococci and Enterobacter species. The
study emphasized the role of laminar ventilation systems in
preventing contamination and the impact of bacteria, indicating
improvements in operating rooms in AL Nassiriyah.

Escherichia coli and P aeruginosa raise concerns about
procedure environment sterility. P aeruginosa, known for its
resistance and link to hospital-acquired infections, was found in
17.24% of samples. This contrasts with a study [24] reporting
Pseudomonas prevalence in surgical settings, highlighting a
notable increase.

This suggests that the methods used to control infections
in AL Nassiriyah might not have been effective. Likewise,
Escherichia coli was found in 24.14% of the samples, which
is much higher than in studies like the one referenced by [25],
where E. coli was found in more than 10% of samples. This
difference highlights the need for hygiene and sterilization
practices to prevent contaminations. The impact of these
contaminants on patients cannot be overstated. Infections
after surgery can lead to procedure complications, resulting
in longer hospital stays, more surgeries, and higher medical
costs. A study [26] aimed to measure the effects of surgical
site infections. Found that infected patients had their hospital
stay doubled, and readmission rates increased fivefold.
Orthopedic patients are at risk for surface and deep infections
due to the bacteria identified in the AL Nassiriyah research,
which can significantly hinder their recovery and overall health
outcomes.

Comparing these results with other studies, it is evident
that the contamination rates and types of pathogens identified
are consistent with findings from similar investigations in
orthopedic and other surgical settings. For example, a study
conducted in a tertiary care hospital reported that the most
common contaminants in operating theaters were S. aureus
and P, aeruginosa, with contamination rates ranging from 2%
to 5% [27], similar to the 3.09% contamination rate observed
in this study.

Another study from a hospital in Nigeria found that
Escherichia coli and Enterobacter spp. were among the most
frequently isolated bacteria in operating rooms [28], supporting
the present study's findings. These comparisons suggest that
the types of bacteria identified in the Imam Hussein Hospital's
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orthopedic theaters are typical of those found in surgical
environments globally, underscoring the universal challenge of
maintaining sterility in these settings.

The bacterial highest resistance was detected against
amoxicillin and ampicillin, flowed by Cefaclor, Cefuroxime,
Cefadroxil, and Erythromycin. Amoxicillin resistance pattern
were decreased upon adding clavulate to amoxicillin. S.aureus
demonstrated the highest resistance to Ampicillin and
amoxicillin (5 isolates), followed by Amoxicillin/ Clavulate and
Erythromycin (3 isolates), Cefaclor (2 isolates), only one isolate
was resistant to Cefadroxil, Ceftazidime, Cefotaxim, Cefixim,
and Gentamycin, While all the isolates were susceptible to the
rest of the tested antibiotics. The highest resistance pattern
was detected in P aeruginosa isolates followed by E. coli, it
shoed different resistance patterns to 14 antibiotics showing
susceptibility to Amikacin only. The lowest resistant patterns
were detected among Coagulase-negative Staphylococci,
Enterobacter spp. & Bacillus spp. Which showed resistance to
(4, 5, 4) antibiotics, respectively. Evaluation of the pathogens'
antibiogram and contamination rate typically acts as an early
warning indicator for timely intervention. Substantial resistance
to amoxicillin, and ampicillin was found in this investigation; this
trend was consistent with research done in underdeveloped
nations [29].

However, in a study conducted by Mohammed et al., isolates
showed resistance to two additional medications: Erythomycin &
Gentamycin. These should raise concerns because they are
among the most widely used and least expensive antibiotics.
Antibiotic use may be the cause of variations in resistance
patterns, which emphasizes the necessity of monitoring
antimicrobial programs[30].

The temporal distribution of positive cultures, which
showed higher contamination rates in February (28.57%),
March (38.10%), and April (23.81%), with a decrease in May
(9.52%), may be indicative of seasonal variations in microbial
load or fluctuations in operating room usage and staff activity
levels. This pattern could reflect the increased patient load
and surgical procedures during the earlier months, potentially
leading to higher contamination risks. Alternatively, it may
suggest lapses in cleaning protocols during busier periods. The
drop in contamination in May could be attributed to improved
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cleaning practices, reduced surgical activity, or changes in
environmental conditions. These findings highlight the need
for continuous monitoring and adjustment of infection control
measures throughout the year to address potential seasonal
variations in contamination risk.

The study's findings significantly affect infection control
practices in orthopedic operating rooms. Identifying specific
contamination hotspots, such as the couch, floor, and walls,
provides valuable information for targeted interventions to
reduce microbial load in these areas. Regular and thorough
cleaning of these surfaces and using effective disinfectants are
essential to minimize the risk of patient exposure to harmful
pathogens. Additionally, the study underscores the importance
of maintaining strict sterility of surgical instruments and other
critical items used in the operating room, as evidenced by the
absence of bacterial growth on gauze and instruments. The
results also suggest that ongoing staff education and training
in infection control practices, particularly in the handling
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Non-AIDS-defining cancers represent one of the leading causes of death among people living with HIV in developed economies due to successful antiretroviral
therapy. Malignant neoplasms (MNs) of the lung occupy leading positions in prevalence and mortality, affecting younger people compared to the general population.
Despite the fact that the role of HIV in the direct mechanism underlying the lung cancer carcinogenesis has not been proven, the immunodeficiency-mediated
effect, including that on the anti-tumor immunity, contributes to the earlier neoplastic process development and to the features of the disease course and anti-tumor
treatment. HIV often becomes an exclusion criterion for multiple oncology clinical trials, and this group of patients is overlooked. The study aimed to assess the
impact of the CD4/CD8 ratio as one of the key markers of the state of cell-mediated immunity on the lung cancer course prognosis during anti-tumor treatment. The
data of 17 HIV patients with MNs of the lung and 31 non-HIV patients of the control group, who underwent treatment in 2018-2023, were analyzed. The analysis
determined the threshold CD4/CD8 ratio value (< 0.57) and the fact of its decrease by more than 0.01, which reflected a significant overall survival worsening
(o < 0.05) during lung cancer treatment. Furthermore, comparative analysis of patients of the index and control groups revealed no significant differences in
progression-free survival and the number of therapy lines, which suggests comparable treatment outcomes in patients with lung cancer against the background
of existing HIV (p > 0.05).
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B pas3BuTbIx CTpaHax 6rnarogapst yCreLHo aHTUPETPOBMPYCHON Tepanin BlAY-HeaccoLmmpoBaHHbIE OMyxomnn SBASKOTCS OAHON 13 BEAYLLMX MPUHMH NeTasbHbIX
1ICXO0B cpeay nopen, »xumByumx ¢ BIY. 3nokadvecTBeHHble HoBooGpadoBaHust (3HO) nerkmx saHUMatoT NMampytoLve nosuummn no YacTtoTe BCTPEYaeMoCTL 1
CMEepTHOCTW, 3aTparmsas nuy, 6onee Monogoro Bo3pacTa no cpaBHeHWo ¢ 06LLer nonynsaumen. HecMoTps Ha To HTO posb BY-mH(eKLmr B NpsiMoM MexaHnave
OHKOreHesa paka erkoro He gokasaHa, orocpefoBaHHoOe Yepe3 MMMYHOLEPULMT BAVSIHE B TOM HMCIIE 1 Ha MPOTUBOOTYXONEBbIA MMMYHUTET CNOCOOCTBYET
6ornee paHHeMy Pas3BUTUIO OMyXOEBOrO MPOLIECCa, BHOCUT OCOBEHHOCTY B Te4eHne 3aboneBaHns 1 B MPOTUMBOOMNYXoeBoe neveHre. 3adactyto BUY-nHdpekums
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1ccnenoBaHvst 6bI1o U3yunTb BIMsHME nHaekca CD4/CD8 Kak OfHOro M3 KIKOHYEBbIX MapPKEPOB COCTOSIHUS KIIETOYHOMO MMMYHUTETA Ha MPOrHO3 TEYEHUs paka
NErkoro B xofe NpOoTMBOOMYXONeBoro neveHnst. AHanmanpoBann faHHble 17 nauvertoB ¢ 3HO nerkunx n BAY-uHdbekumen n aaHHble 31 naumeHTa KOHTPObHOM
rpynnbl 6e3 BIY, npoxoamsLumx nevdeHve ¢ 2018 no 2023 r. B xoae aHannsa onpeaeneHsl NOporoBbln yposeHb Haekca CD4/CD8, coctasmBLLMi < 0,57, 1 ero
OMHaMMKa CHKEHUst 6onee YeM Ha 0,01, KOTopble 3HAYMMO OTpaxkany yxyaLleHne obLuelt BobkuBaeMocTv (0 < 0,05) B x0ofe nedeHvst paka nerkoro. Kpome
TOro, B XOfle CPaBHUTENBHOrO aHan3a OCHOBHOW V1 KOHTPOJSLHOW Ipynm MauneHTOB He Oblo BbISBAEHO CTAaTUHECKUX 3HAYMMbIX PasfYniA B BbKMBAEMOCTMN
6e3 NporpeccrpoBaHs 1 B YMCIe IMHAN Tepanin, YTO NO3BONAET CAeNaTb NPEANONOXKEHNE O COMOCTaBUMbIX pedysTaTax NedeHns 60NbHbIX PAKOM IErkoro
Ha thoHe nmetoLerica BY-nHpexumn (p > 0,05).
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There were major changes in the structure of mortality and
the increase in life expectancy among people with HIV due
to the state strategy of countering the spread of HIV in the
Russian Federation (RF), extensive coverage and availability of
advanced antiretroviral therapy (ART). The share of malignant
neoplasms (MNs) in the structure of morbidity and mortality of
this population increases with increasing overall survival and
age of HIV-infected people. Today, in industrialized countries,
non-AlDS-defining cancers result in the larger number of
deaths, than AIDS-defining ones, hepatitis C, or cardiovascular
disorders. It is the second (after AIDS) most common cause of
death among HIV-infected patients [1, 2].

In the RF and Russian literature, it is common to allocate
AIDS-defining cancers (ADCs) that include Kaposi's sarcoma,
primary central nervous system lymphoma, non-Hodgkin
lymphomas, invasive cervical cancer. Detection of those
suggests AIDS stage in a HIV patient. Furthermore, non-AIDS-
defining cancers (NADCs) are distinguished that are most
common in early-stage HIV (hepatocellular carcinoma, lung
cancer, squamous cell carcinoma of the head and neck, anal
canal cancer, Hodgkin lymphoma) [3-5].

The most common NADCs were reported in one of the
largest studies of HIV-infected population in the USA, Europe,
and Australia D:A:D 3 (176,775 HIV patients, among them
880 cases of NADCs in 2004-2010): lung cancer (0.79/1000
people/year), Hodgkin lymphoma (0.63/1000 people/year),
and anal canal cancer (0.45/1000 people/year) [6]. The
nationwide Japanese study conducted in 2024 (Longitudinal
Annual Survey of HIV/AIDS Referral Hospitals in Japan From
1999 to 2021: Trend in Non-AlDS-defining Cancers Among
Individuals Infected With HIV-1) showed an upward trend of
NADC incidence in 1999-2021, and lung cancer was the most
prevalent MN form (14%) [7].

