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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Purpose of the study: To characterize the metabolomic profile 

in patients with fatigue developing within the Long COVID, 
during dynamic observation. 

Materials and methods: 24 patients diagnosed with U09.9 
"Condition after COVID-19 unspecified" were included in a 
prospective study. Patients were recommended to engage in 
physical activity, which included moderate aerobic activity 
such as walking for 45 minutes a day, three days a week. 
Clinical assessment by scales (Modified Medical Research 
Council dyspnea scale; 6-minute walk test; Multidimensional 
fatigue inventory scale; Barthel index), and determination of 
metabolomic parameters were performed on days 1 and 14-18 
of the study.

Results: During the observation period, lactate, fumaric acid, 
symmetrical dimethylarginine, asymmetric dimethylarginine 
remained above the reference values. The level of adipic acid 
returns to normal values. As a result of performing physical 
activity, such as walking, results on the Modified Medical 
Research Council scale dyspnea scale, Multidimensional 
fatigue inventory scale, 6 Minutes Walking Test and Barthel 
Index improve (p<0,001).

Conclusion: Metabolic profile of patients with Long COVID 
demonstrates the complex of abnormalities at 60 days after 
the onset of the disease. These metabolic changes are point 
to possible therapeutic targets for specific pathogenetic 
pharmacotherapy.

Key words. Long covid-19, metabolomic, rehabilitation, 
fatigue, mitochondrial function.
Introduction.

A new coronavirus infection, SARS-COV-2 (COVID-19), 
caused by the SARS-CoV-2 acute severe respiratory syndrome 
virus, has rapidly become a global pandemic. The majority of 
patients who have recovered from the acute stage of infection 
retained symptoms or developed new ones, such as general 
fatigue, cognitive disorders, pulmonary fibrosis, cough, 
shortness of breath, tachycardia, sense of smell, and others. 
Studies have shown that up to 87% of patients continue to 
experience at least one symptom even after the acute stage of 
the process is over. The most common symptoms are general 
fatigue, impaired concentration, and memory, and "Brain fog" 
[1,2]. The pathogenesis of delayed symptoms remains unclear 
so far. Among the most likely hypotheses are direct damage 
of central, peripheral and autonomic nervous system cells by 
the virus, immune dysregulation, chronic neuroinflammation, 
metabolomic disorders, coagulation disorders, residual lung 
damage and some others [3]. Changes in metabolomic profile 
in various viral infections such as SARS, H1N1, respiratory 
syncytial virus, Ebola virus and Dengue fever have been 

previously reported. To date, there are several studies indicating 
metabolic abnormalities in the acute phase of SARS-COV-2 
infection [4-7]. In addition, it has been reported that only 
some metabolites were restored after discharge, and some 
metabolites continued to be abnormal in convalescent patients 
with COVID-19 [8]. We assumed that metabolic abnormalities 
originating in the acute stage of infection may persist after 
recovery, along with contributing to further changes in the 
metabolomics profile, which occupies an important place in the 
pathogenesis of post-COVID syndrome. Thus, understanding 
the metabolic changes in convalescent patients with COVID-19 
may help to uncover clues to the pathophysiological processes 
underlying Long COVID and identify promising therapeutic 
targets. 

In this article, we present the results of a prospective study of 
24 patients with Long COVID.
Purpose of the study. 

To characterize the metabolomic profile in patients with 
fatigue developing within the Long COVID, during dynamic 
observation. 
Ethics.

This study was approved by the local ethical committee of the 
Sechenov First Moscow State Medical University, Ministry of 
Health of the Russian Federation (Sechenov University).
Materials and Methods.

Twenty-four patients were included in the study. 
Patients were included in the study with diagnosis U09.9 

"Condition after COVID-19 unspecified". 
Patients were included for a follow-up period of 14-18 days, 

during which time their clinical and metabolomic parameters 
were monitored at two points, the first day of study inclusion 
and the 14th-18th day of study inclusion.
Inclusion criteria:

1. Presence of documented previous COVID-19 infection.
2. At least 4 weeks and no more than 12 weeks since onset of 

new COVID-19 coronavirus infection (positive SARS-COV-2 
PCR test).

