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Aim: to investigate the metabolomic profile of patients with alcoholic liver disease and non-alcoholic fatty liver disease.
Materials and methods. The present study included patients diagnosed with non-alcoholic fatty liver disease

(NAFLD) (n = 44), patients diagnosed with alcoholic liver disease (ALD) (n = 40) and 14 healthy volunteers. The level

of metabolites in the blood serum were determined via high-performance liquid chromatography and tandem mass

spectrometry.

Results. In this study, a cross-sectional targeted metabolomic analysis of 96 serum metabolites was performed

in patients. Statistical analysis using the principal component method identified six main factors, comprising metab-
olites from various metabolic pathways. Comparative analysis between patient groups and the control group revealed

statistically significant differences in the metabolic activity of individual factors, collectively reflecting alterations

in the metabolomic profile. Levels of acylcarnitines, uridine, metanephrine, asymmetric and total dimethylarginine

were elevated in patients with NAFLD and ALD compared to the control group. Carnitine, short chain acylcarnitines,
valine, leucine, lysine, and alanine were significantly higher in patients with NAFLD compared to those with ALD.
In contrast, levels of tyrosine, epinephrine, and methionine were significantly increased in ALD patients compared

to both NAFLD patients and healthy volunteers. Among patients with liver cirrhosis (both ALD and NAFLD), there was

a noticeable trend toward altered metabolic activity of factors correlating with liver failure indicators and the FIB-4 in-
dex. As liver cirrhosis progressed, statistically significant changes in metabolite levels were observed across Child —
Pugh classes, taking into account hypocoagulation, hypoalbuminemia, hyperbilirubinemia, the presence of ascites,
and hepatic encephalopathy.
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OnpepeneHne MeTaboONOMHOIro Npoduia NauUEeHTOB C aJIKOroJibHOM
00/1e3HbIO NeYEeHN U HeaJIKOroJIbHOM XXUPOBOM 00/1€3HbIO Ne4YeHn

MeToAOM NaBHbIX KOMIMNOHEHT
M.C. PewetoBa*, I.A. MapkuH, C.A. AnnonoHoa, K.M. LLlectakosa, O.A. banganvH, N.A. BonowuH, N.P. lOHycoB,

0.10. 3onbHukosa, P.B. MacneHHukos, M.C. Xapkosa, B.T. VBawikuH
®raAOY BO «[lepsbiti MockoBCkuii rocyAapCTBEHHbI MEANLMHCKUE YyHUBepcuTeT uM. U.M. CeveHoBa» MuHucTepcTaa
3apaBooxpaHeHns Poccurickoi denepaummn (CevyeHoBCkuii YHuBepcuteT), MockBa, Poccurickas Penepadms

Llenb uccnepoBaHua: n3y4eHne mMetabonmyeckoro npoduns NaLumMeHToB C ankorosibHOl O0Ne3HbI0 NeYeHn 1 He-
aNKOr0JIbHOW XMPOBOW OONIE3HbBIO NMEYEHU.

Martepuansl u metoapbl. B HacToswemM nccnenoBaHny NMPUHANM ydyactne naumeHTbl C AUarHo30M «Heaslkorosib-
Hasi XupoBas 60ne3Hb neveHn» (HAXKBIM) (n = 44), nauneHTbl C AMarHO30M «aJikorosibHas 6051e3Hb neveHn» (ABIT)
(n =40) n 14 3p00poBbIX 4OOPOBOJILLEB. YPOBEHb METAOOINTOB B ChIBOPOTKE KPOBU OMNPEAEssann ¢ MOMOLLIbIO BbICO-
KO3 PEKTUBHOM XUOKOCTHOM XpomaTorpadum 1 TaHLEMHOW MacC-CNekTPOMETPUN.
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PesynbraTthl. bb1 NpoBEAEH OOAHOMOMEHTHbIV LIeNIEBOM MeTaboNOMHbIN aHann3 96 MeTaboIMTOB CbIBOPOTKN KPO-
B/ nauueHToB. CTaTUCTUYECKMIA aHaNM3 C MCMOJIb30BAHMEM METOAA MABHbIX KOMMOHEHT BbISIBUJ LLECTb OCHOB-
HbIX HaKTOPOB, BK/OYAOLLMX METAB0INTLI U3 Pa3INyHbIX MeTabonnyecknx nyten. CpaBHUTESNbHBIN aHANMM3 Mexay
rpynnaMy nauMeHTOB M KOHTPOJIbHOW rPynnol BbiABU CTATUCTMYECKM 3HAYMMbIE Pasnnynsg B MeTabosiMyeckoi
aKTUBHOCTU OTAEJIbHbIX (PakTOPOB, B COBOKYMHOCTM OTpaxarLume N3MeHeHS MeTabosioMHOro npodwuns. Y nauu-
eHToB ¢ HAXGBI 1 ABIN no cpaBHEHWUIO C KOHTPOJIbHOW FPYNMoi ObUIM NMOBLILLEHbI YPOBHU aUMIKaPHUTUHOB, YpU-
OuHa, meTaHedprHa, aCUMMETPUYHOIO 1 0BLLEro AUMETUNAPrHUHA. HanpoTuB, ypoBHM TMPO3KHA, SNnHedpuHa
1 METUOHWHA OblI 3HAYMTESIbHO MOBbILLEHBI Y NauneHToB ¢ ABIMN no cpaBHeHMIO kak ¢ naupeHTamm ¢ HAXBI, Tak
1 CO 300pOBLIMY A0O6poBosbLamMu. Cpean NaumMeHToB ¢ UMPPO30M nedeHun (kak ¢ ABI, Tak n ¢ HAXBI) Habnopa-
flacb 3aMeTHas TEHAEHLMS K UBMEHEHMIO METaboIMYECKON akTUBHOCTU (GakTOPOB, KOPPENUPYIOLLMX C NoKasaTe-
JISMU MEeYEeHOYHOM HEQOCTAaTOYHOCTU U nHaekcom FIB-4. 1o mepe nporpeccrupoBaHns Lmppo3a nevyeHn Ha pasHbixX
cTaguax 3aboneBaHns, CornacHo knaccudgukaumm no wkane Yamnga — MNeto, HAGAO4ANNCL CTAaTUCTUYECKM 3HAYN-
Mbl€ UBMEHEHMS YPOBHEN METAOOINTOB C YHETOM HaMYNUS FUMoKoarynsiuum, rmnoanboymMmmHeMmmn, runeponnmpy-
OMHEMUN, acLMTa Y NEYEHOYHOM SHLLedanonaTmm.

KnioueBbie cnoBa: MeTabosIoMHbIV NPOdUb, METOZ, IMTaBHbIX KOMMOHEHT, aJIKOorosibHasi 60/1e3Hb NeYeHn, Heasko-
roJibHas X1poBasi 60/1e3Hb NeYeHU, LMPPO3 NeYeHn

KoHdnukT uHTEepecoB: aBTopbl 3as8BASIOT 06 OTCYTCTBUN KOHMNNKTA UHTEPECOB.