In HIV-infected patients, lung cancer is diagnosed on
average ten years earlier. Even in the group of nonsmokers,
HIV was associated with the 4-fold increased risk of death from
lung cancer relative to the general population. According to the
data of the same Japanese study, lung cancer was second only
to pancreatic cancer in mortality rate [8].

Despite the decrease in the rate of HIV incidence from 43.29
to 40.04 per 100,000 population in 2023 (by 7.5% compared
to the year 2022), the number of new cases exceeds the
number of deaths, and the total number of people living with
HIV in Russia is still growing [9]. The relevance of treatment
of this group of patients is growing every year. However,
HIV is an exclusion criterion for the majority of multicenter
randomized clinical trials of cancer treatment. And, therefore,
the prevalence and nature of cancer in HIV-infected patients
are poorly understood, including lung cancer, its clinical
and morphological features against the background of HIV-
mediated factors. The prognosis, that was extremely bad in
the era when there was no antiretroviral therapy, can currently
be almost the same as the prognosis of people having no HIV
with the multidisciplinary approach, patient’s adherence to
treatment, and timely prevention.

The study published in the Journal of Thoracic Oncology
in July 2025 involved comparative analysis of immunogenomic
characteristics of non-small-cell lung cancer (NSCLC) in people
living with HIV (PLWHIV) and immunocompetent patients. HIV
severely impairs both systemic and local antitumor immunity,
despite similar molecular profiles of the tumor, through severe
persistent impairment of the interaction between the CD4
and CD8 T cells. This can contribute to worse prognosis
of NSCLC in PLWHIV, even in cases of virological control [10].
One HIV-mediated factor is the CD4/CD8 ratio that has shown
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its significance as a biomarker for lung cancer screening and a
factor of poor prognosis in a number of studies [11-13].

Thus, the study aimed to assess the impact of HIV-
associated immunological factors on the lung cancer course
prognosis during antitumor treatment, as well as to analyze
progression-free survival relative to the control group.

METHODS

Inclusion criteria: malignant neoplasm of the lung; registered
diagnosis of HIV infection. Exclusion criteria: patient’s blood
levels of CD4 lymphocytes < 200 cells/mL; exacerbation of
chronic infectious disease.

We conducted a prospective study of diagnostic value of
the CD4/CD8 ratio as a HIV-mediated predictor of fatal lung
cancer outcome. The index group included 17 patients with
stage I-IV lung cancer and HIV infection, the control group
included 31 individuals with lung cancer having no HIV, who
had been treated in 2018-2023 at the St. Petersburg City
Clinical Oncology Dispensary.

All 17 patients included in the study underwent anti-retroviral
therapy in accordance with the current clinical guidelines on
NIV treatment issued in appropriate year with assessment
of viral load and cell-mediated immunity state after each
even-numbered drug therapy cycle or a month after surgical
treatment. Together with the infectious disease physician we
assessed the need to adjust antiretroviral (ARV) drugs in order
to reduce overlapping toxicity in accordance with antitumor
drug treatment regimen. The patients included in the index and
control groups were comparable based on the main clinical
and demographic characteristics (Tables 1, 2).

R ver. 4.1.1 statistical environment (R Core Team, 2020)
[14] and MedCalc (ver. 23.1.1) software were used for statistical
analysis.

Significance level was set as p < 0.05. P-values are
presented in the report with two decimal places, if exceed 0.05,
and with three decimal places at p < 0.05.

The qualitative characteristic description is provided as
absolute number of observations (n), percentage (%), and 95%
confidence interval (Cl) for shares.

Survival analysis was performed using the Kaplan—-Meier
estimator; comparison of survival curves between patients in
the groups was performed using the log-rank test.

Sensitivity and specificity of significant models were
tested using ROC curves. The cut-off value for the model
was determined by maximization of the sum of sensitivity
and specificity or by determining the sensitivity and specificity
balance and the Youden's index.

Based on the predictor analysis results in univariate models,
all the predictors identified were integrated into a multivariate
model for analysis of the relationship between indicators
combined with the fatal outcome probability. The multivariate
logistic regression model was considered significant at p < 0.05
for all independent traits.

RESULTS

The CD4/CD8 ratio varied between 0.13 and 1.11 in patients of
the index group, the median value was 0.79.

ROC analysis was used to assess the impact of baseline
CD4/CD8 ratio values and dynamic CD4/CD8 changes
during antitumor treatment on the overall survival (OS) of
patients of the index group. Optimal threshold values of the
indicators considered were determined. The univariate analysis
conducted revealed a significant impact of the CD4/CD8 ratio
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Table 1. Characteristics of the group of HIV patients and the control group

Groups based on the age of cancer detection (WHO classification)

Group

Parameter

Rate (share)

HIV patients

Young age (18-44 years)

5/17 (29.5%)

Middle age (45-59 years)

8/17 (47%)

Advanced age (60-74 years)

4/17 (23.5%)

Non-HIV patients

Young age (18-44 years)

0/32 (0%)

Middle age (45-59 years)

15/32 (46.9%)

Advanced age (60-74 years)

17/32 (53.1%)

Patient distribution by gender

Group Parameter Rate (share)

HIV patients Male 12/17 (70.6%)
Female 5/17 (29.4%)

Non-HIV patients Male 19/32 (61.3%)
Female 12/32 (38.7%)

Stage |-V cancer
Group Parameter Rate (share)

IA 2/17 (11.8%)
B 0/17 (0%)
A 1/17 (5.9%)
B 2/17 (11.8%)

HIV patients A 2/17 (11.8%)
nB 1/17 (5.9%)
v 7/17 (41.2%)
IVA 1/17 (5.9%)
IVB 1/17 (5.9%)
IA 4/32 (12.9%)
B 1/32 (3.2%)
A 0/32 (0%)
B 3/32 (9.7%)

Non-HIV patients A 6/32 (19.4%)
B 7/32 (22.6%)

10.3-41.5%

v 7/32 (22.6%)
IVA 3/32 (9.7%)
IVB 0/32 (0%)

Histologic type: Adenocarcinoma among HIV and non-HIV patients

Group

Rate (share)

HIV patients

717 (41.2%)

Non-HIV patients

19/31 (61.3%)

Histologic type: Squamous cell carcinoma among HIV and non-HIV pati

ents

Group

YacToTa (gons)

HIV patients

5/17 (29.4%)

Non-HIV patients

8/31 (25.8%)

HIV patients

Non-HIV patients

(

(

4/17 (23.5%)
3/31 (9.7%)

Histologic type: Atypical carcinoid among HIV and non-HIV patients

Group

Rate (share)

HIV patients

1/17 (5.9%)

Non-HIV patients

0/31 (0%)

Patient distribution by gender

Parameter

Rate (share)

Male

12/17 (70.6%) 44-88.6%

Female

5/17 (29.4%) 11.4-56%
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HIV infection stages
Parameter Rate (share)
3 1/17 (5.9%)
3 remission 1/17 (5.9%)
4A remission 3/17 (17.6%)
4B remission 5/17 (29.4%)
4C progression 5/17 (29.4%)
4C remission 2/17 (11.8%)

Viral load at the time of cancer detection (copies/mL)
N 17
M 35106.41
SD 89540.49
95% ClI -7457.65; 77670.47
Min 20
Max 364467
Me 1052
IQR 40; 14696
CD4 cells at the time of cancer detection (cells/mL)
N 17
M 370.94
SD 120.99
95% ClI 313.43; 428.45
Min 252
Max 631
Me 317
IQR 277; 445
CD4/CD8 index at the time of cancer detection

N 17
M 0.7
SD 0.31
95% ClI 0.55; 0.85
Min 0.13
Max 1.1
Me 0.79
IQR 0.48; 0.92

on the overall survival of patients with MNs of the lung and
concomitant HIV infection (o < 0.005) (Table 3, Fig. 1, 2).

Multivariate analysis was performed using the Cox
proportional hazards model, which included the CD4/CD8 ratio
and the CD4/CD8 ratio dynamic changes during antitumor
treatment that had an effect on survival when applying univariate
ROC analysis. The multivariate analysis results showed the
following: the baseline CD4/CD8 ratio value (before treatment)
and the CD4/CD8 ratio dynamic changes during the ongoing
therapy turned out to be independent prognostic factors having
a significant effect on the OS of patients with MNs of the lung
and HIV (overall significance of the model: p < 0.0001, AUC =
0.920 (95% Cl 0.851-0.989)) (Table 4).

With the threshold CD4/CD8 ratio value of 0.57, the median
OS of the patients with the ratio values above the threshold
value at the time of data set acquisition had not been achieved
and was significantly different from the median OS of the
patients with the threshold or lower CD4/CD8 ratio values, in
whom it was 3 months (p = 0.0117) (Fig. 3).

The median OS of the patients, in whom the CD4/CD8
ratio decreased by more than 0.01, was 4 months. It was
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significantly lower, than that of the patients, in whom the CD4/
CD8 ratio did not decrease to the threshold level (p = 0.0220)
(Fig. 4).

Furthermore, prediction of fatal outcomes revealed a
positive correlation with male sex in HIV-infected patients with
lung cancer. The likelihood of fatal outcome in males is 5.27
times higher, than in females (p < 0.05) (Fig. 5).

Lung cancer in HIV-infected patients of the index group
was treated in accordance with the clinical guidelines
of appropriate year. Five patients (16.1%) underwent
surgical treatment, 14 (45.2%) received combination
treatment, eight patients (47.2%) received drug therapy in
the therapeutic regimen. Sixteen patients out of 17 were
prescribed antitumor drug treatment, and only one patient
(5.8%) with small-cell lung cancer died before the beginning of
chemotherapy. In this sample of patients, radiotherapy was not
prescribed as a method to treat the locally advanced form of
lung cancer.

