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Abstract. The relevance of the study is due to the high frequency of drug-induced liver injury
in mammals and insufficient study of the issue of amino acid metabolism disorders in acute
forms of hepatopathy of the corresponding genesis. In this regard, the study was aimed at
identifying specific changes in the profile of free amino acids in the bile and liver of rats with
tetracycline-induced fatty hepatosis, as well as determining the corrective effect of the
phospholipid fraction of milk. The leading approach in studying this problem was an
experiment on laboratory animals with modelling of fatty hepatosis due to the cytotoxic
effect of tetracycline, followed by the selection of bile and liver samples, followed by studying
the spectrum of free amino acids using thin-layer chromatography with ninhydrin staining.
It was found that the general pattern of changes in the hepatobiliary system of diseased rats
indicated a violation of bile acid conjugation processes and mitochondrial dysfunction, as
well as a pronounced blockage of the use of free amino acids in metabolic processes. At the
same time, the use of phospholipid-containing therapy in rats with tetracycline-induced fatty
hepatosis activated the use of the intrahepatic reserve of amino acids involved in bile acid
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conjugation and antioxidant protection, in particular sulphur-containing representatives and
the total fraction of glycine/serine/glutamine. It was determined that the bile of these rats also
had a reduced content of glycine and taurine-containing amino acid fractions in the bile of
these rats, with a simultaneous increase in the level of the total alanine/tyrosine/threonine
and arginine/ornithine/lysine fractions, confirming the activation of detoxification processes
in the liver involving free amino acids. It was found that the use of the phospholipid fraction of
milk reduced the manifestations of disturbances in the intermediate metabolism of amino acids
and contributed to the restoration of the content of leucine- and valine-containing fractions
in the bile and liver of sick rats. The established patterns are of practical value for laboratory
diagnosis and preclinical evaluation of hepatoprotective agents, since the amino acid profile of
the hepatobiliary system can be used as a sensitive indicator of the severity of liver injury and
as a criterion for determining the effectiveness of therapy

Keywords: chromatography; amino acid fractions; liver; bile; corrective therapy; tetracycline

hydrochloride; laboratory diagnostics

Introduction

Drug-induced liver injury (DILI) is considered
one of the most challenging problems in mod-
ern hepatology, as it is a common cause of acute
liver failure, masquerades as other lesions, and
requires clear diagnostic and monitoring algo-
rithms. In practical guidelines, R.]. Fontana et
al. (2023) noted that the management of pa-
tients with DILI should be based on a stand-
ardised approach that combines clinical as-
sessment, biochemical markers, and analysis of
potentially hepatotoxic drugs (including herbal
and dietary supplements). Summarising cur-
rent understanding of the pathogenesis of this
hepatopathology, J. Skat-Rgrdam et al. (2025)
emphasised that the key mechanisms of DILI
remain mitochondrial dysfunction, oxidative
stress and immune-mediated injury to hepato-
cytes, and therefore risk assessment should be
based on the evaluation of these links. At the
same time, S. Thakur et al. (2024) emphasised
that biomarker panels (rather than individual
indicators) capable of reflecting various com-
ponents of pathogenesis, from oxidative stress
to cholestasis and inflammation, are becom-
ing increasingly important for hepatotoxicity.

Against this background, amino acid homeosta-
sis is gaining increasing attention as the “cen-
tral axis” of liver metabolism and its disorders.

In the context of metabolic hepatopathies,
C. Fotakis et al. (2023) showed, based on met-
abolic profiling, that non-alcoholic fatty liver
disease (NAFLD) is associated with reproduc-
ible metabolic patterns, including amino acid
patterns, that reflect changes in energy and ni-
trogen metabolism. This is consistent with what
M. Holecek (2024) described in detail, pointing
to the role of alanine and glutamine as key car-
bon and nitrogen carriers for gluconeogenesis
and the functional interaction of the liver with
other organs. This finding makes amino acid
shifts not only “markers” but also functionally
significant components in pathology. Of par-
ticular interest are integral amino acid indices
as tools for assessing metabolic imbalance and
predicting the severity of liver injury. In par-
ticular, H. Enomoto et al. (2023) emphasised
that the ratio of branched-chain amino acids to
tyrosine is not only an indicator of amino acid
imbalance but also a reflection of systemic met-
abolic shifts in chronic hepatopathies. A study
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by J. Bugajska et al. (2023) demonstrated that
the amino acid composition of bile can reflect
the characteristics of pathological processes in
the biliary tract. This reinforces the relevance
of analysing the biliary spectrum of amino
acids in elucidating metabolic changes in the
hepatobiliary system. At the same time, A. Egu-
chi et al. (2025) showed that the profile of ami-
no acid-conjugated bile acids in blood serum
reflects the severity of chronic liver disease and
has prognostic significance for the viability of
the organism. In other words, changes in con-
jugation are not only a biochemical feature, but
also a clinically and experimentally significant
characteristic of the lesion.

