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CHANGES IN AMINO ACID PROFILE OF CORD BLOOD PLASMA AND AMNIOTIC
FLUID OF MOTHERS WITH COVID-19

Lomova NA B Chagovets WV, Dolgopolova EL, Novoselova AV, Petrova UL, Shmakov RG, Frankevich VE
National Medical Research Center for Obstetrics, Gynecology and Perinatology named after Academician V. I. Kulakov, Moscow, Russia

Neonates born to mothers with COVID-19 are at risk for infection, they may have high risk of complications during the neonatal period, and long-term health
consequences. The study was aimed to define the amino acid profile of blood plasma and amniotic fluid in patients with COVID-19 in order to assess the
relationship between the COVID-19 infection during the antenatal period, and metabolomic alterations in the “intrauterine” patient. The levels of 31 amino acids
in the samples of amniotic fluid and cord blood plasma of pregnant women with COVID-19, obtained during delivery, were assessed by high-performance liquid
chromatography-mass spectrometry. The index group included 29 patients with confirmed diagnosis of COVID-19, and the control group included 17 healthy
women with uncomplicated pregnancies. There were significant (o < 0.05) differences in the concentrations of eight amino acids between the studied groups.
Logistic regression models were developed (sensitivity 0.84; specificity 1) making it possible to define, whether the assessed amniotic fluid was obtained from
COVID-19 patients. Significant differences in the concentrations of four amino acids were observed in the umbilical cord blood. The models developed made it
possible to define whether the studied cord blood plasma belonged to controls or to COVID-19 patients (sensitivity and specificity 1). Three amino acids were
detected, and their levels were significantly different in COVID-19 patients simultaneously in two points (amniotic fluid and cord blood plasma), depicting the fetal
metabolome in a holistic manner. The impact of the virus on those infected results in pronounced metabolomic alterations in the amniotic fluid and the fetal cord
blood plasma, which may lead to impaired programming of protein production, but never show up at birth.
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W3MEHEHUE AMUHOKUCJTIOTHOIO NMPO®UNA NSTIA3MbI NYNOBUHHOW KPOBU
N AMHUOTUYECKOW XXUOKOCTM OT MATEPEI C COVID-19

H. A. Nomoea &, B. B. Haroseu, E. J1. Jonrononosa, A. B. Hosocernoga, Y. J1. Metposa, P. I". LLImakos, B. E. ®paHkeBu4

HaumoHanbHbI MEOVLIMHCKI CCNEeAoBaTENbCKUN LIEHTP aKyLLIePCTBa, MMHeEKoNornn 1 nepyHaronorim nmenn B. . Kynakosa, Mocksa, Poccus

HoBopoxaeHHble oT MaTepeit ¢ COVID-19 nonsep»eHbl PUCKY 3apaXKeHUsl, MOMYT MMETb BbICOKUIA PUCK OCNIOXKHEHWIA B paHHEM HeoHaTanbHOM nepvioae 1
oThaneHHble NoCNeacTsna Ansa 3aoposbs. Liens nccnegosanmns — onpefenuts aMMHOKUCIOTHBIA MPOMKb NMYMOBYHHOM NAa3Mbl M @MHUOTUHECKOW XMOKOCTH
nauneHToB ¢ COVID-19 ana aHanmsa CBA3n BAUAHUS NepeHeceHHoro aHTeHatanibsHo COVID-19 Ha nameHeHust B MeTabonome «BHYTPUYTPOBHOrO nauueHTa». Ans
OLIEHKW YPOBHS! 31 aMMHOKMCIOTbI B 06pasLiax aMHUOTUHECKON XUAKOCTI 1 MYNOBUHHOM Nna3mbl 6epemeHHbix ¢ COVID-19, nonyYeHHbIX Mpy pOAOpaspeLLleHmn,
NMPUMEHSANM BICOKOIMMEKTVIBHYIO »KUOKOCTHYIO XpOMaTOrpatuio C MacC-CrneKTPOMETPUHECKON AeTekument. OCHOBHYIO rpynny cocTaBum 29 nauveHToK C
noaTeepXaeHHbIM avarHo3om COVID-19; KOHTPOMbHYO — 17 COMaTUHECK 3A0PO0BbIX YKEHLLUMH C BEPEMEHHOCTBIO 6€3 OCNOXKHEHMIA. KOHLEHTpaLMM BOCbMA
AMVHOKMCIOT B aMHVOTUHECKOMN XKUAKOCTY CTAaTUCTUHECKI 3HaYMMO (p < 0,05) pasnudanicb Mexzy vccnemyeMbiMi rpynnamm. PaspaboTaHsl MOAEen NorMCTUHECKO
perpeccun (dyBcTauTENbHOCTL 0,84; cneumdmyHocTe — 1), MO3BOMSIOLLME ONPEAENsTb, YTO aHaM3npyemast aMHYOTUHECKAS »KMOKOCTb B3dTa OT MaUMEHTOK,
neperectumx COVID-19. B mnasme nynoBMHHOM KPOBM 3HAYNMbIE PA3NNHMS OBHAPYKEHb! 415 YETbIDEX aMUHOKMCIOT. [OCTPOEHHbIE MOAENM MO3BONSIOT BbIABNATHL
NPUHAANIEXHOCTb UCCNEOyeMO MyrOBVHHOM Mia3mMbl NaumeHTamM rpynmbl KoHTpons unv COVID-19 (4yBCTBUTENBHOCTL U cneumidiHocTs — 1). OgHOBPEMEHHO
B [ABYX TOYKaX (aMHVOTUHECKAs XKNAKOCTb W MyMOBUHHAS M1a3ma), KOMMIEKCHO OTOBpaXKatoLLX METabOIOM M10Aa, Obln BbISBNEHb! 1 CTATUCTUHECKN 3HAYMMO
otnnyanmes npr COVID-19 Tpr aMnHOKMCNOTbI. Bo3aencTsIe BUpYCa Ha OpraHaM MPYBOAUT K BbIDXKEHHbBIM M3MEHEHISIM B META00IOME aMHNOTUHECKON XXNAKOCTH
1 MYyMNOBUHHOW NMa3Mbl MoAa, YTO MOXET MPUBECTU K HAPYLLEHMIO MPOrpaMMIMpPOBaHVst MPOU3BOACTBA HEMKOBBIX MOSEKYS1, HO He MPOSIBSIETCS NPV POXAEHWN.