3. Age 18-69 years.
4. Symptoms associated with asthenic syndrome, increased 

fatigue, and no other neurological abnormalities.
5. Asthenic syndrome as assessed by the MFI-20 scale (total 

score > 20).
Exclusion criteria:

1. Age under 18 years of age, over 69 years of age.
2. Pregnancy, breastfeeding.
3. The presence of concomitant pathology: cancer diseases; 

systemic connective tissue diseases (systemic lupus 
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erythematosus, rheumatoid arthritis, dermatomyositis, systemic 
scleroderma, etc.), and systemic vasculitis (thrombohemorrhagic 
vasculitis, thrombocytopenic purpura, Wegener's disease, 
Goodpasture syndrome, etc.).

4. The presence of any other non-infectious chronic diseases in 
the stage of exacerbation.

5. The presence of an acute or chronic infectious process. 
6. A score on the mMRC scale >2 
7. SaPO2 at rest and after exercise < 95%.
Several clinical assessment methods used to determine a 

patient's level of activity and cognitive function:  Modified 
Medical Research Council Dyspnea Scale (mMRC); 6 Minutes 
Walking Test (6MWT); Barthel Activities of Daily Living 
Index (ADL Barthel Index); Multidimensional fatigue inventory 
(MFI-20).

During the period of observation, patients were given 
two recommendations. The first recommendation was to 
engage in physical activity, which included moderate aerobic 
activity for 45 minutes a day, three days a week, with a self-
monitoring diary. The second recommendation was not to 
take drugs, dietary supplements, or vitamins that can affect the 
metabolomic profile. These recommendations were given to all 
patients regardless of group allocation.

Several laboratory diagnostic methods used to determine 
the patient's condition. These methods include the 
examination of plasma for methylated arginine derivatives 
using high-performance liquid chromatography and tandem 
mass spectrometry, the examination of single urine analysis for 
organic acids using gas chromatography-mass spectrometry, 
and the examination of blood plasma for amino acids using 
high-performance liquid chromatography and tandem mass 
spectrometry. Additionally, blood plasma analysis is examined 
for coenzyme Q10 total (ubiquinone) using high-performance 
liquid chromatography with UV detection. 

Statistical processing of the results was performed using 
several statistical methods. Quantitative values that had a 
normal distribution were described using arithmetic mean (M) 
and standard deviations (SD), 95% confidence interval (95% CI) 
limits. In the absence of a normal distribution, quantitative data 
were described with median (Me) and lower and upper quartiles 
(Q1 to Q3). Paired Student's t-test was used when comparing 
normally distributed quantitative measures calculated for two 
related samples. Wilcoxon's criterion was used when comparing 
quantitative indicators, whose distribution differed from normal, 
in the two related groups.
Results.

The observation included 24 patients, 12 women (50%) 12 
men (50%). The age of the patients was Me 59 (55-62 Q1-Q3) 
years.

On average, patients were included on 60 ± 6 (57-63 95% CI) 
days after a negative PCR result for COVID-19. 

All participants adhered to the recommendations for physical 
activity, which included walking for at least 45 minutes, at least 
three times a week. No deterioration in well-being was noted in 
any patient during the observation period.

An analysis of the metabolomics profile is shown below. We 
took into account parameters that were outside the reference 

values or in values close to the limit of normal (+20% of min, 
-20% of max) at the first or second point of the study, as well 
as parameters that changed statistically significantly during the 
period of observation.
Results of metabolomic screening. 
Carbohydrate metabolic indices:

Lactate levels increased from Ме 30,606 (Q1-Q3 19,734 
- 31,613) to Ме 33,815 (Q1-Q3 30,848 - 35,828) over the 
observation period (Figure 1).

Figure 1. Dynamics of lactate, arginine.
Reference values: lactate (lactic acid) - 4.08-28.79 mmol/mol 
creatinine. MMA - 94.2-316.5 ng/mL.
Fat metabolism:

Adipic acid had decreased in the control group from Ме 3,711 
(Q1-Q3 2,330 – 4,184) to Ме 2,076 (Q1-Q3 1,618 - 2,652) by 
the second point (Figure 2).

Figure 2. Dynamics of adipic acid, fumaric acid.
Reference values: adipic acid 0.525- 3.743 mmol/mol creatinine; 
fumaric acid 0.153-1.312 mmol/mol creatinine.

