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Starodubtseva NL, Eldarov ChM, Kirtbaya AR, Balashova EN, Gryzunova AS, Ionov OV, Zubkov VV, Silachev DN

RECENT ADVANCES IN DIAGNOSTICS OF NEONATAL HYPOXIC ISCHEMIC ENCEPHALOPATHY

The prognosis in neonatal hypoxic ischemic encephalopathy (HIE) depends on early differential diagnosis for justified administration of emergency therapeutic 

hypothermia. The moment of therapy initiation directly affects the long-term neurological outcome: the earlier the commencement, the better the prognosis. This 

review analyzes recent advances in systems biology that facilitate early differential diagnosis of HIE as a pivotal complement to clinical indicators. We discuss the 

possibilities of clinical translation for proteomic, metabolomic and extracellular vesicle patterns characteristic of HIE and correlations with severity and prognosis. 

Identification and use of selective biomarkers of brain damage in neonates during the first hours of life is hindered by systemic effects of hypoxia. Chromatography–

mass spectrometry blood tests allow analyzing hundreds and thousands of metabolites in a small biological sample to identify characteristic signatures of brain 

damage. Clinical use of advanced analytical techniques will facilitate the accurate and timely diagnosis of HIE for enhanced management.

Keywords: neonatal hypoxic ischemic encephalopathy, diagnostics, mass-spectrometry, proteomics, metabolomics, lipidomics
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Н. Л. Стародубцева, Ч. М. Эльдаров, А. Р. Киртбая, Е. Н. Балашова, А. С. Грызунова, О. В. Ионов, В. В. Зубков, Д. Н. Силачев

НОВЕЙШИЕ ДОСТИЖЕНИЯ В ДИАГНОСТИКЕ ГИПОКСИЧЕСКОЙ ИШЕМИЧЕСКОЙ 
ЭНЦЕФАЛОПАТИИ НОВОРОЖДЕННЫХ

Основной проблемой при гипоксической ишемической энцефалопатии новорожденных (ГИЭ) является ранняя дифференциальная диагностика, 

прогнозирование и классификация заболевания, от результатов которой напрямую зависит дальнейший метод терапии, в частности, назначение 

терапевтической гипотермии. Существует прямая зависимость времени начала терапевтической гипотермии и долгосрочного неврологического 

исхода: чем раньше начата терапевтическая гипотермия, тем лучше прогноз для пациента. В обзоре проанализированы последние достижения в 

области системной биологии, направленные на раннюю дифференциальную диагностику ГИЭ в дополнение к клиническим: применение протеомных и 

метаболомных биомаркеров, а также внеклеточных везикул, для которых установлена связь с тяжестью ГИЭ и прогнозом исхода. Выявление селективных 

маркеров повреждения головного мозга у новорожденных в первые часы жизни затруднено из-за системного влияние гипоксии на весь организм. 

Особый интерес представляют метаболомные исследования крови новорожденных с использованием хромато-масс-спектрометрии, позволяющие 

анализировать сотни метаболитов на небольшом количестве биологического образца и определять паттерны, соответствующие повреждению мозга, 

что будет способствовать более точной и своевременной постановке диагноза ГИЭ для назначения терапевтической гипотермии.

Ключевые слова: гипоксическая ишемическая энцефалопатия новорожденных, диагностика, масс-спектрометрия, протеомика, метаболомика, липидомика
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Neonatal hypoxic ischemic encephalopathy

Neonatal hypoxic ischemic encephalopathy (HIE) is one 
of the leading causes of neonatal mortality and disability. 
Among premature babies (gestational age < 28 weeks) HIE 
occurs in about 4–48 cases per 1000 pregnancies, and the 
incidence strongly correlates with a decrease in gestational 
age [1–4]. HIE accounts for 6–9% of all neonatal deaths and 
21–23% of term infant deaths. According to the literature, up 
to 10% of neonates with HIE die after birth and 25% develop 
severe neurological disorders: cerebral palsy, seizures, mental 
retardation, cognitive impairment and epilepsy [5–9].

Clinical outcomes in infants with this pathology depend on 
its correct prediction, detection and classification as a basis for 
the choice of strategy. Among infants with signs of perinatal 
asphyxia, about 20% are at risk for HIE of varying severity, 

of which 40–50% will be at risk of disability, including mental 
retardation, epileptic seizures, visual and hearing impairments 
and possibly death [10].

Therapeutic hypothermia (TH) is a proven, effective treatment 
for HIE that improves survival and long-term prognosis [11, 12]. 
Current recommendations for the use of TH include infants with 
moderate to severe HIE starting from 37 weeks of gestation 
and exclude infants with mild HIE. Still, 75% of neonatal 
centers in UK perform TH in infants with mild HIE, according to 
a national survey [13]. The prospective research on infants with 
mild encephalopathy (PRIME) project revealed early emergent 
electroencephalography (EEG) changes, seizures, pathological 
signs in brain MRI or neurological symptoms in 52% of infants 
with mild HIE at discharge [14]; a follow-up examination in 
19 months on average revealed disability in 16% and Bayley-III 
scores below 85 in 40% of the cases. It was noted that in 
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children with mild HIE receiving no TH, cognitive outcomes 
were similar to those in children with HIE of moderate severity 
and no TH. A systematic follow-up in infants with mild HIE 
revealed neurodevelopmental pathological sequelae in 25% of 
the cases (n = 341) [15–17].

Clinical diagnosis and prognosis of HIE

The early and accurate assessment of HIE severity remains one 
of the most challenging tasks in neonatal care. Neonatology uses 
a variety of clinical methods to assess the morphological and 
functional state of the nervous system in order to predict long-
term outcomes, such as neuroimaging and neurophysiological 
techniques, and their combinations [18–22]. However, the 
currently available instrumental assessments for the risks of 
brain damage in neonates have inherent limitations that prevent 
using them during the first hours of life; hence the uncertainty 
about the severity of ongoing brain damage and concomitant 
neurological risks during the early postnatal period [23, 24].

The available clinical assessment tools for HIE include 
amplitude-integrated EEG, neuroimaging and cerebral blood 
flow scans [22, 24–27]. A number of studies have shown that 
about 80% of EEG seizures in neonates are unrelated to clinical 
status and thus cannot be identified without constant EEG 
monitoring, even by experienced clinicians. Moreover, there 
is no straightforward correlation between HIE severity and 
the incidence of seizure activity revealed clinically or by EEG 
[28–30].

The amplitude-integrated background EEG patterns in HIE 
strongly correlate with neurological outcome [31]. However, 
their prognostic value depends on the duration of background 
pattern changes with regard to HIE, whereas time limit for 
the prevention of adverse outcomes in infants receiving TH 
constitutes 48–72 h of life [27]. Qualitative assessment of brain 
damage by MRI during the first 48 hours of life is prone to 
underestimation [32–34].

Various risk factors have been shown to undermine the 
benefits of TH in newborns with asphyxia, including HIE 
severity, delayed commencement of the treatment, hypo- and 
hyperglycemia, seizures, hyperoxia and hypocapnia during the 
therapy, as well as certain comorbidities. A well-known risk 
factor for poor neurological outcome in neonates is perinatal 
sepsis; besides, TH has a negligible neuroprotective effect in 
the inflammation-sensitized hypoxic-ischemic encephalopathy 
[35–39].

HIE is rarely caused by metabolic imbalances [40]. Congenital 
metabolic disorders manifest in neonatal period after normal 
delivery with no signs of perinatal asphyxia. The newborns 
develop neurological symptoms and signs of multiple organ 
failure, which may clinically resemble HIE. A detailed family history 
to establish risk factors such as parental consanguinity or infant 
death in the anamnesis is essential, as most congenital metabolic 
disorders have an autosomal recessive pattern of inheritance. All 
neonates at risk for congenital metabolic disorders should be 
examined accordingly, as these patients may decisively benefit 
from specific therapies rather than hypothermia.

Another category of genetically determined neurological 
disorders mimicking HIE are neonatal myopathies and 
encephalopathies. Neonates with congenital centronuclear 
myopathy present with muscular hypotension associated 
with respiratory failure and early lethal outcome, which may 
also mimic HIE [41]. The widespread use of whole-genome 
sequencing methods has revealed a number of new pathological 
variants, e.g. in GNAO1, associated with functional defects of 
the central nervous system and clinical phenotypes similar to 

HIE [42, 43]. Thus, TH has been effective only in some patients 
with clinical signs of HIE. The early differential diagnosis of HIE 
in neonates can be facilitated by analysis of blood levels for 
a variety of metabolites using advanced analytical techniques, 
notably chromatography–mass spectrometry. This method 
allows identification of hundreds of metabolites within a few 
hours, which fits the time window for a decision on TH.

New approaches in HIE diagnostics: proteomic studies

Recent years have been marked by a constantly growing 
interest in systems biology — a science that integrates 
several levels of information to achieve a more comprehensive 
knowledge of a biological system. Genomics, transcriptomics, 
proteomics and metabolomics are the pillars of systems 
biology, forming a group of the so-called 'omics'-sciences. The 
ongoing boom in 'omics'-sciences is a consequence of recent 
breakthroughs in instrumental technologies, particularly in the 
fields of chromatography, mass spectrometry and sequencing. 
Technologies used to create the 'omics'-platforms are analytical 
approaches for obtaining information about molecules of 
various order that make up a biological sample: nucleic acids, 
proteins and metabolites. These methods allow simultaneous 
recording of quantitative and qualitative content for thousands 
of compounds, thus creating a unique 'fingerprint' of the 
current state of the body. The 'omics'-sciences are mutually 
complementing: genomics reveals the potential, transcriptomic 
shows the intention, proteomics tells what is going on and 
metabolomics reflects the influence of external and internal 
environments on the genetically determined biochemical 
landscape. As genes and proteins provide the basis for cellular 
activities, big shifts in physiological status mostly occur at the 
level of metabolites. In the applied perspective, metabolome is 
probably the best sensor for pathophysiological status of cells, 
tissues, organs and the body [44].

Research on biomarkers of various diseases, including 
those with high social impact, constitutes a booming field at 
the intersection of genomics, proteomics, metabolomics and 
instrumental analytics including nuclear magnetic resonance 
(NMR), mass spectrometry (MS), high performance liquid 
chromatography coupled with mass spectrometry (HPLC-MS/MS)
and enzyme immunoassay (ELISA). This is reflected by a 
soaring number of publications, symposia and special sections 
at industry conferences focused on this issue. 

It should be noted that opportunities of clinical investigation 
during the neonatal period are tightly limited. Among neonatal 
biological samples suitable for the study of molecular marker 
dynamics those collected non-invasively (urine, stools) or low-
invasively (blood, dried blood spots) are highly preferable for 
medical reasons. Leftovers from routine clinical tests can be 
used straightforwardly for advanced analysis without additional 
contacts with the patient.

Several studies featuring quests for biomarkers in neonatal 
blood, urine and cerebrospinal fluid (CSF) samples have been 
published, representing various pathologies including HIE 
[45]. It should be noted that CSF collection is highly invasive. 
True enough, CSF may contain neural markers including glial 
fibrillary acidic protein (GFAP) and S100B, but not during the 
first critical 6 h after birth, although these markers can be of 
significant value for the prognosis of already developed HIE 
[46]. The use of urine has been considered as well, notably 
for the measurements of lactate-creatinine ratio in suspected 
HIE; however, the infants with congenital neonatal asphyxia 
usually present with delayed onset of urination because of 
the concomitant kidney damage, which makes urine a hardly 
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suitable substrate for clinical diagnosis of HIE on a routine 
basis [47]. 

Accordingly, the major efforts are focused on the use of 
biomarkers circulating with the blood, mostly of peptide nature, 
as well as neuronal exosomes and inflammatory cytokines and 
metabolites. The latest advances in metabolomics, proteomics 
and transcriptomics shift the focus towards complex molecular 
patterns instead of individual biological compounds. The much 
sought-for patterns should clearly distinguish HIE against the 
background of concomitant damage to kidney, myocardium, 
etc., inevitable in perinatal asphyxia. So far, the available 'omics' 
data for the initial stage of brain injury in HIE (hypoxic phase 
during the first 6 h after birth) have been clinically irrelevant.

The search for 'omics' patterns is complicated, firstly, 
by the nature of pathological process in HIE. The hypoxic 
conditions switch brain cells to anaerobic metabolism, to which 
they are not fit (especially neurons). Under conditions of stress, 
excitotoxicity and metabolic waste accumulation, the energy 
resources quickly become depleted and the cells die massively 
by necrosis thereby seeding the inflammatory reaction. The 
ischemic/hypoxic phase is followed by reperfusion/reoxygenation 
phase marked by reactive oxygen species production, 
initiation of apoptosis cascades and inflammation. The final 
and permanent phase of chronic inflammation aggravates the 
excitotoxicity, oxidative metabolism impairment and protease 
and caspase activation, eventually leading to organic brain 
injury and impaired functionalities [48]. The associated dynamic 
changes in molecular and biochemical cascades are mirrored 
by corresponding profiles in blood plasma; noteworthy, many 
relevant candidate markers (compounds with characteristic 
disease-related dynamics) 'miss' the time window of the 
emergency decision making (within 6 h after birth). For instance, 
blood levels of the above-mentioned GFAP and S100B, as well 
as neuron-specific enolase and myelin basic protein, rise 12–24 h
after birth i.e. clearly beyond the 6 h limit [49–51]. Clinically, 
HIE is difficult to differentiate from neonatal sepsis or congenital 
metabolic disorders; moreover, sepsis may accompany HIE, 
modifying its clinical presentation. It is important to emphasize 
that erroneous administration of HT due to diagnostic inaccuracy 
can be harmful to patients with non-ischemic encephalopathies 
[52]. This additional constraint underscores the demand for 
reliable markers of neonatal brain damage associated specifically 
with the ischemic/hypoxic genesis of the condition.

Another obstacle in molecular diagnostics of HIE is marker 
specificity with regard to neuronal damage. By assumption, 
such markers should be mostly proteins essential for structural 
integrity of nervous tissue; accordingly, upon violation of 
the blood brain barrier such markers penetrate to CSF first 
and then to the blood [53]. Very often, though, the cues are 
blurred by collateral processes, e.g. inflammatory, triggered 
by asphyxia. For instance, in cord blood of full-term newborns 
with severe HIE (n = 25) the brain-type creatine phosphokinase 
(BT-CC) levels were increased several-fold compared with 
matching healthy controls over the first 6 h and 24 h of life 
[54]. Of note, BT-CC is not a brain damage-specific enzyme, 
but is expressed in most tissues and its elevated levels may 
result from damage to other organs in asphyxia [55]. Another 
candidate molecule, ubiquitin C-terminal hydrolase L1, is 
a neuron-specific cytoplasmic marker of apoptosis. Blood 
tests for this protein carried out in 50 newborns (37 weeks 
of gestation on average) revealed significant increase within 
24 h of life specifically in moderate and severe HIE, despite a 
negligible correlation of its levels with subsequent MRI changes 
recorded on day 5 and in 1 year follow-up [56]. Yet another 
study focused on neurofilament light chain protein (NFL) 

showing increased blood levels in newborns with moderate and 
severe HIE receiving HT. The initial measurement was made at 
18 h, when the temperature inside HT chamber reached its 
target level. Despite strong correlation of NFL blood dynamics 
with MRI scans revealed in the study, no data for the first 6 h of 
life were available, and apparently NFL should be regarded as 
a late prognostic marker non-applicable for the early diagnosis 
required for the emergency treatment [57].

The violation of the blood-brain barrier integrity promotes 
endothelial cell activation with induced secretion of non-specific 
angiogenic markers, notably VEGF. Apart from endothelial 
cells, VEGF can also be produced by astrocytes and microglia. 
However, the evidence on its increased plasma levels in HIE 
is contradictory [58] and the molecule is not specific for brain 
tissues [59]. A similar situation is observed for adrenomodulin 
and secretoneurin, produced by the brain but also by the 
endocrine and neuroendocrine systems, with the expression 
significantly enhanced by hypoxia [60, 61].

Inflammation markers can also have diagnostic significance, 
as different types of immune cells and inflammatory factors 
participate in primary and secondary reactions to ischemic 
damage, including regeneration. A number of cytokines 
(TNFα, interleukins IL1β, IL6, IL8, IL10, etc.) show significantly 
increased serum levels in both term and preterm babies with 
neonatal asphyxia [62]. In a study enrolling 20 newborns with 
asphyxia, 36 weeks of gestation on average, plasma levels of 
pro-inflammatory cytokines (notably IL6 and IL8) were significantly 
increased within 6–24 h of life and correlated with HIE severity 
[63]. At the same time, it should be remembered that hypoxia-
ischemia-associated inflammatory processes affect all systems of 
the body, especially in preterm babies. In fact, the inflammatory 
reaction can be triggered by the labor itself and subsequently 
amplified under conditions of HIE [64]. A study enrolling newborns 
at 35 weeks of gestation with HIE, receiving HT (33 °С for 72 h, 
commenced within 6 h of life) or not, revealed an important role of 
IL6, IL1β, IL8, TNFα and IL10 in HIE and correlation of their levels 
with the outcome; importantly, these levels cannot be attributed 
specifically to brain damage. In cases of successful HT, the IL6, 
IL8 and IL10 levels decreased significantly by 36 h of life [65]. 
Yet another study assessed the cytokine profiles in newborns 
(36 weeks of gestation) with pronounced HIE, receiving HT (33.5 °С 
for 72 h) starting from within 6 h of life. Blood samples collected 
24 h and 72 h after birth revealed sustainably elevated cytokine 
levels for IL6 only [51]. 

Overall, the above-mentioned studies indicate low prognostic 
capacity and questionable feasibility of using individual molecular 
and biochemical markers for clinical purposes in HIE. Hopefully, 
the use of 'omics' technologies to reveal complex disease-specific 
patterns of biomolecules will be more helpful; in this regard mass 
spectrometry holds great promise as a universal tool for high-
throughput analysis of various biological compounds in one 
sample, including proteins, lipids and metabolites.

Studies considering proteomic analysis of biological fluids 
collected from neonates with HIE are still rare [66, 67]. One 
of them (2020) enrolled newborns with HIE (gestational age 
37 weeks; n = 12 including four pts of each grade — mild, 
moderate and severe) and matching controls (n = 16). Blood 
samples (3 mL) were collected before HT, within 5–7 h of life. 
The blood was tested by quantitative mass spectrometry using 
an isobaric label for relative quantification (iTRAQ). Subsequent 
bioinformatic analysis showed that blood levels of certain 
proteins differed between HIE patients and controls in a severity-
dependent manner; a set of 133 unique candidate proteins 
were identified, 14 of them showing elevated blood levels. 
Most of the differentially represented proteins were involved 
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in cell damage responses or acute/chronic inflammation, or 
incorporated in the membranes of extracellular organelles and 
exosomes. However, only two candidate markers, haptoglobin 
and S100A8, were subsequently confirmed by Western blot and 
PCR as differentially represented. The S100A8 protein is involved 
in several important pathways, including inflammation and the 
regulation of calcium homeostasis, through interactions with 
S100A9 [68]. The S100A8/A9 complex inhibits pro-inflammatory 
cytokine production thus suppressing excessive inflammation 
[69], whereas haptoglobin is an antioxidant protein which binds 
free hemoglobin thereby protecting the brain from reactive oxygen 
species upon hemorrhage; haptoglobin is also expressed in the 
liver [70]. So far, this is the only published proteomic analysis of 
blood samples collected from neonates with HIE [67]. 

Yet another published attempt of proteomic/peptidomic 
analysis (2020) involved CSF samples collected from newborns 
with HIE (n = 4; 38–39 weeks of gestation at birth, Apgar 
score < 5) within 24 h of. The iTRAQ mass spectrometry revealed 
differential representation of 34 peptides belonging to a total of 
25 proteins compared with the control. Bioinformatic analysis 
implicated many of these proteins in chromatin compaction 
processes within the nucleus. The most prominent reduction 
was shown by a heat shock protein 90α peptide involved in cell 
death program through formation of pores in the membrane, 
as confirmed by functional in vitro assay. The experiments 
on PC12 cell line demonstrated that the studied heat shock 
protein 90α peptide indeed protects the cells from pyroptosis 
induced by a 6 h glucose-oxygen deprivation [66]. These results 
illustrate the utility of animal and cell experimental models in 
the search for brain damage-associated specific patterns for 
clinical translation. The approach enables differentiation of the 
clinical picture of brain tissue damage from other complications 
and dysfunctionalities associated with asphyxia.

Experimental models for brain damage marker identification

In vitro and in vivo experimental models help to identify specific 
proteomic and metabolomic patterns in HIE by means of 
reducing the system's complexity. The newly identified 
molecular patterns of brain damage can be used in clinical 
data interpretation and analysis. One study modeled hypoxic 
ischemia in mice on postnatal day 7; the experiments involved 
ligation of carotid artery and 92% N

2
 / 8% O

2
 chamber for 30 min, 

followed by mass spectrometry analysis of brain tissue 24 h 
post-intervention. The results indicate significantly reduced 
expression of collapsin response mediator proteins known to be 
involved in axon pathfinding and neuronal outgrowth in general 
[71]. Another team conducted metabolomics studies in newborn 
pigs. The animals underwent ligation of the left jugular vein and 
right carotid artery and were placed under hypoxic conditions 
to model asphyxia (12–36 h of life). Blood samples collected 
at three time points (before the procedure, immediately after 
hypoxia and 120 min after hypoxia during the reoxygenation 
phase) were analyzed by liquid chromatography–time-of-flight 
mass spectrometry. The results indicate substantial increase 
in biochemical markers of anaerobic metabolic pathways 
including cytidine and uridine derivatives, free fatty acids and 
choline. The authors suggest using these compounds as early 
diagnostic markers of HIE in neonates [72]. Several published 
in vitro studies used cell cultures as model systems to identify 
candidate markers of brain cell damage. In one study, murine 
hippocampal cell line HT22 underwent 17.5 h of hypoxia in the 
presence of 0.69 mM glucose. Proteomic analysis by HPLC–tandem 
mass spectrometry revealed a set of 105 unique proteins expressed 
differentially by treated cells compared with the control (normoxia). 