Knto4yeBble cnoBa: aMMHOKIMCIOTHBIN aHa3, nnasma nynoBUHHOM KPOBK, aMHUOTUYecKas XunakocTs, COVID-19, Mapkepb! COCTOSHSA HOBOPOXXAEHHOO
®duHaHcupoBaHue: paboTa BbinosiHeHa Npuv vHaHcoBoW noaaepxke PODK rpaHT per. Ne 20-04-60093.
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The outbreak of severe acute respiratory syndrome, caused by
SARS-CoV-2 coronavirus, emerged in Wuhan (China) in 2019,
and quickly led to global pandemic, which forced the countries’
healthcare systems to provide intensive care to a huge
number of patients. The number of cases around the world
is increasing every day due to rapid spread of the infection.
Currently, only in Russia a total of 4,700,000 confirmed cases
of COVID-19 infection have been registered. Pregnant women
are a vulnerable population, susceptible to COVID-19 infection
due to physiological changes in immunological and blood
circulation parameters. Infants, born to mothers infected with
COVID-19, are at risk of infection, as well as at high risk of
complications during the early neonatal period, and long-term
health consequences. Specific consequences of COVID-19
have not yet been studied, however, studies of influenza virus
suggest the possibility of such consequences [1, 2]. To date,
little is known about perinatal and neonatal COVID-19 infection,
and the available information is largely based on the single
case reports. One of the earliest and largest studies involved
33 neonates born to mothers with confirmed diagnosis of
COVID-19 [3]. Several viral transmission modes were postulated,
such as postnatal transmission (horizontal), transplacental
transmission, and transmission via amniotic fluid and breast
milk [4-12]. The first study describing the clinical features and
aimed at investigation of the SARS-CoV-2 vertical transmission
possibility in nine pregnant women with laboratory confirmed
COVID-19, showed no evidence of vertical transmission [11, 13].
More recently, however, the reports have been published of
vertical viral transmission sporadic cases, as well as of severe
disease in pregnant women during the antenatal period [14, 15].
Thus, transplacental transmission of the virus has been
demonstrated, confirmed by complex virologic testing of
placenta, as well as by symptoms and clinical manifestations
in newborns [16].

Due to the fundamental reasons, metabolome is a more
sensitive and dynamic indicator of cell and body biochemical
status, than proteome or transcriptome [17]. Metabolomic
analysis of samples obtained from COVID-19 patients enables
investigation of biochemical alterations associated with poorly
understood pathways, since it demonstrates the effects of the
virus on the host instead of just the presence of the infectious
agent. Metabolomic research can provide a number of
markers, being potentially important for SARS-CoV-2 infection
confirmation, as well as for evaluation of the disease severity
and possible outcome. Recently it has been shown that plasma
levels of 204 metabolites in COVID-19 patients correlate with the
disease severity [18]. Amino acids that are part of metabolome
are essential for all human life processes. Biological role of about
300 amino acids in the human body is invaluable. The body
cannot develop effectively without the sufficient amounts of
amino acids. That is why there are optimal levels of amino acids,
which ensure the metabolic balance. Inconsistence of amino
acid concentrations with reference values can be indicative of
certain disorders. Thus, amino acid concentrations change in
individuals with sand fly fever virus infection [19], pneumonia,
caused by H1N1 influenza virus [20], and chronic obstructive
pulmonary disease [21]. A number of neonatal diseases are
detected by amino acid assessment in the dried blood spot
specimens [22]. In recent years, the assessment of the small-
molecule intermediates of metabolic pathways in the biological
systems is becoming increasingly important, since it facilitates
understanding of human metabolic pathways interaction and
regulation. The disease-related alterations in metabolic profiles
of human physiological fluids are studied in order to clarify the
complex disorders pathophysiology. For example, metabolomic
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analysis has shown that alterations in amino acid metabolism
correlate with altered oxygen homeostasis in COVID-19
patients [23]. Another study of amino acid profiles in children
and adults has revealed alterations, which can be associated
with endothelial dysfunction and T-cell dysregulation [24].
Various metabolic pathways can be described by measuring
amino acid concentrations [25].