Ansa untupoBaHua: PewetoBa M.C., MapkuH INM.A., AnnonoHoBa C.A., LLlectakosa K.M., Banganun O.A., BonowuH N.A., IOHy-
coB W.P.,, 3onbHukosa O.10., MacneHHukos P.B., XXapkosa M.C., VBawkuH B.T. Onpenenexnne metabosioMHOro npoduis nalmeH-
TOB C aJIKOrOJIbHOV GONIE3HbIO MEYEHW U HEANKOrOJIbHOM XNPOBO BONE3HbIO Ne4YeHN METO0M [1aBHbIX KOMIMOHEHT. Poccuiickumii
XYPHasn racTpo3HTEpPOsiorMn, renartonorum, kononpokrtonorun. 2025;35(3):54-70. https://doi.org/10.22416/1382-4376-2025-

35-3-54-70

Introduction

Advancing our understanding of disease de-
velopment and progression is impossible without
improving research methodologies. One of such
emerging scientific approaches is metabolomics,
a branch of biochemistry designed to study the
concentrations of small molecules (metabolites)
in biological matrices [1]. Currently, more than
220,000 active metabolites involved in various
biochemical processes in the human body have
been described. The maintenance of homeostasis is
largely depends on the regulation of anabolic and
catabolic processes involving highly active small
molecules such as amino acids, lipids, sugars, and
organic acids. Alterations in the metabolome oc-
cur in response to various endogenous processes
within the body and can more accurately charac-
terize specific biological phenotypes.

In clinical medicine, metabolomic analysis en-
ables a more precise description of biochemical
changes associated with diseases of various organs
and systems. Current research is focused on iden-
tifying new, more accurate biomarkers that can
enhance disease diagnosis and prevention, as well
as potential molecular targets for therapeutic in-
tervention. To date, several metabolomic markers
have already been identified as predictors of dia-
betes mellitus, cardiovascular complications, and
certain types of cancer [2—4].

The modern predominant statistical method
used in metabolomics is factor analysis of the cor-
relation matrix via principal component analysis.
In the course of this analysis, it becomes possi-
ble to identify complex factors (components) that

incorporate key variables and provide the most
comprehensive explanation of observed correla-
tions. It can also reveal hidden interconnections
between biochemical processes occurring in the
human body under various pathological conditions.

The aim of the present study was to investi-
gate the metabolomic profile of patients with alco-
holic liver disease (ALD) and non-alcoholic fatty
liver disease (NAFLD).

Materials and methods

The study was conducted in accordance with
the Declaration of Helsinki and approved by the
Ethics Committee of the I.M. Sechenov First
Moscow State Medical University (Sechenov
University) No. 01-22 dated 01,/20,/2022, for the
period from 02,22,2022 to 02/14,/2023. Patients
with an established diagnosis of NAFLD were in-
cluded in the work. The diagnosis was established
on the basis of anamnesis, clinical picture and data
from laboratory and instrumental studies, as well
as the exclusion of other etiological factors of liv-
er damage (diagnosis per exclusionem). If alcohol
consumption in hepatotoxic doses for > 6 months
(> 30 g/day for men and > 20 g/day for women)
was detected, a diagnosis of ALD was established.

All patients were screened for the presence of
viral hepatitis markers (HBsAg, HBeAg, Anti-
HBc-total, Anti-HBe Anti-HBs, Anti-HCV-total,
Anti-HAV-IgM, Anti-HAV-IgG), markers of pri-
mary biliary cholangitis and autoimmune hepati-
tis (AMA, ANA, SMA and anti-LKM1), as well
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as hemochromatosis (ferritin level, transferrin
saturation with iron) and Wilson’s disease (ceru-
loplasmin level, Kayser — Fleischer rings, dai-
ly amount of copper in urine, free copper level
in blood plasma). Patients also underwent ul-
trasound examination (US) of abdominal organs
and study of alpha-fetoprotein level to exclude
neoplasms of the liver and abdominal organs. The
type of liver damage (steatohepatitis/cirrhosis)
was determined considering the conclusion of the
histological examination in combination with clin-
ical data, as well as data from laboratory and in-
strumental research methods.

The control group consisted of healthy volun-
teers with no complaints from the gastrointestinal
tract, without concomitant diseases of the respi-
ratory, urinary, endocrine, cardiovascular systems
and oncological diseases, who came to the clinic
for a preventive examination.

Metabolomic analysis

At the first stage, upon the patient’s admission
to the hospital, blood was drawn from the bra-
chial vein into 2 mL vacuum tubes with the clot
activator. The blood samples were centrifuged un-
der standard conditions at room temperature at
an acceleration of 3,000 g for 10 minutes. After
precipitation, the supernatant, blood serum, was
poured into polypropylene Eppendorf tubes. The
samples were stored at temperatures below —80 °C
until the analysis stage.

In the second stage, solutions of internal me-
tabolite standards were prepared. After thawing,
40 pL of the internal standard mix (IS-mix) was
added to 10 pL of the plasma samples in poly-
propylene Eppendorf tubes. The resulting mix-
ture was evaporated to dryness in a centrifugal
vacuum evaporator at a temperature of 40 °C. To
the dry residue, a derivatization mixture (a solu-
tion of phenylisothiocyanate in pyridine) was
added, then the solution was mixed on a vortex
for 10 seconds and left at room temperature for
20 minutes. The samples were then evaporated
to dryness again in a centrifugal vacuum evap-
orator at a temperature of 40 °C. To the dry
residue, 100 pL. of a 5 mM ammonium acetate
solution in methanol was added. The samples
were mixed on a shaker for 30 minutes. To the
plasma samples and laboratory plasma samples,
100 pL of deionized water was added, and to
the standard solutions (Cal1-6, QCs), 100 uL
of a 0.1 PBS solution was added. The resulting
solutions were mixed in a vortex for 10 seconds
and centrifuged at 14,900 g and a temperature
of 20 °C for 10 minutes. A supernatant volume
of 150 uL was transferred to a polypropylene
microvial for subsequent chromatography—mass
spectrometry analysis.

In the course of high-performance liquid
chromatography and tandem mass spectrome-
try (HPLC-MS/MS), the identification of com-
pounds in the sample was conducted based on two
characteristics, retention time and characteristic
mass spectrometric transitions. The chromato-
graphic separation of substances was performed
using gradient elution. Mass spectrometric detec-
tion was performed in the multiple reaction moni-
toring (MRM) mode.

Parameters of the high-performance liquid
chromatography: analytical column for HPLC —
ACQUITY UPLC BEH C18, 2.1 x 50 mm; parti-
cle size — 1.7 um; pre-column filter — ACQUITY
UPLC BEH C18; the temperature control of the
analytical column — 40 °C; the flow rate of the
mobile phase — 0.50 mL/min. The composition
of the mobile phase: phase a — 0.1 % formic acid
solution in deionized water; phase b — 100 % ace-
tonitrile for chromatography. Sample injection
volume — 5 pl.. Total analysis time — 5 minutes.

Parameters of the tandem quadrupole mass
spectrometric detector: type of ionization — elec-
trospray with heated nebulizing gas flow (Agilent
Jet Stream); gas temperature — 300 °C; gas flow —
11 L/min; nebulizer — 35 psi; sheath gas tem-
perature — 300 °C; sheath gas flow — 11 L/min;
capillary voltage (positive ionization) — 3.5 kV;
capillary voltage (negative ionization) — 3.5 kV.
The analysis was carried out using the dynamic
multiple reaction method (dynamic MRM), the
duration of the dynamic analysis cycle was 600 ms.

After the analysis was completed, the obtained
data were processed using the MassHunter soft-
ware with the construction of a calibration curve.
The result of the quantitative determination of the
samples was outputted in the form of a general
Excel file containing sample numbers and ana-
lyte concentrations. A total of 96 different serum
metabolites were identified in the metabolomics
analysis.