Comparative analysis revealed no significant differences
in the number of therapy lines and progression-free survival
between HIV and non-HIV patients (Table 5).
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Table 3. Results of univariate analysis of the impact of clinical-morphological and immunological factors considered on the OS of HIV patients

Baseline CD4/CD8 CD4/CD8 dynamic changes during treatment

Indicator

Decrease by no more than 0.01 from baseline

Optimal threshold (cut-off) value <0.57

CD4/CD8 cells at the time of cancer detection

100—
80—
2 60 Sensitivity: 62.6
2 1| Specificity: 100.0
g - | Criterion: <0.57
$ —
40—
20
] [auc=-os79
0 p<0.001

| T s T R TR e o | LI |
40 100
100-Specificity

Fig. 1. Results of ROC analysis aimed at determining threshold CD4/CD8 ratio (Youden's index) values at the time of lung cancer detection in HIV-infected patients

Dynamic CD4/CD8 ratio changes

100 —
80 ] Sensitivity: 81.8
i Specificity: 83.3
Criterion: <-0.01
z %0
= i
3 ]
C
% 40—
20 —
] AUC = 0.879
il p < 0.001
0_
[||1|r1rd.|r||1|r'||r|[
0 20 40 50 80 100

100-Specificity
Fig. 2. Results of ROC analysis aimed at determining the dynamic changes in threshold CD4/CD8 ratio (Youden's index) values during antitumor treatment in

HIV-infected patients

Table 4. Results of miltivariate analysis of the impact of clinical-morphological and immunological factors considered on the OS of HIV patients (p < 0.0001, AUC = 0.920
(95% CI 0.851-0.989))

Indicators included in the model based on the univariate analysis results 0S (95% Cl) p-value
Baseline CD4/CD8 0.0006 (0.00-0.19) 0.0117
CD4/CD8 dynamic changes during treatment (relative to baseline) 0.0001 (0.00-0.27) 0.022
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100 —

Baseline CD4/CD8 ratio

—>0.57

B — <0.57

80

60 —
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Overall survival (%)
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Fig. 3. Miltivariate analysis results: overall survival as a function of baseline CD4/CD8 ratio in HIV-infected patients

DISCUSSION [15], as well as to potential antitumor therapy efficacy. The

threshold CD4/CD8 ratio value of 0.57 and below, as well as
Low CD4/CD8 ratio value reflects disorganization and  the CD4/CD8 ratio decrease by 0.01 during treatment as a HIV-
dysfunction of the immune system, including antitumor immunity;  mediated predictor of fatal outcome significantly demonstrates
it is correlated to the degree of lung cancer dissemination  poor prognosis in patients with lung cancer and concomitant
and, therefore, indirectly to the neoplastic process severity — HIV infection, which can be used in clinical practice (p < 0.05).

100 CD4/CD8 ratio decrease
- — <0.01

90 5 = 0.01 1 Gonee

80 | , '
70 |
60
50
40 | |

30

Overall survival (%)

20
0 -

0 10 20 30 40 50
Time (months)

Fig. 4. Miltivariate analysis results: overall survival as a function of the dynamic CD4/CD8 ratio changes during antitumor treatment in HIV-infected patients

100 +

80

60 1

Sensitivity

40

AUC: 68.6%

20 +

T
0 20 40 60 80 100
Specificity (%)
Fig. 5. Fatal outcome likelihood as a function of the “male sex” trait in HIV-infected patients
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Table 5. Progression-free survival by therapy lines in the index group of HIV-infected patients and the control group

Number of PFS 1stline therapy, PFS 2 line therapy, PFS 3 line therapy, PFS 4™ line therapy,
Group Parameter ’
therapy lines months months months months
N 17 16 6 2 1
1.47 15.24 7.43 2.99 0.54
SD 0.94 16.49 5.64 3.75 -
95% ClI 1.02; 1.92 7.4;23.08 4.75; 10.11 1.21;4.77 -
HIV patients
Min 0 0.92 1.61 0.34 0.54
Max 4 44.75 1417 5.64 0.54
Me 1 9.3 6.47 2.99 0.54
IQR 1;2 1.52; 28.9 2.64; 12.48 1.67; 4.31 0.54; 0.54
N 31 31 16 7 2
M 1.81 13.96 6.98 4.86 1.83
Non-HIV patients
Me 2 9.61 6.51 3.58 1.83
IQR 1;2 5.37; 24.78 3.16; 8.71 2.76; 6.8 1.41;2.26
Test Mann;e\/;lthltney Mann-Whitney test Student’s t-test Mann-Whitney test Mann-Whitney test
p-value for intergroup differences 0.21 0.7 0.87 0.67 0.67

Note: standard deviation and 95% Cl for the average time to progression during 4" line therapy in the group of HIV patients could not be calculated, since this value

was available for only one patient in this group (marked with “-*).

The analysis of antitumor treatment efficacy relative to
the control group of non-HIV patients revealed no significant
differences in the number of therapy lines and progression-free
survival between patients, which showed current options for
simultaneous lung cancer treatment and HIV infection control
with the multidisciplinary approach involving regular evaluation
of the cell-mediated immunity indicators.

The fact of the relationship between high mortality rate and
male sex suggests the direct effect of HIV on the lung cancer
carcinogenesis, along with smoking, since people living with
HIV, both males and females, are historically more likely to
smoke tobacco.

CONCLUSIONS

When predicting probability of the lung cancer fatal outcome
based the HIV-associated predictors, the baseline CD4/
CD8 ratio value and the dynamic CD4/CD8 ratio changes
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DETERMINATION OF AGING PHENOTYPE BASED ON THE CHANGES IN SPONTANEOUS AND INDUCED

INTERLEUKIN-6 AND INTERLEUKIN-10 PRODUCTION /N VITRO

Grechenko WV, Gromova TV =, Ogurtsova AD, Muradyan TG, Zhuravleva ER, Gankovskaya LV

Pirogov Russian National Research Medical University, Moscow, Russia
During the aging the immune system alterations are accompanied by developing the systemic, sterile inflammation: inflammaging. Successful and pathological
aging phenotypes are distinguished. Inflammaging severity depends largely on the ratio of pro- and anti-inflammatory mediators, especially IL6 and IL10. The
study aimed to conduct the analysis of IL6 and IL10 production in the cultures of the patients’ peripheral blood mononuclear cells (MNCs) as a possible approach
to determining the aging phenotype. The data of elderly patients (n = 80), senile patients (1 = 100), and centenarians (n = 30) were included in the study. Among
those the groups were allocated with the successful and pathological phenotypes, along with the comparison group (young adults). The stimulation coefficient
(SC) was assessed based on the ratio of the levels of stimulated and induced cytokine production. For the successful phenotype in elderly and senile individuals,
as well as centenarians, a decrease in the IL6 SC to 5.3 [2.2-14.3] (p < 0.01), 5.3 [3.01-7.8] (o < 0.01), 6.5 [6.2-14.1], respectively, was reported, against the
comparison group, where the value was 17.6 [13.7-31.1] (p < 0.05). With the pathological phenotype, the IL6 SC values of the studied age group showed no
significant differences from that of the comparison group. For the successful phenotype in senile individuals, the increase in the IL10 SC to 6.9 [3.8-13.8] relative
to the values of the group with the pathological phenotype — 3.3 [2.0-5.9] (p < 0.01) and the comparison group — 2.0 [1.9-2.2] (o < 0.001) was reported. In the
group of centenarians with the pathological phenotype, there was a significant increase in the IL10 SC (11.2 [5.4-18.1] vs 2.7 [2.3-6.5] p < 0.001) in the group with
successful aging, which can indicate the pronounced compensatory anti-inflammatory reserve being a factor of survival and long life in the context of the presence
of a large number of age-related disorders in this group.
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OMPEOENEHNE ®EHOTUMA CTAPEHUA NO U3MEHEHMIO CMTOHTAHHOW N UHAYLMPOBAHHOW
NMPOAYKUUN UHTEPNENKUHA-6 N UHTEPNIEMKUHA-10 IN VITRO

B. B. Ipeyerko, T. B. pomosa &, A. [1. Orypuosa, T. . MypagsH, 9. P. )Kypasnesa, J1. B. laHkoBckas

Poccuinckmin HaumoHanbHbIN MCCeAoBaTENBCKNI MEQULIMHCKIN YH1BEPCUTET nMenn H. W. Tnporosa, Mocksa, Poccus
B npoviecce cTapeHst iaMeHeHMs B IMMYHHOI CUCTEME COMPOBOXKAAIOTCS PA3BUTVEM CYICTEMHOIO CTEPUIBHOMO BOCTasieHus «<inflammaging». BelaensitoT ycneLuHbIn
1 naTonorm4eckuii (peHoTuMbl cTapeHns. CteneHb pasdeBuTus «inflammaging» BO MHOMOM 3aBVICUT OT COOTHOLLIEHWSI MPO- ¥ MPOTVBOBOCTANUTENBHBIX MEAVATOPOB,
ocobeHHo V-6 1 J1-10. Liensto nccnenoBaHiist 6110 NpoBecTy aHanmna npodykumm V-6 1 1-10 B KynsTypax MoHOHyKeapHbIx kneTtok (MHK) nepridepudeckoi
KPOBV MaLMEHTOB Kak BO3MOXXHOIO MOAXOAa ornpefeneHst (heHoTuna cTapeHst. B paboTy BritoHeHb! AaHHbIe MaLMeHTOB NOXMUIoro Bogpacta (n = 80), cTap4eckoro
BogpacTa (n = 100) n ponroxutenert (n = 30), cpean KOTOPbIX BblAeneHbl MOArPYNMbl C YCNELLHbIM 1 NaToNorMYecKM eHOoTUNamMK, a Takxke rpynnbl CPaBHEHVS
(MonogbIx nuu). MpoBoanm oLeHKy koaddrumeHTa cTuMmynsaLmm (KC) No COOTHOLLEHWIO YPOBHEN CTVIMYNMPOBAHHOM 1 CMOHTAHHOW BbIPAbOTKN LIMTOKMHOB. [Ons
yCMeLHoro heHoTHMNa B NMOXIOM, CTap4ECKOM BO3pacTe 1 Yy JonroxuTenel BbisieneHo cHkerHne KC J1-6 no 5,3 [2,2-14,3] (o < 0,01), 5,3 [3,01-7,8] (p < 0,01),
6,5 [5,2-14,1] COOTBETCTBEHHO, MO OTHOLLEHWIO K rpynne CpaBHeHWs, rae nokadarens coctasun 17,6 [13,7-31,1] (o < 0,05). Mpu natonorn4eckom eHoTune
nokasarenu KC NJ1-6 nccnefyembix BO3pacTHbIX Mpymnn AOCTOBEPHO HE OTAMYanMCh OT rpynrbl CpaBHeHWs. [ns ycnelHoro heHoTuna B CTapHeCKOM BO3pacTe
BbIsiBNeHo noebiwerne KC W1-10 go 6,9 [3,8-13,8] No OTHOLLEHMIO K YPOBHIO rpynnbl natonoruydeckoro heHotvina — 3,3 [2,0-5,9] (o < 0,01) 1 rpynnbl cpasHeHns —
2,0 [1,9-2,2] (p < 0,001). B rpynne ponroxurenern Npu Natonorn4eckoM eHoTune aHaumtensHo nosbiwanca KC W1-10 (11,2 [5,4-18,1] npotws 2,7 [2,3-6,5]
p < 0,001) B rpynne yCrneLwHOoro CTapeHusi, YTO MOXXET CBUAETENBCTBOBATL O BbIPaXKEHHOM KOMMEHCATOPHOM MPOTUBOBOCMAITENBHOM Pe3epBe, SBMSIOLLEMCS
(HaKTOPOM BbDKVBaHWS 1 AONFONETUS MPK HaMHMK BOMBLLIONO KONMMHYeCTBa BO3PaCT-aCCoOLMMPOBaHHbIX 3a001eBaHW B LaHHOW rpynne.