The key link between amino acid metab-
olism and the detoxification function of the
liver is the conjugation of bile acids with gly-
cine and taurine, which is provided by the en-
zyme bile acid-CoA:amino acid N-acyltrans-
ferase (BAAT). Importantly, S.A.]. Trammell et
al. (2023) identified BAAT not only as a bile
acid conjugation enzyme, but also as a hepat-
ic N-acyltaurine synthase for polyunsaturated
fatty acids, i.e., BAAT forms a broader spectrum
of bioactive lipid derivatives potentially rele-
vant to models of drug-induced steatosis and
cholestatic components of injury. The regula-
tory mechanisms of this axis complement the
data of T. Miyazaki et al. (2023), who used an
experimental model to demonstrate enhanced
taurine biosynthesis and conjugation of bile ac-
ids with taurine through farnesoid X receptor
(FXR)-dependent mechanisms, emphasising
that the balance of taurine/glycine conjugates
is a controllable and therefore potentially de-
cisive link in the pathogenesis of hepatop-
athy. Against the backdrop of the search for
non-fragmentary approaches to the correction
of drug-induced hepatopathies, there is grow-
ing interest in nutritional strategies, primarily
in milk phospholipids. Experimentally, Z. Wu et
al. (2022) showed that the addition of milk fat
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globule membranes (MFGM) alleviates colitis
and secondary liver injury by improving the
mucosal barrier and modulating the microbi-
ota, which is important for the gut-liver axis.
Additionally, Q. Zhang et al. (2021) showed that
adding MFGM to the diet can reduce the man-
ifestations of hepatic steatosis under experi-
mental conditions of metabolic stress, which
forms a rational basis for testing the hepatopro-
tective potential of milk phospholipids and in a
model of tetracycline-induced hepatosis. That
is why a comprehensive study of amino acids
in the biliary system of rats under conditions
of tetracycline-induced liver injury and against
the background of milk phospholipid adminis-
tration represents a relevant research direction
that combines mechanistic analysis (mitochon-
drial dysfunction/oxidative stress/bile acid con-
jugation) with potential nutritional correction.

Thus, current data highlight two key un-
resolved issues. First, simultaneous changes in
the profile of free amino acids in the liver and
bile in a model of acute drug-induced steato-
sis, in particular tetracycline-induced steatosis,
have not yet been sufficiently characterised.
Second, there is limited information on wheth-
er the phospholipid fraction of milk is capable
of modifying these amino acid shifts through
its effect on bile acid conjugation, antioxidant
pathways, and complexes associated with glu-
tathione metabolism.

The aim of the study was to reveal specific
changes in the profile of free amino acids in the
bile and liver of rats with tetracycline-induced
fatty hepatosis and to determine the corrective
effectiveness of the phospholipid fraction of
milk in restoring the amino acid balance at the
level of the hepatobiliary system. The objectives
were, first, to quantitatively characterise chang-
es in the profile of free amino acids in the bile
and liver of rats relative to the control group;
secondly, to determine whether the phospho-
lipid fraction of milk modifies the deviations of
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glycine-taurine and sulphur-containing amino
acid groups associated with bile acid conjuga-
tion and antioxidant protection; and, thirdly, to
evaluate the informativeness of the amino acid
spectrum as a potential indicator of the effec-
tiveness of correction, comparing the “Self-re-
habilitation” groups without therapy and in the
case of oral administration of milk phospholip-
ids “Tetracycline + biologically active supple-
ment FLP-MD” to laboratory rats.

Literature Review

In both veterinary and human medicine, the
toxic effect of drugs on the liver is one of the
leading problems in hepatopathology. Several
interrelated pathogenetic mechanisms are dis-
tinguished in the development of DILI, includ-
ing mitochondrial dysfunction, oxidative stress,
and bile acid homeostasis imbalance, which
significantly complicates the treatment of sick
animals. ]. Skat-Rgrdam et al. (2025) added the
activation of cell death signalling pathways to
the list of drug-induced liver injury disorders.
The experts emphasised the need to use exper-
imental models in combination with compre-
hensive approaches and genetic tools for in-
depth study of the pathogenesis of DILI and the
search for reliable biomarkers. This pathogen-
esis of drug-induced liver injury is consistent
with the phenotype of tetracycline-induced mi-
crovesicular steatosis, where the suppression of
mitochondrial B -oxidation of fatty acids, which
leads to the accumulation of small fat droplets
in hepatocytes. The key links in this phenotype
are dysregulation of lipid metabolism, mem-
brane disorders and oxidative stress, so it seems
reasonable to consider milk polar lipids as po-
tential corrective factors.