Statistical analysis

Statistical data processing was performed
using application software. The Kolmogorov
— Smirnov criterion with Lilliefors correction
was used to check the distribution of quantita-
tive indicators for normality. Variables with a
non-normal distribution were described as me-
dian and interquartile range — Me [Q1; Q3].
Qualitative data were presented as absolute and
relative values — n (%). Comparisons of two
independent groups by quantitative variables
were assessed using the non-parametric Mann
— Whitney U criterion, and for three or more
groups — the Kruskal — Wallis test. The sig-
nificance of the differences between the groups
in terms of qualitative indicators was evaluated
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using the y?> Pearson criterion. The correlation
between the quantitative variables was estab-
lished using Spearman’s rank correlation co-
efficient. The strength of the correlation was
evaluated according to Chaddock’s scale. The
significance level for hypothesis testing was set
at p < 0.05. To correct for type 1 error in mul-
tiple pairwise comparisons, the Bonferroni cor-
rection was applied.

To identify and interpret the hidden structure
in the set of studied indicators, factor analysis
using the Principal Component Analysis (PCA)
method with orthogonal varimax rotation was
performed. Prior to analysis, the adequacy of the
data was assessed using the Kaiser — Meyer —
Olkin (KMO) criterion and Bartlett’s test of
sphericity, confirming the presence of sufficient-
ly strong relationships in the correlation matrix.
In the first step, principal components were ex-
tracted from the total set of variables and or-
dered in descending order of explained variance;
then, based on visual analysis of the “scree plot”
and the Kaiser criterion (eigenvalues > 1), the
optimal number of factors was determined. After
obtaining the final factor structure, the loadings
of each variable on the factors were analyzed
to determine which metabolites and parameters
formed coherent clusters reflecting underlying
latent processes or common metabolic pathways.

Results

Data from 98 individuals were analyzed: 44 pa-
tients with a confirmed diagnosis of NAFLD,
40 patients with ALD diagnosis and 14 healthy
volunteers. The main clinical and laboratory char-
acteristics of the studied groups are presented
in Table 1.

All patients were comparable by gender
(p > 0.05), the average age in the control group
was slightly lower (p = 0.0001), however, no
statistically significant differences were found
between the ALD and NAFLD patient groups
(p = 0.30). Patients with NAFLD showed a sig-
nificant increase in BMI (p < 0.0001).

In the biochemical blood analysis, patients
with ALD had pronounced hyperbilirubinemia
due to both total and direct bilirubin fractions
(p < 0.0001 and p = 0.003, respectively), and
compared to the control group, elevated markers

of cholestasis were observed — gamma-glutamyl
transferase (p < 0.0001) and alkaline phosphatase
(p = 0.001).

In the lipid profile analysis, patients with
NAFLD had a significant increase in very
low-density lipoproteins (VLDL) compared to the
ALD group (p < 0.0001) and the control group
(p = 0.0024). No statistically significant differ-
ences were found between patient groups in other
lipid fractions.

Table 1. Characteristics of clinical and laboratory data of the study groups
Ta6.auua 1. Xapakrepuctiuka KJIMHUKO-Ta00PATOPHBIX JI@HHBIX NCCJIEYEMbIX TPYIII

Variable ALD NAFLD Control group
e ABIT HAKBII I'pynna konmpoasn p
(n = 40) (n = 44) (n = 14)
Demographic data
Hdemoepachuuecrue dannvie

Gender / Ilox Males / M]/)IC”UHI)[ 22 (55.00 %) 16 (36.36 %) 3(21.43 %) 0.055

n (%) Males / JKenugumnot 18 (45.00 %) 28 (63.64 %) 11 (78.57 %) ]

1. ) 40.
Ry yeelis // Blospptins, coti: [41.755;56%.25] [48.(?07; %03.501 [29.750; 54%.75] OB
Laboratory parameters
Jla6opamopnwvie noxazameau

Platelets, x10°/L 163.50 237.00 307.50 0.0001
Tpomboyumor, x10°/ 1 [96.25; 265.00] [192.75; 265.00] [253.25; 369.50] )
Whvite blood cells, x10°/L 5.31 6.05 6.01 0.258
JAevixoyumot, x10°/ 1 [4.21; 6.93] [4.94; 7.42)] [5.08; 7.68] :
Red blood cells, x102/L 4.01 4.68 4.54 < 0.0001
Spumpoyumot, 10"/ [3.39; 4.65] [4.46; 5.03] [4.33; 4.79] :
Immunoglobulin A, g/L 5.51 2.66 2.53 < 0.0001
Hmmynoznobyarun A, 2/ 1 [3.42; 7.51] [2.21; 3.33] [2.03; 3.18] :
Immunoglobulin M, g/L 1.76 1.01 1.38 < 0.0001
Hmmyrnoznobyrun M, 2/ 1 [1.26; 2.96] [0.75; 1.36] [1.31; 1.52] :
Immunoglobulin G, g/L 15.55 11.13 11.52 < 0.0001
Ummynoznobyrun G, 2/ 1 [13.26; 18.98] [9.13; 13.23] [10.81; 13.03] :
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End of Table 1. Characteristics of clinical and laboratory data of the study groups
Oxonuanue mabauupt 1. XapakTepucTiKa KIMHIKO-Ta60PATOPHBIX TAHHBIX MCCJIEAYEMBIX IPYIII

Huppos nevenu, n (%)

Variable ALD NAFLD Control group
Hepemennas ABIT HAXBII I'pynna konmpo.asn j/)

(n = 40) (n = 44) (n = 14)
Serum total biliru’tzin, pumol /L 29.45 12.55 10.40 < 0.0001
Buaupybun obwuii, MKMOIb/ 1 [17.62; 47.53] [10.10; 18.92] [9.57; 12.65] :
Serum direct bilirulzin, umol /L 9.70 2.40 2.55 < 0.0001
Buaupybun npamot, Mmkmoav,/ [4.40; 20.06] [1.70; 3.30] [2.22; 2.88] :
Alanine aminotransferase, U/L 26.00 34.00 17.00 0.0004
Ananunamunompancgpepasa, E0./ n [20.25; 52.25] [28.00; 51.75] [11.00; 21.00] :
Aspartate aminotransferase, U/L 55.00 26.50 20.00 < 0.0001
Acnapmamamurnompancgpepasa, E0./ 1 [31.00; 77.50] [23.00; 42.00] [17.00; 23.00] :
Gamma-glutamyl transferase, U/L 97.50 35.50 14.50 < 0.0001
Tamma-znymamurmpancepepasa, E0./n| [50.50; 312.00] [20.75; 60.25] [13.00; 33.25] ’
Alkaline phosphatase, U/L 137.00 102.50 75.00 0.0008
I[enounas ¢ochamasa, EOJ./ 1 [97.00; 263.25] [72.75; 169.75] [51.00; 104.69] )
Serum albumin, g/L 37.35 44.95 44.90 < 0.0001
Anvbymun, 2/ 1 [34.00; 43.48] [42.92; 46.00] [43.47; 46.62] ’
Serum vtotal protein, g/L 72.00 72.00 72.05 0.953
Obuquii 6enox, 2/ 1 [69.00; 75.25] [69.30; 74.25] [71.00; 75.38] :
Glucose, mmol/L 5.34 5.56 4.75 0.016
TI'noxo3a, mmoav,/ 11 [5.00; 6.18] [4.90; 6.90] [4.35; 5.48] :
Serum iron, pmol/L 19.00 17.35 12.35 0.050
Keneso, mxmonn,/ 1 [15.55; 24.16] [13.75; 19.85] [10.07; 18.50] :
Serum HDL, mmol /L 1.06 1.12 1.33 0.016
JIIIBII, mmonv/ 1 [0.90; 1.31] [0.91; 1.33] [1.23; 1.47] ’
Serum LDL, mmol/L 3.19 3.54 3.10 0.086
JIITHII, mmonv/ 1 [2.65; 4.06] [2.93; 4.34] [2.88; 3.45] ‘
Serum VLDL, mmol /L 0.57 0.78 0.60 < 0.0001
JITOHII, mmorv,/ 1 [0.44; 0.67] [0.66; 1.16] [0.39; 0.62] ’
Serum cholesterol, mmol /L 4.69 5.44 4.82 0.049
Xoaecmepun, Mmonv/ 1 [3.88; 5.77] [4.66; 6.23] [4.22; 5.47] :
Potassvium, mmol,/L 4.40 4.60 4.35 0.049
Kanuii, mmonn/ 1 [4.20; 4.60] [4.30; 4.90] [4.15; 4.50] )
Creatinine, pmol/L 76.00 84.50 81.50 0.194
Kpeamunun, mxmonv,/ 1 [65.00; 93.75] [76.00; 92.48] [74.78; 89.25] ’

1.2 1. 1.