KnioueBble cnoBa: BOCNanMTENbHOE CTapeHne, LITOKMHbI, KyNbTypa KIETOK, (DeHOTUMN CTapeHns, MapKepbl CTapeHns
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An increase in life expectancy and a dramatic increase in the share
of elderly people in the structure of the population attract a lot
of interest to the studies of aging mechanisms. Aging affects all
systems of the body, including the immune system that contributes
greatly to shaping the aging trajectories. The inflammaging theory
is currently one of the key theories of aging [1]. According to this
theory, the chronic sterile low-grade inflammation is developed
during aging, which can contribute to the age-associated disorders.
Various factors, such as oxidative stress, impaired autophagy,
emergence of senescent cells, microbiota composition alteration,
inflammasome activation, etc., can cause such inflammation [2].
All the above factors lead to the increase in DAMP (damage-
associated molecular patterns) and PAMP (pathogen-associated
molecular patterns), and, therefore, to the increased production of
pro-inflammatory cytokines, chemokines. Two aging phenotypes
are distinguished based on the inflammation severity: successful
and pathological aging. Successful aging is associated with
reaching the optimal levels of physical, cognitive, and psycho-
social adaptation in the elderly. Pathological aging, in contrast,
is associated with faster aging, development of age-associated
disorders resulting in disability and decline in quality of life [3].
In this regard, the search for approaches determining the aging
phenotype is a relevant task.

There are extensive data on the cytokine system alteration
during aging in the literature [4, 5]. However, there are currently
almost no papers considering alterations of pro- and anti-
inflammatory cytokines in broad age range in terms of successful
and pathological aging phenotypes. It has been shown that the
pathological aging phenotype in senile individuals is characterized
by the increase in serum concentrations of pro-inflammatory
cytokines (IL6, TNF, IL18), while the levels of anti-inflammatory
cytokines, such as IL10 and TGF, in contrast, decrease
compared to that of young adults [6]. However, systemic
cytokine levels do not answer the question, how the immune
system cells will respond to infectious stimuli or damage, which
can be important in the context of assessing the prognosis
of the infectious disease, such as COVID-19, or the course
of the age-associated disorder. Furthermore, the levels of the
most indicative cytokines, such as IL6 and IL10, in peripheral
blood of patients showing no clinical manifestations of systemic
inflammation, are still low, literally on the lower sensitivity limit of
modern diagnostic test systems, which makes assessment
of these indicators in clinics as the diagnostic and prognostic
inflaonmaging markers rather controversial. In this regard, the
analysis of the spontaneous and induced cytokine production by
mononuclear cells (MNCs) in in vitro cultures seems to be more
informative in terms of determining the aging phenotype.

The study aimed to perform the analysis of spontaneous
and bacterial lipopolysaccharide (LPS)-induced IL6 and IL10
production in the cultures of peripheral blood MNCs from
patients of older age groups with different aging phenotypes.

METHODS

The following subjects were included in the study:
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— 80 elderly individuals (average age 68.7 + 4.3 years,
among them 53 females, 27 males);

— 100 senile patients (average age 81.8 + 5.3 years, among
them 72 females, 28 males);

— 30 centenarians (average age 92.7 + 1.7 years, among
them 21 females, 9 males).

All the patients were examined at the Geriatric Center,
Moscow Diagnostic Clinical Center No. 1.

Exclusion criteria: acute disorder or exacerbation of chronic
disorder at the time of enrollment. Inclusion criteria: subject’s
age corresponding to the studied group; availability of the
submitted informed consent to participation in the study.

To assess the aging phenotype, the comprehensive geriatric
assessment (CGA) was conducted that included evaluation
of somatic status (Charlson Comorbidity Index, CCl), physical
health (Short Physical Performance Battery, SSPB), and
cognitive functions (Mini-Mental State Examination, MMSE).
The criteria for dividing into subgroups with successful and
pathological aging are provided in the Table.

The comparison group included 25 young adults (average
age 22.4 + 2.8 years), among them 16 females and 9 males.
All the young adults enrolled had no acute or chronic disorder
at the time of enroliment, as well as no limitation of physical
functioning or cognitive impairment. Inclusion criteria: subjects
in young adulthood; availability of the submitted informed
consent to participation in the study. Exclusion criteria: acute
or chronic disorder.

Peripheral blood samples were used as biomaterial for the studly.

MNGCs for culturing were isolated from peripheral blood
on the Ficoll-Urografin density gradient medium (o = 1.077
g/cm3) [8]. The cells isolated were cultured for 24 h in the
RPMI-1640 medium (Capricorn cop., USA) supplemented with
the 20% fetal calf serum (Panexin, GMbH, Germany) at the
temperature of 37 °C and 5% CO,. The concentration of cells
during culturing was 1 x 10° cells/mL. To assess the stimulated
cytokine production, a bacterial LPS (Servicebio, China) with
the nominal concentration of 0.1 ug/mL was added to the
cells. Spontaneous cytokine production was assessed in the
cell culture not supplemented with the LPS or other stimulator.

The IL6 and IL10 cytokine concentration was determined in
the cell culture supernatant by enzyme-linked immunoassay
using the commercially available test systems (Vector-Best, Russia).

Statistical data processing was performed using the Microsoft
Excel (Microsoft Inc., USA) and GraphPad Prism 4.0 (GraphPad
Software Inc., USA) software packages. The Kruskall-Wallis
Test with the post-hoc Dunn’s Multiple Comparison Test was
used to assess the differences between the studied groups.
The intergroup differences were considered significant with the
p-value below 0.05 (significance level a = 0.05).

RESULTS
QOur findings show a significant increase in basal production

of both IL6 and IL10 in all the studied groups relative to the
comparison group of young adults, where the levels of these

Table. Criteria for dividing the studied groups into subgroups with successful and pathological aging

Elderly age Senile age Centenarians
Criteria Successful aging Pathological aging Successful aging Pathological aging Successful aging Pathological aging
CCl 2-3 4+ 7+ 4-8 9+
SSPB 11-12 1-10 9-12 0-8 8+ 0-5
MMSE 28-30 below 28 28-30 below 28 24-30 below 24*

Note: * — based on the data [7].
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Fig. 1. Spontaneous IL6 (A) and IL10 (B) production in the culture of peripheral blood MNCs of elderly individuals, senile individuals, and centenarians with different
aging phenotypes. The data are presented as the median (Me) and interquartile range, significant differences between aging phenotypes within the studied age groups:
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cytokines were 12.5 [7.7-23.2] pg/mL and 1.4 [0.8-2.2] pg/mL,
respectively (Fig. 1). Furthermore, the IL-6 levels that are
elevated compared to the successful phenotype are also
typical for elderly and senile individuals in the subgroups
with pathological aging phenotype (Fig. 1A). Thus, in elderly
individuals with the pathological aging phenotype, the levels
of spontaneous IL6 production reached 289 [138-437] pg/mL,
while that reported for the successful phenotype were
84.8 [19.4-232] pg/mL; in senile age, these were 377
[225-624] pg/mL for the pathological aging phenotype and
163 [97.3-319] pg/mL for the successful phenotype,
respectively. No significant differences between phenotypes
were reported for the group of centenarians. At the same time,
the increase in the IL10 cytokine levels to 41.1 [18.5-58.1] pg/mL
compared to the successful phenotype (13.2 [7.3-27.9] pg/mL)
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was typical for the pathological phenotype in the group of
elderly individuals. Only the upward trend of IL10 levels was
reported for the group of senile individuals (Fig. 1B).

In addition to assessment of spontaneous cytokine
production by the peripheral blood MNCs, the cells were
stimulated with the bacterial LPS. Such an approach can be
considered as the method to assess potential pro- and anti-
inflammatory activity of the innate immunity cells.

The stimulated IL6 production is increased in all groups,
it shows the same general pattern of changes, as the
spontaneous production (Fig. 2A).

However, the IL10 measurement results were more
interesting (Fig. 2B). Thus, the subgroup of senile patients
with successful aging showed the significantly (o < 0.05)
higher levels (117.3 [61.3-318.2] pg/mL) compared to the
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Fig. 2. LPS-induced IL6 (A) and IL10 (B) production in the culture of peripheral blood MNCs of elderly individuals, senile individuals, and centenarians with different
aging phenotypes. The data are presented as the median (Me) and interquartile range, significant differences between aging phenotypes within the studied age groups:

" p<0.05; " —p<0.01; " —p < 0.001
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subgroup with the pathological phenotype, where the values
were 57.4 [10.8-172.3] pg/mL. No significant differences
in IL10 production were revealed in the elderly patients and
centenarians with different aging phenotypes.

For better interpretation of these data as an integral indicator
of the spontaneous and stimulated cytokine production, the
stimulation coefficient (SC) was used, representing the ratio
of the stimulated cytokine production to its spontaneous
production by peripheral blood MNCs. This coefficient can be
considered as an indicator that the cells are ready to produce
pro- and anti-inflammatory cytokines in response to PAMP and
DAMP [9]. The increase in the SC of this or that cytokine can
indicate the increased readiness to cytokine production, while
the decrease can indicate the decreased readiness.

The SC for IL6 (SCIL-6) reaches its maximum in the
comparison group — 17.6 [13.7-31.1] (Fig. 3A), which
suggests high cell reactivity in young adulthood. Furthermore,
successful aging phenotype demonstrates a significant
SCIL-6 decrease with age, which reflects the immunoaging
adaptive nature. In elderly individuals, the SCIL-6 values were
5.3 [2.2-14.3], in senile individuals these were 5.3 [3.01-7.8],
in centenarians these were 6.5 [5.2-14.1]. Despite the fact
that SCIL-6 demonstrates a downward trend in the elderly and
senile individuals with the pathological phenotype, it shows no
significant differences from that of young adults and remains
significantly increased relative to the indicator reported for the
successful phenotype. Centenarians represent a special group,
where the presence of the age-associated disorder did not
prevent longevity; the most prominent SCIL-6 decrease was
reported for centenarians with both successful and pathological
aging phenotypes. The SC for IL10 (SCIL-10) demonstrates
the opposite changes (Fig. 3B). With age, the increase in this
indicator was observed compared to the group of young adults,
where it was 2.0 [1.9-2.2]. However, in elderly individuals, no
significant differences compared to young adults or between
the aging phenotypes are observed. Given high readiness
for IL6 production by the cells in individuals of this age with
pathological aging, this can be interpreted as imbalance in pro-
and anti-inflammatory signals, which represents the sign of the
developing inflammaging [10]. In senile age, such imbalance
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is much more prominent: multidirectional SC changes in the
groups with successful and pathological aging are reported for
IL6 and IL10. In the subgroup with successful aging, SCIL-10
was increased to 6.9 [3.8-13.8] vs. 3.3 [2.0-5.9] revealed in
individuals with the pathological aging phenotype. In the group
with pathological aging, SCIL-6 turned out to be increased —
13.2 [7.4-25.3] vs. 5.3 [3.01-7.8] in the subgroup with
successful aging. In the group of centenarians, SCIL-10 was
significantly increased in the subgroup with pathological aging
(11.2 [56.4-18.1]), while in individuals with successful aging the
value was 2.7 [2.3-6.5], it did not differ from the value of the
comparison group.