Previous studies have noted the high effica-
cy of milk phospholipids (polar lipids) in mod-
els of liver injury. Thus, Z. Wu et al. (2022) in a
model of acute colitis (induced by DSS) with sec-
ondary liver injury showed that inflammatory

aggression was accompanied by an increase
in the activity of aspartate aminotransferase
and alanine aminotransferase in blood plasma
and liver, while prophylactic administration of
MFGM reduced these indicators and mitigated
the manifestations of hepatic oxidative stress.
This indicated the pronounced hepatopro-
tective potential of milk polar lipids. Further
studies detailed the effect of milk polar lipids
on fat metabolism in hepatic steatosis. In par-
ticular, Q. Zhang et al. (2021) demonstrated that
the offspring of mice whose mothers received
a high-fat diet developed pronounced hepat-
ic steatosis: small fat vacuoles accumulated in
hepatocytes, the content of triacylglycerols in
blood serum and liver increased, and aspartate
aminotransferase activity increased. In contrast,
the addition of MFGM in the early postnatal pe-
riod contributed to the restoration of triacylg-
lycerol levels and aspartate aminotransferase
activity and improved antioxidant defence pa-
rameters (decrease in malondialdehyde content,
increase in superoxide dismutase activity). This
was consistent with the suppression of de novo
lipogenesis and restoration of mitochondrial
function in the liver of these animals. A.L. Zhou
& R.E. Ward (2024) also showed that a diet en-
riched with milk polar lipids caused a decrease
in absolute and relative liver weight and a de-
crease in the expression of liver genes associat-
ed with lipid metabolism, including cholesterol.
This confirms the beneficial effect of milk phos-
pholipids on hepatic lipid metabolism under
stress conditions. In a review of clinical stud-
ies, A.P. Kanon et al. (2024) showed that adding
MFGM to the diet of adults was associated with
a decrease in total cholesterol and low-density
lipoproteins in the blood. This hypolipidemic
effect was consistent with the hypothesis of the
cardiometabolic benefits of milk phospholip-
ids. Taken together, these results significantly
complement experimental data on the effective
correction of the lipid profile of blood plasma,
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bile and liver in rats using the components of
the dietary supplement “FLP-MD” in a model of
tetracycline-induced hepatosis.

In modern research, increasing attention
is being paid to the amino acid profile as a
marker of liver injury. For example, J. Zhao et
al. (2023) used Mendelian randomisation to
prove a causal link between genetically deter-
mined levels of certain amino acids and the risk
of metabolically associated fatty liver disease
(MAFLD). In particular, it was shown that ge-
netically determined increases in alanine lev-
els and decreases in glutamine content cause
a higher risk of developing MAFLD. These data
emphasised that changes in amino acid com-
position are not only a consequence but also
a possible trigger for the progression of stea-
tosis. In turn, N.Y.T. Tan et al. (2024) proposed
an integrated glutamate-serine-glycine index
as a non-invasive indicator of MAFLD activi-
ty stage and response to therapy. Overall, the
results obtained indicate that the amino acid
profile is a promising platform for assessing the
severity and prognosis of hepatopathy. At the
same time, most studies focus on the analysis
of blood plasma and practically do not consider
synchronous changes in the amino acid spec-
trum in the liver and bile.

A separate area of research is the assess-
ment of the phospholipid fraction of MFGM as
a source of bioactive lipids. Literature data have
shown that MFGM components such as phos-
phatidylcholine, sphingomyelin and phosphati-
dylethanolamine are capable of regulating lipid
and cholesterol metabolism, improving the
barrier function of the intestine and exhibiting
anti-inflammatory properties. The reduction
in cholesterol and low-density lipoprotein lev-
els in adults when consuming MFGM, demon-
strated in clinical studies, is consistent with
the hypolipidemic and general health-promot-
ing effects of milk polar lipids. These facts are
comparable to the above experimental data on
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the correction of lipid metabolism in the liver
under the influence of milk phospholipids. In
addition, it is worth noting the role of individ-
ual amino acids in the course and treatment
of animals with hepatopathology. A decrease
in branched-chain amino acids (BCAA) during
the progression of chronic liver disease is asso-
ciated with a worsening prognosis, while their
additional administration is recommended in
patients with cirrhosis (especially in the pres-
ence of hepatic encephalopathy) to improve
nutritional status and clinical outcomes. More-
over, M.C. Trillos-Almanza et al. (2024) showed
that BCAAs and their metabolites contributed
to a decrease in the intensity of activation of
hepatic stellate cells (the main effectors of fi-
brogenesis) in in vitro experiments. Thus, the
available literature data have shown that tet-
racycline-induced hepatosis is an experimen-
tally validated model for studying DILI. Milk
phospholipids and other components of milk
fat globule membranes have a clinically proven
ability to correct structural and metabolic dis-
orders in the liver. At the same time, the amino
acid profile is considered a sensitive marker of
liver injury. However, simultaneous changes in
the amino acid composition of the liver and bile
in conditions of drug-induced hepatosis and
its correction with milk phospholipids remain
insufficiently characterised, which explains the
need for this study.