As shown by subsequent processing, the majority of these proteins 
were targets of HIF-1α induced by hypoxia; although the factor 
per se escaped proteomic detection, its increased expression 
was revealed by western blot analysis. The induction of HIF-1α 
targets triggered glycolysis and antioxidant systems while blocking 
inflammatory reactions [73]. Another study modeled the acidosis-
induced cell damage in neuronal cultures by 24 h incubation at 
pH = 6.2. Subsequent proteomic analysis revealed a set of 69 
unique proteins related to cell death, impaired synaptic plasticity 
and oxidative stress [74]. Such studies demonstrate the suitability 
of cell models for identification of specific proteomic markers of 
neuronal damage for the purposes of differential diagnostics.

Metabolomic approaches in HIE diagnosis and prognosis

Metabolomic profiling of the blood can be a highly sensitive 
diagnostic and prognostic tool for neonatal conditions including 
congenital metabolic disorders, sepsis and HIE. Neonatal 
sepsis is invariably accompanied by changes in glucose and 
lactate metabolism, reflecting a shift from the mitochondrial 
oxidative phosphorylation to glycolysis and pentose phosphate 
pathway, as well as oxidative stress and fatty acid oxidation 
[75]. Several candidate metabolites have been also proposed 
as markers for the early diagnosis of HIE.

It should be emphasized that HIE severity and dynamics 
depend on gestational age at birth. Accordingly, metabolomic and 
proteomic profiles of the disease are likely to be gestational age-
dependent both qualitatively and quantitatively [76, 77]. In term 
and preterm babies, metabolomic profiles behave differently. For 
instance, markers of tyrosine metabolism, tryptophan/phenylalanine 
biosynthesis, urea cycle and arginine/proline metabolism in the 
urine significantly correlate with gestational age [78].

Contemporary advances in MS and NMR have enabled 
metabolomics analysis for HIE with simultaneous recording 
of spectra for hundreds of metabolites, which is an absolute 
prerequisite given the dynamic character and complexity of 
the pathogenic process in HIE. In accordance with the nature 
of pathology, the metabolomic tests are focused on the signs 
of hypoxia and metabolic impairments. The strategies can be 
roughly defined as targeted (i.e. analysis of a small number of 
particular metabolites), semi-targeted (analysis of a large panel 
of metabolites), and non-targeted (whole-metabolome). About 
a dozen of studies describing urine and blood metabolome 
dynamics in neonates with HIE have been published so far; the 
urine samples were studied by MS and NMR.

One study (2018) analyzed urine samples from newborns 
with HIE (n = 10; 38 weeks of gestation at birth, Apgar score 5–7). 
The urine was collected 6 h, 48 h (during HT), 72 h (after HT) 
and 1 month after birth. A NMR study revealed significantly 
increased urine levels of lactate, myoinositol and betaine along 
with significantly decreased urine levels of the Krebs cycle 
intermediates (citrate, α-ketoglutarate, succinate), acetone, 
dimethylamine, glutamine, pyruvate, N-acetyl groups, arginine 
and acetate in lethal cases compared with matching healthy 
controls [79]. Another study (2017) used HPLC-MS/MS for 
metabolomic analysis of urine samples from newborns with 
HIE (n = 13; 36 weeks of gestation at birth on average, Apgar 
score 2–3). The urine was collected 12 h and on days 3 and 9 
after birth. The results indicate significantly decreased levels of 
certain amino acids (the branched leucine and isoleucine and 
aromatic phenylalanine, tyrosine and tryptophan), kynurenine 
and hippuric acid along with increased acylcarnitine levels in 
HIE compared with matching healthy controls [80]. 

Metabolomic studies on neonatal blood samples collected 
from patients with HIE have been attempted as well. One 
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study applied non-targeted metabolomic analysis of cord 
blood collected from newborns (gestational age 36 weeks, 
Apgar score 6) diagnosed with neonatal asphyxia with or 
without signs of HIE. The samples were collected within 
20 min after delivery of the placenta during labor. The HIE 
and non-developed HIE subgroups revealed statistically 
significant differences in cord blood levels of melatonin, leucine, 
kynurenine and 3-hydroxydodecanoic acid. HIE severity 
markers were also identified, including D-erythrose phosphate, 
acetone, 3-oxotetradecanoic acid and methylglutaryl carnitine. 
Bioinformatic analysis has shown that HIE disrupts about 
50 and 75% of tryptophan and pyrimidine metabolic 
pathways, respectively [81]. A recent study (2021) applied 
gas chromatography with time-of-flight mass spectrometry in 
a similar setting. The study enrolled newborns with moderate 
and severe HIE (n = 24; gestational age 35 weeks, Apgar 
score < 7) and matching healthy controls (n = 24). The samples 
(2 mL of blood from femoral artery) were collected immediately 
after birth in order to obtain plasma for metabolomic analysis. 
A set of 52 metabolites detected in the blood of newborns with HIE 
clearly differentiated the patients from the control group. These 
metabolites have been affiliated to pathways of amino acid 
metabolism, energy metabolism, neurotransmitter biosynthesis, 
pyrimidine metabolism, HIF regulation by oxygen and G protein-
coupled receptor (GPCR) signaling. Fourteen compounds 
showed high predictive value for HIE, including alanine, glutamic 
acid, glutamine, L-malic acid, succinic acid, pyruvic acid and 
taurine. In addition, α-ketoglutaric acid and hydroxylamine 
revealed high predictive value between moderate and severe 
forms of HIE, with the area under ROC curve being 0.729 [82].

Metabolomic patterns revealed in these studies are consistent 
with the impaired energy metabolism and mitochondrial 
damage initiated in HIE. The most typically observed 
changes involved energy metabolites indicating a shift 
towards anaerobic metabolism (elevated lactate levels) and 
Krebs cycle disruption. The accumulation of lactate and Krebs 
cycle intermediates (citrate, alpha-keto-glutarate, succinate 
and fumarate) are explained by ATP depletion and respiratory 
chain dysfunction. In newborns with pronounced (moderate to 
severe) HIE, elevated succinate levels may also correlate with 
severity [83]. We should also note that a number of studies have 
repeatedly emphasized that even after 48 h of intensive care 
with HT, newborns with successfully treated HIE have altered 
metabolic features distinguishing them from healthy peers 
[84]. The altered glutamine levels reflect its being a precursor 
for glutamate, the main excitatory mediator during perinatal 
brain injury [85]. Hypoxanthine, which promotes formation 
of the detrimental reactive oxygen species upon interaction 
with xanthine oxidase, is often mentioned in such studies; a 
characteristic increase in hypoxanthine levels is considered the 
main clinical biochemical feature of asphyxia [86].

Metabolomic analysis revealed an important role of lipids 
in perinatal asphyxia. Choline revealed the most prominent 
HIE-related changes (elevated levels) among lipid metabolites 
[83]. Choline and its derivatives are essential for the structural 
integrity of cell membranes and signaling (phospholipids), 
neurotransmission (acetylcholine synthesis), lipid transport 
(lipoproteins) and methyl group metabolism (homocysteine 
reduction) [87]. Blood levels of inositol, the main precursor 
in the synthesis of phosphorylated signaling compounds, 
increase significantly in newborns after perinatal asphyxia, but 
these changes are not specific for nervous system damage 
[46, 77]. Overall, the search for markers of neuronal damage by 
metabolomic analysis can be assumed the most effective and 
appropriate vector for the field of early diagnosis in HIE. 

Extracellular vesicles in HIE diagnostics

The targeted analysis of extracellular vesicles produced by 
neurons in HIE should be mentioned as a promising alternative. 
Extracellular vesicles (EVs) are specialized 'containers' of 
cellular origin consisting of cytoplasm enclosed in phospholipid 
membrane [88]. EVs have been shown to participate in a variety 
of biological processes including immune regulation, inflammation 
modulation, cell-to-cell communication, angiogenesis, etc. 
EVs released by neurons play important roles in their functional 
maintenance and development [89]. Neuronal EVs have been 
shown to increase in number under conditions of traumatic brain 
injury or stroke [90, 91]. EVs hold promise as diagnostic markers 
in many fields of medicine; their cell type-specific transmembrane 
proteins can be used as tags for EV sorting and subsequent 
analysis of particular classes. Neuronal EVs exhibit adhesion 
molecules, as well as receptors and ligands for specific recognition 
by target cells, and are probably involved in synaptogenesis. Their 
cytoplasmic content is protected from degradation, which makes 
them storable and generally adds to their value as a diagnostic/
prognostic substrate [92–94]. 

Few clinical studies published so far describe the use of 
neuronal EVs as brain damage markers in HIE. One study (2015) 
enrolled 14 newborns (36 weeks of gestation, Apgar score 2–5) 
diagnosed with HIE and receiving HT starting from within 6 h 
of life. Blood samples (500 µL) were collected 8, 10 and 14 h 
after commencement of the therapy. The study used an original 
protocol for neuronal EV isolation: 100 µL of blood plasma were 
treated with commercial reagent for exosome precipitation 
(EXOQ; System Biosciences, Inc.; Mountainview, CA) and the 
total yield of exosomes was incubated with biotinylated antibodies 
to contactin-2 — a neuron-specific adhesion molecule. The 
exosome-Ab complexes were subsequently precipitated with 
streptavidin to yield a pure fraction of neuronal EVs. Although 
EV concentrations in the isolates are not specified in the article, 
they should have been low, providing for measurements of 
four markers only: synaptopodin, synaptophysin, neuronal 
enolase and mitochondrial cytochrome-C-oxidase. Of those, 
only synaptopodin proved to be of diagnostic value; at that, its 
dynamics reflects secondary damage arising after 6 h of life [95]. 
It should be noted that such modification of EVs renders them 
unsuitable for MS-based metabolomic assay. Moreover, very 
low yields of EVs will hardly afford reliable measurements above 
the noise thereshold. Another study by the same team (2021) 
enrolled 26 newborns with HIE (39 weeks of gestation, Apgar 
score 5); the venous blood samples were collected at 0–6, 12, 
24, 48 and 96 h of life. Neuronal EVs were isolated by the same 
method and analyzed by enzyme immunoassay for a different 
set of neuronal markers including synaptopodin, neutrophil 
gelatinase-associated lipocalin (NGAL) and neuropentraxin-2 
[96]. NGAL levels have been shown to correlate with severity 
and outcomes in hemorrhagic stroke, while also being a marker 
of kidney damage [97, 98]. Neuropentraxin-2 binds α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate 
receptors at excitatory synaptic terminals [99]. Similarly with the 
previous study, synaptopodin revealed significant prognostic 
value and correlated with MRI data in cases of mild damage, 
whereas in more severe cases its prognostic value was non-
significant and the sensitivity dropped from 40% to 18% within 
0–12 h window. Prognostic value of NGAL (with regard to MRI 
data) was significant in cases of moderate and high severity, but 
within a 12–48 h window, and no inverse correlation between 
synaptopodin and NGAL levels was identified [96]. The utility 
of this approach for clinical diagnostic purposes remains 
questionable due to the extremely low yields of neuronal EVs.
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Advanced understanding of pathogenic processes in the 
inflammatory bowel diseases (IBD) together with the search for 
new approaches in predicting patient's responses to therapy is 
an urgent pediatric problem. The prevalence of IBD in Russia 

is 5.1 : 100,000 [1]. The 30% increase in the incidence of 
IBD among children observed over the past decade and the 
emergence of severe forms of the disease in early childhood are 
of particular concern to pediatricians [2, 3]. The onset of IBD has 

Radygina TV1      , Petrichuk SV1, Kuptsova DG1, Potapov AS1,2, Illarionov AS2, Anushenko AO1, Kurbatova OV1, Semikina EL1,2

CONTENT OF CD4+ CELLS EXPRESSING CD39/CD73 ECTONUCLEOTIDASES IN CHILDREN WITH 
INFLAMMATORY BOWEL DISEASES

The regulation of TNF inhibitor therapy-associated immune responses in inflammatory bowel diseases (IBD) in children remains an urgent problem. The study 

aimed at analyzing the expression of CD39/CD73 endonucleotidases by different subsets of peripheral blood T cells in children with IBD including Crohn's disease 

(n = 34) and ulcerative colitis (n = 33) having received TNF inhibitors in comparison with conditionally healthy children (n = 45). Lymphocyte subsets including 

regulatory T cells (Treg, CD4+CD127lowCD25high), activated T cells (Tact, CD4+CD25+CD127high) and Th17 cells (CD4+CD161+CD3+) were studied by flow cytometry. 

The results are presented as medians (Me) and quartiles (Q
25

–Q
75

). In children with IBD the highest and the lowest relative counts of CD39+ cells were found in Treg 

and Tact subsets — 31% (15–38) and 4% (1–7), respectively. The highest relative counts of CD73+ cells were found in Tact — 13% (8–21). The CD39 and CD73 

expression ratio in patients with IBD, and in the control group as well, depended on particular subset. CD39 expression in Treg, Tact and Th17 of patients with 

IBD was not age-dependent. Patients with acute Crohn's disease revealed decreased expression of CD39 in Treg compared with the control group (12% (9–23) 

vs 35% (28–39), respectively; р = 10–6). Patients with Crohn's disease in remission revealed increased expression of CD39 in Treg compared with the acute of the 

disease (31% (27–40) vs 12% (9–23); р = 9.4 × 10–5). Patients with Crohn's disease in remission revealed no significant differences with the control group apart 

from reduced expression of CD73 by Treg in Crohn's disease. The results indicate significant association of CD39 and CD73 expression levels in particular subsets 

of CD4+ cells with the phase of the disease (acute vs remission) and, accordingly, with the anti-TNF regimen efficacy.
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Изучение регуляции иммунного ответа на фоне терапии блокаторами TNF при воспалительных заболеваниях кишечника (ВЗК) у детей остается актуальной 

проблемой. Целью исследования было изучить экспрессию CD39/CD73 в субпопуляциях лимфоцитов (регуляторных Т-клеток (Treg) — CD4+CD127lowCD25high; 

активированных Т-клеток (Tact) — CD4+CD25+CD127high; Th17-лимфоцитов — CD4+CD161+CD3+) периферической крови у детей с ВЗК (с болезнью Крона (БК), 

n = 34; с язвенным колитом — n = 33), принимавших блокаторы TNF,  и у 45 условно здоровых детей. Результаты представлены в виде медианы (Me) и квартилей 

(Q
25

–Q
75

). С помощью многоцветной цитометрии показано, что у детей с ВЗК наибольшее количество CD39+ выявлено в популяции Treg — 31% (15–38), 

наименьшее — в Tact 4% (1–7), а наибольшее количество CD73+ — в Tact 13% (8–21). Соотношение экспрессии CD39 и CD73 у пациентов с ВЗК, так же как и в 

группе сравнения, зависело от популяции клеток. Экспрессия CD39 в Treg, Tact и Th17 у пациентов с ВЗК не зависела от возраста ребенка. В группе детей с БК 

в обострении относительно группы сравнения получено снижение экспрессии CD39 в Treg (12% (9–23) против 35% (28–39), р = 0,000001). У детей в ремиссии 

БК экспрессия CD39 в Treg достоверно выше, чем при обострении (31% (27–40) против 12% (9–23); р = 0,000094)). Между группой пациентов в ремиссии и 

группой сравнения достоверных различий выявлено не было, за исключением снижения экспрессии CD73 в Treg при БК. Полученные результаты показывают, 

что экспрессия CD39 и CD73 в популяциях CD4+-лимфоцитов в значительной степени связана с течением заболевания, с обострением или ремиссией, и, 

соответственно, с эффективностью проводимой анти-TNF-терапии. 
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been associated with a combination of several adverse factors 
including genetic predisposition, immune system dysfunction, 
abnormal gut microbiota and the harmful environmental 
factor exposure [4]. Among those, immune dysregulations are 
considered the most impactful. In particular, the dynamics of 
certain subsets of T lymphocytes including T helper 17 cells 
(Th17) and regulatory T cells (Treg) correlates with the severity of 
pathological process and therapy efficacy in IBD [5, 6]. As naïve 
T cells differentiate into Th1, Th2, Th17 and Treg cells under 
the action of specific combinations of cytokines produced by 
antigen-presenting cells, Th17 and Treg use a common TGFβ-
mediated signaling pathway. In the presence of IL6, IL21 and 
TGFβ, naïve CD4+ Т cells differentiate into Th17, whereas in the 
absence of pro-inflammatory cytokines they differentiate into 
Treg cells. Abnormal balance between Th17 and Treg leads to 
autoimmune disorders including IBD [7, 8].

The past decade was marked by intensive research 
on the purinergic system and its immediate involvement in 
immune functionalities. The purinergic signaling hypothesis 
was proposed by Geoffrey Burnstock back in 1972 [9]. 
Its modern understanding implicates the extracellular 
adenosine triphosphoric acid (eATP) as a pro-inflammatory 
mediator participating in the regulation of cell metabolism, cell 
migration, cell proliferation and apoptosis through signaling 
pathways triggered by P2Y and P2X receptors [10, 11]. The 
ectonucleotidase enzymes CD39 (a.k.a. ecto-nucleoside 

triphosphate diphosphohydrolase 1, E-NTPDase1) and CD73 
(a.k.a. ecto-5'-nucleotidase, Ecto5'NTase) enable sequential 
dephosphorylation of ATP to adenosine which exerts anti-
inflammatory properties [11]. A quantitative imbalance 
between eATP and adenosine may trigger inflammation [12]. 
The CD39 ectonucleotidase plays an important regulatory role 
in bowel inflammation: high expression of CD39 in circulating 
Tregs correlates with clinical and endoscopic remission in 
patients with IBD [13, 14]. It has been also demonstrated that 
single nucleotide polymorphisms associated with decreased 
expression of CD39 increase the risks of Crohn's disease [15].

Ectonucleotidases are expressed by different lymphocyte 
subsets including Тreg and Th17 cells. About 90% of the 
Foxp3+ Treg cells exhibit CD39 on their surface [16] and the 
non-uniformity of Treg cells in terms of CD39 expression 
is relevant. Although both CD4+CD25highCD39+ and 
CD4+CD25highCD39– Treg cells suppress proliferation and IFNγ 
production by effector T cells in multiple sclerosis [17], Treg 
cells with CD4+CD25highFoxP3+CD39+ phenotype suppress 
IL17 production, while CD4+CD25highCD39– Treg cells produce 
IL17 [17]. Importantly, Th17 cell subsets are also non-uniform 
in terms of CD39 expression and apart from the majority of 
pro-inflammatory Th17 there is a minor pool of suppressor 
Th17 lymphocytes (supTh17) expressing high levels of CD39 
and facilitating adenosine production. These supTh17 cells are 
found in peripheral blood and lamina propria of the intestinal 
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Fig. 1. Stepwise gating strategies for Treg, Tact and Тh17 expressing CD39 and CD73. A. Stepwise gating for Treg and Tact: 1 — discrimination of the 'lymphoid' 
region based on forward scatter (FSC) and side scatter (SSC) parameters; 2 — discrimination of CD4-positive lymphocytes; 3 — discrimination of Treg as 
CD4+CD127lowCD25high; 4 — discrimination of Tact as CD4+CD25+CD127high; 5 — determination of CD39+ Treg; 6 — determination of CD73+ Treg; 7 — determination of 
CD39+ Tact; 8 — determination of CD73+ Tact. B. Stepwise gating for Тh17: 1 — discrimination of the 'lymphoid' region based on forward scatter (FSC) and side scatter 
(SSC) parameters; 2 — discrimination of CD3+CD4+ double-positive set; 3 — discrimination of Th17 subset; 4 — determination of CD39+ Тh17; 5 — determination of 
CD73+ Тh17
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mucosa in healthy individuals and their numbers are reduced 
significantly in Crohn's disease, which indicates their relevance 
to the bowel inflammation control [18, 19]. Noteworthy, the 
majority of studies on the abnormal purinergic signaling in IBD 
enrolled adult patients [12–14].

In this regard, we aimed at a pilot quantitative evaluation 
of CD39/CD73 ectonucleotidase-expressing cells in CD4+ 
lymphocyte subsets of children with IBD compared with healthy 
controls.

METHODS

The study enrolled 67 pediatric patients with IBD (34 pts with 
Crohn's disease and 33 pts with ulcerative colitis) aged 3.4–18 
years and having received TNF inhibitor therapy. The patients 
were assigned to four groups in accordance with the course 
(phase) of the disease: group 1 — acute Crohn's disease (n = 18), 
group 2 — Crohn's disease in remission (n = 16), group 3 — 
acute ulcerative colitis (n = 22), group 4 — ulcerative colitis in 
remission (n = 11). The assignment was based on the Pediatric 
Crohn's Disease Activity Index (PCDAI) for Crohn's disease 
(≤ 10 — remission, > 10 — acute) and the Pediatric Ulcerative 
Colitis Activity Index (PUCAI) for ulcerative colitis (≤ 10 — 
remission, > 10 — acute). The comparison group (group 5, n = 45) 
enrolled conditionally healthy children aged 3.7–17.5 years. 
Inclusion criteria for group 5 were as follows: all standard clinical 
and biochemical laboratory indicators within reference values; 

no acute or aggravating chronic conditions; no traumatic injury; 
no history of autoimmune, oncological or mental diseases. 
Venous blood samples for immunological tests were collected 
from cubital vein, fasting, in BDVacutainer® tubes with K2EDTA 
as an anticoagulant. Erythrocytes were lysed with BD FACS™ 
Lysing Solution (BD Biosciences; USA) for 10–12 min at room 
temperature in the dark. Immunophenotyping of lymphocytes 
for Th17, Treg and Tact subset markers and CD39/CD73 
cell surface enzymes was carried out by laser flow cytometry 
(Novocyte, ACEA Biosciences; USA) using monoclonal 
antibodies conjugated with different fluorochromes: 
CD4-FITC (cat. A07750, Beckman Coulter; USA), CD127-PE 
(cat. IM 10980U, Beckman Coulter), CD25-PC7 (cat. A52882, 
Beckman Coulter), CD161-PE (cat. IM 3450, Beckman Coulter), 
CD3-PC5 (cat. A07749, Beckman Coulter), CD39-APC-Cy7 (Clone A1,
cat. RT2241130, Sony Biotechnology; USA), CD73-APC-Cy7 
(Clone AD2, cat. RT2320110, Sony Biotechnology). The 
measurements of CD39- and CD73-expressing fractions in 
Treg (CD4+CD127lowCD25high), Tact (CD4+CD25+CD127high) 
and Th17 (CD4+CD161+CD3+) subsets were carried out using a 
stepwise gating procedure (Fig. 1).