Thus, the study was aimed to determine the effects of
COVID-19 on the amino acid composition of amniotic fluid and
cord blood plasma in order to develop the diagnostic panel,
and to determine the impact of possible amino acid metabolism
alteration consequences on the condition of newborns.

METHODS

From March to May 2020 in the National Medical Research
Center for Obstetrics, Gynecology and Perinatology named
after Academician V. I. Kulakov the “red zone” was established
for examination and treatment of patients with COVID-19,
pregnant women among them. A total of 190 beds for patients
with COVID-19 and 60 beds for obstetric patients were
prepared.

A total of 46 pregnant women were enrolled, who were
admitted to and gave birth at the National Medical Research
Center for Obstetrics, Gynecology and Perinatology named
after Academician V. I. Kulakov. The index group included 29
patients with confirmed diagnosis of COVID-19; the control
group included 17 healthy women with uncomplicated
pregnancies. The diagnosis of COVID-19 was confirmed
by PCR test (DNA-Technology; Russia). The patients were
included in the group subsequent to their admission. Inclusion
criteria for group |: COVID-19 based on the molecular genetic
analysis data (PCR); inclusion criteria for group Il: no COVID-19
based on the physical examination data and PCR test results.
Exclusion criteria: multiple pregnancy; no Rhesus (Rh) or
ABO isoimmunization, chromosomal abnormalities, genetic
mutations, and congenital malformations in the fetus. Cord
blood plasma and amniotic fluid were sampled for analysis.

Biological fluids were sampled in all patients at the 1¢t
Infectious Diseases Department of the National Medical
Research Center for Obstetrics, Gynecology and Perinatology
named after Academician V. |. Kulakov, the “red zone”,
followed by sample preparation and storage. Transportation
and subsequent analysis were performed within the territory
of the National Medical Research Center for Obstetrics,
Gynecology and Perinatology named after Academician V. I.
Kulakov in the rooms certified for operating hazard class 2
samples. Standard kit and modified protocol were used for
sample preparation and subsequent analysis of 31 amino acids
in physiological fluids (JASEM; Turkey). The kit contained two
different calibration mixtures of lyophilized amino acids, mixture
of internal standards, lyophilized mixture for quality control,
mobile phases A and B, Reagent 1 (part number JSM-CL-503),
used for plasma sample preparations, and the column for high-
performance liquid chromatography (HPLC) of amino acids
(part number JSM-CL-575).

During preparation for analysis, 50 pL of sample were
mixed with 50 pL of the internal standard solution, stirred for
5 s, added 700 pL of Reagent 1, stirred again for 15 s, and
centrifuged at 3000 RPM for 3 minutes. After that, supernatant
fluid was transferred into chromatography vial. Samples and
auxiliary solutions were prepared and stored in accordance
with the JASEM manual.

Samples were analyzed by high-performance liquid
chromatography-mass spectrometry using the 1260 Infinity I
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Table 1. Clinical characteristics of pregnant women with COVID-19

Clinical characteristics

COVID-19 (n = 29, %)

Symptoms 21 (71.41)
Hyperthermia (> 37 °C) 12 (41.38)
Loss of smell 7 (24.14)
Sore throat 3(10.34)
Shortness of breath 4 (13.79)
Cough 12 (41.38)
Fatigue 4 (13.79)
Mild course 22 (75.86)
Moderate course 6 (20.69)
Severe course 1 (3.45)

HPLC system (Agilent; USA) and the 6460 Triple Quad mass
spectrometer system (Agilent; USA).

Transitions from parent ions to daughter fragments for the
assayed amino acids, corresponding chromatography retention
time values, internal standard concentrations, as well as data
on the analysis sensitivity and reproducibility, are presented in
the JASEM manual.

Statistical analysis

Statistical data processing was performed using scripts written
in R language (R Core Team, Vienna, Austria, and Rstudio; R.
RStudio, Inc.; Boston).

Statistical analysis was carried out using the nonparametric
Mann-Whitney U test. Quantitative data were described using
median (Me) and quartiles Q, and Q in the Me format (Q,; Q).
The threshold of significance, p-value, was 0.05. When p-value
was less than 0.001, it was reported as p < 0.001.

The logistic regression models were developed in order to
assess whether the patients could be classified into groups
based on the studied parameters. All possible combinations of
amino acids were treated as dependent variables. The patient’s
belonging to certain group was considered an independent
variable. Four models with maximum area under the ROC
curve (AUC) were selected among the developed models.
Wald criterion, 95% confidence interval (95% ClI), odds ratio
(OR) and its confidence interval were defined for each model.
The quality of models developed was defined by constructing
the ROC curve, calculating the area under the ROC curve, as
well as by defining sensitivity and specificity.