Materials and Methods

An acute experiment on laboratory rats, fol-
lowed by the collection of biological material
samples and their preparation for amino acid
composition analysis, was conducted in Janu-
ary 2024 at the vivarium of the Educational and
Scientific Centre (ESC) “Institute of High Tech-
nologies” of the Taras Shevchenko National
University (Kyiv), which is equipped with cen-
tralised water supply, sewage, ventilation and
air conditioning. The research was conducted in
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accordance with Directive 2010/63/EU (2010),
Law of Ukraine No. 3447-1V (2006) and Order
of the Ministry of Education and Science, Youth
and Sports of Ukraine No. 249 (2012). The amino
acid composition of the prepared bile and liver
samples was studied in the scientific laboratory
of the same research centre during 2024. The
research project was reviewed and approved by
the Bioethics Committee of the National Uni-
versity of Life and Environmental Sciences of
Ukraine, as confirmed by the decision of the
Bioethics Committee of the National University
of Life and Environmental Sciences (NULES) of
Ukraine dated 10 October 2023, protocol No. 10.

Each group of animals was kept in separate
cages on a standard vivarium diet. They had
free access to food and drinking water. Before
the start of the experiment, the rats were kept
in quarantine with clinical examination for two
weeks. Monitoring of changes in body weight
and feed consumption by the test animals was
carried out for 9 days.

Using the author’s method by V. Grysh-
chenko et al. (2019), fatty hepatosis was mod-
elled in laboratory rats. For this purpose, using
a soft silicone probe, a 4% solution of tetra-
cycline hydrochloride was administered in-
tragastrically to the animals daily at a rate of
250 mg/kg of body weight for 7 days. As a result
of intragastric administration of high doses of
tetracycline hydrochloride, rats developed fat-
ty hepatosis. Animals that received intragastric
administration of tetracycline hydrochloride
without further therapy were assigned to the
“Self-rehabilitation” group (n = 6). Rats in the
“Tetracycline + “FLP-MD” dietary supplement”
group (n=6) were administered an intragas-
tric dose of a 1% solution of the FLP-MD die-
tary supplement (experimental series, NULES
Ukraine), which contains milk phospholipids
as the main active ingredient. The drug was
administered intragastrically for 9 days — one
hour before the administration of the antibiotic,

as well as for two days after the completion of
the course of antibiotics. The daily therapeu-
tic dose of “FLP-MD” dietary supplement was
13.5 mg/kg of body weight (Patent of Ukraine
No. 8651, 2009). Rats that were administered
distilled water in a volume equivalent to the
volume of the antibiotic and dietary supple-
ment were included in the “Control” group
(n=6). The next group of animals, the “Prepa-
ration” group, consisted of clinically healthy
animals that additionally received milk phos-
pholipids as part of the dietary supplement
“FLP-MD” (n = 6). During the experiment, the
body weight of the rats was monitored daily us-
ing ORION OS-0K22 electronic scales (ORION
ELECTRONICS LTD, Europe), adjusting the dos-
age of the drugs according to the established
changes. On day 10, bile and liver samples were
taken from rats in all groups for further analysis
of their amino acid composition.

The spectrum of free amino acids was de-
termined by the method of paper chromatog-
raphy with ninhydrin staining, modified on the
basis of the classical methods of R. Consden et
al. (1944), S.M. Partridge (1948) and taking
into account the approaches of S. Moore & W.
H. Stein (1948) and R.]. Block et al. (1958), which
allowed for a quantitative assessment of the
amino acid composition of biological material.
This method facilitated the separation of amino
acids on chromatographic paper due to differ-
ences in the distribution coefficients between
the mobile and stationary phases and is suitable
for quantitative analysis in biomaterials, with
the exception of proline and hydroxyproline,
which give an atypical reaction with ninhydrin.

Bile sampling. Rats were fasted for 18 hours
prior to surgery. Anaesthesia was achieved by
intraperitoneal administration of thiopental
sodium at a dose of 60 mg/kg. Approximately
5 minutes after administration of the anaes-
thetic, the animal was immobilised on its back.
A median laparotomy was performed along the
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midline of the abdomen, starting approximate-
ly 0.5 cm caudal to the xiphoid process; the
length of the incision was 2.0-2.5 cm. The com-
mon bile duct and portal vein were identified at
the hepatic hilum. At a distance of about 0.5 cm
distal to the bifurcation of the duct, two liga-
tures were applied: one to hold the duct during
manipulation, the other to fix the cannula. Af-
ter delicate incision of the duct wall, a cannula
was inserted and connected to a 200 pL micro-
pipette. Bile collection began 30 minutes after
cannulation and was performed every 30 min-
utes for 3 hours (a total of six samples: at 30, 60,
90, 120, 150, and 180 minutes), as described by
D.0. Melnychuk et al. (2015).

Liver sampling. Biological material sam-
ples were collected under thiopental anaesthe-
sia in rats. Liver samples were collected imme-
diately after euthanasia of the rats. A portion
of the organ weighing 300 mg was measured
using torsion balances (model VT-500 torsion
balance, Ukraine), after which 700 uL of physio-
logical saline was added. The samples were ho-
mogenised using a (Lankai FSH-2A, China) over
ice twice for 15-20 seconds at medium speeds,
with a 30-second break between approaches.
The homogenate was centrifuged in a high-
speed microcentrifuge (Biosan Microspin 12,
Latvia) after pre-cooling the rotor at 14.5 thou-
sand rpm for 10-12 minutes.