Protein and amino acid metabolism
The amino acid histidine had decreased in the control group 

from Me 61.80 (Q1-Q3 57.62 - 83.10), to Ме 48,90 (Q1-Q3 
37,35 - 62,35) by the second point (p < 0,001, method used: 
Wilcoxon test) (Reference values: 46-95 μmol/L).
Indicators responsible for mitochondrial function, cell 
energy supply.

Citric acid had decreased from Me 57.174 (Q1-Q3 34.935 
- 151.571) to the lower limits of normal concentration by the 
second point Me 48.876 (Q1-Q3 17.523 - 280.523) (Reference 
values: 46.76-368.01 mmol/mol creatinine). 
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Indicators of the severity of oxidative stress, functioning of 
ammonia detoxification systems (ornithine cycle).

Fumaric acid was initially in values higher than normal Me 
1,849 (Q1-Q3 1,318 - 3,373), during observation showed a 
slight increase to Me 1,995 (Q1-Q3 1,716 - 2,618), remaining 
above normal (Figure 2). 

8-Hydroxydeoxyguanosine (8-OhdG) in the control group is 
Me 1.33 (Q1-Q3 1.08 - 1.70) at the first point, increased slightly 
to Me 1.81 (Q1-Q3 1.47 - 2.87) at the second point (p < 0.001, 
method used: Wilcoxon test) (Reference values: 0.85-3.6 nmol/
mol creatinine).

Coenzyme Q10 in the control group had decreased from a 
Me value of 1104 (Q1-Q3 900 - 1373) at the first point, to a 
Me value of 809 (Q1-Q3 583 - 886) by the second point (p < 
0,001, method used: Wilcoxon test) (Reference values: 400-
1900 μg/L).
Equilibrium of neurotransmitter systems.

Kynurenic acid initially in values below normal, Me 0.238 
(Q1-Q3 0.066 - 0.378) at the first point, and continued to 
decrease by the second point Me 0.203 (Q1-Q3 0.051 - 0.407) 
(Reference values: 0.599-2.177 mmol/mol creatinine). 

Quinolinic acid in the control group increased over the 
observation period from Ме 2,016 (Q1-Q3 0,880 – 4,798) at 
the first point, to Ме 2,208 (Q1-Q3 1,721 - 3,535) by the second 
point (Reference values: 0.761-2.374 mmol/mol creatinine).

Glutamic acid levels were in values closer to the lower limits, 
Me 51.60 (Q1-Q3 42.55 - 61.55) at the first point, had risen to 
Me 60.75 (Q1-Q3 45.22 - 70.08) by the second point (Reference 
values 40-159.7 μmol/L). 
Vascular endothelial function, NO balance.

The ADMA (Asymmetrical dimethylarginine) remained 
above normal at both points. The index had risen from Me 256 
(Q1-Q3 214 - 318) at the first point, to Me 259 (Q1-Q3 182 
- 236) by the second point (Reference values: <100 - low, 100-
123 - intermediate, >123 – high, ng/mL). 

The SDMA (Symmetrical Dimethylarginine) decreased 
in the control group from Me 295 (Q1-Q3 254 - 358), to Me 
270 (Q1-Q3 237 - 312) (Reference values: <73 - low, 73-135 - 
intermediate, >135 - high, ng/mL)

Arginine decreased in the control group over the observation 
period from Me 56.00 (Q1-Q3 40.59 to 69.20), to Me 34.55 
(Q1-Q3 24.68 to 46.30) (p < 0.001, method used: Wilcoxon 
test) (Figure 1).
Scale scores. 

On the mMRC dyspnea scale, the score at the first point 
was Me 2 (Q₁-Q₃ 2-2), by the second point there was a slight 
decrease in the score (p = 0.014, method used: Wilcoxon test), 
but median remained at Me 2 (Q₁-Q₃ 1-2) points (Table 1).

When evaluating the 6MWT, the result was Me 362 (Q1-Q3 
354 to 409) meters at the first point, and Me 408 (Q1-Q3 375 
to 445) meters at the second point (p < 0.001, method used: 
Wilcoxon criterion) (Table 1).

On the MFI-20, the score was Me 76 (Q1-Q3 74 to 77) at the 
first point, at the second point Me 66 (Q1-Q3 64 to 66) (p < 
0.001, method used: Wilcoxon criterion) (Table 1).