RESULTS

A total of 46 women were enrolled: of them 29 patients were
admitted to hospital because of confirmed COVID-19, and

Table 2. Clinical characteristics of pregnant women enrolled

17 patients had no viral infection (control group). The average
age of the patients was 30.7 + 4.9 years: 29.9 + 5.03 years
in group 1, and 32.0 + 5.03 in the control group. There were
no significant differences in the body mass index between two
groups: it was 27.85 + 4.52 in the first group, and 26.12 + 3.16
in the second group.

The major clinical manifestations were as follows: cough
(41.38%), loss of smell (24.14%), and hyperthermia (41.38%)
(Table 1). Asymptomatic COVID-19 was observed in 8 patients
(28.59%). Patients with mild, moderate and severe course of
the disease accounted for 22 (75.86%), 6 (20.69%), and 1
(3.45%) case respectively.

Computed tomography (CT) revealed no typical features
of viral pneumonia in 25% of cases (CT 0). High probability of
viral pneumonia with minimum lung tissue involvement was
revealed in 40% of women (CT 1). High probability of viral
pneumonia with 25-50% lung tissue involvement (CT 2) was
observed in 10% of women. High probability of viral pneumonia
with 50-75% lung tissue involvement (CT 3) was revealed in
10% of patients; critical lung tissue involvement (> 75%, CT-4)
was observed in 15% of cases.

In the group of patients with confirmed COVID-19, the
delivery time of 38 + 1.52 weeks of pregnancy was significantly
different from that of the controls (39.42 + 1.14 weeks,
p =0.001). Probably this has something to do with four (13.8%)
cases of preterm labor in the group with COVID-19; however,
the cause of premature birth was not related to COVID-19
infection severity. In one case, preterm labor resulted from ill-
preparedness of soft birth canal and the scarred uterus, in the
other case it resulted from increasing severity of preeclampsia,
and in two more cases it resulted from preterm prelabor
rupture of membranes, and labor onset. Cesarean section was
performed in 13 patients (44.8%) (RR: 0.9 [0.5; 1.6]), vacuum
extraction due to fetal distress was performed in one patient
(3.5%); other patients had normal vaginal delivery. In the control

COVID-19 (n=29) Controls (n=17) p
Age, years 29.9 (+ 5.03) 32.0 (+ 5.03) 0.16
Height, cm 166.62 (+ 7.37) 165.76 (+ 7.34) 0.71
Weight, kg 77.64 (+ 11.58) 71.87 (£ 9.75) 0.10
BMI 27.85 (+ 4.52) 26.12 (+ 3.16) 0.18
Delivery time, months 38 (+ 1.52) 39.42 (+ 1.14) 0.001
Baby’s birth weight, g 3332 (+ 484) 3585 (+ 424) 0.08
Baby’s birth length, cm 52.4 (+ 2.66) 53.1 (+ 2.29) 0.35
Apgar score at one minute of age 8 (8;8) 9(9;9) 0.69
Apgar score at five minutes of age 8 (8;8) 9(9;9) 0.83
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Table 3. Amino acid concentrations (nmol/mL) in amniotic fluid of controls and COVID-19 patients

Amino acid Controls COVID-19 p-value
1-methyl-L-histidine 9.52 (5.78; 23.54) 0(0; 4.98) < 0.001
3-methyl-L-histidine 1.32 (0.14; 2.56) 1.62 (0.48; 5.35) 0.258
3-aminoisobutyric acid 7.44 (6.38; 9.22) 5.48 (4.4;6.17) 0.002
DL-5-hydroxylysine 10.31 (9.98; 10.69) 10.28 (9.99; 10.5) 0.591
Ethanolamine 45.69 (38.94; 67.65) 35.24 (24.53; 46.3) 0.096
L-2-aminobutyric acid 1.5(1.27; 2.34) 1.27 (1; 2.62) 0.367
L-2-aminoadipic acid 7.21 (5.39; 10.59) 6.66 (5.24; 9.46) 0.615
L-alanine 238.74 (179.29; 329.59) 187.36 (136.91; 257.72) 0.302
L-arginine 26.59 (22.42; 48.86) 16.25 (8.97; 23.61) 0.006
L-asparagine 29.36 (24.49; 40.74) 25.56 (19.32; 41.31) 0.391
L-aspartic acid 13.82 (7.9; 29.75) 11.92 (6.64; 62.9) 0.784
L-carnosine 4.58 (4.43; 5.21) 5.5 (4.54; 6.31) 0.107
L-citrulline 8.6 (6.93; 11.43) 7.57 (4.84; 14.52) 0.632
L-cystathionine 0.96 (0.83; 1.16) 0.8 (0.56; 0.96) 0.036
L-cystine 39.69 (30.93; 46.09) 15.92 (5.48; 35.06) 0.005
L-glutamic acid 176.3 (114.37; 215.51) 112.92 (67.26; 176.17) 0.15
L-glutamine 392.48 (267.94; 450.24) 286.57 (177.62; 369.67) 0.044
L-glycine 216.37 (189.39; 359.66) 219.92 (156.65; 260.22) 0.43
L-histidine 65.35 (34.72; 85.64) 7.9 (0; 30.68) 0.008
L-lysine 153.56 (113.59; 169.06) 149.15 (105.52; 187.74) 0.973
L-methionine 16.55 (10.59; 20.68) 11.21 (7.36; 19.59) 0.252
L-ornithine 24.16 (15.39; 34.42) 42.8 (20.11; 69.65) 0.096
L-phenylalanine 39.63 (24.82; 51.44) 32 (21.48; 55.77) 0.515
L-proline 118.37 (103.97; 154.61) 109.16 (72.85; 125.35) 0.137
L-serine 65.52 (37.24; 89.78) 50.74 (32.72; 95.85) 0.681
L-threonine 150.1 (101.89; 211.52) 136.31 (96.46; 172.32) 0.445
L-tryptophan 11.63 (7.7; 13.69) 7.49 (4.36; 14.33) 0.302
L-tyrosine 24.3 (17.75; 38.24) 18.23 (8.22; 47.62) 0.435
L-valine 378.17 (286.06; 544.61) 412.5 (256.16; 570.82) 0.681
Taurine 12.6 (11.48; 14.32) 12.66 (11.54; 16.48) 0.958
Trans-4-hydroxy-L-proline 18.03 (14.18; 20.08) 13.54 (11.05; 15.96) 0.019