Statistical processing of the data was carried out in 
Statistica 10.0 (StatSoft; USA). The descriptive statistics for 
quantitative variables are given in the median (lower and upper 
quartiles) — Me (Q

0.25
–Q

0.75
), minimum/maximum (Min/Max) 

format. Between-the-group differences were evaluated for 
significance using the nonparametric Mann–Whitney U test. 

Table 1. Relative counts of CD39 and CD73 ectonucleotidase-expressing cells (positivity rates) in CD4+ T lymphocyte subsets of patients with IBD and comparison group

Note: p39 — levels of significance for the differences in CD39 positivity rates between IBD and comparison group; p73 — levels of significance for the differences in 
CD73 positivity rates between IBD and comparison group
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Fig. 2. Proportions of cells expressing CD39 and CD73 among CD4+ lymphocytes in patients with IBD and healthy individuals (comparison group). А. p1 — level of 
significance for the difference between CD39+ Treg and CD73+ Treg; p2 — level of significance for the difference between CD39+ Tact and CD73+ Tact; p3 — level of 
significance for the difference between CD39+ Th17 and CD73+ Th17. B. p4 — level of significance for the difference between CD39+ Treg and CD73+ Treg; p5 — level 
of significance for the difference between CD39+ Tact and CD73+ Tact; p6 — level of significance for the difference between CD39+ Th17 and CD73+ Th17
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Fig. 3. Correlations of CD39+ content in Treg vs Tact and Th17 (respectively, A and B) in pediatric patients with IBD

The distributions were compared by Pearson's chi-square test 
(χ2). The differences were considered statistically significant at 
р < 0.05.

RESULTS

CD39 and CD73 positivity rates in IBD vs healthy controls 

The flow cytometry assay of CD39 and CD73 positivity for 
different subsets of CD4+ T cells in pediatric patients with IBD 
revealed the highest content of CD39+ cells among Treg (6–58% 
of Treg) and the lowest content of CD39+ cells among Tact 
(0–14% of Tact). By contrast, CD73 positivity was the highest 
in Tact (2–30% of Tact, Table1). The comparison group showed 
similar subset-specific positivity ratios (Table 1). 

Indeed, Treg expressed CD39 at significantly higher rates 
than CD73 (р = 0.000) and Tact expressed CD39 at significantly 
lower rates than CD73 (р = 0.000) (Fig. 2A). In Th17 lymphocytes, 
positivity rates for the two markers were similar (Table 1; Fig. 2B).

Patients with IBD revealed significantly reduced CD39 
and CD73 positivity rates in Treg and Tact compared with 
the controls (Table 1). As for Th17, CD73 positivity rates were 
significantly reduced in IBD, whereas CD39 positivity rates in 
IBD and the controls were similar.

The correlation analysis revealed significant positive correlations 
between CD39+ Treg and CD39+ Tact (r = 0.69; p = 0.000; Fig. 3А) 
and CD39+ Treg and CD39+ Th17 (r = 0.69; p = 0.000; Fig. 3B) 
in patients with IBD. Similar trends were observed for СD73: 
CD73+ Treg correlated with CD73+ Tact (r = 0.45; p = 0.000) and 
CD73+ Treg correlated with CD73+ Th17 (r = 0.46; p = 0.000).

Note: p
12

 — levels of significance for the differences in CD39/CD73 positivity rates between groups 1 and 2; p
34

 — levels of significance for the differences in 
CD39/CD73 positivity rates between groups 3 and 4; p — levels of significance for the differences in CD39/CD73 positivity rates in Crohn's disease, ulcerative colitis 
and comparison groups; CD — Crohn's disease; UC — ulcerative colitis
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Table 2. Relative counts of CD39 and CD73 ectonucleotidase-expressing cells (positivity rates) in CD4+ T lymphocyte subsets of patients with Crohn's disease and 
ulcerative colitis at different stages and the comparison group
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The data indicate that CD39 positivity rates in Treg, Tact 
and Th17 in patients with IBD are age-independent. For the 
comparison group, we observed an inverse correlation of 
CD39 positivity rate in Th17 with the age (r = –0.39; p = 0.009). 
Of note, patients with IBD and conditionally healthy children 
(comparison group) were of matching age (p = 0.435).

By contrast, CD73 positivity rates in Th17 tended to 
increase with the age in patients with IBD and healthy controls 
similarly (r = 0.43; p = 0.000).

The time since diagnosis in patients with IBD varied widely 
within 5 months to 7.7 years, and the therapy lasted 2–288 
weeks. We identified no correlations of CD39/CD73 positivity 
rates with the time lapse since diagnosis or on therapy.

CD39/CD73 expression in CD4+ cells in groups of children 
with acute IBD and remission

We further compared CD39 and CD73 positivity rates of CD4+ 

lymphocyte subpopulations in patients with Crohn's disease 
and ulcerative colitis acute disease (groups 1 and 3) or remission 
(groups 2 and 4) mutually or against the conditionally healthy 
children (group 5, comparison group) (Table 2). Patients with 
Crohn's disease revealed significantly reduced CD39 positivity 
rates among Treg and Tact in group 1 (acute) compared with 
group 2 (remission). Moreover, group 1 (Crohn's disease, acute)  
revealed significantly decreased CD39 and CD73 positivity rates 
in Treg, Tact and Th17 subsets compared with group 5 (healthy 
children) (Table 2). Comparison of patients with Crohn's disease 
in remission (group 2) and conditionally healthy children (group 5) 
revealed no significant differences for the studied markers apart 
from reduced CD73 positivity rates in Treg (Table 2).

Patients with acute ulcerative colitis (group 3) revealed 
significantly reduced CD39 positivity rates in Tact, as well as 
significantly reduced CD73 positivity rates in Treg and Th17, 
compared with conditionally healthy children (group 5) (Table 2). 

Fig. 4. CD39+ Treg content distributions for Crohn's disease groups 1 and 2 (respectively, A and B) and ulcerative colitis groups 3 and 4 (respectively, C and D)
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Comparison of patients with ulcerative colitis in remission 
(group 4) and group 5 revealed no significant differences for the 
studied markers.

In addition, significant differences in CD39+ Treg index were 
revealed among patients with Crohn's disease depending on the 
phase (group 1 vs group 2) (Fig. 4A). The lack of corresponding 
differences in the same index for ulcerative colitis (group 3 vs 
group 4) may be related to its broad variation in these groups 
(Fig. 4C). The plots in Figs. 4B and 4D show the CD39+ Treg 
index distribution densities for patients with Crohn's disease 
(groups 1 and 2) and ulcerative colitis (groups 3 and 4), with 
both high and low values identified in each group. The plots 
reveal a clear threshold value of 20% to differentiate between 
the phases of Crohn's disease on the basis of CD39+ Treg index. 
Thus, 78% of group 1 had CD39+ Treg index within 20% (Fig. 4C), 
whereas in group 2 (remission) the index exceeded 20% in 82% 
of the patients (Fig. 4C). In the ulcerative colitis groups 3 and 4, 
the CD39+ Treg index exceeded 20% in, respectively, 67% and 
100% of the cases (Fig. 4D).

DISCUSSION

A study enrolling adult healthy donors revealed a broad 
variation of CD39 positivity rates in Treg (2–60%) affecting the 
ability of these cells to hydrolyze ATP [20]. Treg cells expressing 
higher levels of CD39 hydrolyze ATP more efficiently. Here we 
show that in healthy children СD39+ Treg indexes vary within 
19–49%. Our estimates of the content of ectonucleotidase-
expressing cells among CD4+ lymphocyte subsets in pediatric 
IBD treated with TNF blockers revealed higher СD39+ indexes 
during remission consistently with published evidence [13].

Administration of anti-TNF regimens in adult patients has 
been previously shown to promote CD39 expression in Treg [21]. 
In our setting, a group of patients with Crohn's disease (acute) 
had significantly lower CD39+ Treg index compared with the 
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same disease in remission. A comparison between patients with 
Crohn's disease (acute) and ulcerative colitis (acute) revealed higher 
incidence of reduced CD39 expression by Treg among the former.

One study dealing with altered functional activity of CD39 
in Treg in autoimmune hepatitis revealed reduced levels of ATP 
hydrolysis and adenosine formation [22]. By inference, a similar 
reduction in the ATP hydrolysis efficiency can be assumed 
in IBD on the basis of reduced CD39 positivity. Occasional 
presentation of elevated CD39+ Treg indexes in acute Crohn's 
disease can be related to modest effects of anti-TNF therapy 
in counteracting the disease. The increased relative counts of 
Tregs exhibiting CD39 ectonucleotidase on their surface under 
these conditions are likely to be compensatory and reflect 
insufficient activity of the enzyme.

Our results also indicate significantly reduced counts of supTh17 
lymphocytes, endowed with immunosuppressive properties, in 
pediatric patients with Crohn's disease (acute) compared with 
conditionally healthy children. In this regard, supTh17 can be 
considered as a candidate sensor subset for transitions from 
acute disease to remission and vice versa. Of note, in children with 
and without IBD this population dwindles with the age. It can be 
assumed that the age-related decline of supTh17 contributes to 
increased risks of pronounced inflammatory reactions.

CD73 plays an important role in the intestinal homeostasis 
[23–25] and its dysfunction leads to damaging inflammatory 
processes in the colon as demonstrated using a knockout 

mouse model [26]. Here we show a reduction in CD73 
positivity rates among Treg, Tact and Th17 in children with IBD 
compared with conditionally healthy peers. CD73 is known to 
exert its enzymatic activity (AMP conversion to adenosine) as 
a membrane-anchored protein but also in soluble form [27]. It 
is possible therefore that a comprehensive assessment of the 
patient's condition using this marker should also involve the 
activity of its soluble form, which reportedly correlates with the 
inflammation severity [28].

CONCLUSIONS

The results indicate that the content of cells expressing CD39/
CD73 ectonucleotidases among CD4+ cells depends on the 
subset (Treg, Tact or Th17) and phase of the disease (acute or 
remission), the latter being dependent on the success of anti-
TNF therapy. Most of the children in remission present with high 
numbers of CD4+ lymphocytes expressing ectonucleotidase, 
which helps reducing the inflammation by converting ATP to 
adenosine. At the same time, high content of CD39-expressing 
cells among the studied subsets may also accompany the acute 
stage of the disease, which is probably related to diverse activities 
of the enzyme. We believe that further elucidation of the functional 
activity of CD39 and CD73 ectonucleotidases complemented by 
other quantitative indicators can be informative for understanding 
and predicting the efficacy of anti-TNF regimens in IBD.
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Poor ovarian reserve (POR) in patients with infertility has been 
associated with low rates of success in the assisted reproductive 
technology (ART) programs. The age-dependent and/or POR-
related declines in androgen levels indirectly suggest their 
special relevance to folliculogenesis and successful ART 
outcomes.

Despite the overall diversity of androgens, only two of them, 
testosterone and dihydrotestosterone, exert high biological 
activity. The relationship between systemic and local androgen 
levels (as measured in plasma and follicular fluid, respectively) 

is an up-to-date prognostic factor of success in ART programs, 
especially in patients with DOR. Still, it is not clear which 
androgen and in which biological medium can be the highest 
prognostic value with regard to reproductive success in patients 
with DOR. 

The role of follicular fluid (FF) as a biological medium 
surrounding the oocyte, participating in metabolic processes 
within the follicle, and ultimately the medium for the conclusive 
steps in oogenesis, is a major focus of clinical research 
on both hypo- and hyperandrogenic conditions [1–3]. The 
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жидкости у пациенток с бесплодием и сниженным овариальным резервом яичников в программах ВРТ. Проведено одномоментное исследование в 
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aimed to analyze possible associations of the androgen levels in follicular fluid and blood plasma in patients with diminished ovarian reserve (POR) in IVF programs. 

Cross-sectional study with a parallel group design, conducted in 2019–2021, enrolled 300 patients with infertility, aged 18–42 years, applying for assisted 

reproduction involving IVF/intracytoplasmic sperm injection and embryo transfer. The androgen profiles of blood plasma and follicular fluid were determined 

by liquid chromatography with tandem mass spectrometry (LC-MS/MS). Androgen concentrations in blood plasma and follicular fluid, particularly those of 
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follicular fluid as early markers of POR in patients with infertility.
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Fig. 1. Block-scheme of the study
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endocrine environment, particularly  the anti-Müllerian hormone 
concentration (AMH), in FF has been associated with the yields 
of mature follicles and implantation potential of the embryos 
[4–6]. These biological phenomena depend on complex dynamic 
interactions between the oocyte and its microenvironment 
composed of FF and other structural components of the follicle. 

At an advanced reproductive age, serum levels of both 
AMH and testosterone decrease concomitantly with the decline 
in folliculogenesis [7]. Several studies addressed hormonal 
profiles in blood serum and FF with regard to patient's age 
in natural IVF cycles. A decrease in FF testosterone levels 
was observed in patients aged 40–45 years compared with 
20–25-year-olds [8]. 

Comparative measurements of testosterone in serum and 
FF may have certain diagnostic value as well. For instance, 
the age-related decrease in serum testosterone levels can be 
unaccompanied by a similar decrease in FF testosterone levels 
specifically in patients with poor response in natural cycle [9]. 
Obviously, more comprehensive efforts are needed to validate 
the possible correlation of endocrine status between blood and 
FF for clinical significance in patients with infertility and POR.

Previous studies used immunochemical methods to 
measure steroid levels in FF. Such methods have a major 
disadvantage of low specificity due to the cross-reactions with 
structurally related compounds [10–12]. The methods of liquid 
chromatography (LC) and mass-spectrometry (MS) are more 
specific [13] and allow simultaneous quantitative measurements 
of several steroids [14, 15].

This study aimed to assess for possible correlations of 
blood and FF androgen levels with POR in IVF programs.

METHODS

The cross-sectional study with a parallel group design enrolled 
300 reproductive age patients with infertility, aged 18–42 years, 
applying for ART program at FSBI «National Medical Research 
Medical Center For Obstetrics, Gynecology and Perinatology 
named after Academician V. I. Kulakov» Ministry Of Healthcare 
of the Russian Federation in 2019–2021. Blood samples were 
collected from all patients on day 2–3 of menstrual cycle. 
Inclusion criteria: age 18–42 years; a history of infertility; 
written informed consent for the study. Exclusion criteria: 
surgical menopause; hysterectomy; adrenal failure; hormone-
producing tumors; obesity (BMI ≥ 30 kg/m2); body mass 
deficiency (BMI ≤ 18 kg/m2); AIDS and other immunodeficiency, 

immunoinflammatory rheumatic diseases, immunomodulatory 
therapy, glucocorticoids, oncological diseases.

The patients were assigned into groups depending on age: 
group 1 — 149 young reproductive age (18–35 year-olds), 
group 2 — 151 patients of advanced reproductive age (35–42 
year-olds).

In accordance with the Patient-Oriented Strategies 
Encompassing Individualized Oocyte Number (POSEIDON) 
the patients were assigned into subgroups depending on 
ovarian reserve: subgroup 0 — normal ovarian reserve (76 early 
reproductive age pts and 69 advances reproductive age pts; 
anti-Müllerian hormone (AMH) ≥ 1.2 ng/mL, antral follicle count 
(AFC) ≥ 5), subgroup 1 — POR (73 young reproductive age 
pts and 82 advanced reproductive age pts; AMH < 1.2 ng/mL, 
AFC < 5). The block-scheme is given in Fig. 1.

Individual histories collected for the study included age; 
mother's age at menopause; a history of internal genital 
surgeries/traumas; a history of inflammations/infections genital 
diseases; a history of endometriosis/adhesive diseases; a 
history of IVF cycles (number); obstetric anamnesis. 

Folliculogenesis was monitored by ultrasound scans. The 
IVF program was carried out in accordance with the standard, 
using a gonadotropin-releasing hormone (GnRH) antagonist-
based protocol with urinary or recombinant gonadotropins, 
or a combination of both, as inducers of folliculogenesis. The 
daily doses of gonadotropins were determined individually 
depending on the ovarian reserve status, but not less than 
225 IU a day; human chorionic gonadotropin was used as 
an ovulation trigger. Biological samples (blood, follicular fluid 
from the first follicle) were collected upon transvaginal ovarian 
puncture. 

Concentrations of hormones (testosterone, 
dehydroepiandrosterone (DHEA), dehydroepiandrosterone-
sulfate (DHEA-S), androstenedione, dihydrotestosterone, 
progesterone, hydroxyprogesterone, pregnenolone, 
hydroxypregnenolone and cortisol) were quantified by tandem 
mass-spectrometry using Steroid Hormones in Serum LC-MS/
MS Analysis Kit (JASEM; Türkiye) as analytical standards. The 
kit contained four calibrating mixtures of 16 steroid hormones, 
two-level quality control samples and internal standards. The 
mobile phases A and B contained 0.01% formic acid in Milli-Q 
water and acetonitrile, respectively. Methyl tert-butyl ether 
(MTBE, ≥ 99.5%, HPLC grade, Fisher Chemical; USA), methanol 
(99.9%, HPLC Basic, Scharlau; Spain), acetonitrile (99.9%, 
HPLC Gradient grade, Fisher Chemical; USA) and formic acid 
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Fig. 2. Correlation coefficients for hormone concentrations in plasma vs follicular fluid as measured by LC-MS/MS in patients with infertility and diminished ovarian reserve
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(98%, Sigma-Aldrich; USA) were used in phase preparation and 
sample preparation procedures. The hormones were separated 
in a 100 mm Poroshel 120 EC-C18 column (Agilent; USA) with 
2.1 mm inner diameter and 2.7 µm particle size.

During the sample preparation procedure, a mixture of 460 µL 
sample with 25 µL internal standard was double-extracted with 
1 mL MTBE followed by retrieval of the supernatant (800 µL) 
in a clean Eppendorf tube for drying under flowing nitrogen 
gas at 50 °C. The dry residue was dissolved in 100 µL of 50% 
MeOH and transferred into a vial with an insert for LC-MS/MS 
measurements. 

The samples were run in a LC-MS/MS system consisting 
of an AB Sciex QTRAP 5500 quadrupole mass-spectrometry 
detector with an electrospray ionization source and an Agilent 
1260 Infinity liquid chromatograph (Agilent; USA) equipped with 
a high-pressure pump, column thermostat and an automated 
sampling unit for 108 vials. 

Statistical analysis

Statistical analysis was carried out using scripts in R [16]. 
Correlation analysis was used to determine a possible 

relationship between variables. Statistical significance of 
correlations for analytical measurements was assessed using a 
nonparametric Spearman's test. In cases of missing numerical 
values, the correlation coefficient was calculated for all available 
complete pairs of measurements for each pair of variables 
individually. Statistical significance of correlations for the 
questionnaire data was assessed by nonparametric Kendall's 
test. The quantitative data were described by medians (Me) 
with lower and upper quartiles in a Me (Q

1
; Q

3
) format.

RESULTS

The mean age of participants was 37.3 ± 2.4 years. The body 
mass index (BMI) tended to increase with age: in advanced 
reproductive age patients with POR, it reached 24.6 ± 5.4 
though remained statistically similar to BMI in other groups. 

The reproductive histories typically included unsuccessful 
IVF cycles/cryo protocols, which ended in a negative result at 
the stage of hormone pregnancy test. The infertility duration 
increased significantly with age and ovarian reserve decrease, 
amounting to 7.2 ± 2.4 years in the group of advanced 
reproductive age patients with POR, 65.4% of whom had 
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Fig. 3. The concentrations of androstenedione in follicular fluid (FF) and blood plasma per groups: younger than 35 years (group 1), aged 35–38 years (group 2a) and 
older than 39 years (group 2b), with ovarian reserves diminished (subgroup 1) or normal (subgroup 0)
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primary infertility. The ART cycle number showed a similar 
tendency amounting to 2.3 ± 0.9 in the advanced reproductive 
age patients with POR.

The analytical data on hormone concentrations in blood 
plasma and follicular fluid collected on the day of oocyte 
aspiration were subject to correlation analysis. For many of 
the studied hormones (DHEA-S, total testosterone, 17-OH 
progesterone, androstenedione), concentrations in plasma 
and follicular fluid correlated (Fig. 2). Blood vs FF levels of the 
same hormone revealed weak association for androstenedione 
(correlation coefficient 0.29) and moderate association for 
DHEA-S (correlation coefficient 0.69). Strong correlations 
between androstenedione and testosterone levels in blood 
(correlation coefficient 0.86) and FF (correlation coefficient 0.88) 
confirm the pathogenetic link between POR and androgen 
levels as dependent\connected factors of folliculogenesis.

Concentrations of androstenedione and DHEA-S in blood 
and FF were comparatively analyzed in patients of different 
age groups with regard to ovarian reserve. For a detailed 
assessment of age-dependent dynamics in ovarian function 
by measuring DHEA-S and androstenedione in blood and FF, 
patients of group 2 (35–42 years) were stratified as 35–38-year-
olds (subgroup 2a) and 39–42-year-olds (subgroup 2b).

Comparative analysis of blood and FF concentrations 
revealed a POR-related decrease for androstenedione (Fig. 3) and 
DHEA-S (Fig. 4) in both biological media. A strong agreement 
between blood and FF levels of DHEA-S across the groups 
(Fig. 5) adds to its prospective clinical value as a marker of 
androgenic activity and androstenedione precursor.

