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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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1. Articles must be provided with a double copy, in English or Russian languages and typed or
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8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
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9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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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, HINI, respiratory
syncytial virus, Ebola virus and Dengue fever have been
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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
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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 Me 30,606 (Q1-Q3 19,734
- 31,613) to Me 33,815 (Q1-Q3 30,848 - 35,828) over the
observation period (Figure 1).

60 56.0
50
40 30.606 >3-813 34.6
30
20
10

0

Lactate Arginine
H 1st point 2nd point

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 Me 3,711
(Q1-Q3 2,330 — 4,184) to Me 2,076 (Q1-Q3 1,618 - 2,652) by
the second point (Figure 2).

4.00 371
3.00
200 208 193 181
1.00 .
0.00
Adipic acid Fumaric acid

= 1st point 2nd point

Figure 2. Dynamics of adipic acid, fumaric acid.
Reference values: adipic acid 0.525- 3.743 mmol/mol creatinine;
Sfumaric 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 Me 48,90 (Q1-Q3
37,35 - 62,35) by the second point (p < 0,001, method used:
Wilcoxon test) (Reference values: 46-95 pmol/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).



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 pg/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 Me 2,016 (Q1-Q3 0,880 — 4,798) at
the first point, to Me 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 pumol/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 (Q:1-Qs 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 (Q:-Qs 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).
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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).

1st point 2nd point
Scales (14-18 days of
(1st day of study) study)
Modified Medical "
Research Council (points) Me2(Q-Q:2-2) Me2(Q-Q> 1-2)
6 Minutes Walking Test M=SD 372461 MSD 404457 *
(meters)
Multldlmenm?nal fatigue MiSD 7543 MiSD 6543 *
inventory (points)
Barthel Activities of daily Me 70 Me 77

living Index (points)

(Qi—Qs66-73) (Qi—Qs73-79) *
Notes: differences are statistically significant from baseline:
*(p<0.001, method used: Wilcoxon test).

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.



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.
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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.

Source of funding: The authors state that there is no funding
for the study.
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