Sample preparation. Since some amino
acids have very similar Rf values and are not
completely separated during one-dimension-
al chromatography, preliminary concentration
and extraction of the sample was performed.
Each sample (20 uL of liver sample homoge-
nate) was applied to a small square of desul-
phurised filter paper (3.5x3.5 cm) — 20 pL three
times per paper (each layer was dried before ap-
plying the next). The paper saturated with the
sample was cut into small pieces and placed in a
test tube with 2 mL of an extracting mixture of
acetone:ethanol:water (7:2:1, by volume). This
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allowed the amino acids to be extracted (deso-
rbed) from the paper into the solution and si-
multaneously separated from macromolecules
and salts that could interfere with the analysis.
After extraction, the solution was evaporated
to dryness (in a stream of air at room tempera-
ture), and the residue was dissolved in 15 pL of
distilled water. The resulting concentrate was
applied to the starting line of the chromato-
graphic paper in the form of three consecutive
drops of 5 pL each (with a 15-minute interval
between applications for drying). In this way,
a compact concentrated spot was formed from
each sample. The “cut paper elution” approach
was adapted for amino acids as an author’s
modification (Hackman & Lazarus, 1956).
Chromatographic separation. Filtrak FN-1
chromatography paper (Germany) was used as
the stationary phase. The mobile phase was a
six-component mixture of solvents: isoamyl
alcohol (Carlo Erba, France): n-butanol (Carlo
Erba, France): glacial acetic acid (Merk, Ger-
many): formic acid (BASF, Germany): distilled
water: butylbenzyl ether (Thermo Fisher Sci-
entific, USA) in a ratio of 21:8:10:1:10:1 (by
volume) with the addition of 0.2% ninhydrin
(Thermo Fisher Scientific, USA). Chromatogra-
phy was performed in a sealed chamber using
the ascending paper chromatography meth-
od, pre-saturated with mobile phase vapours
(Consden et al., 1944; Williams & Kirby, 1948).
The starting zones for sample application were
located on a line 2-3 cm from the bottom edge
of the paper. The development of the chroma-
togram lasted approximately 7 hours (the sol-
vent passed through almost the entire length of
the paper strip). If necessary, multiple solvent
passes or extended development time (up to
12-20 hours) can be used to improve separation.
However, in this case, a single pass over 7 hours
was sufficient to separate most fractions.
Chromatogram development. After com-
pletion of chromatographic separation, the
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paper strip was removed from the chamber
and dried in a fume hood at room temperature
(1 hour, until complete removal of solvent va-
pours). To visualise the amino acids, the chro-
matogram was placed in a drying oven (Labex-
pert 3015, Ukraine) at a temperature of 45°C
for 120 minutes. During this time, ninhydrin
(Thermo Fisher Scientific, USA), added to the
mobile solvent, reacted with amino acids, form-
ing coloured products directly on the paper.
Thus, additional spraying with the reagent was
not required. This gentle heating (temperature
45°C, 2 hours) ensured the gradual develop-
ment of amino acid spots. For comparison, in
standard methods, the paper chromatogram is
immersed in a ninhydrin solution for several
seconds after drying and then dried, followed
by heating for 15 minutes at 60°C to reveal pur-
ple spots (Block et al., 1958). The approach used
in this work, with the addition of ninhydrin di-
rectly to the eluent, simplified the procedure
with a similar development effect.
Quantitative analysis. After development,
the amino acid spots on the chromatogram
were quantitatively evaluated by reflectance
densitometry. The intensity of each spot’s col-
our was measured on a DO-1M densitometer
(Ukraine) in reflected light. The use of spectral
reflectometry to evaluate ninhydrin staining
on chromatograms is a well-known approach
in the quantitative analysis of amino acids. For
quantitative determination, calibration curves
were constructed in advance: known amounts
of standard amino acids were applied to chro-
matographic paper and, after the entire proce-
dure (separation and development), the optical
density of their spots was measured. Within the
linear range of the ninhydrin reaction, the op-
tical density of the colour is proportional to the
amino acid content. The measured optical den-
sity of the spots of the test samples was com-
pared with the calibration graph of the corre-
sponding amino acid and used to determine the

amount of this amino acid in the sample, taking
into account the dilution made during sample
preparation. If some amino acids did not sepa-
rate (co-eluted) due to the proximity of Rf, their
total content was noted together, or separation
required additional measures (e.g., solvent
change or two-dimensional chromatography).
Statistical processing of results. The ex-
perimental data obtained were processed using
methods of variational statistics in the Microsoft
Excel 2016 software environment. For each in-
dicator, the arithmetic mean (M), standard de-
viation (SD) and standard error of the mean (m)
were determined using the following formulas:

M === 1)
SD = Y (x;—M)?

n-1 (2)

m=32 3)

where n — number of observations.
Calculations were performed using built-
in Excel functions: = AVERAGE(range) - for
the mean value; = STDEV.S(range) - for
the standard deviation; =STDEV.S(range)/
SQRT(COUNT(range)) — for the standard error
of the mean. The significance of differences be-
tween means was tested using Student’s t-test
for independent samples with unequal vari-
ances (t-test, two-sample unequal variance)
with a statistical significance level of P<0.05.