DISCUSSION

This study involved comparative measurement of androgens 
as estrogen precursors using the sensitive and highly specific 
LC-MS/MS method [9, 15] in blood and FF samples collected 
during IVF cycles. The results indicate significant association 

of POR with 'ovarian androgen deficiency' defined as selective 
decrease in androgen output from thecal cells. Such effects 
can be regarded as early signs of the age-related androgen 
deficiency. We also revealed a correlation between androgen 
levels in blood and FF, the latter being the essential medium 
for oocyte growth and maturation. A decrease in concentration 
of androstenedione as a precursor for testosterone in FF 
was significant, as well as a similar decrease for DHEA-S as 
a precursor for androstenedione and a marker of androgenic 
activity in FF. Moreover, FF concentrations positively correlated 
with blood levels for each of these hormones. 

The known ovarian reserve markers, notably AMH and AFC, 
often misrepresent the real clinical picture and embryological 
parameters in both early and late reproductive age patients. 
These markers only loosely correlate with the mature oocyte 
numbers, fertilization efficacy and blastulation frequency 
[15, 17, 18], as well as with androgen levels and their receptor 
concentrations and activities. FF, which constitutes the 
microenvironment for oocyte growth and maturation, becomes 
available as a biological sample during follicular puncture in IVF 
programs. FF provides a useful substrate for biochemical tests 
gaining information on the course of oogenesis.

For instance, in patients with polycystic ovarian syndrome 
(PCOS) have higher testosterone concentrations in mature 
follicles compared to women with normal ovarian reserve, 
whereas ovarian stimulation in such patients only slightly 
enhances the FF testosterone levels, as compared with natural 
cycles [10].

In a prospective cohort study of endogenous steroid 
concentrations determined by liquid chromatography and mass 
spectrometry in the follicular fluid, a significant androgen in the 
follicular fluid was identified, which was androstenedione [9]. 

In one study, focusing on intrafollicular concentrations 
of estradiol, progesterone, 17-hydroxyprogesterone, 
androstenedione and testosterone during periovulatory period, 
FF was collected on the day of the ovulation trigger injection 
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Fig. 4. The DHEA-S levels in follicular fluid (FF) and blood plasma per groups: younger than 35 years (group 1), aged 35–38 years (group 2a) and older than 39 years 
(group 2b), with poor ovarian reserves (subgroup 1) or normal (subgroup 0)
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and then 12, 17, 32 and 36 h post-injection [17]. The analytical 
measurements revealed dynamic changes for estradiol and 
testosterone, whereas androstenedione levels in both blood and 
FF remained stable over the entire periovulatory period. Nevertheless, 
consistently with our findings, correlation analysis revealed a positive 
association between androstenedione and testosterone levels in FF. 
Considering that total blood levels of testosterone in women are 
low and their reliable measurement is problematic, the correlating 
levels of androstenedione and total testosterone in both plasma 
and FF implicate androstenedione as a candidate marker of POR 
in reproductive age women with infertility.

A statistically significant increase in FF androgen levels 
against the background of menotropins as ovarian stimulators 

has been reported as well [18]; however, our data provide no 
support for this association.

Yet another study focused on androgen concentrations in 
blood serum and FF in patients with poor ovarian response, 
assigned into four groups according to POSEIDON criteria. 
Despite the lack of significant differences in blood levels of 
testosterone, androstenedione and DHEA-S between patients 
with normal ovarian reserve (controls) and POSEIDON group 1, 
significantly decreased blood levels of hormones were revealed 
in POSEIDON group 3 compared with the controls. At that, FF 
concentrations of DHEA-S in group 3 were significantly lower, 
whereas FF concentrations of testosterone, androstenedione, 
estradiol and sex steroid-binding globulin (SSBG) were similar in 
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EXPERIENCE OF STANFORD NEUROMODULATION THERAPY IN PATIENTS WITH 
TREATMENT-RESISTANT DEPRESSION

Stanford neuromodulation therapy (SNT) is the state-of-the-art magnetic stimulation protocol that has been developed for management of treatment-resistant 

depression (TRD). The study was aimed to assess the possibility of SNT implementation in clinical practice and to define the protocol safety and efficacy in patients 

with TRD being an episode of the recurrent depressive disorder or bipolar disorder at the independent center. The study involved six patients (among them three 

women aged 21–66) with TRD associated with recurrent depression and type 1 or 2 bipolar disorder. The patients received intermittent theta-burst stimulation 

in accordance with the SNT protocol for five days: applying 10 triple blocks of stimulation daily at intervals of 1 hr between the blocks to the selected stimulation 

site showing maximum negative functional connectivity with subgenual cingulate cortex within the left dorsolateral prefrontal cortex. The Montgomery–Asberg 

Depression Rating Scale (MADRS) was used for clinical assessment of the effects, the follow-up period was three months. The improvement of depressive 

symptoms to the levels characteristic of remission immediately after the SNT completion was observed in five patients (MADRS score ≤10). After three months, 

two patients still had remission, the condition of three patients met the criteria of mild depressive episode, and one female patient withdrew from the study due 

to logistical difficulties. No serious adverse events were reported. The findings confirm safety and potentially high efficacy of SNT, including in patients with type 1 

and 2 bipolar disorders.
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А. Г. Пойдашева1      , И. С. Бакулин1, Д. О. Синицын1, А. Х. Забирова1, Н. А. Супонева1, Н. В. Маслеников2, Э. Э. Цукарзи2, С. Н. Мосолов2,3, 
М. А. Пирадов1

ОПЫТ ПРИМЕНЕНИЯ СТЭНФОРДСКОЙ НЕЙРОМОДУЛИРУЮЩЕЙ ТЕРАПИИ У ПАЦИЕНТОВ 
С ТЕРАПЕВТИЧЕСКИ РЕЗИСТЕНТНОЙ ДЕПРЕССИЕЙ  

Стэнфордcкая нейромодулирующая терапия (SNT) — новейший протокол магнитной стимуляции, разработанный для лечения терапевтически 

резистентных депрессий (ТРД). Целью исследования было оценить возможности реализации SNT в клинической практике, определить безопасность и 

эффективность протокола в независимом центре у пациентов с ТРД в рамках рекуррентного депрессивного и биполярного расстройств. В исследование 

вошли шесть пациентов (из них три женщины в возрасте 21–66 лет) с ТРД в рамках рекуррентной депрессии и биполярного расстройства 1-го и 2-го 

типов. В течение пяти дней пациентам проводили стимуляцию интермиттирующими тета-вспышками по протоколу SNT: ежедневно по 10 тройных блоков 

стимуляции с интервалом 1 ч между соседними блоками и выбором зоны стимуляции с максимальной негативной функциональной коннективностью 

с субгенуальной поясной корой в пределах левой дорсолатеральной префронтальной коры. Для клинической оценки эффекта применяли шкалу 

Монтгомери–Асберг, длительность периода наблюдения составила три месяца. У пяти пациентов сразу после окончания SNT отмечено снижение 

выраженности депрессии до уровня ремиссии (≤10 баллов по MADRS). Через три месяца два пациента оставались в ремиссии, у троих состояние 

соответствовало легкому депрессивному эпизоду, одна пациентка выбыла из исследования из-за логистических трудностей. Серьезных нежелательных 

явлений не зарегистрировано. Полученные результаты подтверджают безопасность и потенциально высокую эффективность SNT в том числе при 

биполярных расстройствах 1-го и 2-го типов.
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High prevalence of treatment-resistant depressive (TRD) 
determines the relevance of developing new effective non-drug 
approaches to treatment of this condition [1–3]. The noninvasive 
brain stimulation techniques, such as repetitive transcranial 
magnetic stimulation (rTMS), can be considered the non-
pharmacological methods most widely used in clinical practice. 
According to the existing concepts, the long-term effects of 
stimulation result from induction of processes similar to the 
processes underlying synaptic plasticity, and are mediated 
by NMDA and AMPA receptors  [4]. Along with modulation 
of synaptic plasticity, the impact of rTMS on neurogenesis and 
neurotransmitter secretion, together with physical effects of 
electromagnetic fields, continue to be discussed [4, 5]. 

Large double-blind controlled trials provided strong evidence 
of the efficiency of using non-invasive stimulation methods in 
treatment of depression [6, 7]. According to current guidelines, 
high levels of evidence for the effects of using rTMS and theta-
burst stimulation (TBS) in treatment of TRD were reached [8]. 
The U. S. Food and Drug Administration (FDA) approved two 
protocols for management of TRD: high-frequency (10 Hz) 
rTMS applied to the left dorsolateral prefrontal cortex (DLPFC) 
in 2008, and intermittent theta-burst stimulation (iTBS) of 
the left DLPFC in 2018 [9]. However, despite a rather strong 
evidence to support the use of the listed above stimulation 
protocols in patients with TRD, pronounced variability of the 
effects is the main constraint on greater use of the protocols. 
Thus, according to two largest meta-analyses, the patients 
who respond to therapy with rTMS constitute 25–55%, and 
clinical remission can be achieved only in 16–30% of cases [10, 11]. 
Increasing the efficiency of stimulation and reducing the effect 
variability are the major challenges faced by researchers. 

Several approaches to increasing the efficiency are currently 
being developed. Personalized target selection and the use 
of so-called accelerated protocols could be considered the 
most promising and well understood in the context of TRD. A 
personalized approach to the stimulation target selection was 
proposed in 2012 that was based on the analysis of functional 
connectivity (FC) between the subgenual cingulate (Sg) and 
left DLPFC [12]. The approach is based on the data on the 
altered functional connectivity of Sg in patients with depression 
[13], as well as on the relationship between the clinical effects of 
rTMS and FC between the stimulated site and Sg [12]. However, 
when comparing the effectiveness of rTMS using personalized 
and standard approaches, heterogenous results were obtained 
[14, 15]. Protocols, that include several sessions of stimulation per 
day aimed at achieving the total numbers of pulses significantly 
above the standard values, are called accelerated protocols. 
According to recent meta-analysis that includes studies involving 
accelerated protocols, the use of such protocols has a moderate 
effect and still does not solve the problem of high variability [16]. 

Finally, the protocol combining target selection based 
on the analysis of FC and extremely large number of pulses 
(18,000 pulses per day vs. 3000 and 600 pulses per day in 
standard rTMS and TBS protocols) was developed in 2019, 
called Stanford neuromodulation therapy (SNT) [17]. According 
to the pilot data of the open-label trial, 90% of patients, who 
received SNT, achieved remission (defined as the Montgomery–
Asberg Depression Rating Scale score below 11), which was 
well above the effectiveness of the previously used protocols 
[17]. In 2022, the same group published the results of the 
double-blind controlled trial that showed significant effects of 
SNT compared to sham stimulation, confirmed safety and a 
very high proportion of responders and remitters [18]. 

But so far the findings have not been confirmed by other 
research groups. Furthermore, the patients diagnosed with 

major depressive disorder (major depression) were included in 
the original study, while no studies of safety and efficacy of SNT 
in patients with depressive episode associated with bipolar 
disorder were performed.

Thus, the pilot study was aimed to assess the possibility 
of the SNT protocol implementation in clinical practice and 
to acquire data on the protocol safety and efficacy at the 
independent center, particularly in the new cohort of patients 
with bipolar disorder.

METHODS

Patients 

The patients were recruited at the Moscow Research Institute 
of Psychiatry, the branch of V.P. Serbsky Federal Medical 
Research Center for Psychiatry and Narcology, and SNT was 
performed at the Institute of Neurorehabilitation, Research 
Center of Neurology, in 2022.

Inclusion criteria: ongoing mild-to-moderate drug-
resistant depressive episode associated with recurrent 
depressive disorder or bipolar disorder; age 18–70 years; no 
contraindications to MRI and TMS; no severe general medical 
condition that requires maintenance of vital functions using the 
life-support devices; no severe cognitive impairment or other 
nervous system disease. Drug resistance was defined based 
on the absence of clinical effects after two or more courses 
of treatment with antidepressants of various groups used in 
adequate doses for at least 4 weeks [19, 20]. Some patients 
continued to receive the unchanged doses of antidepressant, 
antipsychotic, and anxiolytic medications. Exclusion criteria: 
serious adverse events (SAEs) during TBS, such as epileptic 
seizure, syncope, intense headache; onset of severe general 
medical condition or mental disorder, nervous system disease 
after the study enrollment, as well as pacemaker insertion, 
cardiac catheterization, brain surgery that requires metal 
objects retained in the cranial cavity, getting pregnant, or refusal 
to participate further in the study. 

Prior to stimulation with the use of the Neuron-Spectrum-
4/P (Neurosoft; Russia) and actiCHamp Plus 64 (BP-100-
2511) (Brain Products GmbH; Germany) systems the patients 
underwent screening EEG aimed at detecting epileptiform 
discharges. The patients, who showed epileptiform discharges, 
were excluded from the study.

Identification of stimulation target

To perform target localization for stimulation, all patients 
underwent neuroimaging on the Magnetom Prisma 3T 
system (SIEMENS; Germany) that included two sequences: 
T1-weighted images were acquired at isotropic resolution for 
further multiplanar reconstruction (MPR) aimed at obtaining 
structural data (TR 2200 ms, 1 mm slice thickness, number 
of slices 176), and  multiplanar gradient echo mode (ep2d_
bold_moco: TR 2200 ms, 36 slices in the axial plane) was 
used for assessment of functional connectivity. The targets 
for stimulation were determined for each patients based 
on assessment of the resting-state functional MRI data. 
Neuroimaging data were preprocessed in the CONN functional 
connectivity toolbox (Functional Connectivity SPM Toolbox 
2017, McGovern Institute for Brain Research, Massachusetts 
Institute of Technology, Cambridge, USA; http://ww.nitrc.
org/projects/conn), ver. 17f, and SPM12 (Functional Imaging 
Laboratory, Wellcome Department of Imaging Neuroscience, 
Institute of Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/
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Fig. 1. Visualization of the functional connectivity (FC) analysis data and target selection in patients. Color shows FC values between the subgenual cingulate and the 
visualized cortical areas. The target is marked with a green tag

Fig. 2. Scheme of the Stanford Neuromodulation Therapy (SNT) protocol 
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spm/software). Preprocessing consisted of the earlier reported 
standard steps [15]. After preprocessing, the maps showing 
FC of subgenual cingulate with all other brain regions were 
created individually for each patient using the same software 
package, the region was selected within anatomical limits of left 
DLPFC that showed maximum negative FC (Fig. 1). A 10-mm 
diameter sphere generated around the subgenual part of the 
cingulate gyrus (Sg) (a point with MNI coordinates (6, 16, –10)) 
was used as a seed region.

Stimulation protocol

Intermittent theta-burst stimulation was performed with the 
MagPro X100 MagOption system (Tonica Elektronik A/S; 
Denmark), equipped with the liquid-cooled figure-eight coil, in  
combination with the Localite TMS Navigator navigation system 
(Localite GmbH; Germany) and Axilum Robotics TMS-Cobot 
robotic device (Axilum Robotics; France). The stimulus intensity 
was 120% resting motor threshold defined by recording motor 
evoked potentials (MEPs) of the right first dorsal interosseous 
muscle in accordance with the Rossini–Rothwell algorithm. 

Stimulation was performed for five consecutive weekdays. 
Every day, the patients were through 10 sessions of intermittent 
theta-burst stimulation with a 1-hr interval between  sessions. 
Each session included tree standard blocks of theta-burst 
stimulation (600 pulses/block). Thus, the patient received a 
total of 18,000 pulses during the day, and 90,000 pulses during 
the entire course (Fig. 2).

Clinical assessment

The Montgomery-Asberg Depression Rating Scale (MADRS) 
was used to assess the clinical effects of SNT [21]. Assessment 
was performed at five different time points: prior to stimulation, 
immediately after stimulation, 1, 2 and 3 months after 
stimulation. The MADRS scores reduced by more than 50% 
from baseline were considered a clinically significant response, 
while the scores of 10 points and lower were considered a 
remission [22]. Furthermore, TRD was staged by Maudsley 
Staging Method (MSM) in all patients prior to the study [23]. The 
original questionnaires were used to assess safety, tolerability 
and adverse events (AEs): AEs reported during stimulation and 
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Table. Clinical and demographic data of the patients enrolled 

№ Sex Age
Diagnosis 

(ICD-10 code)
MADRS score MSM score

Disease 
duration, years

Number of 
episodes

1 м 36 F33.1 19 10 13 8

2 м 29 F33.1 14 7 13 7

3 м 66 F31.8 19 10 47 10

4 f 31 F31.3 19 6 15 10

5 f 21 F31.8 21 7 5 4

6 f 58 F31.3 27 6 34 12

Fig. 3. Dynamics of depressive symptoms: individual data 
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Note: MADRS — Montgomery–Asberg Depression Rating Scale; MSM — Maudsley Staging Method.  

AEs reported within 24 hrs after stimulation were analyzed 
separately.

RESULTS

The study involved six patients (three women and three men) 
aged 21–66 with the ongoing  mild-to-moderate drug-resistant 
depression associated with recurrent depressive disorder (two 
patients), bipolar disorder type 1 (two patients) and 2 (two 
patients) (Table). The disease duration was 5–47 years, and the 
number of episodes per patient was at least four.

The improvement of depressive symptoms to the levels 
characteristic of remission (MADRS score 10 or lower) 
immediately after the end of therapy (day 6) was observed in 
five patients out of six (Fig. 3). The MADRS score of the sixth 
patient remained unchanged immediately after the end of the 
course. One of the female patients withdrew from the study 
at the assessment stage immediately after the stimulation 
completion. Thus, the data acquired from five patients 
were available for investigation of the clinical effect stability. 
Assessment performed within a month showed that one 
patient still had remission (diagnosis code F31.8), while the 
scores of other four patients met the criteria of mild depressive 
episode (diagnosis code F33.1 in two patients, and F31.3 
in two female patients). Two months later the condition of 
three patients met the criteria of remission (diagnosis codes 
F31.8, F33.1, F31.3), and the condition of two patients was 
considered a mild depressive episode (diagnosis codes 
F33.1, F31.3). Assessment of scores, that were compared 
to baselines, in four patients out of five met the criteria of 
the clinically significant response to therapy (reduction by more 
than 50% from baseline). After three months, two patients 
still had remission (diagnosis codes F33.1, F31.3), and the 

condition of three patients met the criteria of mild depressive 
episode (diagnosis codes F31.8, F33.1, F31.3). Two patients 
met the criteria of the clinically significant response to therapy 
compared to baselines. It is interesting to note that no long-
term effects were observed in the only patient who showed no 
response to therapy immediately after the end of stimulation 
(diagnosis code F33.1).

No serious AEs were reported, such as epileptic seizure, 
syncope, or intense headache. Two patients reported mild 
headache (pain intensity with the Numerical Pain Rating Scale 
score below 3 points), that resolved spontaneously within 
2–3 hrs without supplementary medication, after the end of 
the first block of stimulation (in the evening of the first day). 
These patients had no headache on other days. Furthermore, 
one female patient complained of the increase in anxiety, 
mood change, and sleeping disorder after the first block of 
stimulation. However, agitation resolved by the next morning. 
Later, mood changes and insomnia did not bother this patient. 
Phase inversion was reported in none of the patients with 
bipolar disorder.

DISCUSSION

The pilot study showed safety and good tolerability of the new 
SNT protocol in patients with depressive episodes associated 
with both recurrent depression and bipolar disorder. Inclusion 
of patients with bipolar disorder distinguishes our study from 
other research. The identified AEs were mild, never required 
prescribing supplementary medication and never resulted in 
rejection of procedures or refusal to participate in the study. 

The findings showed that the proportion of patients, whose 
symptoms of depression met the criteria of remission immediately 
after the end of stimulation, was 83%. Heterogeneous data 

Patient 1 (F 31.8)

Patient 3 (F 33.1)

Patient 5 (F 31.3)

Patient 2 (F 33.1)

Patient 4 (F 31.8)

Patient 6 (F 31.3)
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were obtained when assessing durability of response: in 75% 
of patients, who showed clinically significant effects of SNT 
immediately after the end of stimulation, the effects persisted 
for two months, and in a third of patients the effects persisted 
for at least three months. The pilot data obtained suggest that 
SNT efficacy in patients with recurrent depression is high, it 
is well above the efficacy of the FDA-approved protocols, 
which is in line with the data provided by the designers of SNT. 
Furthermore, reduced depressive symptom severity is reported 
in patients with bipolar disorder, which brings up to date 
conducting the double-blind controlled trials of SNT efficacy in 
this cohort of patients as well.

To date, there is no clear concept whether higher efficacy of 
SNT compared to FDA-approved protocols results from more 
precise target selection, larger number of pulses per session or 
course, the combination of these factors, or other mechanisms. 
Despite the fact that some researchers have shown the 
effectiveness of the target selection algorithm based on the 
analysis of FC with Sg compared to sham stimulation [24], no 
increase in the efficacy of stimulation has been found when 
using the algorithm involving standard target selection [15]. 
Thus, it seems unlikely that precise target selection is the only 
contributor to the increased efficacy. Talking about accelerated 
protocols, it is important to note heterogeneity of the currently 
available results: the early studies showed encouraging results 
[25], however, further larger trials, that involved the use of both 
high-frequency rTMS and theta-burst stimulation, generated 
negative results [26, 27]. However, direct comparison of the 
protocols, used in the two latter studies, with SNT is not 
quite correct since the total number of pulses used in SNT 
is several times larger than the number of those used in the 
studied accelerated protocols. Moreover, not only the total 
number of pulses, but also, for instance, the duration of single 
block of stimulation or the time between blocks can contribute 
significantly to the effect size. These issues are particularly 
relevant in the context of metaplasticity concept, which has 
been actively developed in recent years [28]. According to 
the concept of metaplasticity, prior activity determines the 
threshold for induction of the activity-dependent plasticity, 
not only the values and duration of the neuroplastic changes 
induced, but also the direction of neuroplasticity. Thus, in 
the context of SNT, each preceding block of stimulation can 
promote changes induced by subsequent block through the 
mechanism of additive metaplasticity. It is important to note that 
the discussed potential mechanisms of increasing the efficacy 
of SNT compared to approved protocols are hypothetical and 

require testing in the studies that involve controlling each of the 
mentioned factors separately. 