group, cesarean section was performed in 9 patients (62.9 %);
other patients had normal vaginal delivery. The reasons for
cesarean section were as follows: one or more uterine scars,
fetal malpresentation, abnormal pelvic anatomy, and reports of
other specialists (ophthalmologist, orthopedist, neurologist).
In the group with COVID-19 the average birth weight was
3332 + 484 g, and in the control groups it was 3585 + 424 g;
the average length of the newborns was 52.4 + 2.66 cm and
53.1 + 2.29 cm respectively. The newborns were assigned
Apgar score 8 (8; 8) at one minute and 9 (9; 9) and five minutes
of age in both groups (Table 2).

No cases of COVID-19 in newborns were registered.
Newborns were isolated from their mothers immediately after
birth. Breastfeeding was allowed after the mothers tested
negative twice for SARS-CoV-2. All newborns were tested for
SARS-CoV-2 immediately after birth, and then at three and 10
days of age. All newborns tested negative for the virus, which
could indicate no vertical transmission of the infection. No
perinatal deaths were registered.

During the laboratory phase, the targeted metabolomics
approach was applied with the use of the kit for quantification
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of 31 amino acids by HPLC-MS in the samples of amniotic
fluid and cord blood plasma, collected at the National Medical
Research Center for Obstetrics, Gynecology and Perinatology
named after Academician V. |. Kulakov. The study was
performed in order to describe the levels of amino acids in
neonates born to mothers, who tested positive for COVID-19.

Amniotic fluid

Concentrations of 31 amino acids were defined during the
analysis of amniotic fluid. Statistical analysis of experimental
data made it possible to identify eight amino acids, the levels
of which were significantly different in patients with COVID
19 (Table 3; Fig. 1): 1-methylhistidine, 3-methylhistidine,
arginine, cystathionine, cystine, glutamine, histidine, trans-4-
hydroxyproline.

In view of the HPLC-MS results obtained, of particular
interest was the feasibility of developing mathematical model,
allowing us to distinguish amniotic fluid samples obtained from
COVID-19 patients and controls. For that, logistic regression
models were constructed based on the amino acids showing
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shown as a line in the center of the box; the ends of whiskers represent the following: one and a half times interquartile range subtracted from the first quartile, sum of

the third quartile and one and a half times interquartile range;

*—p <0.05 " —p=<0.01;, " —p < 0.001; 1-mHis — 1-methylhistidine; 3-mHis — 3-methylhistidine;

BAIBA — 3-aminoisobutyric acid; 5-OH-Lys — 5-hydroxylysine; MEA — ethanolamine; ABA — 2-aminobutyric acid; AAD — 2-aminoadipic acid; Car — carnosine;

Cit — citrulline; Cyt — cystathionine; 4-OH-Pro — 4-hydroxyproline

significant differences between the studied groups. All possible
combinations of amino acids were used to construct the models.
ROC analysis was performed, and four models with maximum
area under the ROC curve (AUC) were selected for each
model. Parameters of the models constructed are presented
in Table 4, and the corresponding ROC curves are presented
in Fig. 2. The maximum AUC value of 0.89 was calculated for
the model, constructed based on arginine, cystine, histidine,
and trans-4-hydroxyproline (Table 5). This model had sensitivity

of 0.84, and specificity of 0.93. Slightly higher sensitivity and
specificity (0.84 and 1 respectively) were calculated for the
model, constructed based on 1-methylhistidine, cystine, and
trans-4-hydroxyproline (Table 5).