L 7 PR [1.09; 17.55] [0.96;0?.10] [0.99;013.08] < Lo

Associated diseases

Conymcmeyiouiue 3abosesanus
D e i ) ()| 5(12.50%) 17 (39.53 %) (00.00 %) | 0.0012
?g}f:;f’jgflfgczaﬁfgmmu ) 1 (27.50 %) 29 (65.91 %) (00.00 %) < 0.0001
BMI, kg,/m? 26.28 30.60 22.31 < 0.0001
HUMT, xz/ M [22.20; 32.20] [26.77; 33.60] [20.90; 23.10] ‘
Variant of liver damage
Bapuanm noepeixoenus neuenu

Steatosis, ’;e(u/ezm " (%) 2 (5.00 %) 22 (50.00 %) (00.00 %)
%ﬁi@%gg’jﬁg";w’;(;}m 7 (17.50 %) 14 (31.82 %) (00.00 %) < 0.0001
Cirrhosis, n (%) 31 (77.50 %) 8 (18.18 %) (00.00 %)

Note: ALD — alcoholic liver disease; NAFLD — non-alcoholic fatty liver disease; HDL — high-density lipoproteins;
LDL — low-density lipoproteins; VLDL — very low-density lipoproteins; INR — international normalized ratio, BMI —

body mass index.

ITpumeuanue: ABII — anxozonvnas 6oaesnv neuenu; HAJKBII — wneanxozonvnas xuposas 6oae3nv newenu;, JIITBIT — nu-
nonpomeunvt gvicoxou naomuocmu; JIITHII — aunonpomeunvt nuzxot naomuocmu; JIITOHII — nunonpomeunvt ouenv Hu3kou

naomnocmu; MHO — mexdynapoonoe nopmaruzosannoe omiuowenue, HMT — undexc maccor meaa.
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Table 2. Principal components identified as a result of multifactorial analysis of metabolites in the over-
all cohort of study participants (the metabolites are distributed vertically in descending order of weight)

Tab6auua 2. TnaBHble KOMIOHEHTHI, BbIJIEJ€HHbIE B PE3Y/IbTaThl MHOTO(PAKTOPHOTO aHaIm3a MeTabo-
JIUTOB, B UCCJIEYeMOii TIOMyJIsAuu B 06Iell KoropTe BKJIKYEHHBIX B UCCJAeA0BaHue Jojgell (MeTaGomThl

pacmpesiesieHbl B MOpsiiKe YObIBAaHUSA BECOBOrO K0a(UIMEHTA 110 BEPTUKAJIM )

MF 1 MF 11 MF III MF 1V MF V MF VI
IM®D II MD III MD IV M®D V MD VI MD
O pelimizaylierrmifing . Lauroyl-carnitine Valeryl-carnitine Pantothenic acid .
Oxco-narvmumoui- Serine Tyrosin
JAaypoun-kapnumun | Barepunr-xapnumun | Ilanmomenoeas
KapHumum Cepun ) (C5) Tuposun
(C16.1) (c12 Kucaoma
Acetvl-carnitine Dodecenoyl-carnitine | Propionyl-carnitine
A Y Choline Jlodeyenou- I ponuonun- Cortisol Methionine
UeMUNKAPHUMUH
(C2) Xoaun KapHumum KapHumum Kopmuson Memuonumn
(C12-1) (C3)
Tetradecenoyl-
Oleoyl-carnitine . carnitine . Xanthurenic acid . .
Glycine Valine Epinephrine
Ouneounxaprnumumn Tempadeyenou- Kcanmypenosas
Truyun Banun Snunedppun
(C18-1) Kapuumum Kucaioma
(C14-1)
4k . . Decanoyl-carnitine Tiglyl-carnitine Rl
Uridine Dimethylglycine Cmeapou-
Hexanounr-xapuumun | Tuzrur-xaprumun
Ypuoun Humemun-eauvyun KaApHUmMum
(C10) (C5-1)
(C18)
Linoleyl-carnitine i ellttee Caproyl-carnitine Leucine
Junoneun-xapnumun Deninaranun Kanpounr-xapnumumn -
(C18-2) (C6)
Metanephrine Taurine Myristoyl-carnitine Carnitine
Memanepus Taypur Mupucmoun-kapnumum Kapnumun
(C14) (C0)
. Asymmetr.mI Aspartic acid .
dimethylarginine A Lysine
A ” CNapazuno6as. i
CUMMEMPUUHBLIL usun
KUc10ma
Jumemunapzunum
Total dimethylarginine Lty ~emminine
- Bymupun-kapnumumn
Obuuti dumemurapeunun
(C4)
Alanine
Ananun

Note: MF — metabolomic factor; Metabolomic factor I (MF 1) is represented by acetyl-carnitines: short-chain acetyl-
carnitine, long-chain oleoyl-carnitine and linoleoyl-carnitine; nucleotide (uridine); metanephrine and two fractions
of dimethylarginine — total and asymmetric; Metabolomic factor II (MF II) is represented by choline, a precursor of
acetylcholine, and various amino acids: serine, glycine, aspartic acid, phenylalanine and their derivatives (dimethylglycine
and taurine); Metabolomic factor 111 (MF II1) consists of representatives of acetyl-carnitines: lauroyl-carnitine (C12),
dodecanoyl-carnitine (C12-1), tetradecenoyl-carnitine (C14-1), decanoyl-carnitine (C10), caproyl-carnitine (C6) and
myristoyl-carnitine (C14); Metabolomic factor IV (MF 1V) is represented by acetyl-carnitines: valeryl-carnitine (C5),
propionyl-carnitine (C3), tiglyl-carnitine (C5-1), carnitine (CO0), butyryl-carnitine (C4); essential amino acids: valine,
leucine, lysine and one replaceable amino acid — alanine; Metabolomic factor V. (MF V) is represented by vitamin B5
(pantothenic acid), cortisol, tryptophan metabolite (xanthurenic acid) and stearoyl-carnitine (C18); Metabolomic factor VI
(MF VI) is represented by metabolites of catecholamine metabolism: conditionally replaceable amino acid (tyrosine),
epinephrine and metanephrine.