When performing clinical testing of the SNT protocol, we 
have identified a number of factors that restrict widespread 
introduction of the method into practice. First, these factors 
include high labor costs of the protocol: each patient needs 10 
sessions of stimulation provided at intervals of 1 hr daily for five 
days. This requires special organisation of both the employee 
work mode and the patient mode. The total working hours of 
both staff and patients are 11 hrs per day. Moreover, when 
used for SNT, the transcranial magnetic stimulation device 
throughput is significantly limited: only three patients can be 
treated with the same device at the same time. Implementation 
of the protocol requires high-tech equipment (TMS device 
equipped with the neuronavigation system and high-field MRI 
scanner) and staff members involved in analysis of neuroimaging 
data and working with the neuronavigation system. These 
factors negate affordability of the technique in general. It seems 
promising to study the efficacy of protocols that are partially 
compliant with SNT (for example, with respect of multiplicity 
and number of pulses, but without precise target selection), the 
use of which given their efficacy would significantly increase the 
method affordability. 

The study limitations are as follows: small number of 
patients enrolled, no controls, and  moderate severity of the 
patients' affective disorders. However, it is important to note 
that the study was aimed to assess the possibility of the SNT 
protocol implementation in clinical practice, as well as to 
provide independent confirmation of its safety and efficacy, 
particularly in the new cohort of patients with bipolar disorder. 
The findings show SNT feasibility and the perspective for 
further investigation of the method efficacy and safety, including 
the potential of blind controlled trials within the larger cohorts 
of patients.

CONCLUSIONS

The results of clinical testing performed in a small sample of 
patients show that Stanford neuromodulation therapy is a 
safe and potentially highly efficient method for management of 
treatment-resistant depression. However, the labor costs of the 
method are high. Further research, that would potentially allow 
to expand the spectrum of indications for SNT and increase 
affordability of the method, seems to be a promising area in the 
field of non-invasive brain stimulation in patients with affective 
disorders resistant to psychopharmacotherapy.
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SYSTEMIC INFLAMMATION MARKERS OF DIET-INDUCED METABOLIC SYNDROME IN RAT MODEL

Chronic systemic inflammation is essential in many chronic non-infectious diseases, including type 2 diabetes, obesity and metabolic syndrome (MS). This study 

aimed at characterization of systemic inflammatory reaction as a component of diet-induced MS in rat model. Thirty-three male Wistar rats were distributed into 

two groups designated 'control' (n = 15) and 'experimental (MS)' (n = 18). The groups were fed, respectively, regular and high-fat/high-carbohydrate diets for 

12 weeks. The intensity of systemic inflammatory process against the background of metabolic impairments was assessed by total and differential counts of white 

blood cells and serum levels of total protein, C-reactive protein, cytokines (IL6, IL10 and TNFα), insulin and leptin. We also assessed the production of reactive 

oxygen species in adipose tissue samples. The experiment revealed signs of systemic inflammation in MS as compared to control, including reactive leukocytosis, 

hyperproteinemia and increased serum levels of C-reactive protein (2.6-fold; р = 0.001), IL10 (3.7-fold; р = 0.029) and TNFα (4.2-fold; р = 0.035). The observed 

changes were accompanied by elevated metabolic activity of visceral adipose tissue, indicated by hyperleptinemia and increased free radical oxidation intensity. 

Pairwise positive correlations of serum levels were revealed for leptin and insulin (r = 0.701; р = 0.001) and leptin and IL10 (r = 0.523; р = 0.012). Thus, high-fat/

high-carbohydrate diet promoted metabolic impairments concomitantly with early signs of systemic inflammation characteristic of MS and obesity.
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Ю. Г. Бирулина    , О. В. Воронкова, В. В. Иванов, Е. Е. Буйко, М. М. Щербакова, Н. А. Чернышов, Е. А. Мотлохова

МАРКЕРЫ СИСТЕМНОГО ВОСПАЛЕНИЯ У КРЫС В МОДЕЛИ ДИЕТ-ИНДУЦИРОВАННОГО 
МЕТАБОЛИЧЕСКОГО СИНДРОМА

Системное воспаление лежит в основе патогенеза многих хронических неинфекционных заболеваний, в том числе таких, как сахарный диабет 2-го типа, 

ожирение, метаболический синдром (МС). Целью работы было оценить изменения параметров системной воспалительной реакции у крыс в модели 

диет-индуцированного МС. Исследование выполнено на 33 крысах-самцах Wistar, распределенных на контрольную и экспериментальную группы. 

Крысы контрольной группы (n = 15) находились на стандартной диете. Крысы экспериментальной группы (n = 18) в течение 12 недель находились на 

высокожировой и высокоуглеводной диете. Для оценки интенсивности воспалительного процесса на фоне метаболических нарушений определяли 

общее количество и морфологический состав лейкоцитов крови, концентрацию общего белка, С-реактивного белка, концентрацию цитокинов IL6, 

IL10, TNFα, инсулина и лептина. В образцах жировой ткани оценивали уровень продукции активных форм кислорода. В результате проведенного 

эксперимента у крыс с МС были зарегистрированы общие признаки воспаления: реактивный лейкоцитоз, гиперпротеинемия, повышение концентрации 

С-реактивного белка в 2,6 раза (р = 0,001), IL10 — в 3,7 раза (р = 0,029), TNFα — в 4,2 раза (р = 0,035). Выявленные изменения происходили на фоне 

повышения метаболической активности висцеральной жировой ткани, о чем свидетельствовали гиперлептинемия и высокая интенсивность процессов 

свободнорадикального окисления. Были обнаружены положительные корреляционные взаимосвязи между уровнями лептина и инсулина в крови 

(r = 0,701; р = 0,001), а также между сывороточной концентрацией лептина и IL10 (r = 0,523; р = 0,012). Таким образом, высокожировая и высокоуглеводная 

диета наряду с метаболическими нарушениями позволяет воспроизвести ранние признаки системного воспаления, характерные для МС и ожирения.

Ключевые слова: метаболический синдром, инсулинорезистентность, ожирение, воспаление, С-реактивный белок, IL10, TNFα
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Chronic systemic inflammation is essential in many multifactorial 
non-infectious diseases, including such alimentary-dependent 
conditions as type 2 diabetes, obesity and metabolic syndrome 
(MS). The low-grade chronic inflammation of adipose tissue is 

a key contributor to the insulin resistance development [1]. 
Metabolic impairments (hyperglycemia, hyperinsulinemia, 
dyslipidemia) confer pro-inflammatory properties to cellular 
elements in adipose tissue, with macrophage functionalities 
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switching from anti-inflammatory M2 to pro-inflammatory M1. 
Together with hypertrophied adipose cells, the M1-polarized 
resident macrophages produce vast quantities of adipokines 
(leptin, resistin, etc.), pro-inflammatory cytokines (IL6, TNFα, 
IL1β, etc.) and chemokines (MCP-1, MIF, CCL-2, etc.), which 
stimulate infiltration of adipose tissue with recruited monocytic 
macrophages arriving from circulation [1, 2] thus supporting 
perpetuation of the inflammatory process and potentiating 
insulin resistance.

Although subclinical chronic inflammation in patients with 
MS is a well-known fact, no clinical-laboratory criteria for the 
basic phenomena of chronic systemic inflammation, (including 
subtypes, stages, compensatory reactions, maladaptation and 
damage) have been established. Experimental animal models 
provide an essential tool for the analysis of early and delayed 
manifestations of systemic inflammatory reactions as well 
as their specific mechanisms in diseases that affect multiple 
parameters of homeostasis [3].

One of the common principles used for in vivo modeling 
of the obesity-associated MS involves combined high-fat, 
high-carbohydrate (HFHC) diets fed ad libitum [4, 5]. Such 
diets provide sustainable models of metabolic impairments 
(insulin resistance, hyperglycemia, dyslipidemia, etc.) 
etiopathogenetically similar to alimentary-constitutional 
obesity in humans. At the same time, it has been noted that 
in only 60–80% of animal models the diet-induced obesity 
eventually conveys a spectrum of metabolic impairments fully 
corresponding to MS [6, 7]. Accordingly, MS modeling should 
involve identification and analysis of additional parameters 
potentially useful as valid biomarkers of pathogenesis in MS and 
associated conditions including chronic systemic inflammation.

This study aimed at characterization of systemic 
inflammatory reaction as a component of diet-induced MS in 
rat model.

METHODS

Experimental MS was modeled in male Wistar rats (33 animals, 
body weight 280.5 × 36.1 g, age 6 weeks at the start of the 
experiment). The rats obtained from Goldberg Research 
Institute of Pharmacology and Regenerative Medicine (Tomsk, 
Russia) and randomized into control and experimental groups 
(15 and 18 animals, respectively) were housed in polypropylene 
cages (1612 cm2 floor area), three individuals per cage at 
20–26 °С, 40–70% relative humidity and 12:12 light cycle. 
The animals were included in the study based on the following 
criteria: lack of explicit health problems; body weight deviation 
from the average value within 10%. The control group animals 
received a standard 24 : 6 : 44% protein-fat-carbohydrate diet 
(Delta Feeds chow; BioPro, Russia) with ad libitum access to 
food and water. The experimental (MS) group animals received 
a HFHC diet of the standard chow (66%) mixed with rendered 
lard (17%), fructose (17%) and cholesterol (0.25%; Sigma, 
USA) to a 16  : 21  : 54% protein-fat-carbohydrate ratio and 
replacement of drinking water with a 20% fructose solution. 
The experiment lasted 12 weeks.

Consistency of the model with established criteria for 
MS was tested as described previously [5, 8]. The recorded 
parameters were as follows: systemic arterial pressure ("Systola" 
system for non-invasive measurement of blood pressure in 
rodents; Neurobotics, Russia), body weight (Pioneer PX224 
analytical balance; OHAUS, China), weight fractions of visceral 
adipose tissue and the liver (g per 100 g body weight) and 
biochemical indicators including serum glucose fasting, oral 
glucose tolerance test by spectrophotometry using enzymatic 

kits (Chronolab; Spain), triacylglycerol (TAG), total cholesterol 
(TC) and low-density (LDL-C), very low-density (VLDL-C) and 
high-density (HDL-C) lipoproteins levels (Architect с4000 
clinical chemistry analyzer; Abbot, USA).

The animals were withdrawn from the experiment by СО
2 

asphyxia. The blood was collected from the heart into two 
test tubes: with a clotting activator for serum production and 
subsequent biochemical and enzyme immunoassay and with 
an anticoagulant for WBC quantitation. 

The inflammatory process intensity was assessed by total 
and differential white blood cell (WBC) quantitation using BC-
2800 Vet automatic hematology analyzer (Mindray; China), 
Bradford total protein assay and high-sensitivity C-reactive 
protein test (Rat CRP ELISA Kit; Elabscience Biotechnology, 
China).

Immunosorbent assay was used to assess serum levels of 
IL6, IL10 and TNFα (corresponding kits by Bender MedSystems 
GmbH, Austria), insulin (Insulin Rat ELISA Kit; Thermo Fisher 
Scientifiс, USA) and leptin (Leptin Rat ELISA Kit; Thermo Fisher 
Scientific, USA). The homeostatic model for assessing insulin 
resistance (HOMA-IR) was calculated by the formula:

                 [serum insulin] × [serum glucose] / 22.5 
The intensity of local inflammatory process in fat tissue was 

accessed through reactive oxygen species (ROS) production 
rate measured with the 2,3-dihydrodichlorofluorescein 
diacetate (DHCF-DA) assay, by incubation of 50 mg fragments 
of visceral fat tissue in 10 µM DHCF-DA for 60 min. The 
fluorescence was measured at an excitation wavelength of 
530 nm and an emission wavelength of 485 nm using a 
microplate reader (Infinite 200 Pro M-plex; Tecan, Switzerland) [9]. 

Statistical analysis was carried out in SPSS Statistics 
23 (IBM; USA). Data complying with the normal distribution 
law are presented as means and standard deviations, M ± SD, 
non-complying — as medians and interquartile ranges, 
Me  (Q

25
; Q

75
). Between-the-group comparisons were made 

by Student's t-test or Mann–Whitney U test. The differences 
were considered significant at p < 0.05. Statistical relationships 
between quantitative indicators were assessed by calculating 
Spearman rank correlation coefficient or Pearson correlation 
coefficient for pairs.

RESULTS

The 12-week HFHC diet promoted physiological and laboratory 
manifestations of metabolic impairments in animals of experimental 
group (MS). The analysis of morphometric/physiological/
biochemical indicators revealed arterial hypertension, increased 
body weight and increased relative weights of the liver and 
visceral adipose tissue in animals with modeled MS compared 
to control group. Biochemical tests revealed impaired glucose 
tolerance (increased area under curve for glucose concentration 
on time, AUC

0–120
), fasting hyperglycemia and altered lipid 

spectrum indicators including increased serum levels of TAG, 
TC, LDL-C and VLDL-C specifically in animals with modeled MS 
(Table 1). These findings characterize the model as consistent 
and suitable for the analysis of accessory criteria in MS. 

Serum insulin levels were used as insulin resistance indicator 
in experimental MS. In animals with modeled MS, serum 
insulin levels were increased more than two-fold compared 
with control group, and HOMA-IR was 1.3 × 0.4. Animals with 
modeled MS also presented with elevated serum levels of the 
adipose tissue hormone leptin, which exceeded control values 
1.5-fold on average (Table 1).

The analysis of free radical oxidation rates in visceral fat 
tissue revealed ROS production increased significantly to 
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Table 1. Physiological parameters and biochemical markers of metabolic syndrome in rats

Note: The data are given as M ± SD; AUC
0–120

 is the area under curve of glucose concentration on time (glucose tolerance test); р-values characterize experimental vs 
control group comparisons. 

Parameter
Group

р
Control, n = 15 Experimental, n = 18

Body weight, g 433.32 ± 39.4 489.1 ± 47.9 0.01

Systolic blood pressure, mm Hg 130.4 ± 9.5 145.1 ± 8.7 0.01

Diastolic blood pressure, mm Hg 86.5 ± 9.3 101.4 ± 12.2 0.028

Adipose tissue/body weight ratio 2.2 ± 0.22.2 ± 0.2 4.3 ± 0.64.3 ± 0.6 0.001

Liver/body weight ratio 3.1 ± 0.43.1 ± 0.4 4.2 ± 0.54.2 ± 0.5 0.001

Glucose fasting, mmol/L 4.9 ± 0.5 7.6 ± 0.4 0.001

AUC
0–120

, mmol/L × 120 minAUC
0–120

, 
mmol/L × 120 min

752.2 ± 50.4 940.9 ± 55.8 0.001

TC, mmol/L 1.7 ± 0.2 2.3 ± 0.3 0.001

HDL-C, mmol/L 0.6 ± 0.1 0.4 ± 0.1 0.003

LDL-C, mmol/L 0.9 ± 0.2 1.4 ± 0.4 0.02

VLDL-C, mmol/L 0.3 ± 0.1 0.5 ± 0.1 0.03

TAG, mmol/L 0.7 ± 0.2 1.7 ± 0.5 0.001

Insulin, pmol/L 11.2 ± 0.8 24.2 ± 5.6 0.001

HOMA-IR  0.4 ± 0.1 1.3 ± 0.4 0.004

Leptin, ng/mL 3.1 ± 0.3 4.5 ± 0.1 0.01

Total protein, g/L 52.7 ± 3.4 66.7 ± 3.8 0.015

C-reactive protein, ng/mL 4.0 ± 0.4 10.5 ± 1.3 0.001

2.5 conventional units — more than two-fold compared with 
control group (1.2 conventional units, р = 0.008).

Biochemical tests revealed serum levels of total protein and 
C-reactive protein elevated, respectively, 1.3-fold and 2.6-fold 
in experimental MS compared with control values (Table 1).

The analysis also revealed significant increase in total WBC 
counts, as well as total and differential blood granulocyte 
counts, in animals with experimental MS (Table 2).

Serum levels of IL10 and TNFα in rats with HFHC diet-
induced metabolic impairments exceeded the corresponding 
control values, respectively, 3.7- and 4.2-fold on average (Table 3). A 
similar trend observed for IL6 proved statistically non-sigificant. 

DISCUSSION

Two basic methodologies for MS modeling in small rodents 
have been established in experimental medical biology: (1) 
animal strains genetically predisposed to diabetes/obesity/
cardiovascular diseases and (2) imbalanced diets with 
modified nutrient ratio (rich in fats and sugars) [4, 10]. Both 
approaches result in the excessive accumulation of visceral fat 
as a key pathogenic factor mediating the profound metabolic 
impairments.

Despite the widespread use of HFHC diets as a basis 
for MS modeling, certain methodological complications have 
been recognized as hampering verification of the efficacy. For 
example, the developing visceral obesity cannot be monitored 
in medical terms, as routine biometric screenings (body mass 
indexing, waist measurements, etc.) are not extrapolatable to 
rodents. Several studies demonstrate that such hallmarks of 
MS as hypertension, dyslipoproteinemia and hyperglycemia 
are only partly reproducible in animals [11, 12]. In some cases, 
these limitations are due to insufficient duration of the diet, as 
well as age- and sex-related differences, genetic distinctions of 
particular strains of experimental animals, systematic errors in 
nutrition formula/regimen, etc.

The rates of metabolic activity of fat tissue can provide 
useful indicators for MS verification in laboratory animals. The 
leptin/ghrelin ratio has been shown to correlate with changes in 
body, splenic and fat weights in Wistar rats with experimental 
dyslipidemia and aletred levels of inflammation-regulating 
cytokines (MCP-1, M-CSF, IL18 and RANTES) which identifies 
these criteria as prospective biomarkers of direction and 
severity of metabolic impairments in obesity and MS [13]. 

Chronic inflammation of fat tissue, a strong pathogenetic 
factor in MS, develops on the background of insulin resistance 
coupled to hyperglycemia and dyslipoproteinemia [1, 2]. 
The highly active signaling substances (adipokines, pro-
inflammatory cytokines) produced by adipose and stromal 
cells facilitate macrophage infiltration thus supporting the 
maintenance of local inflammatory response [14].

Our analysis of metabolic activity of cellular elements in the 
visceral fat of rats after a 12-week HFHC diet reveals augmentation 
of free-radical reactions with a 2-fold increase in the spontaneous 
ROS production levels compared with control group. 

The high secretory activity of adipose cells in animals with 
modeled MS is also indicated by elevated blood levels of leptin 
showing an average 1.5-fold increase compared with control 
group (Table 1). At that, serum levels of leptin and insulin 
revealed a moderate positive correlation (r = 0.701; р = 0.001).

Leptin is predominantly produced by adipose cells of 
white fat tissue, and its blood levels correlate with the visceral 
fat volume. Under physiological conditions, leptin inhibits 
insulin production by the pancreas [15]. The MS-associated 
hyperleptinemia observed by us in this study is most probably 
of compensatory nature, reflecting insulin resistance and the 
elevated blood levels of insulin. Incidentally, such metabolic 
impairments as hyperglycemia and dyslipoproteinemia have 
been associated with decreased expression of leptin receptors 
on cells, promoting resistance [16, 17].

Based on its structure, leptin can be classified as pro-
inflammatory adipokine. Leptin participates in chemotaxis 
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Table 2. Hematological parameters for experimental and control groups

Table 3. Blood cytokine levels for experimental and control groups 

Note: The data are given as Me (Q
25

; Q
75

); р-values characterize experimental vs control group comparisons. 

Note: The data are given as Me (Q
25

; Q
75

); р-values characterize experimental vs control group comparisons.

Parameter
Group

р
Control, n = 15 Experimental, n = 18

Leukocytes, 109/L 9.9 (9.4; 10.9) 13.7 (11.4; 15.0) 0.001

Lymphocytes, 109/L 7.6 (5.9; 8.3) 7.1 (6.4; 8.5) 0.84

Monocytes, 109/L 0.4 (0.2; 0.4) 0.5 (0.3; 0.4) 0.166

Granulocytes, 109/L 2.5 (1.7; 3.6) 3.9 (3.2; 4.4) 0.003

Lymphocytes, % 65.3 (64.2; 67.6) 64.2 (62.7; 66.2) 0.343

Monocytes, % 3.4 (3.0; 3.6) 3.5 (3.1; 4.0) 0.1

Granulocytes, % 28.2 (25.9; 31.3) 33.2 (31.5; 34.2) 0.001

Parameter
Group

р
Control, n = 15 Experimental, n = 18

IL6, pg/mL 5.5 (2.3; 6.3) 7.8 (4.7; 14.1) 0.152

IL10, pg/mL 11.8 (6.0; 23.8) 43.3 (21.9; 54.7) 0.029

TNFα, pg/mL 2.6 (2.6; 5.2) 10.8 (6.4; 11.7) 0.035

regulation and neutrophil activation, T cell differentiation and NK 
cell pool maintenance. At the humoral level, leptin stimulates 
production of TNFα and IL6. Increased secretion of leptin by 
adipose cells attracts macrophages and facilitates their transfer 
to adipose tissue by stimulating angiogenesis [18].

The metabolic conditions relevant for activation of cellular 
elements in fat tissue (notably the levels of glucose, insulin 
and fatty acids) have been shown to determine its cytokine 
repertoire. For example, high concentrations of free fatty 
acids can activate TLR4 receptors on macrophages, indirectly 
triggering expression of genes responsible for the inflammatory 
mediator synthesis [2, 14]. This leads to formation of the 'vicious 
circle' in the adipose tissue inflammation pathogenesis, as 
systemic effects of certain pro-inflammatory cytokines include 
fatty acid synthesis activation and increase in their blood levels 
through suppression of adiponectin secretion and regulation of 
production for other cytokines. 

In this study, we recorded a statistically significant increase 
in serum levels of TNFα and IL10 in rats with experimentally 
induced MS compared to control animals (Table 3).