Cord blood plasma

The cord blood plasma amino acid profiles were analyzed in two
groups during the next phase of the study. Statistical analysis

Table 4. Parameters of logistic regression models allowing one to distinguish patients with COVID-19 from patients with no COVID-19 based on the amino acid

concentrations in the amniotic fluid

Model Ne Coefficient Coefficient value \.Nal.d p-value 7 OR s

criterion 2.50% 97.50% 2.50% 97.50%
Intercept term 5.8782 2.3394 0.019 1.8187 11.8835 357.17 6.1637 144864
L-arginine 0.0091 0.3735 0.709 -0.042 0.0565 1.0091 0.9588 1.0582

1 L-cystine -0.0842 -2.2358 0.025 -0.1747 -0.0208 0.9192 0.8397 0.9794
L-histidine 0.0129 1.1644 0.244 -0.0063 0.0386 1.013 0.9937 1.0394
Trans-4-hydroxy-L-proline -0.2534 -1.7891 0.074 -0.574 -0.0041 0.7762 0.5633 0.9959
Intercept term 2.7692 1.7238 0.085 -0.1116 6.3699 15.9456 0.8944 583.996
1-methyl-L-histidine -0.0336 -1.271 0.204 -0.1107 0.0073 0.9669 0.8952 1.0073

2 L-cystine -0.0123 -0.5235 0.601 -0.0621 0.0328 0.9878 0.9398 1.0333
Trans-4-hydroxy-L-proline -0.1114 -1.0398 0.298 -0.3392 0.0951 0.8946 0.7123 1.0998

Intercept term 2.7231 1.6899 0.091 -0.152 6.3672 15.2278 0.859 582.4
1-methyl-L-histidine -0.0339 -1.2824 0.2 -0.1109 0.0071 0.9667 0.895 1.0071

3 L-cystine -0.0156 -0.5326 0.594 -0.0792 0.0395 0.9845 0.9239 1.0402
L-glutamine 7.00E-04 0.1925 0.847 -0.0066 0.0082 1.0007 0.9934 1.0082
Trans-4-hydroxy-L-proline -0.116 -1.0585 0.29 -0.3503 0.0978 0.8905 0.7045 1.1027
Intercept term 5.1861 2.146 0.032 1.2261 11.0587 178.765 3.408 63495.7
1-methyl-L-histidine -0.0272 -0.8762 0.381 -0.1263 0.0193 0.9731 0.8813 1.0195

4 L-cystine -0.0633 -1.6706 0.095 -0.1559 8.00E-04 0.9387 0.8557 1.0008
L- histidine 0.0146 2.199 0.028 0.0032 0.0312 1.0147 1.0032 1.0317
Trans-4-hydroxy-L-proline -0.2185 -1.5539 0.12 -0.5408 0.0346 0.8038 0.5823 1.0352
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Table 5. Characteristics of logistic regression models allowing one to distinguish patients with COVID-19 from patients with no COVID-19 based on the amino acid
concentrations in the amniotic fluid

Amino acid AUC |  Threshold Sensitivity Specificity Posm"ja‘l’l:zdm“"e
L-arginine, L-cystine, L-histidine, trans-4- hydroxy-L-proline 0.89 0.46 0.84 (0.58; 1) 0.93 (0.73; 1) 0.94 (0.8; 1)
1-methyl-L-histidine, L-cystine, trans-4- hydroxy-L-proline 0.88 0.68 0.84 (0.63; 1) 1(0.8; 1) 1(0.86; 1)
1-methyl-L-histidine, L-cystine, L-glutamine, trans-4- hydroxy-L-proline 0.88 0.67 0.82 (0.63; 0.95) 1(0.87; 1) 1(0.87; 1)
1-methyl-L-histidine, L-cystine, L- histidine, trans-4- hydroxy-L-proline 0.88 0.65 0.79 (0.58; 1) 0.93 (0.67; 1) 0.95(0.78; 1)
Table 6. Amino acid concentrations (nmol/mL) in cord blood plasma of controls and COVID-19 patients

Amino acid Controls COVID-19 p-value
1-methyl-L-histidine 0 (0; 1.95) 0(0; 0) 0.041
3-methyl-L-histidine 3.02 (2.82; 3.46) 3.2 (2.56; 3.68) 0.759
Beta-alanine 1.19 (0.82; 1.61) 2.9 (1.8;4.35) 0.014
DL-5-hydroxylysine 6.69 (6.48; 6.77) 6.67 (6.56; 6.87) 0.608
Ethanolamine 18.77 (14.52; 21.97) 14.75 (13.43; 16.43) 0.104
L-2-aminobutyric acid 5.97 (1.97; 7.96) 7.04 (3.45; 10.51) 0.255
L-alanine 498.14 (451.48; 554.51) 426.72 (390.15; 530.81) 0.134
L-arginine 55.2 (42.7; 73.97) 69.1 (51.71; 81.33) 0.23
L-asparagine 46.5 (43.4; 51) 51.33 (45.72; 53.85) 0.404
L-aspartic acid 21.69 (12.05; 28.9) 16.66 (11.6; 26.76) 0.753
L-carnosine 2.14 (1.93; 2.3) 2.01 (1.64; 2.33) 0.274
L-citrulline 11.92 (10.83; 13.47) 11.96 (10.46; 15.18) 0.357
L-cystathionine 0.32 (0.17; 0.46) 0.2 (0.16; 0.42) 0.593
L-cystine 28.93 (26.49; 33.43) 2.55 (1.44; 3.81) < 0.001
L-glutamic acid 138.44 (41.01; 189.32) 92.68 (60.31; 109.28) 0.187
L-glutamine 617.36 (576.47; 725.84) 625.09 (559.72; 689.24) 0.736
L-glycine 277.25 (255.67; 303.25) 259.22 (235.34; 293.13) 0.43
L-histidine 175.97 (138.84; 206.4) 141.92 (103.55; 175.91) 0.04
L-lysine 410.97 (388.38; 448.61) 451.73 (389.8; 488.91) 0.531
L-methionine 33.11 (27.86; 39) 30.61 (25.81; 39.05) 0.753
L-ornithine 119.5 (100.28; 131.19) 100.77 (83.6; 124.42) 0.123
L-phenylalanine 79.88 (76.47; 94.87) 80.5 (75.99; 88.11) 0.982
L-proline 159.61 (153.75; 177.18) 158.5 (143.86; 176.18) 0.417
L-serine 132.49 (125.85; 148.56) 143.03 (128.45; 154.13) 0.558
L-threonine 293.9 (231.79; 339.82) 319.48 (276.25; 352.53) 0.23
L-tryptophan 77.59 (66.69; 84.57) 73.72 (68.93; 78.29) 0.309
L-tyrosine 70.65 (57.22; 78.07) 63.8 (57.51; 77.25) 0.685
Taurine 38.01 (31.1; 49.77) 37.28 (30.51; 46.92) 0.928
Trans-4-hydroxy-L-proline 20.95 (17.68; 26.64) 20.56 (19.28; 23.57) 0.893