Results and Discussion

To determine the features of the effect of tet-
racycline-induced hepatosis on the functioning
of the hepatobiliary system of the organism and
to clarify the corrective effectiveness of milk
phospholipids, the amino acid composition of
bile in rats was analysed. The obtained indi-
cators of total amino acid fractions in the bile
of experimental rats from different groups are
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presented in Table 1. This made it possible to
determine the direction of shifts in the amino

acid profile of bile in the experimental rats un-
der different experimental conditions.

Table 1. Concentration of free amino acids in the bile of rats with tetracycline-induced hepatosis
and the use of milk phospholipids, mg% (M+*m, n=6)

Rats with tetracycline- Chl;;:ltl:’el;:::lthy
Clinically  Rats with tetracycline- induced hepatosis with the dieta
Total amino healthy rats, induced hepatosis, treated with the dietary su lementry
acid fraction “Control” “Self-rehabilitation” supplement “FLP-MD”, “FpLIiJ-MD”
group group “Tetracycline + “FLP-MD” .
supplement” group R
group
CCVSEE‘EE/ 0.48%0.03 0.71 % 0.02* 0.40 * 0.02* 0.65 * 0.06*
Arginine/
Ornithine/ 1.55 +0.07 2.77 £0.06* 1.95 £ 0.80* 2.20+0.10*
Lysine
Histidine/
Taurine/ 0.97 £0.06 1.33 +0.08* 0.63 +0.04* 1.48 +0.09*
Asparagine
Glycine/
Serine/ 1.44+0.09 3.16  0.05* 1.03 +0.09* 2.30 £ 0.09*
Glutamine/
Aspartic acid
Methionine/ - 9.4 g0 2.17+0.08* 0.82+0.05* 1.18+0.05*
Glutamic acid
Alanine/
Tyrosine/ 1.50 +0.03 2.10+0.07* 2.15 =0.09* 1.50 £ 0.07
Threonine
Valine/
Norvaline/ 1.07 £0.05 1.67 £0.03* 0.85 £ 0.04* 0.98 £0.08
Tryptophan
Leucine/
Norleucine/ 0.88+0.01 1.64 +0.10* 0.82+0.18 0.97 £0.09
Phenylalanine

Note: *— P<0.05 compared to the control group
Source: authors’ own work

In the bile of rats in the “Self-rehabilita-
tion” group, the cysteine/cystine fraction was
48% higher than the corresponding values in
the “Control” group. This pattern reflected the
activation of the methionine-homocysteine
cycle and enhanced cysteine resynthesis dur-
ing the recovery phase after tetracycline-in-
duced oxidative stress. Cysteine is a limiting
substrate for the synthesis of glutathione and
taurine. These pathways are critical for the de-
toxification of reactive oxygen species and the
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conjugation of bile acids. Recent data from
T. Miyazaki et al. (2023) confirmed that activa-
tion of farnesoid X receptors or NR1H4 stimu-
lates both taurine synthesis and bile acid con-
jugation under the catalytic influence of BAAT,
which requires sufficient supply of sulphur-con-
taining amino acids. Thus, the increased con-
tent of cysteine/cystine in bile during the
self-recovery stage can be interpreted as a con-
sequence of the fact that the rate of their for-
mation exceeds the intensity of their use in the
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synthesis of glutathione and taurine. In the bile
of sick rats in the “Tetracycline + FLP-MD die-
tary supplement” group, on the contrary,a 17%
decrease in the total cysteine/cystine fraction
was recorded compared to the control group.
This may indicate that, despite correction with
milk phospholipids, the cysteine reserve is still
actively spent on restoring glutathione content
and conjugating toxic forms of bile acids that
accumulate during the modelling of tetracy-
cline-induced hepatosis. Recent experimental
work by J. Liu et al. (2025) has shown that an
excess of hydrophobic bile acids, by activat-
ing FXR/SHP (small heterodimer partner), can
inhibit the glutathione synthetase pathway,
increasing the consumption of cysteine for an-
tioxidant protection. Thus, lower values of the
total cysteine/cystine fraction in bile are con-
sistent with the idea of a continuing load on sul-
phur-containing amino acids even under thera-
peutic conditions. In clinically healthy animals
in the “Preparation” group, which received only
milk phospholipids, the concentration of the
cysteine/cystine fraction in bile was 35% higher
than in the control group. This may reflect mild
stimulation of sulphur-containing metabolism
and enhanced conjugation of bile acids against
the background of improved membrane trans-
port under the action of phospholipids.