At early stages of inflammation, the balance between 
defensive-adaptive and pathological inflammatory reactions is 
ensured by anti-inflammatory cytokines (IL10, IL13, TGFβ, etc.), 
which limit tissue damage by inhibiting expression of major 
histocompatibility complex class II and other costimulatory 
molecules on immunocompetent cells [19]. This probably 
explains the elevated serum levels of anti-inflammatory IL10 in 
experimental group animals with MS against the background of 
metabolic impairments. Such inference is indirectly supported 
by a moderate positive correlation between IL10 and leptin 
levels (r = 0.523; р = 0.012). 

Of note, progression of MS and obesity may be accompanied 
by a decrease in production of anti-inflammatory cytokines and 
hormones (ghrelin, adiponectin) by fat tissue, which enhances 
the mononuclear cell infiltration of fat tissue and aggravates the 
inflammation [20, 21]. As a rule, this is a low-grade inflammation, 
given that the anti-inflammatory resistance factors are capable 
of prolonged deterrence of the generalized process and prevent 
the deployment of secondary damage against the background of 
chronic systemic alterations. Accordingly, compared with acute 
inflammatory conditions, chronic inflammation is accompanied 
by modest shifts in systemic indicators.

In this study we assessed the dynamics of systemic 
manifestations of the inflammatory process confined to visceral 
fat tissue. Apart from the altered cytokine levels, animals with 
MS showed significant increases in total WBC and differential 
granulocyte counts, as well as serum levels of total and 
C-reactive protein compared to control animals. 

Many inflammatory conditions are accompanied by elevated 
production of acute phase proteins, chiefly by hepatocytes. 
Under pathological conditions, white adipose cells are also 
capable of producing high amounts of C-reactive protein, 
which exacerbates the glucose metabolism impairment and 
aggravates insulin resistance [22, 23]. 

Reactive leukocytosis can be attributed to particular 
components in MS pathogenesis. High-fat diets have been 
shown to induce myeloid hyperplasia in animal models, 
especially with regard to neutrophil cellular patterns [24]. 
Several studies enrolling patients with glucose intolerance and 
obesity revealed a positive correlation between antropometric/
physiological/biochemical indicators (body mass index, arterial 
hypertension, hyperinsulinemia, dyslipoproteinemia) and 
increased WBC counts [25–27]. A possible role of leptin in 
MS-associated leukocytosis has been highlighted: leptin and 
its receptors have been implicated in hemopoiesis-stimulating 
signaling in the red bone marrow [25].

Glycylation end-products, ROS and pro-inflammatory 
cytokines exert similar effects on hemopoietic cells and 
mature leukocytes. Pro-inflammatory cytokines are important 
inducers of leukocytosis, particularly neutrophilic, by multiple 
mechanisms including demargination of intravascular 
neutrophils and facilitation of granulocytopoiesis and neutrophil 
exit in the bone marrow [28, 29].

CONCLUSIONS

The experiment revealed signs of systemic inflammation, including 
reactive leukocytosis, hyperproteinemia and elevated serum levels 
of C-reactive protein and cytokines TNFα and IL10, alongside 
the visceral obesity and impaired lipid/carbohydrate metabolism 
(hyperinsulinemia, hyperglycemia, dyslipoproteinemia) in rats 
with modeled MS. The observed immunological changes were 
accompanied by increased metabolic activity of visceral fat 
tissue, indicated by hyperleptinemia and increased free radical 
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oxidation rates. Serum levels of leptin positively correlated with 
serum levels of both insulin and IL10. Thus, apart from metabolic 
impairmentrs, the 12-week experimental exposure to a HFHC diet 
reproducibly modeled the early signs of systemic inflammation 

characteristic of MS and obesity. Such diet-induced MS models 
can be considered a convenient tool for studying the early and 
delayed MS complications mediated by pathogenetic factors of 
chronic systemic inflammation.
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EPOR/CD131-MEDIATED ATTENUATION OF ROTENONE-INDUCED RETINAL DEGENERATION IS 
ASSOCIATED WITH UPREGULATION OF AUTOPHAGY GENES

Mitochondrial dysfunction is a key driver of neurodegeneration. This study aimed to evaluate the protective potential of EPOR/CD131 (heterodimeric erythropoietin 

receptor) stimulation in the neurodegeneration caused by rotenone-induced mitochondrial dysfunction. The effects of erythropoietin (EPO) and an EPO mimetic 

peptide pHBSP were assessed using in vivo and in vitro models. Single injections of 10 µg/kg EPO or 5 µg/kg pHBSP significantly alleviated the degeneration of 

ganglion cells of the retina in a rotenone-induced retinopathy in rats (p < 0.05). Consistently, in vitro exposure of rotenone-treated murine primary neuroglial cultures 

to 500 nM EPO or pHBSP significantly rescued the survival of the cells (p < 0.005). The observed enhancement of LC3A, ATG7, Beclin-1, Parkin and BNIP3 mRNA 

expression by EPOR/CD131 agonists implicates the autophagy and mitophagy activation as a plausible mitoprotective mechanism.
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EPOR/CD131-ОПОСРЕДОВАННАЯ РЕТИНОПРОТЕКЦИЯ ПРИ РОТЕНОН-ИНДУЦИРОВАННОЙ 
НЕЙРОТОКСИЧНОСТИ СВЯЗАНА С УВЕЛИЧЕНИЕМ ЭКСПРЕССИИ ГЕНОВ АУТОФАГИИ

Митохондриальная дисфункция является ключевым драйвером развития нейродегенерации. Целью исследования было оценить протективный 

потенциал стимуляции EPOR/CD131, гетеродимерного рецептора эритропоэтина (EPO), при нейродегенерации, вызванной нарушением функции 

митохондрий. В качестве агонистов EPOR/CD131 были использованы EPO или pHBSP, эффективность которых оценивали в условиях in vivo и 

in vitro. В модели ротенон-индуцированной ретинопатии однократная инъекция 10 мкг/кг EPO или 5 мкг/кг pHBSP привела к значительному снижению 

дегенерации ганглионарных клеток сетчатки (p < 0,05). Кроме того, инкубация в 500 нМ растворах EPO и pHBSP резко увеличила выживаемость 

первичной мышиной нейроглиальной культуры, обработанной ротеноном (p < 0,005). Примечательно, что применение агонистов EPOR/CD131 привело 

к увеличению экспрессии мРНК LC3A, ATG7, Beclin-1, Паркина и BNIP3, что свидетельствует об активации аутофагии и митофагии как потенциальном 

механизме митопротективного действия.

Ключевые слова: митохондриальная дисфункция, ротенон-индуцированная ретинопатия, рецептор EPOR/CD131, эритропоэтин, pHBSP
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Table. Primers used in qPCR target gene expression assay

Gene
(encoded protein)

Primer sequence
Product length

(b.p.)

Retinal degeneration marker

Nefl (NEFL)
F: 5'-GGAGTACCAGGACCTCCTCA-3'

102
R: 5'-CTGGTGAAACTGAGCCTGGT-3'

Autophagy/mitophagy regulating genes

Becn1 (Beclin 1)
F: 5'-CAGCTGGACACTCAGCTCAA-3'

99
R: 5'-CTGTTCACTGTCGCCCTCAT-3'

Map1lc3a (LC3A)
F: 5'-TTGGTCAAGATCATCCGGCG-3'

104
R: 5'-TCAGCGATGGGTGTGGATAC-3'

Atg7 (ATG7)
F: 5'-TCCTGGCCAAGGTGTTTAACT

104
R: 5'-ACTCATGTCCCAGATCTCAGC-3'

Prkn (Паркин)
F: 5'-TGCCCATTGAAAAGAATGGAGG-3'

95
R: 5'-GTTCCACTCACAGCCACAGT-3'

Bnip3 (BNIP3)
F: 5'-AACAGCACTCTGTCTGAGGA-3'

100
R: 5'-GCCGACTTGACCAATCCCA-3'

Inflammatory response genes

Il1b (IL1b)
F: 5'-GGCTGACAGACCCCAAAAGA-3'

101
R: 5'-TGTCGAGATGCTGCTGTGAG-3'

Il6 (IL6)
F: 5'-CTCATTCTGTCTCGAGCCCAC-3'

105
R: 5'-AGAAGGCAACTGGCTGGAAG-3'

Housekeeping gene

Actb (B-actin)
F: 5'-CCACCCGCGAGTACAACC-3'

95
R: 5'-GACGACGAGCGCAGCGATA-3'

Despite the remarkable advances in our understanding of brain 
pathophysiology, the progress in handling neurodegenerative 
disorders remains modest. With the continued increase in human 
lifespan, the social and medical burden of neurodegenerative 
disorders is growing ever so fast [1], while etiotropic approaches 
in their management are missing and the available pathogenetic 
and symptomatic options are of limited efficacy with regard 
to outcomes. Obviously, this situation dictates the urgent 
need for new neuroprotection strategies. In ophthalmology, 
neurodegeneration is of special relevance, as many retinal 
abnormalities have strong neurodegenerative component [2].

Mitochondrial dysfunctions are often considered as 
one of the key pathophysiological links in the context of 
neuronal degeneration [3]. Rather than being a passive 
indicator, mitochondrial defects have been shown to drive 
neurodegeneration [4]. Considering the vital importance of the 
oxidative energy metabolism in nervous tissue, the maintenance 
of healthy mitochondrial pools is essential for its functioning. 
Mitophagy is the key cellular mechanism ensuring the timely 
elimination of defective mitochondria [5]. The term 'mitophagy', 
introduced by Lemasters [6], stands for selective degradation of 
unfit mitochondria by macroautophagy [7] involving two major 
pathways known as PINK1/Parkin-mediated and receptor-
mediated autophagy [8].

The timely elimination of defective mitochondria alleviates 
the oxidative stress and boosts the energy metabolism efficiency 
[9]. Accordingly, mitophagy stimulation can be considered an 
efficient neuroprotective strategy. Moreover, the overall fitness 
of autophagy mechanisms prevents the overloading of neurons 
with misfolded proteins and counteracts the accumulation 
of dysfunctional bulk protein aggregates — the common 
pathomorphological substratum in neurodegeneration [10].

Pharmacological activation of EPOR/CD131, the 
heterodimeric erythropoietin (EPO) receptor, is a promising 

neuroprotection strategy apparently related to the 
enhancement of mitochondrial function and autophagy [11]. 
The neuroprotective capacity of EPOR/CD131 agonists 
[12–14] and their stimulating effect on autophagy [15] have 
been demonstrated previously. This study aimed to evaluate 
the neuroprotective capacity of EPO and its peptide analog 
pHBSP in experimental neuronal damage.

METHODS

Rotenone toxicity was chosen as a model background for the 
assessment of mitotropic effects in vivo and in vitro. Pesticide 
rotenone interrupts the mitochondrial respiratory chain by 
blocking the electron transfer complex I. The action of rotenone 
can induce cellular changes characteristic of mitochondrial 
dysfunctions and neurodegeneration [16]. 

Animals

The experiments involved 24 male rats purchased from 
'Stolbovaya' breeding facilities (Moscow region, Russia) and 
3 female CD-1 mice (purchased from Pushchino facilities; 
Moscow region, Russia) with 24 newborn pups. The animals 
were housed in rooms with artificial lighting (12/12 h mode) at 
21–23 °С, 38–50% humidity and ad libitum access to food and 
water. 

The rotenone-induced retinal degeneration model

To induce retinal degeneration 18 male rats (age 20 weeks, 
body weight 250–275 g) were intravitreally injected by 5 µL 
of 0.4 mM rotenone in 5% DMSO in Dulbecco's phosphate-
buffered saline (D-PBS) (2 nmol/eye) under local novocainamide 
anesthesia [17]. 
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2) each primer must span an exon-exon junction or the two 
primers must fall into different exons; 3) forward and reverse 
primers in a pair must not form auto- and cross-dimers; 4) the 
size of PCR product must be 95–107 b.p. (Table).

Processing of the raw qPCR data was carried out using 
the delta-delta Ct method. Following the amplification, ΔCt 
value (the difference in threshold cycles between the reference 
housekeeping gene and threshold cycle for the gene of interest) 
was calculated for each sample in the Bio-Rad CFX Manager 
software (Bio-Rad; USA).

The data were transformed by formula (1) [21]:    

where ΔCt is the cycle at which the logarithmic curve of the 
SYBR Green fluorescence intensity reaches the threshold level 
(threshold cycle) when running the reaction with housekeeping 
gene as a reference target;

ΔCt
contr

 is the difference in threshold cycles between the 
gene of interest and the reference gene.

Cytoprotective effects of pHBSP against rotenone 
toxicity in vitro

The cultures were obtained from brain tissues of CD1 mice 
collected on postnatal day 1. The animal was decapitated and 
the head was transferred to a Petri dish placed on ice. The 
dissection of the skull from skin and fascia was carried out 
under ice cooling. The brain was extracted and placed in a Petri 
dish with chilled PBS. The hippocampus, cortex and midbrain 
portions were dissected under a Leica binocular (magnification 
×10) on a cooled glass slide placed in a Petri dish.

The tissues were collected in a tube, washed with D-PBS, 
trypsinized, and seeded at 20,000 cells in poly-D-lysine-
treated plates with Neurobasal medium (PanEco; Russia). After 
16–18 h, half of the medium was replaced with Neurobasal™ 
Plus (Thermo Fisher; USA). The cultures were examined 
microscopically every 2 days and half of the medium was 
replaced with a fresh portion; the cultures were maintained like 
this for 10 days. Rotenone to a final concentration of 2.5 µM 

Fig. 1. A scheme of in vivo experiments to assess retinoprotective effects of EPOR/CD131 agonists in rotenone-induced retinopathy

Animals: male Wistar rats 
210–230 g body weight
Пол: самцы

Intravitreal injections of rotenone 
or vehicle in both eyes

Morphometry: inner plexiform layer 
thickness, ganglion cell density

Expression assay for markers of 
inflammation, retinal degeneration, 
auto/mitophagy

pHBSP 5 µg/kg subcutaneously (n = 6)

EPO 10 µg/kg subcutaneously (n = 6) 

An equivalent volume of the vehicle 
(sterile water) (n = 12)

Rotenone (the electron transport 
chain complex I inhibitor) dissolved 
in 5% DMSO-PBS, 2 nmol per eye 

(n = 18)

Vehicle (n = 6) 

30 
min

3 
days

2E ΔΔCt = ΔCt – ΔCt
cont     

 (1)

The animals were distributed into three equal groups:
1) 'control' (sterile water subcutaneously + rotenone 

intraorbitally);
2) 'pHBSP' (pHBSP 5 µg/kg subcutaneously + rotenone 

intraorbitally);
3) 'EPO' (EPO 10 µg/kg subcutaneously + rotenone 

intraorbitally). 
Additionally, the group of 'intact' animals (n = 6; matching 

by age and weight) received identical injections of the vehicle 
instead of rotenone.

The studied agents (EPO and pHBSP) were injected 
subcutaneously 30 min before the rotenone administration; 
the 'control' and 'intact' animals received similar injections of 
sterile water instead of the agents. On day 3, the eyes were 
enucleated for histomorphological examination and gene 
expression analysis (Fig. 1).

Morphological study

The eyeballs were embedded in paraffin after fixation in buffered 
formalin (pH about 7.0) with 0.002% picric acid followed by 
gentle aspiration of the vitreous humor and its replacement 
with molten wax as described previously [18]. All sections were 
standardized for the area (1 mm above the blind spot) and 
thickness (7 µm) to enable a proper comparison. The slides 
were stained by standard protocols [19] for morphometric 
examination including the inner plexiform layer (IPL) thickness 
measurements and the nuclei counts per 100 µm of ganglion 
cell layer. 

Quantitative polymerase chain reaction (qPCR) assay 

Extraction of the total RNA and reverse transcription were 
carried out as previously described [20]. The expression of 
target genes was analyzed by qPCR in a CFX96 real-time PCR 
thermal cycler (BioRad; USA) using the commercial SYBR® 
Green Master Mix (Bio-Rad Laboratories, Inc.; USA) and 
oligonucleotide primers (Evrogen; Russia).

The primers were designed using Primer-BLAST tool (NCBI) 
with the following stipulations: 1) melting temperature 59–61 °C; 
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Fig. 2. The therapeutic effect of pHBSP and EPO in the rotenone-induced 
retinopathy in rats. A. Representative histological images of the retina. B. The 
inner plexiform layer thickness measurements. C. Nuclei counts in the ganglion 
cell layer. D. Normalized heat map of gene expression levels for inflammation (Il6, 
Il1b), autophagy (Map1Lc3a, Atg7), mitophagy (Becn1, Prkn, Bnip3) and retinal 
degeneration (Nefl) markers. GCL — ganglion cell layer; IPL — inner plexiform 
layer; * — p < 0.05; ** — p < 0.005; *** — p < 0.0005 (Kruskal–Wallis test, post-
hoc Dunn's test).
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was added to the wells 24 h prior to cell viability assay. After 
20 h exposure to rotenone, a putative cytoprotectant (pHBSP 
or EPO) was added to the suspension in a final concentration of 
50 nM or 500 nM. The viability was accessed after staining with 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
(MTT) in an automated Cell Counter with cell viability analyzer 
function (Corning; USA) using CytoSmart software (Axion; the 
Netherlands).

Statistics

The normality of distributions was challenged by Shapiro–Wilk 
test. Normally distributed data are presented as M ± SD; for 
distributions other than normal the data are presented as Me 
[Q1; Q3]. Statistical processing and visualization of the data 
were carried out in GraphPad Prism 9.2.0 (Graphpad Software 
Inc; USA). Significance of the differences was accessed by one-
way ANOVA with Kruskal–Wallis test and post-hoc Dunn's test 
with Benjamini-Hochberg procedure. The heat maps involved 
statistically unprocessed data.

RESULTS 

Cytoprotective effects in vivo

The intravitreal injections of rotenone led to specific morphological 
changes in the retina: its overall thinning, a decrease in IPL 
thickness and a decrease in ganglion cell numbers. The IPL 
thickness decreased from 41.92 µm [38.74; 43.70] in the vehicle 
injection group to 23.59 µm [21.37; 25.62] in the rotenone injection 
group, whereas the nuclei counts per 100 µm of the ganglion 
cell layer (GCL) decreased from 8.22 [7.75; 8.83] to 4.78 [4.42; 4.67]. 
These changes are indicative of ganglion cell degeneration 
revealing a rotenone-induced neurodegenerative process. The 
gene expression assay revealed elevated mRNA levels for Il6 and 
Il1b and reduced expression of the retinal ganglion cell marker Nefl 
additionally confirming the retinal damage.

Both pHBSP and EPO significantly alleviated the rotenone-
induced degenerative changes as assessed histologically 
(Figs. 2A–C) or by gene expression measurements (Fig. 2D). Of 
note, the effects of pHBSP in reducing retinal degeneration were 
stronger compared with EPO. The IPL thickness and the nuclei 
counts per 100 µm of GCL in rats receiving pHBSP constituted 
34.34 [31.52; 36.02] and 6.89 [7.00; 7.33], respectively.

Moreover, rats receiving pHBSP or EPO on the background 
of rotenone had elevated expression levels of the mitophagy/
autophagy markers Map1lc3a, Atg7, Becn1, Prkn and Bnip3 in 
the retina compared with rotenone only (Fig. 2D). Both agents 
demonstrated similar cytoprotective activity as assessed 
through the elevated expression of Nefl and autophagy 
protein-encoding genes, and their suppressive effects on the 
pro-inflammatory cytokine expression were comparable as well.

Thus, single subcutaneous systemic administration of 
5 µg/kg pHBSP or 10 µg/kg EPO promoted a reduction in 
the degree of retinal degeneration induced by intravitreal 
injections of rotenone. The EPOR/CD131 stimulation-mediated 
retinoprotective effects are likely to involve a decrease in 
pro-inflammatory component and an increase in mitophagy, as 
indicated by a decrease in the expression of inflammation markers 
and an increase in the expression of auto/mitophagy markers.

Cytoprotective effects in vitro

The 24 h incubation of the primary neuroglial cultures in 2.5 µМ
rotenone killed over 50% of the cells, as reflected by a 
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69.80 ± 6.62% to 27.06 ± 8.98% decrease in viability observed 
in the 'rotenone-only' cultures (Fig. 3). The use of EPOR/CD131-
binding agents at 500 nM concentrations significantly rescued 
the viability of rotenone-treated cultures to 61.73 ± 11.56% 
(p < 0.005) and 71.20 ± 6.97% (p < 0.005) for pHBSP and 
EPO, respectively. At concentrations reduced to 50 nM, both 
agents showed a similar rescuing tendency, albeit the effects 
lacked statistical significance.  

DISCUSSION

The functional state of mitochondria is considered one of the 
main factors defining cellular homeostasis. Tissues with the top 
energy demands, such as the brain and the retina, show the 
highest sensitivity to mitochondrial abnormalities [2].

In this study, we demonstrate that EPOR/CD131 stimulation 
can improve the functional state of neuronal cells of the retina in 
vivo and the survival of primary neuroglial cultures in vitro under 
conditions of chemically induced mitochondrial dysfunction. As 
the neurotoxic effect of rotenone is associated with the respiratory 
chain disruption in mitochondria, the observed beneficial effects of 
EPOR/CD131 agonists are most likely due to their mitoprotective 
action. This assumption is consistent with the previously reported 
beneficial influence of EPO on mitochondrial function [22]. The 
results of gene expression analysis support the view of auto- and 
mitophagy stimulation as a potential mechanism of mitoprotective 
effects exerted by EPOR/CD131 agonists, indicated by increased 
mRNA expression levels for LC3A, ATG7, Beclin-1, Prkn and 

BNIP3. These results also agree with our previous research on 
the effects of pHBSP on the autophagy gene expression under 
conditions of ethanol-induced neurodegeneration in rats [23]. 
Although we provided no quantitative or semi-quantitative 
assessment of the autophagy protein phosphorylation levels, 
some of the identified factors had been already recognized as 
neuroprotective mediators in mitochondrial dysfunctions [16, 24, 25]. 
In addition, there is a line of evidence showing a connection of 
the positive effects of pHBSP with autophagy stimulation. For 
example, the hepatoprotective activity of pHBSP is accompanied 
by elevated expression of LC3II, LC3I, and Beclin 1, while being 
sensitive to autophagy inhibition [15]. Consistently, autophagy has 
been identified as one of major links mediating the neuroprotective 
effects of EPO [26].