Study limitation

This study did not consider the impact of gender on the
findings, as well as the impact of the presence of certain age-
associated disorders in patients of the studied groups.

DISCUSSION

Numerous studies of systemic cytokine levels show that
elevated concentrations of pro-inflammatory cytokines, such
as IL1b, TNF, IL18, and IL6, in blood are associated with
geriatric syndromes, such as senile asthenia, sarcopenia,
etc. [11], as well as with the more severe course of the age-
associated disorder and in some cases with the risk of death
[12]. Furthermore, the available data on anti-inflammatory
cytokines are less informative. As for IL10, it is well known that
the increase in IL10 levels is not associated with the presence
of disorders or geriatric syndromes [13].

According to the research, elevated systemic levels of anti-
inflammatory cytokines IL10 [14] and TGF-B [15] (compared
to senile individuals) are typical for centenarians; our previous
findings are also in line with these data [2]. However, these data
are hardly applicable for the elderly and senile age groups,
since the levels of anti-inflammatory cytokines turn out to be
low and show no relationship with the age-associated disorder.

A slow increase in pro-inflammatory cytokine levels that
is asymptomatic and referred to as low-grade inflammation is
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typical for inflammaging. At the same time, the development
of infectious disease or exacerbation of chronic non-
communicable disease results in the fact that the inflammatory
response reaches the clinically significant level. However, the
immune system reactivity is commonly not assessed in such
situations. Assessment of the IL10 and IL6 production in vitro
can be considered as assessment of such reactivity.

The increase in spontaneous IL10 and IL6 production in
MNC cultures in vitro in individuals of older age groups relative to
young donors can be interpreted as the fact of pre-stimulation
of cells at the organism level resulting from the increase in the
PAMP and DAMP circulating molecular patterns [16]. This is in
line with the available literature data. In particular, it has been
shown that both basal and stimulated TNF production by the
peripheral blood cells increases with age [17]. Such stimulation
is more prominent in elderly and senile individuals with the
pathological aging phenotype. In the group of elderly individuals,
a significant increase in IL10 levels also attracts attention,
which can be considered as a compensatory response that
inhibits pro-inflammatory activity. No significant differences in
spontaneous cytokine production have been revealed in the
group of centenarians with different phenotypes.

LPS stimulation of cells leads to the increased production
of both IL6 and IL10 in all age groups, exceeding the
cytokine levels of young individuals under the same conditions.
However, the pathological aging phenotype is characterized
by higher IL6 compared to the successful phenotype even in
elderly individuals, which suggests the onset of inflammaging
and setting an unfavorable trajectory of the aging process [18].
In senile individuals with the pathological phenotype, these
manifestations are complemented by the decreased stimulated
IL10 production relative to the successful aging phenotype.

The analysis of the SC as an integral indicator reflecting
cell reactivity during cytokine production shows that with the
successful aging phenotype all the older age groups, including
centenarians, show the SCIL-6 decrease compared to young
individuals. This can be considered as a favorable adaptive
process that accompanies aging and shows that, despite
the general increase in basal IL6 production, the readiness
for further pro-inflammatory activity is limited, which inhibits
inflammaging. While the lack of reactivity or insufficient decrease
in reactivity in relation to IL6 production with age suggests
unfavorable course of aging. Furthermore, SCIL-10, indicating
readiness for IL10 production, in contrast, shows an upward
trend with age. Despite the fact that no significant differences
in SCIL-10 between aging phenotypes and compared to young
adults have been reported for elderly people; in senile age,
elevated SCIL-10 indicates the successful aging phenotype.

It has been noted that centenarians represent a special group,
where we see a significant SCIL-10 increase specifically in the group
with pathological aging, which can play a role of counterweight to
the inflammaging processes in this group being one of possible
factors associated with the longevity of these people [4]. Thus, we
can say that a successful aging trajectory looks like the decreased
readiness to IL6 production and increased readiness to IL10
production. Similar data were obtained for the long-living model
rats, in which the increase in basal and stimulated IL10 expression
by peritoneal macrophages was revealed, while similar IL6 levels
and levels of other pro-inflammatory cytokines were lower, than in
senile animals of control lineages [19].

Senile age is likely to be a critical period, when imbalance
of pro- and anti-inflammatory factors, that has emerged in the
elderly, results in severe manifestations of the pro-inflammatory
aging phenotype [20, 21], such as rapid development of the
age-associated disorder and aging manifestations affecting
both physical performance and cognitive functions.

Despite the fact that the increased anti-inflammatory
activity, specifically that related to IL10, can be a risk factor
of both infectious diseases and cancer, it is of positive nature,
since it is an inflammaging inhibitor. Thus, pro- and anti-
inflaonmatory cytokines demonstrate their dual nature, serving
as both protective and pathogenetic factors. Inflammation
is a key component of immune responses to a pathogen.
However, excess inflammation can result in numerous non-
communicable diseases and increase the associated mortality
rate. In terms of evolution, the immune system is optimized
to fight infections in young adulthood, when pro-inflammatory
responses are critical for survival. However, in the later age
period excess inflammation becomes a risk factor of age-
associated disorders, while inflammation limitation involving
the anti-inflammatory cytokine system can contribute to
longevity.

CONCLUSIONS

The aging process is accompanied by various changes in the
body, including the immune system alterations. The immune
system aging and inflammaging represent two inseparable
processes inevitably launched in the body with age. Depending
on external environmental factors and genetic predisposition,
these shape the course of senility. If the body continues to
adequately respond to external and internal danger signals
(PAMP and DAMP) during aging and the associated changes
in the innate immune system, then we can talk about the
successful aging type, which in turn is accompanied by the
anti-inflammatory status predominance, which compensates
for excessively enhanced inflammatory activity. In the case
where the threshold of adequate response is overcome, and the
body responds with excessive production of pro-inflammatory
mediators, without compensating for this with anti-inflamsnmatory
components, a pathological type of aging develops. We have
developed an approach to the aging phenotype assessment
based on determination of the stimulation coefficient
representing the ratio of the stimulated cytokine production by
peripheral blood MNCs to the spontaneous production. This
coefficient can be considered as an indicator of inflammaging.
The decrease in SC of IL6 with the increase in SC of IL10 was
reported in the elderly and senile individuals with the successful
aging phenotype. In the group of centenarians with the
pathological aging phenotype, a significantly increased SC of
IL10 was reported, which suggests a large compensatory anti-
inflamsnmatory reserve being the factor of survival and longevity
in polymorbid individuals.

Functional assessment of the innate immunity cell pro-/anti-
inflamnmatory activity can provide the basis for the personalized
approach to prevention of age-associated disorders focused
on maintaining adequate conditions of the external and internal
environment, careful inflammation suppression, including
pharmacological suppression, and shapes the possibility of
active longevity.
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Due to the limited availability of advanced methods to diagnose Alzheimer's disease, small molecules and short peptides capable of specifically biniding g-amyloid
are of special interest. The study aimed to perform comparative assessment of pharmacokinetics and biodistribution of two model peptides, HAEE (His-Ala-Glu-Glu)
and HASS (His-Ala-Ser-Ser), as potential platforms for the development of diagnostic kits, as well as to determine the relationship between the peptide structure
and organotropism. The study involving BALB/c mice (n = 10) was conducted using the fluorescence labeled compounds. We used in vivo IVIS imaging, ex vivo
fluorescence microscopy, and pharmacokinetic analysis. The results showed fundamental differences: the negatively charged HAEE was accumulated mainly in
the kidney (T8 = 4.39 h) due to tubular reabsorption, while neutral HASS was soon captured by the liver (T,8 = 2.76 h). The data obtained demonstrate the key
role of amino acid composition in determining organotropism and open prospects for the development of organ-specific peptide systems.
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CPABHUTEJIbHAA ®PAPMAKOKUWHETUKA N BUOPACIMPEOENEHUE MENTNAOB HAEE N HASS
A. B. ViBaHoBa™d, I1. A. Jlagapesa, /. A. Kysbmundes, B. B. BagexviHa, A. B. Kocbix, H. T Typckast, M. A. AbakymoB

Hay4Ho-vccnenoBaTenbCKuii UHCTUTYT TPaHCAALMOHHON MeguuyiHbl, POCCUNCKWA HaLUMOHaNbHbIA UCCNefoBaTENbCKU MEOULVHCKUIA YHUBEPCUTET UMEHM