of experimental data made it possible to identify four amino
acids, the levels of which were significantly different in patients
with COVID-19 (Table 6; Fig. 3): 1-methylhistidine, beta-alanine,

cystine, histidine.

As in case of amniotic fluid assay, logistic regression models
were constructed, allowing us to distinguish cord blood plasma
samples obtained from COVID-19 patients and controls. Results
of the models’ development and analysis are presented in Fig. 4,
and Tables 7, 8. All the models constructed included cystine,
obviously being the amino acid, which showed the greatest
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differences between groups. All the models were characterized
by AUC of 1, as well as by sensitivity and specificity of 1 (Table 8).

Of particular interest was the comparison of amino acids in
amniotic fluid and cord blood plasma, which showed significant
differences between the controls and the COVID-19 patients.
Three amino acids were detected, and their levels were
significantly different in COVID-19 patients simultaneously in
two points (amniotic fluid and cord blood plasma), depicting
the fetal metabolome in a holistic manner: 1-methylhistidine,

cystine, and histidine (Table 9).
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Fig. 2. ROC curves for logistic regression models constructed for classification of controls and COVID-19 patients based on amino acid concentrations in amniotic fluid

DISCUSSION

Viral infections cause characteristic changes in the host cell
metabolism in order to ensure the effective replication of the
virus [19]. Moreover, the resultant metabolic effects and cellular
reprogramming vary between viruses (even within a single
family) and host cell types.

The data obtained show significant differences in the
concentrations of eight amino acids in amniotic fluid and four
amino acids in cord blood plasma between the COVID-19
patients and the controls. Furthermore, concentrations
of eight amino acids were reduced in COVID-19 patients.
Similar amino acid concentration alterations were observed
during assessment of blood plasma in children and adults with
COQOVID-19 [24]. The authors of this study tried to confirm their
hypothesis about the possible arginine concentration decrease

in COVID-19 patients. It is known, that endothelial dysfunction
contributes to lung damage associated with COVID-19
both in children and adults [27, 28]; low bioavailability of
arginine is associated with endothelial dysfunction and T-cell
dysregulation [29, 30], it also contributes to pathophysiology
of numerous disorders [31]. Indeed, the expected decline in
arginine concentration was observed in COVID-19 patients.
Furthermore, the significantly reduced concentrations of
citrulline, glutamine, alanine, glycine, histidine, proline, and
some other amino acids were observed, however, the authors
of the article had some difficulty explaining the mechanisms
underlying the described effects [24]. The decreased amino
acid concentrations were observed in individuals with a number
of other disorders [19, 21-24, 32, 33].

In our study, of particular interest was the comparison
of amino acid levels in amniotic fluid and cord blood plasma,
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Fig. 3. Amino acid concentrations in cord blood plasma of controls and COVID-19 patients. The first and the third quartiles form the boundaries of the box, the median
is shown as a line in the center of the box; the ends of whiskers represent the following: one and a half times interquartile range subtracted from the first quartile, sum
of the third quartile and one and a half times interquartile range; * —p < 0.05; ** —p < 0.01; ** —p < 0.001. 1-mHis — 1-methylhistidine; 3-mHis — 3-methylhistidine;
bAla — beta-alanine; BAIBA — 3-aminoisobutyric acid; 5-OH-Lys — 5-hydroxylysine; MEA - ethanolamine; ABA — 2-aminobutyric acid; AAD —2-aminoadipic acid;
Car — carnosine; Cit — citrulline; Cyt — cystathionine; 4-OH-Pro — 4-hydroxyproline
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Fig. 4. ROC curves for logistic regression models constructed for classification of controls and COVID-19 patients based on amino acid concentrations in cord blood plasma

which showed significant differences between the controls and
the COVID-19 patients. Three amino acids were detected, and
their levels were significantly different in COVID-19 patients
simultaneously in two points (amniotic fluid and cord blood
plasma), depicting the fetal metabolome in a holistic manner:
1-methylhistidine, cystine, and histidine.