CONCLUSIONS

Thus, both erythropoietin and pHBSP, a selective peptide 
agonist of EPOR/CD131, reveal pronounced neuroprotective 
activity during the rotenone-induced damage. The data implicate 
the autophagy/mitophagy stimulation as a likely mechanism 
of the observed pharmacological effects. The use of EPOR/
CD131 agonists is a promising direction for the treatment of 
neurodegenerative processes in the central nervous system 
and retina. Further studies using specific models of particular 
neurodegenerative disorders, such as Parkinson's and 
Alzheimer's diseases or amyotrophic lateral sclerosis, may help 
to determine the clinical prospects of pHBSP administration.
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The influence of fluorides on human health is a long-studied 
issue. The negative influence of fluorinated compounds on 
human body has been confirmed by advanced research in 
the fields of medicine, chemistry, occupational safety and 
nutritional health [1]. The known effects of fluorides on dental 
health include endemic diseases (fluorosis, caries) associated 

with excessive intake/exposure or deficiency [2]. Fluoride ions 
can act on phosphoenolpyruvate kinase, thereby inhibiting 
glycolysis, which leads to reduced production of lactic acid 
and favors cariesogenic microflora in the oral cavity. The action 
of fluorine on other organs and tissues remains understudied 
[3]. Fluorides inhibit enzymatic activities through depletion of 
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PROGNOSTIC SIGNIFICANCE OF ORAL FLUID FLUORIDE MEASUREMENT IN ACUTE PERICORONITIS

Oral fluid is a valuable substrate for assessing dental health and other aspects of physical status. New methods for early diagnosis and prognosis of dental 

diseases on the basis of oral fluid composition are in constant demand. Excessive fluoride concentrations, often oversighted by dental therapists, negatively 

affect organs and tissues of the oral cavity. This study aimed at development and approbation of a method for reliable measurement of fluoride ions in oral fluid by 

capillary electrophoresis to be used in patients with dental diseases. The fluoride ion concentrations were measured in health (2.16 ± 0.48 mg/L), in isolated acute 

pericoronitis (15.2 ± 2.7 mg/L) and in acute pericoronitis combined to multiple caries (18.9 ± 4.2 mg/L). By post-operative day 3, fluoride levels in the group with 
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ПРОГНОСТИЧЕСКАЯ ЗНАЧИМОСТЬ ОПРЕДЕЛЕНИЯ ФТОРИД-ИОНОВ В РОТОВОЙ ЖИДКОСТИ 
ПРИ ОСТРОМ ПЕРИКОРОНИТЕ

Разработка новых методов ранней диагностики и исхода стоматологических заболеваний по концентрации различных ионов в ротовой жидкости 

является перспективным направлением. По составу ротовой жидкости можно оценивать состояние не только стоматологического здоровья, но и 

всего организма в целом. Превышение концентрации фторид-ионов оказывает негативное влияние на органы и ткани полости рта, а контроль за его 

поступлением в организм врачами не проводится. Целью исследования было разработать и апробировать методику определения фторид-ионов в

ротовой жидкости методом капиллярного электрофореза при стоматологических заболеваниях. Получены данные о концентрации фторид-ионов 

в норме (2,16 ± 0,48 мг/л), при множественном кариесе и остром перикороните (18,9 ± 4,2 мг/л), остром перикороните (15,2 ± 2,7 мг/л). На третьи сутки 

после оперативного вмешательства значения в группе с острым перикоронитом пришли в норму (2,28 ± 0,52 мг/л), при множественном кариесе и остром 

перикороните, даже после хирурического вмешательства, остались высокими (8,7 ± 1,9 мг/л; р < 0,0001). Разработанная методика эффективна для 

изучения концентрации фторид-ионов при изолированных и сочетанных стоматологических заболеваниях.

Ключевые слова: перикоронит, множественный кариес, фториды, ротовая жидкость, капиллярный электрофорез

Для корреспонденции: Андрей Сергеевич Коршунов
ул. Косарева, д. 34, г. Омск, 644043, Россия; andrey_k_180588@mail.ru

1 Центральный научно-исследовательский институт стоматологии и челюстно-лицевой хирургии, Москва, Россия
2 Омский государственный педагогический университет, Омск, Россия
3 Омский государственный медицинский университет, Омск, Россия 

Статья получена: 12.08.2022 Статья принята к печати: 26.08.2022 Опубликована онлайн: 28.08.2022

DOI: 10.24075/vrgmu.2022.042

Соблюдение этических стандартов: исследование одобрено этическим комитетом ФГБОУ ВО ОмГМУ Министерства здравоохранения РФ (протокол 
№ 113 от 26 ноября 2019 г.); все участники исследования или их представители подписали добровольное информированное согласие.

Вклад авторов: В. Д. Вагнер — планирование исследования, анализ литературы, интерпретация данных; Е. А. Сарф — проведение биохимических 
исследований, статистическая обработка данных; Л. В. Бельская — планирование исследования, проведение биохимических исследований, 
подготовка рукописи; А. С. Коршунов — планирование исследования, анализ литературы, интерпретация данных, набор клинического материала, 
подготовка рукописи; К. Н. Курятников — набор клинического материала, интерпретация данных, подготовка рукописи; А. А. Бондарь, А. Д. Мелоян, 
К. А. Максименко, М. Н. Касий — подготовка образцов для исследования, анализ данных.



52

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    СТОМАТОЛОГИЯ

ВЕСТНИК РГМУ   4, 2022   VESTNIKRGMU.RU| |

cofactor ions of Mn, Ca, Fe and Mg. Humans receive fluorides 
with drinking water, foods, inhaled dust and gaseous fluorinated 
compounds. The average daily requirement of fluorides in 
adults is 2–3 mg [4]. Up to 70% of this amount enters the body 
with drinking water and about 30% is retrieved from foods. 
Fluorides play an important role in caries prophylaxis. Fluoride 
levels in the body have been linked to the morbidity of fluorosis, 
including endemic forms of the disease. Caries and fluorosis of 
both decidual and definitive teeth, especially in children, have 
been associated with drinking water fluorination levels [5].

The influence of fluorine on the outcomes of dental 
conditions hallmarked by decay of hard tissues (caries, fluorosis) 
was elucidated in seminal publications both domestically and 
abroad. We have found no published evidence on a possible 
shift in fluoride ranges during complicated wisdom tooth 
eruption. Meanwhile, such shifts might prove clinically relevant 
given the hypomineralized condition of such teeth during 
eruption [6, 7]. The presence of inflammatory process during 
wisdom tooth eruption negatively affects oral homeostasis, and 
critically increased fluoride concentrations may exacerbate the 
consequences especially in the presence of other infectious 
foci in the oral cavity.

Fluoride-based medications are widely used in therapeutic 
dentistry as an affordable and accessible method of the focal 
enamel demineralization management. Fluoride ions prevent 
caries and inhibit metabolic processes in dental plaque 
bacteria through enzymatic interference, thus suppressing 
acidification and alleviating demineralization of carious lesions 
at early stages [8]. Still, such 'simple' low-molecular fluorides 
cannot effectively prevent caries due to the brevity of their stay 
at the tooth surface and low concentrations of the released 
fluorine. Administration of the low-efficient fluorides as tooth 
pastes, gels, rinses and coatings for local fluorination is one of 
additional factors of carious and non-carious tooth decay. The 
toothpastes and rinses containing antimicrobial components 
exert certain suppressive action on the microbial biofilm, but 
have no remineralizing effect [9]. This situation necessitates 
the use of deep fluorination. However, prescription of fluorine 
medications is conventionally based solely on dental status and 
unsupported by laboratory tests of fluoride content in the body. 
Importantly, fluorine belongs to chemical elements showing a 
sharp transition from physiologically beneficial concentrations 
to those promoting toxicosis [10], which accentuates the need 
for its reliable measurement in biological substrates [11]. The 
fluoride content can be assessed by their presence in blood, 
saliva, urine, bones and hair [12].

Oral fluid is a valuable substrate mirroring the overall 
physiological condition of the body [13–15]. Unlike capillary or 
venous blood sampling, the oral fluid sampling is non-invasive, 
which is definitely advantageous [16]. Biochemical composition 
of oral fluid is highly indicative of various shifts in homeostasis 
[17].

The utility of oral fluid for fluoride measurements is limited 
by the lack of unified protocol. Capillary electrophoresis is one of 
the most versatile methods for ion composition analysis [18, 19] 
increasingly applied in various fields of analytical chemistry 
[20]. The simplicity, accessibility and accuracy of this approach 
favor its use in clinical laboratories and make it applicable in 
various fields of medicine, notably dentistry, for diagnostics and 
monitoring.

Based on literature analysis, we have found it reasonable 
to study associations of dental diseases with fluoride 
concentrations in oral fluid. Elevated concentrations of these 
ions can interfere with maturation and mineralization of hard 
dental tissues and/or aggravate dental diseases.

This study aimed at development and approbation of 
a method for reliable measurement of fluoride ions in oral 
fluid by capillary electrophoresis to be used in patients with 
dental diseases exemplified by multiple caries and/or acute 
pericoronitis.

METHODS

Clinical study

The control group enrolled 200 individuals with satisfactory 
dental status (care index (CI) score of 0–4.4, mean 3.3 ± 0.4). 
Approbation of oral fluoride measurements on clinical samples 
involved two groups of patients: group 1 enrolled patients with 
acute pericoronitis and satisfactory dental status (CI score 
0–4.4, mean 3.6 ± 0.5) aged 20–25 (n = 20); group 2 enrolled 
patients with acute pericoronitis against the background of 
multiple caries and CI scores over 6.6, mean 11.9 ± 0.6, aged 
20–25 (n = 20). Inclusion criteria were established in accordance 
with survey data: control group — satisfactory dental status, 
CI score 0–4.4, age 20–25 years, female; group 1 — acute 
pericoronitis, satisfactory dental status, CI score 0–4.4, age 
20–25 years, female; group 2 — acute pericoronitis combined 
to multiple caries (CI score over 6.6), age 20–25 years, female. 
Exclusion criteria were as follows: age below 20 years or over 
25 years, unsatisfactory oral hygiene, male, chronic diseases 
(somatic, inflammatory and/or infectious) with a negative impact 
on hard tissues of teeth and periodontium, drug and alcohol 
addiction, ulcerogenic medications. All patients were examined 
at the premises of the Department of General Dentistry of the 
Omsk Region State Healthcare Institution "City Clinical Dental 
Clinic № 1" in 2021–2022. The recruitment was accomplished 
during the appointed reception by a dental therapist upon 
confirmation of the diagnosis.

Oral fluid samples of the control group, collected fasting in 
sterile test tubes, were used to determine the normal reference 
range of oral fluoride levels. In patients of groups 1 and 2, the 
samples were collected similarly before surgical intervention for 
acute pericoronitis (extraction of teeth 38 and 48 at the stage 
of semi-retention beneath the mucosa and the hood as shown 
by X-ray scan) and subsequently on post-operative days 1 and 3. 
The samples were centrifuged at 7,000 rpm. Concentrations 
of fluoride ions were measured using two methods: capillary 
electrophoresis and photometry. 

Capillary electrophoresis

The oral fluid capillary electrophoresis protocol was developed 
using a KAPEL-105M capillary electrophoresis system (Lumex; 
Russia) [21, 22] with instrumentation and preparation of 
capillaries for operation described previously [22]. The oral 
fluid aliquots (100 µL) were diluted 20-fold with distilled water. 
By contrast with the previously published protocol [22], there 
was no need for protein precipitation prior to sample loading. 
The anions (chlorides, nitrites, nitrates, phosphates, fluorides 
and sulfates) were measured using a leading electrolyte 
containing CrO

3
 (10 mМ), diethanolamine (30 mM) and 

cetyltrimethylammonium hydroxide (2 mM). 

Photometry

The method involves determination of the color change of 
the zircon-alizarin complex solution reflecting formation of a 
colorless, more stable complex compound of fluoride ions 
with zirconyl chloride (IV) [23]. Upon reaction with fluoride, 
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Table 1. Electropherogram parameters for fluoride measurement

Fig. 1. Calibration curve for fluoride measurement by capillary electrophoresis, 
built in a standard range of 0.1–10 mg/L 
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Calibration solution № Elution time, min Peak height, mAU Peak area Concentration, mg/L

Solution 1 6.317 0.368 12.68 0.25

Solution 2 6.323 2.398 64.32 1.0

Solution 3 6.128 7.117 268.7 5.0

Solution 4 6.048 9.299 504.2 10.0

the zircon-alizarin complex releases alizarin, which turns the 
solution yellow. For each measurement, a 5 µL aliquot of oral 
fluid was added to a 100 mL volumetric flask filled with distilled 
water, 5 mL of alizarin red C solution and 5 mL of acidic solution 
of zirconyl chloride prepared according to state standard 
(GOST) 23268.18-78. The solution was thoroughly mixed and 
incubated for 1 hour at room temperature. The optical density 
was measured in a spectrophotometer at 540 nm wavelength 
in cuvettes with 10 mm path length against a blank sample.

Statistics

Statistical processing of experimental data involved distribution 
tests, which confirmed normality of the distributions; so the 
confidence intervals were calculated using Student's t-test. The 
differences were assessed for a significance level of p < 0.05.

RESULTS

Development of the capillary electrophoresis protocol for 
fluoride ion measurement

The first step was calibration; the peak area calibration plot for 
fluoride is shown in Fig. 1. Since the protocol was intended 
for oral fluid as a substrate for fluoride measurements, the 
calibration used a solution of all inorganic anions possibly 
found in saliva (Fig. 2A). The insert illustrates the change in the 
peak area of fluoride ion depending on its concentration in the 
sample. Major parameters of the fluoride peaks, determined in 
electropherograms for a series of standard ion mixtures, are 
given in Table 1.

The analysis of oral fluid samples revealed no peaks for 
nitrite and nitrate ions (peaks 2 and 4, respectively). A typical 
electropherogram of salivary anions is given in Fig. 2B. The 
data were collected in three–four technical replicates for 
each sample to account for measurement error. To verify 
the correct identification of the fluoride ion peak, a series 
of experiments was carried out using the "added-detected" 
principle: a reference amount of a relevant additive with 
known concentration was introduced in the system (we used 
the registered standard sample of 1 mg/mL). The step-wise 
addition substantially increased the height and area of the peak 
identified with fluoride (Fig. 2B) and the measurement error did 
not exceed 10%.

To validate the developed method through comparison with 
a different protocol, the fluoride ion content of the samples was 
additionally determined by photometry. The concentrations 
were calculated using a pre-built calibration plot (Fig. 3). It 
should be noted that photometry assay covers just a narrow 
range of low fluoride concentrations, because at higher 
concentrations the absorbance-concentration curve is non-
linear. Thus, the use of photometry requires serial dilutions of 
sample aliquots (Table 2) which negatively affects the accuracy.

The concentrations of fluoride ions determined by 
capillary electrophoresis matched those measured by 
spectrophotometry (Table 2). This result allows consideration 
of both methods for clinical purposes. However, clinical utility 

of spectrophotometry assay is limited by the narrow range 
of suitable concentrations and the uncertainty of fold dilution 
required in each individual case. Photometry requires a dilution 
falling within the concentration range (Table 2), while capillary 
electrophoresis is suitable for non-diluted samples. Mean oral 
fluid fluoride content for the control group was 2.27 ± 1.07 mg/L, 
albeit the total range for this group was 0.16–8.7 mg/L. It 
would be more expedient and advisable to use a method that 
does not require adjusting the concentration of fluoride ions in 
a sample by pre-dilution. The developed method of capillary 
electrophoresis satisfies these requirements. 

Fig. 2. А. Electropherogram for calibration solution containing a mixture of 
anions (1 — chlorides, 2 — nitrites, 3 — sulfates, 4 — nitrates, 5 — fluorides, 
6 — phosphates). The insert shows fluoride ion peaks within the range of 
0.25–10.0 mg/L. B. Electropherogram of saliva (100 µL), pure or mixed with 
100 µL and 200 µL aliquots of fluoride standard solution (diluted 20-fold)

–20

20

–30

0

–40

–20

–25

10

–35

–10

–45

–30

–50

–40

–50

4

4

6

6

6

6

5

5

7

7

А

B

4 5

5

10,0 mg/L

5,0 mg/L

1,0 mg/L

0,25 mg/L

+200 мкл F

+100 мкл F

m
A

U
m

A
U

2

1

1

3

3

Time (min)

Time (min)



54

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    СТОМАТОЛОГИЯ

ВЕСТНИК РГМУ   4, 2022   VESTNIKRGMU.RU| |

Fig. 3. Calibration curve for fluoride measurement by photometry
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Approbation of the oral fluid fluoride measurements on 
clinical samples of multiple caries and acute pericoronitis

For the control group, mean fluoride content constituted 
2.16 ± 0.48 mg/L. The obtained ranges of oral fluid fluoride 
concentrations measured by capillary electrophoresis method 
encouraged using it in groups of patients with clinically 
unfavorable oral status (carious lesions, acute pericoronitis).

The highest oral fluoride levels were measured in patients 
before surgery for acute pericoronitis (isolated or combined to 
multiple caries: respectively, 15.2 ± 2.7 mg/L in group 1 and 
18.9 ± 4.2 mg/L in group 2). 

On post-operative day 1, fluoride concentrations decreased 
significantly to 9.4 ± 2.1 mg/L in group 1 and 11.4 ± 2.8 mg/L 
in group 2. 

On post-operative day 3, fluoride concentrations in group 1 
(isolated acute pericoronitis) reached the control group values 
(2.16 ± 0.48 mg/L), whereas fluoride concentrations in group 2 
stayed high (8.7 ± 1.9 mg/L) indicating the persisting influence 
of multiple carious lesions combined to acute pericoronitis on 
oral fluoride levels. The identified differences were significant 
(р < 0.0001) (Fig. 4).

DISCUSSION

Analysis of literature on fluorine balance in the body identifies 
drinking water and foods as the main fluoride sources. 
Environmental factors, particularly professional intoxication 
in industrial facilities with high aerial content of fluorine 
and its chemical derivatives, should be considered as well. 
Fluorine content of various environmental objects has been 
elucidated in many studies [3, 4, 10]. Of note, environmental 
levels of fluorine depend on geography [11]; accordingly, 
the fluorine exposure varies geographically depending on 
the region of residence [24–26]. Many authors demonstrate 
correlations between fluoride levels and systemic diseases, 
though mostly indirectly, through environmental levels [27]. 
For example, a positive correlation has been demonstrated 
between fluoride content of drinking water and morbidity of 
diabetes, rheumatism, pyelonephritis and cervical erosion, 
whereas the fluorine/sulfate ratio correlates with morbidity of 
cerebrovascular, genitourinary, female reproductive, nervous 
and neurosensory disorders [27]. At the same time, data on 
possible disease-related shifts of fluoride content in biological 
fluids, including oral fluid, are sparse. As fluorine accumulates 
in dental tissues and is especially abundant at the enamel 

surface, salivary fluorine levels could be particularly informative. 
Fluoride concentrations in unstimulated saliva are a sum of 
their levels in ductal saliva, food and water [28]. Oral and dental 
diseases including fluorosis and caries are straightforwardly 
connected to oral levels of fluoride ions; accordingly, the timely 
determination and correction of fluoride intake is relevant to 
dental morbidity and prophylaxis. However, the lack of unified 
protocol of fluoride measurement and the diversity of available 
approaches hamper reliable comparison of data obtained by 
different authors (add in the inconvenience of using different 
units: mg/L, mmol/L, ppm, etc.) [11, 25, 29]. Environmental 
fluoride levels can be measured by capillary electrophoresis, 
potentiometry or photometry. These methods are suitable 
for oral fluid too, albeit most sources provide neither detailed 
description of the protocol, nor data confirming its validity 
[25]. Apart from the capillary electrophoresis and conventional 
photometry protocols used by us in this study, an alternative 
spectrophotometry assay is available, involving decolorization 
of trisodium 2-(4-sulfophenylazo)-1,8-dihydroxynaphthalene-
3,6-disulfonate complex with fluorine ions detectable at 570 nm 
wavelength [29]. Potentiometric approaches are characterized 
by systematic errors and the necessity to get rid of impurities 
prior to measurements. Our methods, by contrast, allow 
measuring fluoride ions across the entire range of their salivary 
content both photometrically and by capillary electrophoresis. 
It should be noted that the latter approach allows simultaneous 
measurement of five other physiologically relevant inorganic 
ions (chlorides, nitrates, nitrites, sulfates and phosphates), 
which expands the scope of its application. 

Table 2. Fluoride measurement for a selection of samples. CE, capillary electrophoresis

Sample CE, mg/L
Photometry, mg/L

Δ, %

Undiluted Diluted 10-fold Diluted 20-fold Mean

3 0.56 – 0.54 0.55 0.55 2.68

5 1.52 – 1.53 1.57 1.55 1.97

16 0.97 – 1.01 0.96 0.99 1.55

18 2.28 – 2.3 2.31 2.31 1.10

40 0.16 0.17 0.17 0.16 0.17 4.17

6 2.57 – 2.62 2.54 2.58 0.39

93 0.71 – 0.74 0.72 0.73 2.82

159 3.21 – 3.16 3.23 3.20 0.47

190 4.55 – – 4.6 4.60 1.10

200 0.18 0.17 0.19 0.17 0.18 1.85
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Fig. 4. Fluoride content for groups 1 and 2 before and after surgery (post-operative days 1 and 3) compared with the control group
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Studies on oral fluid composition upon tooth fluorination 
procedure are fairly well elucidated in the literature [2, 8, 9], 
although the majority of studies focus on Ca/P ratio omitting 
the fluoride content. 