HIpumeuanue: M® — nematGonromnviti paxmop; I memaboromnovii paxmop (I M D) npedcmasien auemuikapuumunamu: Ko-
POMKOUENOUCUHBIM AUETUL-KAPHUTNUHOM, OJUHHOUENOUCUHVIMU OLCOUL-KAPHUMUHOM U JUHOICUT-KADHUMUHOM; HYKICOMUOOM
(ypudunom); memaneppunom u deyms ppaxuusmu oumemuiapzenuna — oduum u acummempuynoim; 11 memadoromnvitl pax-
mop (11 MD) npedcmaeﬂen XOIUHOM, NPeOUECMEEHHUKOM AUETULXOJUNHA, U PA3TUHHIMU AMUHOKUCTIOMAMU: CEPUHOM, 2JUUU-
HOM, ACNAPAZUHOBOU KUCAOMOU, (PeHUAANanUnoM U ux npoudeodnvwmu (Qumemuiziuuunom u maypunom); 111 memaGorommoiii
paxmop (111 MD) cocmasasiom npedcmagumenru avemui-kapuumunos: aaypour-xkapuumun (C12), dodeyenour-xapnumun
(C12-1), mempadeyenoun-kapnumun ( C14-1), dexarnoun-xaprumun (C10), kanpour-kapnumun (C6) u mupucmoun-kapHumun
(C14); IV memabonrommnoii paxmop (I1V MD) npedcmasien auemur-kapnumunamu: sarepui-kapuumurom ( C5), nponuonui-
xaprumunom (C3), muzrur-xaprumunon (C5-1), KapHumunon (C0), 6ymupur- “KaApHUmuHom (C4); nesamenumoimu amuno-
KUCAOMAMU: 8ASUHOM, NCUUUHOM, JUSUHOM U OOHOU 3AMEHUMOU AMUHOKUCIOMOU — AAAHUHOM; V MemadosoMHbll (hakmop
(V M®) npedcmasaen sumamunon B5 (nanmomenosou xuciomou), xkopmusoiom, memabosumon mpunmopana (kcanmy-
perosoti kucaomot) u cmeapour-xaprumunon (C18); VI memaboromnvii paxmop (VI M®) npedcmasien memaborumanu
06MENA KAMEXOAAMUNOB: YCAOGHO-3AMEHUMOU AMUHOKUCAOMOU (MUpo3unom), snuneppunom u memaneppuiom.
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Table 3. Correlation matrix of metabolomic factors with clinical and laboratory data in patients
Ta6auua 3. KoppeasiimorHast MaTpuIiia MeTaboJIOMHbBIX (DaKTOPOB TMAIMEHTOB ¢ KJIMHUKO-Ta00paTop-
HbIMU JaHHbIMU

Parameter / ITokxa3zamenv I II 111 v A% VI
2
%%kﬁj}}ng 0.04 0.15 0.03 0.31%* —0.01 0.25*
T4 Index 0.32%* 0.01 0.12 —0.22% 0.19 0.61%*
Laboratory parameters
Jlabopamopnuie noxazamenu
Platelets, x10%/L
ToonGeoumon, <105/1 —0.29%* 0.04 0.00 0.13 —0.17 -
3 9
e - ~0.15 0.14 0.02 0.24* | —0.06 | —0.17
12
g;fmt;;"oﬁl et N b —0.25* 0.14 003 | 046%* | —0.22¢ | —0.31%
Immunoglobulin A, g/L
T o 0.31%* —0.04 0.21* 0.21* 0.39%*
%ffn‘lyf;%g;;f;y%yMg/Z %ﬂ 0.13 0.02 0.10 ~0.13 0.22* 0.33%*
%ﬁ;@%ﬁfﬁg‘;}; S’Gg/z %ﬂ 0.16 0.00 0.19 —0.39%* 0.05 0.44%*
?b,e“‘m total bilirubin, pmol /L 0.33%* —0.14 0.18 —0.24* 0.07 0.49**
UAUPYOUH 0OUUT, MKMOID/ L
Serum direct bilirubin, umol /L 0.27%* ~0.12 0.23* | —0.33%* 0.07 0.39%*
Bunupybun npsamot, mkmoav,/ 1
Alanine aminotransferase, U/L
manommancomasa, Fa./a | 016 0.02 0.01 0.15 0.10 0.11
Aspartate aminotransferase, U/L
e memammomoncdovna, £8./1 | 002 ~0.02 0.14 ~0.19 0.22% 0.54**
Gamma-glutamyl transferase, U/L
T oo, E/n| 019 0.14 0.19 —0.25* | 0.39% 0.34%*
Alkaline phosphatase, U/L
e e 0.18 ~0.04 0.24* | —0.34** | —0.01 0.21*
i;r;g?/;ﬁ“f?}fz g/L —0.31%* 0.05 0.01 0.37** ~0.08 -
?)eérg;lut%t:/lwl;roge/lg g/L ~0.10 0.12 0.13 0.10 —0.04 —0.08
%%CKO;; Hj‘n“ﬁ‘;;l/ﬁ/ﬂ 0.16 0.13 0.17 0.11 0.25* 0.07
fg‘;j‘l‘:&‘f"zwfggﬁ —0.01 0.10 0.10 0.12 —0.01 0.25*
%%%HHHEJZ&/;?/H;V L —0.22% —0.03 0.11 ~0.10 —0.20 ~0.18
%%“HmHL?nb’og}?}/ L ~0.09 0.15 ~0.08 0.14 0.15 ~0.18
?fﬁ‘gh‘;}%n’ofjf}‘j}/ L 0.02 0.24* ~0.11 0.36%* 0.15 ~0.09
S (e ) T/ ~0.15 0.15 0.05 0.14 0.1 —0.2%
O/lecmethH, MMO]lb//l
g‘zltﬂa;f;“jfv‘;n;f:}y L 0.1 0.03 —0.16 0.04 0.03 —0.28%*
ICC; e:;g;ﬁ;‘*‘;‘;jjn/obb s —0.06 —0.07 0.09 0.36%* —0.16 —0.16
INR / MHO 0.24* 20.10 0.00 20.39%* 0.16 0.48%*

Note: BMI — body mass index; HDL — high-density lipoproteins; LDL — low-density lipoproteins; VLDL — very low-
density lipoproteins; INR — international normalized ratio; * — statistical significance < 0.05; ** — statistical significance
< 0.001.

Ipumeuanue: UMT — undexc maccot meaa; JIIBII — aunonpomeunvt evicokot niomuocmu; JIITHII — aunonpomeurn
Huzkou naomuocmu; JINOHIT — nunonpomeunvt ouenv Huskoti naomuocmu;, MHO — mex0yHapooHoe HOPMAIUI08AHHOE OM-
nowenue;, * — cmamucmuueckas snauumocmos < 0,05; ** — cmamucmuuecxas 3navumocms < 0,001.
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The patient groups showed statistically signifi-
cant differences in immunoglobulin fractions. IgA
and IgG were elevated in patients with ALD com-
pared to those with NAFLD (p = 0.0004) and
the control group (p = 0.015). Compared to ALD,
a decrease in IgM concentration was observed in
NAFLD (p < 0.0001).

The ALD group differed significantly from
the NAFLD (p < 0.0001) and control groups
(p = 0.015) by the presence of pronounced co-
agulopathy, with an increased international nor-

Metabolites of MF IV were mostly associated
with reduced levels of cholestasis markers (alkaline
phosphatase, gamma-glutamyl transferase),
bilirubin, INR, and immunoglobulin fractions (IsG
and IgA). At the same time, a positive correlation
was observed between metabolites concentrations
in serum and albumin levels, as well as increased
leukocyte and erythrocyte counts in the complete
blood count.

Metabolomic factor V was associated with
increased secretion of immunoglobulin fractions

malised ratio (INR), likely due to a higher pro- A and M. A positive correlation was noted

portion of patients with liver cirrhosis (LC) in the
ALD group.

In the course of our study, the levels of
96 metabolites of various biochemical pathways
were analyzed. To better assess the interrela-
tions between the studied metabolites in the
presented sample, and their influence on disease
development and progression, we performed a
multifactorial analysis. As a result, six principal
components were identified, with a cumulative
explained variance of 70.0 %. Each metabolomic
factor (MF) is represented by metabolites with
the highest factor loadings (greater than 0.53)
and presented in Table 2 in descending order of
weighting coefficient.