In the bile of sick rats in the “Self-rehabili-
tation” group, the content of the total arginine/
ornithine/lysine fraction was 79% higher than
the corresponding values in the control group.
This increase in values may be associated with
the activation of the ornithine cycle and en-
hanced detoxification of nitrogen. Ornithine
and arginine are key metabolites of this path-
way, while lysine reflects the overall increase in
protein catabolism. A similar dysregulation of
the arginine-ornithine pathway in acute liver
injury was described by M. Holecek et al. (1996),
who recorded a decrease in arginine concentra-
tion against a background of increased ornithine

content in blood plasma in four models of ex-
perimental liver injury in rats, which correlated
with the severity of hepatocellular injury. Thus,
the levels of these amino acids are considered
to be sensitive biomarkers of acute hepatic
injury. In the group of animals with hepatosis
that received milk phospholipids (the “Tetracy-
cline + “FLP-MD” dietary supplement” group),
the total level of these amino acids was also
significantly higher than the control by 26%,
but lower than during self-rehabilitation. This
can be interpreted as a partial normalisation of
nitrogen metabolism against the background
of the correction: milk phospholipids improved
the structural state of hepatocytes, which con-
tributed to the restoration of ornithine cycle
enzyme activity. This reduced the need for “ex-
cessive” excretion of essential amino acids into
bile. These conclusions are consistent with the
data of S. Colosimo et al. (2023) on the reduc-
tion of hyperammonaemia and correction of ni-
trogen metabolism disorders using amino acid
mixtures/modulating drugs in experimental
models of metabolic hepatopathology.

In the bile of rats in the “Preparation”
group, which received only milk phospholipids,
a 42% increase in the concentration of the total
arginine/ornithine/lysine fraction was also re-
corded relative to the control. This shift can be
interpreted as moderate stimulation of protein
and nitrogen metabolism and a certain adjust-
ment of the ornithine cycle even in the absence
of pronounced liver injury. The additional in-
volvement of essential amino acids created
better conditions for ammonia utilisation and
maintenance of nitrogen homeostasis. This is
consistent with data on the potential hepato-
protective role of L-arginine in experimental
models of cholestatic liver injury. Y. Ozsoy et
al. (2011) demonstrated that the use of L-ar-
ginine reduced the severity of biochemical
and morphological signs of cholestatic injury,
which is consistent with the idea of the anabolic
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and hepatoprotective potential of additional
amino acid administration.

In the bile of sick rats undergoing self-re-
habilitation, the  histidine/taurine/aspar-
agine fraction was 37% higher than in the
control group. Taurine is the end product of
sulphur-containing amino acid metabolism and
the main substrate for conjugation with bile ac-
ids, while histidine and asparagine reflect par-
ticipation in buffering and anti-inflammatory
reactions (via carnosine, histamine, amidation).
An increase in their content in rat bile during
the self-recovery phase may indicate the acti-
vation of bile acid conjugation reactions and
the antioxidant and anti-inflammatory poten-
tial of hepatocytes. In line with this, a review by
M. Stofan & G.L. Guo (2020) noted that FXR re-
ceptor activation is a key link in the regulation
of bile acid synthesis, conjugation and detoxifi-
cation and was considered an important mech-
anism for protecting the liver from metabolic
and cholestatic stress. In the bile of sick rats in
the “Tetracycline + “FLP-MD” dietary supple-
ment” group, the total content of histidine/tau-
rine/asparagine, on the contrary, was 35% lower
than in the control group. This indicates that
even with correction by milk phospholipids, the
supply of taurine and related amino acids is still
insufficiently restored and is likely to be inten-
sively used for the conjugation of toxic forms
of bile acids and the neutralisation of oxidative
stress products. A. Eguchi et al. (2025) showed
that in humans with chronic liver disease, a de-
crease in the glycine/taurine ratio in the serum
conjugated bile acid fraction was closely asso-
ciated with more pronounced deterioration of
liver function, higher markers of fibrosis, and a
less favourable prognosis for patient recovery.
The bile of animals in the “Preparation” group,
which received only milk phospholipids, showed
the highest concentration of this cluster, which
differed by 53% from the control. This can be
interpreted as preventive “saturation” with
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taurine and related amino acids, which created
favourable conditions for bile acid conjugation,
maintenance of bile secretion and increased
liver resistance to metabolic stress. Similarly,
A. Gregor et al. (2021) showed in a calorie-re-
stricted mouse model that this adaptation was
accompanied by an increase in the level of free
taurine and taurine-conjugated bile acids in the
intestinal wall and an increase in the content
of bile acids in the liver and blood plasma. The
established patterns were considered an impor-
tant component of the protective restructuring
of bile acid and antioxidant homeostasis.