H. V. Muporosa, Mocksa, Poccrs
B cBSA3K ¢ orpaHny4eHHon JOCTYMHOCTBLIO COBPEMEHHbBIX METOLOB ANarHOCTUKM 601e3HM AnbLireriMepa 0Cobbli MHTEPEC NPEACTaBNSIOT Masible MOSIEKY bl 1
KOPOTKME NenTuabl, CNOCOOHbIE CneumnduyHO CBA3bIBATLCS C B-amunongom. Llensto paboTbl 66110 MPOBECTN CPaBHUTENBHOE N3yHeHVe (hapMaKOKMHETUKN
1 bropacnpeneneHns OByx mopenbHbix nentuaoB — HAEE (His-Ala-Glu-Glu) n HASS (His-Ala-Ser-Ser) kak noTeHumanbHbIX nnathopm ans paspaboTkim
[ANAarHOCTUHECKNX CUCTEM W YCTaHOBUTL B3ANMOCBSA3b MEXAY CTPYKTYPOW MEMTUAOB M X OPraHOTPOMHOCTLIO. VIccneaoBaHne BbIMOMHEHO Ha MbILLax JMHUN
BALB/c (n = 10) ¢ ncnonb3oBaHvem ayopecLEHTHO MeYeHbIX coeanHernin. Mpumensanu IVIS-Budyanusaumio in vivo, dnyopecLeHTHYIO MUKPOCKOMMIKO ex Vivo
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Alzheimer's disease remains one of the most socially significant
neurodegenerative disorders and the main cause of dementia in
elderly people [1, 2]. The disease prevalence grows exponentially
with age: 53 new cases per 1000 people aged 65-74; 170 new
cases per 1000 people aged 75-84, and 230 new cases per
1000 people aged over 85 [3, 4]. The disease pathogenesis is
complex and multifaceted. However, this process is rather often
accompanied by accumulation of B-amyloid (AB) in the form of
senile plagques in the cerebral cortex [5]. AB represents a peptide
with the length of 39-43 amino acid bases that is generated from
the AB precursor protein (APP) [6]. This unique APP breakdown
process provides important targets for treatment of Alzheimer's
disease [7]. Two major peptides have the length of 40 (AB,) and
42 (AB,,) amino acid bases. AB,, is prone to aggregation in vivo, itis
often considered to be more toxic [8, 9]. AB,, accumulation triggers
the cascade of abnormalities including formation of oligomers
and fibrils, neuroinflammation activation, synaptic transmission
impairment, neuronal death [6, 10, 11]. Unfortunately, the
in-depth study of the amyloid hypothesis and other pathogenetic
hypotheses has failed to produce any truly effective therapeutic
strategy, while such strategies have been developed since the
disease was first described in 1906 [12]. Modern methods to
diagnose Alzheimer's disease are still inaccessible for widespread
use due to technical complexity and significant expenses. In this
regard, small molecules capable of specific binding to AB are of
special interest; their versatility and the possibility of chemical
modification open up prospects for the development of more
affordable diagnostic platforms. Among such molecules, short
peptide sequences, particularly tetrapeptides HAEE (His-Ala-
Glu-Glu) and HASS (His-Ala-Ser-Ser) that combine high affinity
for B-amyloid, inhibition of its aggregation, good pharmacokinetic
properties, and the ability to cross the blood-brain barrier,
turned out to be the most promising [13]. To ensure realization
of their diagnostic potential, it is necessary to thoroughly assess
pharmacokinetic properties, including biodistribution, the ability to
cross the blood-brain barrier, and the dynamics of elimination from
the body. This study is focused on comprehensive characterization
of these parameters involving the use of the fluorescence
labeled HAEE and HASS analogues in animal models.

The study aimed to determine pharmacokinetic parameters
of the HAEE and HASS tetrapeptides in healthy animals,
including half-life (T, ), in order to assess the tetrapeptide
biodistribution, stability in vivo, and prospects for further use as
a basis for radiopharmaceuticals or therapeutic agents.

METHODS
All the experiments were conducted at the research laboratory

of the Deparment of Medical Nanobiotechnology, as well as
at the Department of Regenerative Medicine of the Research

Institute of Translational Medicine, Pirogov Russian National
Research Medical University.

IVIS imaging in vivo/ex vivo

Female BALB/c mice aged 3 months with the weight of 20-25 g
were purchased brom the breeding nursery of the Center
of Biomedical Technology of the Federal Medical Biological
Agency of Russia, Stolbovaya branch (Moscow region, Russia).

Mice had ad libitum access to food and water. The animals
received extruded complete feed for laboratory animals: mice,
rats, hamsters (Laborantsnab, Russia). Daytime was 12 h
(between 7:00 and 19:00); illuminance during the light part of
the cycle was 70-90 Ix; the temperature in the room where the
animals were permanently kept was 22 °C.

Each experiment involved five animals. The test peptides
were HAEEGGGGK-Cy5 and HASSGGGGK-Cy5 (purity > 95%
based on the HPLC data). The peptides were dissolved in
the sterile 0.9 % NaCl solution to the final concentration of 250 M
before administration. The resulting solutions were filtered
through the 0.22 um filter and injected intravenously in the tail
vein (n = 4 animals per group) in the amount of 100 pL. The control
group was administered 100 pL of the 0.9% NaCl solution.

Intravital fluorescence imaging was performed using the
IVIS Spectrum CT imaging system (Perkin Elmer, USA) at
the time points of 15 min, 1 h,2h, 3h,4 h,5h,6h, 24 h
after administration. Fluorescence imaging was accomplished
under inhalation anesthesia with 2% isoflurane (Aerrane, Baxter
HealthCareCorporation, USA) mixed with air.

The animals were ansthesized by intraperitoneal injection
of tiletamine (Zoletil, Virbac, France) for further experiments.
Then transcardial perfusion was performed. For that the right
atrium was incised, the cannula was inserted in the left ventricle,
and blood channels were washed sequentially with the sterile
phosphate buffered saline (Sigma-Aldrich, USA) and HistoSafe
10% buffered formalin (Biovitrum, Russia). The organs were
retrieved, and ex vivo fluorescence imaging was performed.

Fluorescence analysis and kinetic modeling

Photon emission was calculated using the Living Image 4.3 software
with selection of the region of interest (ROI). Fluorescence values
of the control animal for each time point were subtracted from
the animals’ fluorescence values in order to eliminate systematic
measurement errors. The same was done for the organs.

Widefield fluorescence microscopy

The 10 pm cryosections were cut using the HM525 cryo
microtome (Thermo Scientific, USA). For further analysis,

Table 1. Dynamic changes in the mean fluorescence intensity (p/sec/cm?/sr) injection of the HAEE and HASS fluorescence peptides

Time, h

HAEE (Mean + SD)*

HASS (Mean + SD)*

0.25

(1.23 +0.18) x 10°

(1.31 £0.19) x 10°

1

(4.61 +0.51) x 10°

@.11 £0.18) x 10°

(1.76 + 0.16) x 10°

(8.69 + 0.75) x 107

(1.21 £ 0.09) x 10®

6.04 + 1.01) x 107

(9.53 +1.07) x 107

5.57 +0.92) x 107

ol w]| N

(7.87 +0.99) x 107

4.20 £0.71) x 107

)
)
(7.53 + 0.82) x 107
)
)

(3.14 +0.28) x 107

( )
( )
(4.93 £ 0.94) x 107
( )
( )

1.97 + 0.23) x 107

Note: * — the data are presented as the mean + standard deviation (Mean + SD) forn = 4
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Fig. 1. In vivo fluorescence kinetic curves of the studied HAEE (r? = 0.94) and HASS (? = 0.95) peptides

sections were fixed in the 10% buffered formalin (Biovitrum,
Russia) for 15 min, sequentially triple washed with phosphate
buffered saline containing no Ca?* and Mg?* (PanEco,
Russia), and embedded in the VECTASHIELD Atifade
Mounting Medium with DAPI (VectorLabs, USA). Images
were acquired using the EVOS FL Auto imaging system
(Thermo Scientific, USA).

Statistical analysis

Data analysis was performed in GraphPad Prism 8.0.1
(GraphPad Software, USA). The graph of the fluorescence
signal intensity as a function of time was presented as mean
values with standard deviations and the trend line for the two-
chamber model. The graph of ex vivo drug accumulation in
the organs contained the mean value, maximum and minimum
values for the group.

RESULTS

Teporary changes in fluorescence intensity were reported
after a single intravenous injection of the HAEE and HASS
fluorescence peptides to BALB/c mice (Table 1). Both
compounds showed rapid systemic absorption reaching
the maximum concentration 0.25 h after administration.
Furthemore, HASS ((1.31 = 0.19) x 10° p/sec/cm?/sr)
showed the 6.5% higher fluorescence intensity compared
to HAEE ((1.23 + 0.18) x 10° p/sec/cm?/sr) with subsequent
exponential decrease in indicators. The findings are more
clearly demonstrated in Fig. 1.

Plotting of the resulting kinetic profiles on a logarithmic
scale suggests the two-chamber model of the HASS and
HAEE peptide elimination (Fig. 2).

The HAEE and HASS kinetic curves (Fig. 1, 2) described by
the two-chamber model (Ap = A, - ™"+ A, - e?) demonstrate
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Fip. 2. Comparative kinetics of the HAEE and HASS peptide elimination
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Table 2. Comparison of the HAEE and HASS pharmacokinetic parameters after intravenous administration

Parameter HAEE HASS
Rapid elimination phase, % 93.37 96.43
a, h 1.6 3.1
B, h 0.16 0.25
T, , of the rapid distribution phase, h 0.43 0.22
E,,, of the elimination phase, h 4.39 2.76
A, of the rapid distribution phase, p/sec/cm?/sr 1.64 x 10° 2.61 x10°
A, of the elimination phase, p/sec/cm?/sr 1.16 x 108 9.67 x 107
AUC (0-), h * p/sec/cm?/sr 3.69 x 10° 1.51 x 10°

considerable differences in elimination parameters (Table 2):
HASS is characterized by the dominance of the rapid phase
(96.43% vs. 93.37%), higher rate constant a (3.11 h™' vs. 1.6 h™)
and shorter T, a (0.22 h vs. 0.43 h), which is correlated to
the steep initial decline on the graphs, while HAEE showing
prolonged elimination with the extended T, (4.39 h vs. 2.76 h) is
characterized by the gentle slope on the kinetic curve and the
large AUC (3.69 x 10° vs. 1.51 x 10° h- p/sec/cm?/sr), which
suggests its potential advantage for the long diagnosis.

Ex vivo assessment of the HAEE and HASS peptide
accumulation was performed 24 h after injection. According
to the data obtained (Fig. 3), the peptides show different organ
specificity: HAEE is localized mainly in the kidney, while HASS is
localized mainly in the liver. Both compounds are accumulated in
the lung and brain showing no significant intergroup differences
(o > 0.05). As for the heart and spleen, fluorescence intensity
in the HAEE group was significantly higher, than in the HASS
group (p < 0.05).

The HAEE longer half-life results from the fact that it is eliminated
mainly by the kidney, which has been confirmed by fluorescence
microscopy of the sections that has revealed intense fluorescence
signal accumulation in the renal tubular epithelium (Fig. 4), which
is consistent with the IVIS data (Fig. 5), where the kidneys show
stronger fluorescence signal compared to other organs within 24 h,
while HASS is accumulated primarily in the liver (Fig. 5).

Assessment of representative microphotos of the mouse
kidney tissue sections confirms increased HAEE content in the
form of accumulation of the large number of Cy®* aggregates

* *

in the cells of renal proximal tubules (Fig. 4A, B) compared to
HASS (Fig. 4C, D).