To assess the relationship between metabolites
and disturbances in systemic homeostasis in the
context of disease development and progression,
we conducted a correlation analysis of the prin-
cipal factors with clinical and laboratory parame-
ters of the patients. The results of the correlation
analysis are presented in Table 3.

The analysis results allowed us to identify
associations  between patients’ metabolomic
profiles and laboratory findings. In interpreting the
data obtained, statistically significant correlations
were noted. Thus, the relationship between the
factors and liver cirrhosis development is reflected
by a statistically significant positive correlation
between the FIB-4 index and metabolites within
MF I (p < 0.001) and MF VI (p < 0.001), and a
negative correlation with MF IV (p < 0.05).

An increase in metabolites of MF I showed
statistically  significant  correlations  with
thrombocytopenia (p < 0.001), anemia (p < 0.05),
as well as hypoalbuminemia (p < 0.001) and
decreased HDL (p < 0.05). Metabolomic factor T
was also associated with hyperbilirubinemia
(p < 0.001), hypocoagulation (p < 0.05), and
elevated IgA levels (p < 0.001).

Metabolomic factor II positively correlated
with VLDL levels (p < 0.05).

A positive correlation was observed between
metabolomic factor IIT and ALP, direct bilirubin,
and IgA levels (p < 0.05).

with hyperglycemia, elevated gamma-glutamyl
transferase and aspartate aminotransferase levels,
and a tendency toward anemia in the complete
blood count.

The strongest correlations were observed with
metabolomic factor VI. Alongside a significant
positive correlation between metabolite levels
and the calculated FIB-4 index, there was an
interconnection with thrombocytopenia in the
complete blood count. In patients, a predominance
of MF VI correlated with hyperbilirubinemia,
hypoalbuminemia, elevated cholestasis markers
(alkaline  phosphatase and gamma-glutamyl
transferase), alanine aminotransferase levels,
and imbalanced secretion of all immunoglobulin
fractions.

We also conducted a comparative analysis of
differences in metabolomic factors across patients
with different disease etiologies and, in comparison,
with the control group (Table 4).

MF I showed statistically significant differences
between both ALD patients (p = 0.003) and
NAFLD patients (p = 0.015) compared to the
control group. In patients with liver disease,
unlike healthy volunteers, there was an increase
in metabolic pathway activity and elevated levels
of all metabolites (Fig. 1).

Metabolomic factors IV and VI significantly
differentiated ALD patients from NAFLD
patients (p = 0.012 and p = 0.011, respectively).
In the context of toxic etiology of liver disease, an
increase in the activity of MF VI and a decrease
in the activity and concentration of metabolites
within metabolomic factor IV were observed.

Given the presence of correlations between
metabolomic  factors and clinical-laboratory
parameters characteristic of liver cirrhosis, a
comparative analysis was conducted between
patients with cirrhosis and the general cohort
of individuals without cirrhosis, including those
from the control group. The inclusion of healthy
volunteers in the factor analysis is justified from
the perspective of enhancing the reliability and
interpretability of the identified latent variables.
This contributes to proper model calibration,
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Table 4. Differences in the metabolomic profile of patients with alcoholic liver disease, non-

alcoholic fatty liver disease, and the control group

Tab6auua 4. Paznuunsg MeTaGoJOMHOTO TPOMUIIS TAMEHTOB ¢ AJIKOTOJIbHOI 00JIE3HBIO TIeYeHN, Tia-
[UEHTOB C HEAJTKOTOJIbHON KUPOBOI 00JIE3HBIO MEUYEHU U TPYIITbI KOHTPOJIS

) ALD/ NAFLD /
Control group ALD Control Control
MF QILS?I I?j)l;c]g)ﬂ I'pynna NAFLD group group
Mo |0y (n = i4) xonmpoas P ABIT/ ABII/ | HAXBII/
(n = 14) HAXBII I'pynna I'pynna
KOHMPOAsi | KOHMpPOas
Me [Q; Q]
0.02 ~0.14 20.47
I 1120.41; 0.40] | [-0.29: 0.13] | [-0.53; —0.35] | ©-003 0.767 0.003 0.015
20.31 20.09 ~0.24
I 120.83: 0.19]| [—0.42: 0.74] | [-0.59: —0.05] | ©-137 0.186 0.998 0.398
20.14 20.16 ~0.09
L1055, 0.28] | [-0.51; 0.35] | [0.46; 0.26] | ©-981 bl B2y b.eer
20.37 0.29 20.05
IV 21.11: 0.35] | [=0.30; 0.84] | [—0.54: 0.49] | 0-012 0.012 0.545 0.609
~0.08 ~0.10 ~0.22
Vo 11=0.29; 0.13] | [=0.22: 0.01] | [=0.37: —0.15] | 0-061 0.983 0.078 0.098
0.24 ~0.34 ~0.54
VI s s | it i | e | 00000 | o 0.0002 0.136

Note: MF — metabolomic factor; ALD — alcoholic liver disease; NAFLD — non-alcoholic fatty liver disease.
Ipumeuanue: MD — memaboromuvii hakmop; ABIl — anxozonvras 6oae3nv nevenu; HAKBII — neanxozonvnas xKuposas

601e31b nevenu.

16 1
11 4
06 A

S 0.1 1
-0.4 A

0.9 -
-1.4 -

-1.9 -
ALD

NAFLD Control

Figure 1. Differences in the metabolomic profile I against the background of diseases of various etiologies in comparison

with the control group

Pucynox 1. Pazmrane Meta6omomuoro npodmis I Ha (ore 3a6osieBanmii pa3andHOil STHOJOTHH B CPABHEHUH C TPYIIION

KOHTPOJIA

helps to distinguish natural data variability from
pathological variations, and provides an objective
assessment of the contribution of each identified
factor to the total variance. Furthermore, the
combined sample increases the statistical power of
the analysis, which is particularly important when
studying complex biochemical systems where
patterns may be subtle in relatively homogeneous
patient groups with limited variability.

We  identified  statistically  significant,
oppositely directed changes in the metabolomic
profiles of patients with a confirmed diagnosis of
liver cirrhosis versus those without cirrhosis and
the results are presented in Table 5.

In patients with liver cirrhosis of various
etiologies (ALD and NAFLD), an increased
activity of metabolic pathways associated with
MF I (p = 0.003), MF V (p = 0.002), and MF VI
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Table 5. Differences in the metabolomic profile

of patients with and without liver cirrhosis

Ta6auua 5. Paznuuns MeTaGoJOMHOTO TIPOMIIS TIAIIMEHTOB € IMPPO30M TIeUeHn 1 6e3 IMppo3a TTedeHn

Metle::z(l;mw Patients with liver cirrhosis Patients without liver cirrhosis
Memabonomnwii| AUueHMoL (cnuzpsz;gsom neuenu Hauuenmuot ?’e;s=u§4§))posa neuenu p
daxmop
Me [Q; Q;]
I 0.13 [—0.20; 0.42] —0.23 [—0.43; —0.01] 0.003
II —0.07 [—0.47; 0.51] —0.26 [—0.63; 0.17] 0.351
111 —0.06 [—0.55; 0.35] —0.16 [—0.48; 0.32] 0.588
v —0.47 [—1.02; 0.24] 0.31 [—0.31; 0.81] 0.0002
\Y —0.02 [—0.15; 0.14] —0.19 [-0.30; —0.05] 0.002
VI 0.50 [-0.15; 1.22] —0.42 [-0.67; —0.19] < 0.0001

Table 6. Differences in the metabolomic profile of patients with liver cirrhosis resulting from alcoholic

liver disease and non-alcoholic fatty liver disease

Ta6.7mua 6. Pazmuuns MeTaGoJIOMHOTO HpO(l)I/IIIH IMaqUEHTOB C IIUPPO3OM II€UYEHN B MCXO€E AJIKOTOJTBHOM
60JIE3HN TIeUeHN W HEAJTKOTOJbHOMN )I(HpOBOﬁ 60JIE3HN TIeUeH!