On the Bartel index scored Me 78 (Q1-Q3 75 to 80) at the 
first point, Me 84 (Q1-Q3 82 to 86) at the second point (p < 
0.001, method used: Wilcoxon criterion) (Table 1).
Discussion.

Energy metabolism (metabolism of carbohydrates, fats, 
proteins).

Lactic acid has an important role in normal human physiology, 
being a signaling molecule involved in energy supply and pH 
regulation. Optimally, pyruvic acid is oxidized to form acetyl-
CoA, which is used aerobically in the citric acid cycle to produce 
energy. In the anaerobic state, lactic acid is formed instead of 
pyruvic acid. Several studies have noted that serum lactate is a 
marker for assessing the severity of the inflammatory process, 
in various conditions [9,10]. A marked increase in lactate, 
with an excess of the upper limit of normal in the 2nd point, 
during the period of physical activation of patients indicate the 
persistence, or even increase of inflammatory status, hypoxia, 
metabolic stress and mitochondrial dysfunction.

Adipic acid is a dicarboxylic acid, a byproduct of omega-
oxidation of fatty acids. Normally, fatty acids are metabolized to 
acyl-CoA by beta-oxidation. Conversion of fatty acids to acetyl-
CoA requires transport across the mitochondrial membrane 
by carnitine transport. When beta-oxidation is impaired, fats 
are activated via an alternative metabolic pathway called 
omega-oxidation. Omega-oxidation leads to increased levels 
of dicarboxylic acids such as adipic acid and cork acid [11]. 
Increased levels of dicarboxylic acids in patients with Long 
COVID can lead to further mitochondrial dysfunction as well as 
free radical damage to the cell membrane.

Histidine is an amino acid mainly involved in the construction 
of regulatory proteins and peptides, as well as in copper 
transport [12,13]. Thus, the decrease of the amino acid in the 
control group characterizes the increase of catabolic processes, 
mediated regulatory disorders and, possibly, deterioration of 
copper transport systems, a microelement, which in turn is a co-
factor in the regulation of inflammatory processes.
Indicators responsible for mitochondrial function, the energy 
supply of the cell.

Citric acid is the first metabolite in the energy production cycle, 
known as the Krebs cycle, which occurs in the mitochondria. 

Scales 1st point
(1st day of study)

2nd point
(14-18 days of 
study)

Modified Medical 
Research Council (points) Ме 2 (Q₁–Q₃ 2–2) Ме 2 (Q₁–Q₃ 1–2)*

6 Minutes Walking Test 
(meters) M±SD 372±61 M±SD 404±57 *

Multidimensional fatigue 
inventory (points) M±SD 75±3 M±SD 65±3 *

Barthel Activities of daily 
living Index (points)

Ме 70 
(Q₁–Q₃66–73)

Ме 77 
(Q₁–Q₃73–79) *

Notes: differences are statistically significant from baseline: 
*(p<0.001, method used: Wilcoxon test).

Table 1. Dynamics of the mMRC scale (points), 6-minute walk test 
6MWT (meters), measured asthenia scale MFI-20 (points), Barthel 
functional activity assessment scale (points).
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Disruption of fatty acid beta-oxidation, which is likely to occur 
in patients with Long COVID, can reduce acetyl-CoA and 
citrate levels. This situation, together with increased lactate 
levels and reduced beta-oxidation rate, indicates a disturbance 
of the Krebs cycle, resulting in mitochondrial dysfunction and 
reduced ATP production. 
Indicators of oxidative stress, the functioning of ammonia 
detoxification systems (ornithine cycle).

Fumaric acid is one of the main metabolites of the Krebs cycle. 
Elevated levels of this compound in the urine indicate inefficient 
energy production. Another reason could be the intensity of the 
ammonia detoxification cycle [14,15]. In addition, increased 
levels of lactate contribute to a secondary increase in fumaric 
acid levels. 

8-OhdG is another marker of oxidative stress, including 
oxidative DNA damage [16]. Thus, an increase of this index 
may indicate increased apoptosis. 

Coenzyme Q10 plays an active role in the electron transport 
chain of the mitochondrial respiratory chain and ATP synthesis 
[17]. A statistically significant decrease in the control group 
indicates the persistence of high levels of oxidative stress, 
energy crisis and mitochondrial dysfunction. 
Equilibrium of neurotransmitter systems.