DISCUSSION

Our studies have revealed considerable differences in
biodistribution of the HAEE and HASS peptides, which can
be explained by their structural and functional features. HAEE
having low molecular weight (< 2 kDa) and weak negative
charge demonstrates primarily renal excretion. Such process
is typical for low molecular weight peptides [14], which are
reabsorbed through pinocytosis after glomerular filtration.
The presence of the Cyanine 5 (Cy5) fluorescent label in the
peptide structure can increase its lipophilicity, contributing to
penetration through the cell membranes, specifically in the
epithelium of the renal proximal tubules, which explains the
reported compound accumulation in the kidney tissue. Nor can
the possibility be excluded that the peptide specifically interacts
with the cellular receptors. However, this aspect requires
further research. HAEE can enter the liver by passive transport
through the membranes of hepatocytes and Kupffer cells.
Furthermore, considering the key role of liver in metabolism
and detoxification, accumulation of the peptide in this organ
can be associated with its biotransformation or active transport
via hepatocytes. Upon systemic administration, pulmonary
epithelium is also permeable for small lipophilic molecules [15],
which is confirmed by detection of fluorescence signal in the
lung. Experimental studies involving BALB/c mice have shown

* *
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Fig. 3. Ex vivo assessment of the HAEE and HASS accumulation in the organs 24 h after intravenous administration. * — p < 0.05, significance of intergroup differences

based on the Mann-Whitney U-test
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Fig. 4. Histological analysis of the mouse kidney tissue after the HAEE and HASS systemic administration. A, B. Localization of the Cy5-labeled HAEE (red) in the
mouse kidney 24 h after intravenous administration. A. Giant section of the mouse kidney. B. Accumulation of fluorescent granules in epithelial cells of the renal
proximal tubules. C, D. Localization of the Cy5-labeled HASS (red) in the mouse kidney 24 h after intravenous administration. C. Giant section of the mouse kidney.
D. Accumulation of fluorescent granules in epithelial cells of the renal proximal tubules. E, F. Kidney of the control mice 24 h after intravenous administration of saline.
E. Giant section of the kidney. F. Magnified image of the kidney tissue obtained by superimposing red and blue fluorescence. The nuclei are DAPI stained (blue). Scale

bar 200 pm

that HAEE is characterized primarily by renal excretion, which
is confirmed by three key observations: 1) high fluorescence
intensity in the kidney 24 h after administration recorded by both
IVIS imaging and fluorescence microscopy; 2) prolonged half-life
(T,,B = 4.39 h), which is explained by reabsorption in the renal
tubules; 3) rapid initial elimination (T, a = 0.43 h) suggesting that
there are no stable complexes with blood plasma proteins.

In contrast to HAEE, the neutrally charged HASS peptide
demonstrates fundamentally different pharmacokinetic
characteristics. Its peak fluorescence signal is 6.5% higher
than that of HAEE, which is likely to be due to reduced binding
to the tissue structures. HASS is characterized by enhanced
elimination with the half-life of T, a = 0.22 hand T, = 2.76 h
resulting probably from active capture by hepatocytes. The
ex vivo testing 24 h after administration confirmed selective
accumulation of the peptide in the liver tissue.

Despite similar size (< 2 kDa), HAEE shows the 1.7 times
better blood-brain barrier permeability (AUC (0—e<)), which
is likely to be due to electrostatic effects and the features of
interaction with transport systems.

The findings demonstrate considerable differences in the
distribution of the studied peptides across organs. In particular,
it has been found that HAEE is excreted primarily by the kidney,
which determines its potential diagnostic value for renal disorders.
In contrast to HAEE, HASS shows high hepatospecificity and
high hepatic metabolism rate, which allows one to consider it as
a promising basis for the development of the delivery systems
targeting the liver. The presence of the Cy5 label increases
lipophilicity of both peptides, which contributes to their transport
through the cell membranes. However, the limited crossing of the
blood-brain barrier (especially that of HASS) suggests the need
for structural optimization for the use in neurodiagnosis. Further
research is required for better understanding of the mechanisms
underlying biodistribution of tetrapeptides: 1) identification of the

BULLETIN OF RSMU | 4, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.036

transport systems (megalin/OATP (organic anion transporting
polypeptide)); 2) complete metabolic profile in biological fluids;
3) correlation between structural alterations of peptides and
their distribution across the organs.

CONCLUSIONS

Thus, the comparative study conducted has revealed
fundamental differences in the HAEE and HASS behavior
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Fig. 5. HAEE and HASS organ specificity within 24 h (\VIS). White arrow points
to the kidneys with maximum buildup. Color scale: from blue (min) to red (max)
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in vivo. The peptides demonstrate no only different organ
tropism, but also fundamentally different pharmacokinetic
profiles (including half-life, T, ), which opens up the prospects
for differentiated use of those in the diagnosis and targeted
drug delivery. It has been found that HAEE with short T, , and
renal excretion is promising for the development of diagnostic
radiopharmaceuticals, while HASS showing hepatotropism and
rapid hepatic metabolism is of intrest in terms of developing the
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BRAIN NATRIURETIC PEPTIDE AND CORTICOSTERONE DYNAMICS IN EXPERIMENTAL
CHRONIC HEART FAILURE DURING PHYSICAL ACTIVITY
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Moderate exercise not only has a positive impact on overall health, but also can serve as a rather accessible preventive measure for maintaining health, particularly
the cardiovascular system health. The study aimed to assess the cardiovascular system adaptive capacity in chronic heart failure with moderate exercise in different
age groups. Moderate exercise was induced in 6- and 19-month-old rats by forced swimming in a water bath at 32-34°C. During training, chronic heart failure
was induced by intraperitoneal administration of the anthracycline antibiotic doxorubicin (Teva) at a cumulative dose of 15 mg/kg, divided into 6 injections over
14 days. Serum levels of brain natriuretic peptide and corticosterone were determined by ELISA every seven days throughout the experiment in all rats. It was
found that with chronic heart failure and moderate exercise, myocardial adaptation was significantly higher in both age groups. It was most pronounced in aging
rats, as evidenced by the dynamic changes of serum natriuretic peptide levels throughout the experiment. In both fertile-age and aging rats, the body's adaptive
capacity in the event of cardiac dysfunction with moderate exercise is higher than in the absence of training.
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JVNHAMUKA MO3roBOIro HATPMNYPETUYECKOIO NEMTUAA U KOPTUKOCTEPOHA
MPU 3KCNEPUMEHTAJIbHON XPOHNYECKOW CEPOEYHOW HEAOCTATOYHOCTU
HA ®OHE ®PU3SNHECKUX HAIPY30K

T. N. Dxanpaposa' =, M. O. TabyHumkosa?, C. U. Kybaros', [. A. [loMeHIok?

" CeBepo-KaBkaackuin hefepanbHbi yHrBepeuteT, CTaBponosb, Poccus

2 CTaBpOmnoNbCKUNIN rOCYAaPCTBEHHDIN MEAVLIMHCKWIA yHMBEpcuTeT, CTaBponosns, Poccus

YMepeHHble (hr3nHecKme Harpy3Kky He TONMbKO OKa3bIBaOT MONOXKUTENBHOE BAVSHME Ha O6LLIEE COCTOSHIE OpraHnMamMa, HO 1 MOTyT BbICTYNaTb B KQ4eCTBE BMOHe
[OCTYMHOrO NPOMUNIAKTUHECKOrO CPEACTBa AJlsi COXPaHEHUs 3LOPOBbs], B YAaCTHOCTU, CepAeHHO-COCYANCTON CUCTeMbI. Lienbio nccnenoBaHnst 6610 OLEeHUTb
afanTauyoHHble BO3MOXXHOCTU CepaeyHO-COCYANCTON CUCTEMbI MPU XPOHWUHECKOW CEPAEHHON HELOCTAaTOYHOCTH HA (POHE YMEPEHHBIX (DU3NHECKX HArpy30K B
pasHbIX BO3PACTHbIX KaTeropusx. YMepeHHble (usnHeckie Harpysky Co3faBain y KpbIC B BO3pacTe 6 1 19 MecsLeB MpUHYaUTENbHbIM MiaBaHneM B BaHHe C BOAON
Temnepatypoi 32-34 °C. Ha hoHe TPEHMPOBOK XPOHUHECKYIO CEPAEHHYIO HEAOCTATOYHOCTb BbI3bIBAIN NMYTEM BHYTPMOPIOLLMHHOMO BBEAEHVSt aHTPALVKIIMHOBOIO
aHTVBMOTVKA AOKCOPYOMLIMH B KYMYNATUBHOM A03e 15 MI/Kr, pa3aeneHHon Ha LWeCTb MHbeKUWIA B TedeHre 14 aHel. Y Bcex KpbIC Ha NPOTSHKEHUN SKCrepuMeHTa
Yepes Kaxable CeMb AHe onpenensm B CbiIBOPOTKE KPOBM COAEP KaHME MO3rOBOrO HATPUIMYPETUHECKOrO NeNTUAa U KOPTUKOCTEPOHa UMMYHO(EPMEHTHBIM
METOOM. YCTaHOBIEHO, YTO MPU XPOHUYECKON CEpAEHHON HEAOCTATOHHOCTI Ha (hOHE MPOBOAVMBIX YMEPEHHbIX HArpy30K afanTaLus MMoKapaa 3Ha4MO BbilLe
B 06e1x BO3pacCTHbIX rpynnax. Havbonee Spko oHa NPosiBASIETCS Y CTapetoLLMX KPbIC, O YeM CBUAETENbCTBYET AMHAMUKA COLEPXKaHUst HaTPUIypeTUHECKOro
nenTuaa B CbIBOPOTKE KPOBU Ha MPOTSKEHWN BCEro dKCnepumMeHTa. Kak y KpbIC PENpPOAyKTVBHOMO Mepuofa, Tak My CTapetoLnx KpbIC aganTauyoHHble
BO3MOXXHOCTW OpraHmMamMa npvi BO3HUKHOBEHUM HAPYLLIEHNIA CEPAEHHON AESTENBHOCTY Ha (hOHE YMEPEHHbIX (PU3NHECKIX HArPy30K OKa3bIBalOTCS Bbillle, YEM B
YCNOBYISIX OTCYTCTBYS TPDEHNPOBOK.
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It is well known that physical exercise has a positive effect
on the overall body condition and can be a rather accessible
preventive measure for maintaining health, particularly the
cardiovascular system health.

A number of studies show the effectiveness of rehabilitation
programs, in which exercise is included, based on the
dynamic changes in the brain natriuretic peptide levels in
healthy individuals. With the existing cardiovascular disorders,
physical exercise causes a dramatic brain natriuretic peptide
level increase, which can be associated with aggravation
of symptoms [1, 2]. Furthermore, physical exercise is also
recommended as pre-habilitation for patients, who are to
undergo cardiovascular surgery aimed to improve functional
capacity of the heart [3].

At the same time, there is currently no consensus about
what exercises and for how long to do these to improve
cardiac activity [4], and the mechanisms underlying the effects
of physical exertion of varying intensity on the cardiovascular
system are currently poorly understood [5-7], especially in
elderly people.