Metabolomic factor Liver cirrhosis as a result of ALD Liver cirrhosis as a result of NAFLD
Memab6oaommnuwiit Iuppos neuenu 6 ucxode ABII | I[fluppo3 neuenu 6 ucxode HAKBII P
phaxmop (n=31) (n=8)
Me [Q,; Q,]
I 0.14 [—0.12; 0.45] 0.12 [—0.36; 0.16] 0.531
1I —0.16 [—0.72; 0.23] 0.54 [0.05; 1.27] 0.007
111 —0.12 [—0.46; 0.21] 0.38 [—0.55; 0.52] 0.347
1A% —0.66 [—1.15; 0.24] —0.23 [—0.59; 0.20] 0.347
\Y% —0.03 [—0.18; 0.14] —0.02 [—0.11; 0.10] 0.531
VI 0.72 [—0.15; 1.46] 0.18 [—0.11; 0.46] 0.125

Note: ALD — alcoholic liver disease; NAFLD — non-alcohol

ic fatty liver disease.

IIpumeuanue: ABIT — anxozorvnuas 6ore3nuv nevenu; HAJKBII — neanxozonvnas JKupoeas 6ose3nv neuenu.

(p < 0.001) was observed, with a trend toward
elevated concentrations of metabolites in serum.
In contrast, for MF IV (p < 0.001), a statistically
significant trend toward decreased metabolic
activity and lower metabolite levels was revealed.

To assess the influence of etiological factors on
metabolome changes in patients with liver cirrhosis,
a subgroup analysis was conducted among patients
with cirrhosis resulting from ALD and NAFLD.

In the analysis of metabolomic profiles in
cirrhosis  subgroups, statistically significant
differences were identified in relation to MF II
among the patients with cirrhosis of NAFLD
origin — an increase in serum metabolite levels
was observed compared to the patients with
cirrhosis of ALD origin (p = 0.007) (Table 6).

To assess the relationship between metabolomic
factors and disease severity, we conducted a
comparative analysis of patients with liver cirrhosis
at different stages of the disease according to
the Child — Pugh classification, compared with
patients without liver cirrhosis (Table 7).

In the analysis of patients with liver cirrhosis,
statistically significant differences were noted
across cirrhosis severity classes according to the

Child — Pugh scale. A trend toward a decrease
in metabolite levels within metabolomic profile
IT was observed with disease progression. Child —
Pugh class A cirrhosis differed statistically
significantly from class C (p = 0.0047) (Fig. 2).

As the disease progressed, a trend toward
increased metabolic activity within metabolomic
profile VI was observed. The metabolite levels
differed significantly between patients without
cirrhosis and those with class B and C cirrhosis
according to the Child — Pugh scale (p < 0.0001)
(Fig. 3).

We have noted a tendency towards multi-
directional changes in metabolite concentrations as
the disease progressed: an increase in the levels of
metabolites in MF T and a decrease in the activity
of metabolic pathways represented by MF IV.
However, no statistically significant differences
were found within the patient subgroups.

MF III, which primarily reflects the metabolism
of long-chain acylcarnitines, did not show
differences depending on the disease etiology or
cirrhosis status, which may be explained by the
relatively small sample size.
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Table 7. Differences in the metabolomic profile of patients with liver cirrhosis at various stages of se-
verity according to the Child — Pugh classification, compared with patients without liver cirrhosis

Ta6auua 7. Pazmians MetaGoJOMHOTO MPOMUIIS MAIMEHTOB € TIMPPO30M TEYeHH HA PA3HbIX CT/USAX
TsKeCTH 3a00JeBanst o Kiaaccudukamnim Yaiinga — [Ibio B cpaBHEHNN ¢ MaifieHTaMu 6e3 Ippo3a TedeHn

64

Patients without
Metabolomic liver cirrhosis Patients with liver cirrhosis
factor HMavuenmot (Child — Pugh classification)
Memab6oaomnblil 6e3 uupposa Iauuenmot ¢ yuppo3om neuenu p
paxmop neuenu (no xaaccugpuxavuu Yaiuaoa — Ilvio)
(n=159)
Class A Class B Class C
Kaacc A Kaacc B Kaacc C
(n = 16) (n =15) (n = 8)
—0.23 —0.05 0.19 0.30
! [—0.43; —0.01] | [—0.69; 0.16] [-0.02; 0.44] [0.01; 0.73] 0.0059
—0.26 0.46* —0.14 —0.70*
Il [-0.63; 0.17] [-0.06; 0.93] [-0.51; 0.17] [-0.95; —0.36] | 00023
~0.16 —0.12 ~0.12 0.10
H [—0.48; 0.32] [-0.55; 0.35] [0.36; 0.16] [—0.29; 0.59] | 08017
0.31 —0.23 —0.79 —0.99
v [—0.31; 0.81] [—0.66; 0.32] [—0.96; 0.03] [-1.70; —0.16] | 0-0012
—0.19 —0.08 0.07 —0.11
v [—0.30; —0.05] | [—0.13; 0.10] [—0.06; 0.17] [—0.21; —0.01] | 0-0108
—0.42* —0.11 0.76* 0.76*
Al [—0.67: —0.19] | [—0.42: 0.46] [0.52; 1.71] [0.20; 1.43] | =0.0001

Note: * — differences are statistically significant (p < 0.05).

Hpumeuanue: * — pasiuuus cmamucmuvecxku 3navumol (p < 0,05).

7 .
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Figure 2. Differences in metabolomic profile II during disease progression compared with the group of patients

without liver cirrhosis

Pucynox 2. Paznmnune mera6osomHoro npoduist I va done mporpeccuposanms 3a6osieBaHnst B CPAaBHEHUU C TPYIIION
nanueHToB 6e3 IPpPo3a MeYeHn
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Pucynox 3. Pazmrune Mera6osoMHoro npodusst VI Ha ¢oHe mporpeccipoBaHis 3a60/1€BaHIS B CPABHEHNH C TPYIIION

IMalfMeHToB 6e3 IMppo3a nevyeHn

Discussion

The metabolomic profile reflects all biochemical
processes continuously occurring within the human
body, both at the intracellular and extracellular
levels. During disease development, the activation
of numerous latent compensatory mechanisms is
observed, and the subsequent failure of the organism’s
adaptation to pathological internal and external
influences leads to decompensation and disease
progression. From a clinical standpoint, research in
the field of metabolomics is extremely important both
for the search for early biomarkers of disease at the
preclinical stage and for the development of therapies
aimed at regulating specific biochemical pathways.

Changes in the metabolomic profile in the
context of various diseases have recently become
an active area of investigation. One of the
main challenges in this field is the high cost of
metabolomic studies. Most of international studies
on liver disease-related metabolomics evaluate
the levels of individual groups of metabolites in
biological fluids and tissues.

In our study, we performed a one-time targeted
metabolomic analysis of 96 serum metabolites in
patients. A large set of analyzed molecules allows
for a more comprehensive characterization of
metabolomic profile changes in the studied disease
forms. In the course of the analysis, we identified
six principal components, for which we propose
the term “metabolomic factor”. These metabolomic
factors, consisting of various bioactive molecules,
may reflect both compensatory and decompensatory
processes in the body during disease, as well as

serve as damaging contributors, driving disease
progression. Upon more detailed analysis of
patient groups and the control group, statistically
significant differences in the metabolic activity
of individual metabolomic factors were identified,
which collectively more accurately characterize
changes in the metabolomic profile of our patients.
Based on the data obtained, it is possible in future
studies to explore the biochemical interactions
of specific metabolomic factors and their role in
disease development.