Low concentration of kynurenic acid and high level of 
quinolinic acid can be caused by the expression of kynurenine-3-
monooxygenase (QMO), which is induced by proinflammatory 
cytokines [18]. Therefore, the formation of 3-hydroxykinurenine 
increases much faster than that of kynurenic acid and the balance 
between 3-hydroxykinurenine and kynurenic acid formation 
shifts towards 3-HK. Quinolinic acid is a strong agonist 
of N-methyl-D-aspartate glutamate receptors (NMDA-R), 
excessive stimulation of which causes entry of calcium ions into 
the cell, activation of intracellular proteases and generation of 
reactive oxygen species and nitrogen. Ultimately, this situation 
may contribute to neuronal damage and increasing dysfunction 
of the nervous system [19,20].

Glutamic acid is a substitutable amino acid obtained from 
food and from the breakdown of intestinal proteins. Glutamate 
is the main excitatory neurotransmitter in the brain. It plays a 
role in the differentiation, migration, and survival of neurons in 
the developing brain. It is also involved in the maintenance of 
synapses, neuroplasticity, learning and memory. Glutamic acid 
is also a precursor of arginine, glutamine, proline, GABA, and 
polyamines [21]. Low levels of this amino acid may manifest as 
nonspecific disorders of the central nervous system.
Vascular endothelial function, NO balance.

ADMA is higher than normal at both sites. The conversion of 
arginine to nitric oxide (NO) is inhibited by ADMA. When NO 
synthesis is blocked, there is a narrowing of the blood vessel 
lumen, increased platelet aggregation and monocyte adhesion. 
Increased baseline levels of ADMA in human plasma are one 
of the main causes of endothelial dysfunction and high risk of 
cardiovascular complications in patients suffering from various 
pathologies [22].

SDMA is a highly sensitive marker of renal dysfunction, much 
more sensitive than creatinine and glomerular filtration rate. 

High values may indicate an increased risk of renal disease [23]. 
Arginine is a conditionally essential amino acid that is crucial 

for cardiovascular health and detoxification function (including 
ammonia/ornithine cycle detoxification). In the body, this amino 
acid is a precursor of nitric oxide. Nitric oxide is crucial for 
relaxing the endothelium, the layer of cells that lines the inside 
of blood vessels. Thus, arginine deficiency has widespread 
effects on the cardiovascular system. Reduced levels of this 
amino acid may mediate muscle weakness and fatigue [24]. 
Decreased arginine may indicate dysfunction of the urea cycle 
(ornithine cycle) as well as increasing endothelial dysfunction.

Although a number of metabolic indicators show a negative 
trend over the follow-up period, the clinical assessment 
scales (mMRC, 6MWT, MFI-20, Barthel index) show some 
improvement. This is probably due to the recommendation 
of moderate physical activity. Exercise tolerance, mainly 
as assessed by the 6MWT, increases with regular aerobic 
exercise. At the same time, symptoms of asthenia (as assessed 
by the MFI-20 scale) decrease to some extent, but the scores 
remain high, suggesting that asthenia persists. It is possible that 
worsening of the metabolomic profile contributes to a reduction 
in rehabilitation potential, and suggests that increased physical 
activity, without measures aimed at correcting metabolic 
changes, may lead to a lack of further positive dynamics, or 
even contribute to a worsening of well-being. 
Conclusion.

The study of the metabolomic profile in patients with Long 
COVID in dynamics revealed certain metabolomic changes, 
namely: 

1. Changes in energy metabolism: impaired glycolysis, beta-
oxidation, and activation of catabolic processes (based on the 
dynamics of lactate, adipic acid, histidine).

2. Increasing mitochondrial dysfunction (based on the 
dynamics of citric acid, lactate, adipic acid).

3. Increasing oxidative stress, impaired ammonia detoxification 
system (based on fumaric acid, 8-OhdG, coenzyme Q10)

4. Neurotransmitter system disequilibrium (based on kynurenic 
acid, quinolinic acid, glutamic acid)

5. Vascular endothelial dysfunction, NO imbalance (based on 
ADMA, SDMA, arginine values).

These metabolic changes not only demonstrate the complex of 
abnormalities that develop in patients with Long COVID, but 
also point to possible therapeutic targets for specific pathogenetic 
pharmacotherapy. Additionally, monitoring these parameters 
over time can serve as a method to assess the effectiveness of 
the ongoing therapeutic measures.
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