Here we reveal substantially elevated oral fluoride levels in 
patients with inflammatory complications of the wisdom tooth 
eruption. Whether tooth eruption should be regarded as local or 
systemic process is an open issue [30]. The observed shift in physical 
and chemical salivary indicators suggests a profound systemic 
component. As long as in all cases of pericoronitis included in this 
study the eruption was almost complete, the observed increase 
in fluoride levels may reflect physiological response to this event, 
as wisdom teeth are known to be hypomineralized upon eruption 
and their enamel needs saturation with relevant ions to fortify the 
crystal lattice. Another factor causing the observed increase in 
oral fluoride levels is concomitant inflammation and bacterial flora 
expansion requiring appropriate treatment.

The limitations of the study include confinement to a single 
geographical area (Omsk region) as well as small size of both 
groups, necessitating further research on this problem.

CONCLUSIONS

Patients with pericoronitis combined to multiple caries reveal 
unfavorably high concentrations of fluoride ions in oral fluid, 
which stay elevated after surgical relief of acute pericoronitis. 
By contrast, in patients with isolated pericoronitis and CI 
score of 0–4.4, oral fluoride levels return to reference range by 
post-operative day 3. Despite the relevance of oral fluid as a 
source of fluoride, notably during teething, the retrieval should 
be regulatable and physiological, and proceed against the 
background of satisfactory oral hygiene and anti-inflammatory 
care. The capillary electrophoresis method is suitable for 
fluoride ion measurements in oral fluid.
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IN SILICO ALGORITHM FOR OPTIMIZATION OF PHARMACOKINETIC STUDIES OF 
[25Mg2+]PORPHYRIN-FULLERENE NANOPARTICLES

The search for effective pharmacophores to treat ischemic stroke is precipitated by the prevalence and high mortality of the condition. Optimization of preclinical 

scenarios for promising neuroprotectants by mathematical modeling using up-to-date computational platforms is a well-defined and urgent task. This study 

aimed to develop a drug-oriented model represented by an ordinary differential equation system to study pharmacokinetics of 25Mg2+-releasing porphyrin-fullerene 

nanocationite PMC16 in silico using MATLAB and adjust computating model's adequatness using in vivo rat model. The developed five-compartment model 

predicts the distribution of nanoparticles in organs and tissues (e.g. the brain, the heart and the liver) for the purpose of experimental parameters optimization. The 

in silico produced pharmacokinetic curves show good agreement with the data obtained using in vivo rat model of ischemic stroke. The in silico and in vivo results 

indicate that PMC16 nanoparticles effectively cross the blood-brain barrier. 
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В. В. Фурсов1,2       , Д. И. Зинченко1, Д. Д. Наместникова2, Д. А. Кузнецов2,3

IN SILICO-МОДЕЛИРОВАНИЕ В ОПТИМИЗАЦИИ АЛГОРИТМОВ ФАРМАКОКИНЕТИЧЕСКИХ 
ИССЛЕДОВАНИЙ [25MG2+] ПОРФИРИН-ФУЛЛЕРЕНОВЫХ НАНОЧАСТИЦ

Поиск эффективных фармакофоров для лечения ишемического инсульта актуален в связи с высокой распространенностью и смертностью от этого 

заболевания. Оптимизация сценариев доклинических исследований перспективных нейопротекторов средствами математического моделирования с 

использованием информационно-компьютерных технологий представляет собой отдельную актуальную задачу. Целью исследования было разработать 

препаратоориентированную математическую модель в виде системы ОДУ, реализовать ее in silico в виде программного кода на языке MATLAB и 

адаптировать к экспериментальным данным, полученным in vivo на крысах. В работе проведено исследование in silico фармакокинетики порфирин-

фуллереновых нанокатионитов, высвобождающих 25Mg2+ типа РМС16. Разработана пятикомпартментная математическая модель, которую можно 

использовать для прогнозирования распределения наночастиц в органах и тканях, расчета оптимальных дозировок, периодичности введения 

и т. д. Представлены расчетные кривые распределения РМС16 в мозге, печени и сердце. Достигнуто хорошее соответствие полученных in silico 

фармакокинетических кривых c результатами экспериментов in vivo на крысах, у которых моделировали инсульт. Доказано преодоление наночастицами 

РМС16 гематоэнцефалического барьера.  

Ключевые слова: ишемический инсульт, пенумбра, 25Mg2+, нанокатиониты, фармакокинетика, дифференциальные уравнения, математическая модель
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Stroke is the second most prevalent cause of death [1], 
hence the special relevance of effective pharmacophores for 
its treatment. Development and bench-to-bedside translation 
of pharmaceuticals is complex and lengthy, involving multiple 
preclinical and clinical steps. Optimization of such schemes by 
means of mathematical modeling using computer technologies 
is a well-defined task of applied bioinformatics.

Translational algorithms of computational pharmacology are 
increasingly recognized as integral tools in preclinical and clinical 
trials for innovative drugs. However, the expert judgments on 
this essential trend are non-uniform and depend on social/
cultural background and economical/legal context.

New nanoparticle-based pharmacophores are a long-term 
focus of preclinical studies programs passed by the Shanghai 
Cooperation Organisation (SCO) for 2020–2025 [2, 3]. 
Significantly, this regional political and economical association of 
nine countries (China, Russia, Iran, India, Pakistan, Kazakhstan, 
Uzbekistan, Tajikistan and Kyrgyzstan) with a total budget of 
almost 26.8 billion USD currently provides support for ongoing 
developments in the field of preclinical studies optimization by 
emphasizing the influence of nanopharmacology models in 
silico [3, 4].

The apparent ethical and economical discrepancies between 
'western' and 'eastern' perspectives on research, development 
and registration of new drugs [2, 3] signal an opportunity of 
modifying our attitude towards in silico methods in order to 
reduce both the costs and the lengths of pharmacophore 
translation. Sure enough, financial limitations and related 
obstacles [4] dictate a carefully weighted position with regard to 
a number of sensitive issues concerning translational medicine. 
On the other hand, we encounter the amassing experience of 
preclinical research optimization in Eurasian countries over the 
last 5–7 years.

For instance, recent translational projects controlled by 
SCO encompass current research on the neuroprotective 
potential of porphyrin-fullerene nanoparticles releasing 25Mg2+. 
A remarkable aspect of this endeavour is the active use of in 
silico platforms designed to analyze allometric and in vitro data 
to predict the numerical values and variability levels for the most 
relevant pharmacokinetic and pharmacodynamic parameters 
[5–7].

After almost 15 years of studies on pharmacological effects 
of paramagnetic metal isotopes [4–11], three of them, 25Mg, 
43Ca and 67Zn, have been qualified as promising candidates 
for targeted delivery with the use of porphyrin-C60-based 
nanocarriers [8–11]. The above-mentioned reasons necessitate 
the use of in silico platforms with corresponding translational 
scenarios as appropriate [4, 5, 11, 12].

Modified algorithms of non-Markovian population dynamics, 
along with computational models based on ordinary differential 
equation (ODE) systems, are effective for predicting selective 
accumulation 25Mg, 43Ca, 60Co and 67Zn divalent metal isotopes 
released from PMC16 porphyrin-fullerene nanoparticles in brain 
cells [3].

This study aimed to develop a drug-oriented mathematical 
model in the ordinary differential equation system format for in 
silico implementation in MATLAB and adjust its adequatness 
using in vivo rat model. 

METHODS

In silico model

The ODE system (1) used as a basis for the mathematical 
model implemented in silico was built analytically using 

published biomedical evidence and our own experimental data 
concerning the in vivo effect of 25Mg2+-releasing porphyrin-
fullerene nanoparticles (NPs) on the cerebral ischemic 
stroke pathogenesis. The code was written in MATLAB and 
implemented in MATLAB/SIMULINK version 2021b. The ODE 
system was solved using the Runge–Kutta midpoint method 
with the ode45 solver; T

1/2
 = 9.0 h, T

max
 = 25 h, С

0
 = 62 µg/mL. 

The behavior of the model in the parameter space was 
studied based on the theory of nonlinear dynamic systems 
with the method known as 'parametric analysis' (or 'bifurcation 
analysis' in synergetics) [14]. The method is effective for studying 
complex nonlinear processes in non-equilibrium systems 
of various types: physical, chemical, social, biological, 
etc., using their mathematical models on a computational 
experiment basis [14]. 

The mathematical model was built in the ODE system format 
by applying the five-compartment framework and choosing 
parameters to satisfy the in vivo experimental data. After 
reduction to a Cauchy problem by numerical method, the model 
was translated into machine code and further investigated by the 
parametric analysis of nonequilibrium processes and systems to 
bring it into line with the available experimental data. 

The parametric analysis method [14] was further applied 
for studying the behavior of the model under various dynamic 
combinations of parameters to test the validity and adequacy 
of the proposed in silico platform, its power in solving 
pharmacokinetic problems, as well as the prospects of its use 
in optimization of the algorithms for preclinical studies.

In vivo experiment

NPs 

The water-soluble PMC16-RX samples were courtesy of Dr N. 
Amirshahi, Amirkabir University of Technology, Tehran, Iran.

Animals

Wistar Albino Glaxo male rats (n = 30, purchased from 
BioPitomnik STEZAR facilities; Vladimir, Russia) of 180–220 g 
body weight were maintained on a standard fortified diet. The 
animals were fasted for 24 h before the experiment. Each 
experimental point involved 3 animals; each measurement was 
performed in 5–6 replicates. All manipulations involving animals 
(including withdrawal from the experiment) were performed in 
accordance with ARRIVE guidelines.

NP administration

NPs were administered to rats at 1.0 mg/kg and/or 20.0 mg/kg 
as a single intravenous injection using 15 mM Tris-HCl (рН 7.80) 
as a solvent. The animals were decapitated 12 h post-injection 
and brain tissue samples were homogenized in 5–7 volumes of 
20 mM Трис-HCl (рН 8.0)/10 mM MgCl

2
/1.5 mM NaCl/2.0 mM 

EDTA/25 mM sucrose/2.0% Triton X-100 (w/w) using a glass/
teflon Potter homogenizer at 1800 rpm (+4 °C).

Brain tissue homogenate fractionation

To isolate the S125 cytosolic fraction, the carefully washed 
homogenates were ultracentrifugated at 125,000 g for 4 h 
at +4 °C in a Spinco L5-65B ultracentrifuge (Beckman; USA), 
rotor SW 27.1. The S125 supernatants were collected and the 
protein content was measured by the conventional colorimetric 
Bradford assay.
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Table 1. CZE system calibration: correlation of the internal standard content and optical density values of the identified РМС16 fractions (Rt = 7.0 min)

Note: CZE-analyzed samples comprised S125 aceton-soluble cytosolic pool mixed in a known proportion with NP (1.0–1000.0 ng/mg of the total cytosolic protein). 
Correlation coefficient r = 0.86; n = 6. NP retention time (effective migration) Rt = 7.0 min. CZE-analyzed sample: S125 aceton-soluble pool mixed in a known proportion 
with the target compound PMC16–RX (1.0–200.0 ng/mg of protein). Correlation coefficient r = 0.86; n = 6.

PMC16-RX, ng/mg S125 protein  (M + SEM), A
440

/mL

1.0 0.09 + 0.02

5.0 0.33 + 0.08

10.0 0.61 + 0.09

25.0 1.84 + 0.08

50.0 3.87 + 0.11

100.0 5.32 + 0.50

200.0 8.55 + 0.72

1000.0 12.89 + 0.96

The S125 aliquots were mixed with 10 volumes of ice-
cold aceton for subsequent overnight incubation at +4 °C. 
The precipitates were pelleted by centrifugation (20,000 rpm, 
20 min, +4 °C) and discarded; the supernatants were collected 
and preserved for UV-spectrometry and CZE analysis.

To assess the NP extractability from biomaterial the 
aceton-insoluble pellets were dried at 25 °C and dissolved 
in 15 mM ammonium sulfate (рН 8.80)/0.1% SDS/2.5 mM 
EDTA/1.0% 2-mercaptoethanol (20 : 1, v/w) for subsequent 
60 kHz ultrasonication at 40 °C for 60 min. The samples were 
subsequently analyzed by CZE (see below).

Ischemic stroke in vivo model

The stroke was modeled using conventional technique of of the 
middle cerebral artery filament occlusion described elsewhere 
[15].

Original protocol of the capillary zonal electrophoresis (CZE)

The aceton-soluble S125 extracts were concentrated in a 
rotary evaporator to 0.2–0.3 mL volume and diluted with 30 mM 
ammonium phosphate (рН 8.80) 25 : 1, v/v. A 10 µl aliquot 
of this sample was injected into the receiver of a P/ACE MDQ 
Plus CZE analytical system (ALGIMED; Belarus) equipped 
with a UV-VIS 770 KS online fraction detector with a 440 nm 
monochromatic filter (Prince Technologies; Netherlands).

The CZE process was initiated and accomplished over 10 min 
at +6°C in a 50 µm (diameter) × 75 mm (effective length) quartz 
capillary containing UV-transparent silica gel saturated with 
SJX40 electrolyte pH 8.0 (SCLEX, BV; Netherlands).

Fractionation mode: 115 V/60 Hz/300 W/capillary. Block 
of planigraphic/temporal data analysis DAX DATE 220 LK 
(SCIEX BV; Netherlands). The calibration was carried out 
conventionally, using an internal standard in accordance with the 
algorithm recommended by the analytical system manufacturer 
(ALGIMED; Belarus); the calibration data are given in Table 1.

Pharmacokinetic distribution curves for PMC16 for different 
organs are given below; the confidence intervals were calculated 
using Student's method.

RESULTS

Our model is based on the common assumption that a nanoagent 
spreads throughout the body with the bloodstream, entering 
the heart, the liver, and the brain, and is eliminated naturally 
afterwards. At the same time, the post-ischemic inflammation area 
of the brain accumulates the nanoagent faster, which is explained 
by increased permeability of vascular walls in this area due to the 

loosening of intercellular adhesions in the endothelium. The model 
is represented by ODE system (1) and illustrated in Fig. 1.

In ODE system (1) C
b
, C

i
, C

h
, C

is
,  and C

br
 are concentrations 

of the nanoagent in the blood, the liver, the heart, intercellular 
spaces of the brain and brain cells, respectively. The 'intercellular 
spaces' compartment was added into consideration to emphasize 
the striking difference in permeability of the blood brain barrier for 
ischemic lesions compared with non-affected brain regions. The K

is
 

constant is adjusted with regard to the size of ischemic lesion: the 
bigger the inflammation focus, the higher its value.

The K
в
 constant reflects the nanoagent elimination. The 

rest of the constants reflect the rates of transition of nanoagent 
molecules between the compartments. It is easy to see that 
summation accross the system leaves us with the term K

в
C

b 

only, i.e. the nanoagent is completely eliminated from the body. 
For simplicity, the removal of the nanoagent through the liver 
is also included in K

в
, but the metabolism takes time, which is 

reflected by the constants corresponding to the liver.    

 Knowing the half-life T
1/2

 [5], we can estimate the elimination 
constant K

в
 as ln2/T

1/2
.

We modeled a single intravenous injection of the substance 
at a 0.2 mg/µg dose. Although the uniform distribution of a 
pharmacophore from the injection site throughout the body is 
known to take time, we excluded the 'diffusion' factor from the 
model to simplify calculations, that is, assumed the nanoagent 
concentration uniformity immediately after administration.

The in silico modeling curves in comparison with in vivo 
experimental data are shown in Fig. 2.

The pharmacokinetics of the studied pharmacophore was 
simulated in silico over 24 h known to be the critical period 
of ischemic stroke development. With an increase in K

h+
, the 

peak pharmacophore concentration in the myocardium shifts 
to the left and increases. According to published evidence 
[16], pharmacophore concentration rapidly peaks in the liver 
(within one hour) and declines rapidly, i.e. the liver clearance 
constant exceeds the absorption constant; at that, K

l+
 is smaller 

than K
h+

. Upon a decrease in the clearance constant K
l–
, the 

peak concentration of pharmacophore increases sharply. The 
corresponding constants describing pharmacodynamics for the 
brain require additional data for proper validation; nevertheless, 
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Fig. 2 shows that pharmacophore accumulation in the brain 
is lower compared with the liver and the myocardium, which 
is consistent with both the literature [16], and our own in vivo 
experiments. Fig. 2 shows the calculated and experimental 
pharmacokinetic curves for PMC16 in the brain, the liver 
and the heart. The calculated curves (shown in black) have a 

classical shape and numerically fit into the confidence intervals 
of the experimental data collected in vivo for rat model, which 
proves the consistency between the mathematical model and 
the natural experiment.

Thus, we demonstrate experimentally that РМС16 crosses 
the blood-brain barrier to be internalized by the post-

Fig. 1. A scheme of the five-compartment model of РМС16 pharmacokinetics
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ischemic brain cells, delivering 25Mg2+ ions that stimulate ATP 
hypersynthesis and thereby exert strong neuroprotective 
effects. At the same time, quantitative content of the studied 
pharmacophore in the brain, the heart and the liver differs. Our 
in silico model retrieves the same results, which confirms its 
prognostic potential and prospects in optimization of preclinical 
studies algorithms for porphyrin-fullerene nanocationites as 
promising neuroprotectants. 

The distribution of PMC16 NPs in brain regions with regard 
to ischemic injury is given in Table 2.     

DISCUSSION

The pharmacokinetics of porphyrin-fullerene nanoagents for 
preclinical research optimization is solvable in silico on a computational 
experiment basis [17, 18]. However, for comprehensive optimization 
of research algorithms, pharmacokinetics (PK) (i.e. computational 
output for the pharmacophore delivery to a particular organ, as has 
been done by us for РМС16 in this study) should be complemented 
by pharmacodynamics (PD) (i.e. a corresponding output for the 
development of therapeutic effect towards the studied pathology, 
e.g. ischemic stroke). We therefore consider building a complex 
PK/PD model as the ultimate prospective goal of our further 
research in silico.

Meanwhile, such studies are complicated not only by the 
scarcity of comprehensible mathematical models of ischemic 
stroke suitable for this purpose, but also by the lack of 
pharmacokinetic models for innovative pharmacophores, which 
may show distinct drug-specific pharmacokinetic patterns, 
especially under conditions of targeted delivery. The rapidly 
expanding field of nanopharmacology offers quite a number 
of such agents with excellent neuroprotective properties, 
albeit with pharmacokinetic patterns distinct from those of 
conventional pharmaceuticals [19].

These considerations are immediately applicable to the 
domestically produced РМС16, range regarded extraordinary 
promising in terms of ischemic stroke therapy. The invention 
of these pharmacophores was based on the fundamental 
discovery of the magnetic isotope effect exerted by 25Mg2+. The 
magnetic isotope hyperactivates the magnesium-dependent 
ATP syntheses in a cell; moreover, such energy metabolism 
hyperactivation requires a tiny amount of these ions and can 
proceed even in the absence of oxygen, under conditions of 
profound tissue hypoxia [16]. These properties are exemplified by 
PMC-16 — a pharmaceutical nanoagent comprising a porphyrin-
containing fullerene 'sphere' C60 (porfyllerene-MC16) [20, 21]. 

The key issues in experimental validation of such in silico 
paradigm as ours include crossing of the blood-brain barrier 
by PMC16 and its capture (internalization) by brain cells. The 
task was accomplished (Fig. 2; Tables 1 and 2) to find both 
conditions fulfilled. Noteworthy, brain regions affected by the 
stroke were accessible to PMC16 as well (Table 2).

Thus, the relatively low 'mass quantity level' of NP capture by 
rat brain cells (Table 1) may have no correlation with the expected 
pharmacological effect of the agent, as the latter invariably 
involves the excessive ATP synthesis as a direct consequence 
of the 25Mg2+ magnetic isotope effect phenomenon. At the 
same time, internalization of pharmacophore by target cells is 
definitely a priority in the advanced drug development.

A plain single-step ultracentrifugation (105,000–150,000 g) 
of mammalian tissue homogenates, usually pretreated with 
Triton X-100, ensures separation of cytosol from organelles, 
ribosomes, ribosomal subunits and membranous debris. The 
S125 fraction, a totality of soluble cytosolic compounds, is an 
excellent substrate to be used in pharmacophore internalization 
studies [3, 4, 10].

Although the obtained results are valuable as such, it should 
be noted that resolution and sensitivity of our CZE procedure 
are high enough to enable determination of the low-rate capture 
of PMC16-RX by rat brain, reaching estimated 4.0–8.0 ng per 
1.0 mg of S125 total protein. Such content of NP, recorded 
12 h after single intravenous injection of the drug, is distinctly 
above the background set by calibration (Table 1), which clearly 
indicates the penetration of the studied xenobiotic through the 
blood-brain barrier (Tables 1 and 2).

CONCLUSIONS

The developed in silico model describes the pharmacokinetics 
of РМС16 nanoparticles as promising neuroprotectants for 
the use in ischemic stroke therapy. The distribution of PMC16 
in organs and tissues complies with a five-compartment 
mathematical model represented by an ordinary differential 
equation system and implemented computationally. The 
model can be fitted to specific properties of biological 
objects through the adjustment of numerical constants 
(parameters) of the model on the basis of in vivo experiments. 
The developed model is consistent with published evidence 
and newly collected experimental data and can be applied 
to optimize preclinical research scenarios for medical 
nanocationites РМС16 as neuroprotectants in ischemic 
stroke therapy.

Table 2. Permeability of the blood-brain barrier for PMC16-RX and pharmacophore internalization by brain cells

Note: 20 mg of PMC16-RX per 1.0 kg rat body weight intravenously, measured 12 h post-injection.

NP content in cytosol, ng/mg S125 protein (M ± SEM, n = 6)     

NON-AFFECTED BRAIN TISSUE PENUMBRA ISHEMIC LESION

7.83 + 0.66 8.85 + 0.74 4.11 + 0.28
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