The data we obtained largely agree with
previously published findings.

Many studies have shown that the development
and progression of NAFLD are based on metabolic
disturbances that indirectly lead to mitochondrial
dysfunction, oxidative stress, hepatocyte injury,
immune system activation, and the development
of fibrosis [5]. A specific role in the pathogenesis
of NAFLD is attributed to amino acid metabolism.
Among the essential amino acids, there are
three branched-chains amino acids (BCAAs) —
leucine, valine, and isoleucine. BCAA catabolism
involves the enzyme branched-chain amino acid
aminotransferase (BCAT), which forms the
corresponding a-keto acids, with subsequent
involvement of the metabolites in adenosine
triphosphate (ATP) production and entry into
the Krebs cycle [6]. However, an alternative
biochemical pathway is possible, in which active
BCAA metabolites participate in lipogenesis. This
occurs through the conjugation of carnitine with
BCAA catabolism products and their transport
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into the cytoplasm via a specific transporter.
Studies involving obese patients have reported an
association between BCAAs and acylcarnitines C3
and C5 [7]. P. Sanchez-Pintos et al. identified
elevated C3 and C5 levels in the blood of newborns
who were large for their gestational age and at
increased risk of developing insulin resistance,
obesity, and metabolic syndrome later in life [8].
In their work, T. Kazuto et al. proposed a hidden
biochemical link between L-carnitine (C0) and
BCAA and its role in the development of hepatic
encephalopathy in LC [9]. Studies investigating
the effects of BCAA on liver metabolism have
shown that catabolism of these molecules is
reduced in NAFLD, leading to elevated levels of
amino acids in the serum of affected patients [10,
11]. It is also known that BCAAs, as nitrogen
donors, participate in the synthesis of alanine from
pyruvate in the Krebs cycle [12]. Therefore, under
altered BCAA metabolism, an increase in alanine
levels is presumed. These findings are consistent
with our results, in which we observed elevated
concentrations of metabolites in MF IV, consisting
of short-chain acyl-carnitines and amino acids, in
patients with NAFLD.

In our study, an association was identified
between metabolomic factors I, V, and VI and the
presence of liver cirrhosis in the cohort of patients
included in the study. A positive correlation was
established between MF T and VI and the FIB-4
index. We have analyzed the metabolomic profile
of patients depending on disease severity according
to the Child — Pugh scale, taking into account
the presence of ascites, hepatic encephalopathy,
hypocoagulation, bilirubin level, and decreased
protein-synthetic function of the liver. As the
disease progressed, a significant increase in the
metabolic activity of MF VI was observed,
suggesting that the levels of methionine, tyrosine,
and epinephrine may reflect the progression of liver
failure, jaundice, and impaired liver detoxification
function. These clinical manifestations are
supported by the established correlation between
MF VI and changes in biochemical blood analysis
in the studied cohort.

Methionine is an essential proteogenic amino
acid [13]. Recent studies have shown that
disturbances in methionine metabolism and
functional alterations of related enzymes are
closely associated with fibrosis progression and
the development of hepatocellular carcinoma [14].
The role of the active catabolite of methionine,
S-adenosylmethionine (SAM), in maintaining
homeostasis has been well described. Evidence
suggests that SAM can exert a direct antioxidant
effect, prevent mitochondrial DNA damage
and mitoribosome dissociation, and suppress

pro-inflammatory cytokines [15]. In addition, SAM
is the main methyl group donor for the synthesis
of phosphatidylcholine, which is essential for the
export of VLDL from the liver [16]. Tt has been
demonstrated that patients with insulin resistance
and non-alcoholic steatohepatitis show a reduced
rate of methionine transmethylation compared to
the control group [17].

According to many observations, the liver is one
of the primary organs involved in the metabolism
of aromatic amino acids (AAAs: phenylalanine,
tyrosine, and tryptophan) [18]. Literature data
describe changes observed in patients with liver
cirrhosis, including elevated levels of AAAs, in
particular phenylalanine and tyrosine, and reduced
levels of BCAAs in plasma [19]. In their work, G.
Dam et al. showed that the BCAA/AAA ratio, the
so-called “Fisher ratio”, negatively correlated
with disease severity and survival scores according
to the Child — Pugh classification [20]. Many
studies demonstrate that in the context of
hyperammonemia, which may occur in liver
cirrhosis, catabolism of branched-chain amino acids
is enhanced, leading to a decrease in BCAA levels
in plasma [21]. Similar changes in the metabolomic
profile of patients with chronic liver disease were
noted by M. Gaggini et al. [22]. These findings
are consistent with the metabolomic alterations
identified in our study. We found a statistically
significant association of metabolomic factors TV
and VI with the FIB-4 index. In the context of
liver cirrhosis, we observed oppositely directed
changes in metabolite concentrations, specifically,
a decrease in BCAAs (valine and leucine) and
an increase in AAA (tyrosine) in cirrhotic
patients. However, phenylalanine was included
in metabolomic factor II, and its concentration
decreased as LC progressed.

Alterations in  catecholamine metabolism
during the development and progression of liver
diseases have been described in the literature. In
our study, statistically significant changes were
found in the levels of epinephrine and its metabolite,
metanephrine. However, during analysis, these
molecules were grouped into different metabolomic
factors. The researches indicate that the liver interacts
directly with catecholamines via the sympathetic
nervous system. It has been demonstrated that
nerve endings contact hepatocytes, stellate cells,
sinusoidal endothelial cells, as well as bile ducts
[23]. It has been established that catecholamines
in the liver are able to regulate glucogenolysis and
gluconeogenesis [24, 25]. The studies in animal
models have shown that catecholamines can directly
regulate intracellular triglyceride breakdown into
free fatty acids and restrict VLDL secretion [26, 27].
Both animal and human studies have shown that
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plasma catecholamine levels increase with alcohol
consumption and in patients with liver cirrhosis of
various etiologies [28].

Along with metabolomic factors T and VI, we also
identified statistically significant increases in vitamin
B,, cortisol, xanthurenic acid, and acylcarnitine
(C18) in patients with liver cirrhosis compared
to those without it. Previously, we demonstrated
that the tryptophan metabolite xanthurenic acid
was significantly elevated in patients with hepatic
encephalopathy [29]. However, regarding cortisol,
our results partially diverge from the literature.
Several studies have shown that as liver cirrhosis
progresses, cortisol levels may decrease as a
manifestation of hepatoadrenal syndrome [30].

Another metabolite associated with liver diseases,
and which function has been well described in the
literature is asymmetric dimethylarginine (ADMA).
It has been established that this metabolite, which
is linked to the risk of cardiovascular complications,
increases with the progression of liver failure [31]. In
our study, an elevated level of this metabolite was
observed within MF T in patients with liver cirrhosis.

In recent years, many studies have focused
on mitochondrial dysfunction and its role in the
pathogenesis of various diseases. According to the
literature, mitochondrial ~dysfunction underlies
metabolic syndrome, lipid metabolism disorders
and insulin resistance [32]. Previously, we had
demonstrated that in patients with liver cirrhosis
resulting from ALD and NAFLD, there is a decrease
in the levels of short-chain fatty acids (SCFAs) in
stool samples [33]. SCFAs serve as substrates for
mitochondrial function, and their reduction may
potentially lead to mitochondrial dysfunction [34].
In this study, a large number of metabolites were
identified that are directly or indirectly involved
in energy metabolism. Specifically, we observed
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