L-cystine was one of the three amino acids detected in two
fetal matrices at once (amniotic fluid and cord blood plasma),

having a high differentiating significance. L-cystine is a non-
coded amino acid, being a derivative, obtained from oxidative
dimerization of cysteine. During the post-translational modification
of proteins, this amino acid plays a vital part in protein and peptide
tertiary structure formation and maintaining, and, consequently,
in their biological activity. Thus, such hormones as vasopressin,
oxytocin, insulin, and somatostatin, acquire biological activity after
the formation of intramolecular disulphide bonds.

Table 7. Parameters of logistic regression models allowing one to distinguish patients with COVID-19 from patients with no COVID-19 based on the amino acid

concentrations in the cord blood plasma

Model Ne Coefficient Coefficient value Wald criterion p-value

Intercept term 79.204 0.001 0.9992

1 L-cystine -5.3827 -0.001 0.9992

Intercept term 79.4804 0.001 0.9992

2 1-methyl-L-histidine 3.1115 3.00E-04 0.9998

L-cystine -5.4032 -0.001 0.9992

Intercept term 77.8123 9.00E-04 0.9992

3 Beta-alanine -1.4597 —2.00E-04 0.9998

L-cystine -5.099 -0.001 0.9992

Intercept term 78.9156 9.00E-04 0.9993

4 L-cystine -5.3946 -0.001 0.9992
L-histidine 0.0027 0 1

Table 8. Characteristics of logistic regression models allowing one to distinguish patients with COVID-19 from patients with no COVID-19 based on the amino acid

concentrations in the blood cord plasma

Amino acid AUC Threshold Sensitivity Specificity Specificity
L-cystine 1 0.5 1(1;1) 1(1;1) 1(1;1)
1-methyl-L-histidine, L-cystine 1 0.5 1(1;1) 1(1;1) 1(1;1)
Bera-anaHuH, L-cystine 1 0.5 1(1;1) 1(1;1) 1(1;1)
L-cystine, L- histidine 1 0.5 1(1;1) 1(1;1) 1(1;1)
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Table 9. Amino acid concentrations (nmol/mL) in amniotic fluid and cord blood plasma showing significant differences between controls and COVID-19 patients
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Sample Amino acid Controls COVID-19 p-value
1-methyl-L-histidine 9.52 (5.78; 23.54) 0 (0; 4.98) < 0.001

3-methyl-L-histidine 7.44 (6.38; 9.22) 5.48 (4.4;6.17) 0.002

L-arginine 26.59 (22.42; 48.86) 16.25 (8.97; 23.61) 0.006

L-cystathionine 0.96 (0.83; 1.16) 0.8 (0.56; 0.96) 0.036

Amniotic fluid

L-cystine 39.69 (30.93; 46.09) 15.92 (5.48; 35.06) 0.005

L-glutamine 392.48 (267.94; 450.24) 286.57 (177.62; 369.67) 0.044

L-histidine 65.35 (34.72; 85.64) 7.9 (0; 30.68) 0.008

Trans-4-hydroxy-L-proline 18.03 (14.18; 20.08) 13.54 (11.05; 15.96) 0.019

1-methyl-L-histidine 0 (0; 1.95) 0(0; 0) 0.041

Beta-alanine 1.19(0.82; 1.61) 2.9 (1.8;4.35) 0.014

Cord blood plasma

L-cystine 28.93 (26.49; 33.43) 2.55 (1.44; 3.81) < 0.001

L- histidine 175.97 (138.84; 206.4) 141.92 (103.55; 175.91) 0.04

There were two amino acids showing significant differences
in the amniotic fluid and cord blood plasma levels in neonates
born to mothers with COVID-19: L-histidine and its derivative,
1-methylhistidine.

L-histidine is a heterocyclic alpha-amino acid, one of 20
proteinogenic amino acids, and one of two conditionally essential
amino acids (along with arginine). It was originally thought to be
essential only for children. Histidine residue is a part of active
sites of numerous enzymes. Histidine is a precursor of histamine.
Histamine plays an important role in inflammation and a number
of allergic reactions. Histidine is one of the essential amino acids;
it promotes tissue growth and regeneration, and contributes
to red blood cell and white blood cell production, as well as to
formation of the nerve cell myelin sheaths. Histidine deficiency may
result in hearing loss, as well as in degenerative disorders, such as
Parkinson's disease and Alzheimer's disease.

Our results demonstrate that the virus can cause major
changes in metabolome of amniotic fluid and cord blood
plasma, which risks the impaired programming of protein
production. However, COVID-19 is often dormant at birth.
Metabolic pathway alterations, resulting from violation of
required amino acid ratio in the territory of the fetus, could
be associated with replication of the virus, host inflamsmatory
response, and altered energy metabolism. Probably, such
metabolomic alterations may show up at the time of delivery,
however, these have not been observed during our study due
to the index group inclusion criteria. All puerperant women had
COQOVID-19 at the time of delivery. May be that was the fact that
prevented the virus to realize its entire harmful potential in the
territory of the fetus.
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