Along with other signs, the age-related changes associated
with natural ageing are accompanied by the major shift
of the cardiovascular system neuroendocrine regulation.
In particular, there are considerable functional changes
in the hypothalamic-pituitary-adrenal axis. The emerging
neuroendocrine dysregulation of the cardiovascular system
results from the increase in basal adrenocorticotropic hormone
(ACTH) and cortisol levels. Furthermore, inadequate elevation
of the levels of these hormones is associated with physical
stress. Such alterations result immediately in the increased
risk of cardiovascular disorders, even during the short-term
treatment with low-dose glucocorticoids, which affects future
life, prognosis, and outcome of the underlying disease. The
increase in the levels of these hormones poses a greater risk
of carsiovascular events, such as myocardial infarction, stroke,
coronary artery disease, chronic heart failure [8, 9]. Undoubtedly,
any body’s process leading to changes in the cardiovascular
system activates the endocrine function of the myocardium.
Atrial cardiomyocytes produce natriuretic peptides referred to
as the atrial natriuretic factor (or atrial natriuretic peptide)
and brain natriuretic peptide (or B-type natriuretic peptide).
Natriuretic peptides that have many physiological effects
are involved in numerous pathophysiological processes.
Furthermore, plasma levels of natriuretic peptides, specifically
brain natriuretic peptide, represent potent diagnostic and
prognostic biomarkers of heart diseases [10-12].

The study aimed to assess the cardiovascular system
adaptive capacity in chronic heart failure with moderate
exercise in different age groups.

METHODS

The study involved 72 male Wistar rats aged 6 months (fertile
age) and 19 months (senescent rats). The animals kept in
natural light at the temperature of 20-22 °C and relative
humidity of 60-70% had ad libitum access to drinking water
and standard vivarium feed.

Animals of each age group were divided into four groups:
the first group included intact rats (controls); the second one
included rats getting moderate exercise; the third one included
rats, in which chronic heart failure was simulated; the fourth
one included rats, in which chronic heart failure was simulated
with moderate exercise.

Chronic heart failure was simulated in rats by intraperitoneal
administration of the cardiotoxic dose of the anthracycline

antibiotic doxorubicin (Teva) at a cumulative dose of 15 mg/kg,
divided into 6 injections over 14 days [13].

The controls for intraperitoneal administration we represented
by the group of animals receiving intraperitoneal injections of
saline. The analysis and comparison of the data obtained with
the values of intact animals revealed no significant differences.
That is why in the study the data of experimental animals were
compared with the values of intact control animals.

Moderate exercise was induced in the animals by forced
swimming in a water bath at 32-34 °C. Training was conducted
daily, five days a week throughout three weeks. The cycle
consisted of 15 days with training sessions. The first training
session lasted for 2 min; the duration of each subsequent
session to the day 21 was increased by 4 min. The animals
were included in the experiment after 1, 2, and 3 weeks of
training. In all rats, 1 mL of blood was collected from the tail
vein into the test tubes containing clotting activator under
anesthesia in due course. Blood was centrifuged at 3000 rpm
for 15 min, then collected and stored at =35 °C.

Brain natriuretic peptide (NT-proBNP) was determined
by sandwich ELISA using the NTBNP-ELISA-BEST kit, and
corticosterone was determined using the DRG reagent kit (DRG
Instruments GmbH, Germany). Optical density of the studied
hormones was measured using the plate spectrophotometer
equipped with the cell holder combined with the software
and pDrop plate, Thermo for microvolume analysis (Multiskan
SkyHigh, USA). Significance of differences in the studied
indicators was determined using the Student’s t-test, when the
sample distribution was normal. The distribution was tested
for normality using the Shapiro-Wilk test. The results were
considered significant at p < 0.05.

RESULTS

The fertile age rats showed no differences in serum brain
natriuretic peptide levels from both baseline values and
values of controls within the first two weeks of training. During
adaptation to training a significant decrease in serum levels of
the peptide relative to the data of control rats was reported in
these animals (Fig. 1).

In the group of rats of the same age, in which chronic
heart failure was simulated, the considerably high serum brain
natriuretic peptide levels relative to both baseline and the data
of control rats were observed throughout the experiment (Fig. 1).

When modeling chronic heart failure with moderate
exercise, a rather high brain natriuretic peptide concentration
in blood serum was revealed in the first week of training, and
in subsequent weeks of training the brain natriuretic peptide
levels significantly decreased compared to the data reported
for rats with chronic heart failure (Fig. 1). The changes identified
suggest that with moderate exercise myocardial adaptation to
possible cardiac dysfunction is significantly higher.

During adaptation to moderate exercise, a significant
decrease in serum corticosterone levels relative to both
baseline and values of control rats was revealed in fertile age
rats in the second and third weeks of the experiment (Fig. 2). In
the fertile age rats, in which chronic heart failure was simulated,
serum corticosterone levels were significantly high relative to
both baseline values of the same rats and the values of control
rats in the beginning of the experiment. Later the adaptation
processes decreased considerably in these animals, as
suggested by significantly low serum corticosterone levels in
the end of the third week of the study (Fig. 2).

When modeling chronic heart failure in fertile rats with
training, there was a significant increase in serum corticosterone
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Fig. 1. Serum concentration of brain natriuretic peptide in 6-month-old rats

levels relative to baseline and the data of control rats in the
beginning of the experiment. Later during the experiment
serum corticosterone levels decreased to the levels of control
rats, and in the end of the third week of the study serum
corticosterone levels were significantly lower compared to the
data of control rats, but higher, than in rats with chronic heart
failure (Fig. 2). Therefore, adaptive capacity of the fertile age
animals developing cardiac disorders with moderate exercise
still turn out to be higher, than under conditions of no training.

As demonstrated by further findings, in the aging rats,
regular moderate exercise starting from the first week of the
experiment contributed to the significant decrease in serum
brain natriuretic peptide levels compared to both baseline
data of the same rats and the values of control rats (Fig. 3).
Considering the age-related increase in the levels of this peptide
in aging rats, it can be assumed that moderate exercise under
conditions of no cardiovascular system dysfunction has a
beneficial effect on the state of the myocardium.

In the group of aging rats, in which chronic heart failure was
simulated, a significant increase in the serum levels of brain
natriuretic peptide relative to the baseline values of the same
animals and the values of control rats was reported throughout
the experiment (Fig. 3).

When modeling chronic heart failure with moderate exercise
in aging rats, the significantly high serum brain natriuretic
peptide levels compared to both baseline and the values of
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control rats were revealed. However, after the first week of
training the peptide levels decreased significantly compared to
the data of rats with chronic heart failure (Fig. 3). The changes
revealed suggest that regular training improves cardiovascular
system function and heart functioning effectiveness in the aging
body even in cases of developing cardiac dysfunction.

During adaptation to regular training the aging rats showed
a significant moderate increase in serum corticosterone levels
compared to both baseline corticosterone levels and the
values of control rats throughout the experiment (Fig. 4). In
the aging rats, in which chronic heart failure was simulated,
serum corticosterone levels were significantly high relative to
both baseline values of the same rats and the values of control
rats in the first week of the experiment. In the next weeks of the
experiment, especially in the end of the third week, these rats
showed a significant decrease in serum corticosterone levels,
which suggests lower adaptation against the background of
cardiac dysfunction (Fig. 4).

When modeling chronic heart failure in aging rats with
training, the significant increase in serum corticosterone levels
compared to both baseline values and the data of control
rats was reported in the beginning of the experiment. In the
remaining time of the experiment, up to the end of the third
week, the decrease in serum corticosterone levels to the values
of control rats took place (Fig. 4). Therefore, when the aging
rats develop cardiac dysfunction with moderate exercise,
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Fig. 3. Serum concentration of brain natriuretic peptide in 19-month-old rats

body’s adaptive capacity turns out to be higher, than under
conditions of no training.

DISCUSSION

As is well known, considerable changes in all body’s system
occur during aging, which results in limitation of the capability
of adaptation to environmental factors and depletion of energy
resources. At the same time, certainly, pathophysiological
mechanisms are activated that finally lead to the development
of cardiovascular and other disorders. All the above contributes
to limitation of motor activity of an elderly individual, which also
can enhance the increase in destructive processes in the body.

Today, the family of cardiac hormones, such as brain
natriuretic peptide, the levels of which are increased with
ventricular wall dilatation caused by overload or dysfunction,
represent one of the widely used markers of the cardiac function
status. Brain natriuretic peptide is an important biomarker for
the diagnosis and monitoring of heart failure, since the increase
in blood concentration of the peptide is correlated to the heart
failure severity [1, 2, 10].

As is well known, heart failure results from structural and
functional cardiac impairment. It is characterized by water and
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sodium retention, electrolyte imbalance, and kidney function
deterioration. Our previous studies also showed that the
experimental chronic heart failure led to the progressive increase
in serum levels of aldosterone, sodium, and potassium [14].
The effect of brain natriuretic peptide is to reduce the load on
the myocardium through enhancement of diuresis, increased
sodium excretion. The elevated blood brain natriuretic
peptide concentration indicates the decreased heart muscle
contractility and allows one to judge about heart failure even
without echocardiography. The main stimulus for natriuretic
peptide secretion are the increase in myocardial tension with
increasing blood pressure or volume in the left heart ventricle
and mechanical stretching of the atria [15]. Glucocorticoids,
in turn, have a multifaceted effect on the myocardium due to
metabolic alterations, contribute to blood pressure increase,
which represents and independent risk factor of many
cardiovascular disorders [8].

The feature of our study is that we modeled moderate
exercise before the emergence of any significant disorder
of the cardiovascular system in the fertile period of ontogeny
and during aging of the body. It was found that adaptation to
moderate physical exercise was associated with the decrease
in serum brain natriuretic peptide levels in both age groups.
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When creating the model of chronic heart failure with moderate
exercise, adaptation of the myocardium to possible cardiac
dysfunction increases considerably in both age groups, which
is particularly evident in aging rats. Furthermore, in both fertile
age and aging rats, body’s adaptive capacity is higher with
moderate exercise, than under conditions of no training, which
is indicated by the dynamic changes in serum corticosterone
levels throughout the experiment. Positive impact of moderate
exercise on body’s physiological processes has been
determined by other factors. These papers report that physical
activity is the source of substances possessing therapeutic
effects that are produced by the body itself. Regular physical
activity has a beneficial effect on the tissue homeostasis,
function, and interaction [5].

However, the long-term heavy physical exertion can
adversely affect the condition of cardiomyocytes, as indicated
by the significantly elevated brain natriuretic peptide binding
fatty acids, copeptin, troponin [16, 17]. Undoubtedly, physical
exercise has a multifaceted effect on the brain natriuretic
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peptide levels depending on the exertion intensity and
duration, as well as on the baseline cardiovascular system
state [1]. As also shown by our studies, regular moderate
exercise should have its place in life since young adulthood,
before the emergence of the age-related cardiovascular
system alterations. It will make it possible to improve the
aging body’s quality of life.

CONCLUSIONS

It has been found that when creating the model of chronic heart
failure with moderate exercise, adaptation of the myocardium
to possible cardiac dysfunction increases significantly in both
age groups, which is particularly evident in aging rats. In both
fertile age and aging rats, body’s adaptive capacity in cases
of developing cardiac dysfunction turns out to be higher with
moderate exercise, than under conditions of no training, as
indicated by the dynamic changes in serum corticosterone
levels throughout the experiment.
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