In the bile of sick rats in the “Self-reha-
bilitation” group, a sharp increase in the total
content of glycine/serine/glutamine/aspar-
tic acid was noted — more than 119% relative
to the control. Glycine and glutamine are not
only substrates for the synthesis of glutathione
and urea, but also key donors in nitrogen de-
toxification reactions, while aspartic acid is
involved in anion transport and the ornithine
cycle. Such a pronounced increase in their lev-
els in bile can be interpreted as a manifestation
of enhanced protein catabolism and as a result
of the activation of nitrogen metabolism during
the stage of independent recovery after tetracy-
cline injury. A similar trend towards an increase
in the concentration of free amino acids in bile
in conditions of hepatobiliary system dam-
age was described by J. Bugajska et al. (2023),
who found an increase in the content of most
amino acids in bile in gallstone disease com-
pared to the control group. On the other hand,
M. Holecek (2024) emphasised that glutamine
and aspartate are key participants in ammo-
nium detoxification and ornithine cycle func-
tioning in liver injury. Thus, the data obtained
on the increase in the total content of the gly-
cine/glutamine/aspartic acid fraction in bile
was consistent with the idea of the enhanced
participation of these amino acids in ensuring
nitrogen homeostasis at the liver level. In sick
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animals from the “Tetracycline + “FLP-MD”
dietary supplement” group, against the back-
ground of milk phospholipid administration,
the content of the total glycine/serine/glu-
tamine/aspartic acid fraction in bile was 28%
lower than the corresponding values in the
control group. This may indicate that the cor-
rective effect of milk phospholipids was mani-
fested instead of the usual elimination of these
amino acids in bile to intensive use in intra-
cellular synthesis of proteins, glutathione and
energy production necessary to ensure active
regeneration of hepatocytes. A similar transi-
tion from catabolic to anabolic amino acid me-
tabolism is described in the work of O. Rom et
al. (2020), where glycine-containing therapy
in experimental metabolic dysfunction-asso-
ciated steatotic liver disease (MASLD)/NAFLD
stimulated B-oxidation of fatty acids and glu-
tathione synthesis in the liver, reducing stea-
tosis, oxidative stress and fibrosis.

In the bile of animals in the “Preparation”
group, which received only milk phospholip-
ids, the content of the total fraction of glycine/
serine/glutamine/aspartic acid was also signifi-
cantly higher by 60% than in the control group.
This probably reflected the physiological en-
hancement of bile formation under the influ-
ence of phospholipids, increased proliferation
and restoration of the biliary tract epithelium,
for which glycine and serine are key ‘building’
substrates. In support of this, S. Pan et al. (2021)
emphasised that serine and glycine, through
one-carbon metabolism, provide proliferating
cells with nucleotides, proteins and membrane
lipids, which is consistent with the interpreta-
tion of the results in this study regarding the
established growth of this cluster as a marker
of active renewal of the biliary tract epithelium.

In the bile of diseased rats in the “Self-re-
habilitation” group, the content of the total
methionine/glutamic acid fraction exceeded the
control by 117%. Methionine is a methyl group

donor and precursor of cysteine, and glutamate
is a central node between nitrogen metabolism
and energy cycles. Their “accumulation” in
bile can be explained by impaired intrahepatic
utilisation (methylation, glutathione synthe-
sis) and enhanced transamination against the
background of oxidative and lipid stress in tet-
racycline hepatosis. In sick animals from the
“Tetracycline + “FLP-MD” dietary supplement”
group, against the background of milk phospho-
lipid use, the content of the total methionine/
glutamic acid fraction was 18% lower than in
the control group. It is likely that these amino
acids were actively used in intracellular metab-
olism, in particular in the methionine-cysteine
cycle, glutathione and protein synthesis, rather
than being excreted in bile. In the bile of ani-
mals in the “Preparation” group, which received
only milk phospholipids, a moderate but statis-
tically significant 18% increase in the content of
the total methionine/glutamic acid fraction was
observed compared to the control. The observed
changes can be explained by the activation of
the methionine cycle and increased endogenous
synthesis of phospholipids in the liver against
the background of the intake of exogenous
milk phospholipids. A summary of the data by
G. Contarini & M. Povolo (2013) also showed
that milk phospholipids can stimulate the res-
toration of the phospholipid composition of the
liver and reduce its lipid overload, which is con-
sistent with the proposed assumption about the
activation of the methionine cycle against the
background of phospholipid correction.

In the bile of sick rats in the “Self-rehabil-
itation” group, the content of the total fraction
of alanine/tyrosine/threonine significantly in-
creased by 40% relative to its values in the con-
trol group, and in rats from the “Tetracycline +
“FLP-MD” dietary supplement” group against
the background of milk phospholipid use, it in-
creased by 43%. Alanine is a key substrate for
gluconeogenesis and transamination, tyrosine
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is an aromatic amino acid sensitive to the in-
tensity of total proteolysis, while threonine is
an essential component of glycoprotein and
structural protein synthesis. Thus, a statisti-
cally significant increase in the total content
of these fractions in both groups can be inter-
preted as a consequence of the enhanced mobi-
lisation of these amino acids in hepatocytes in
response to the development of experimental
hepatopathology. In the bile of animals in the
“Preparation” group, which received only milk
phospholipids, the content of this total amino
acid fraction remained unchanged.

At the same time, in the bile of sick rats in
the “Self-rehabilitation” group, the content of
the total fraction of valine/norvaline/trypto-
phan increased by 56% relative to the control.
Valine belongs to branched-chain amino acids
(BCAA), and tryptophan belongs to aromatic
amino acids (AAA), so an increase in their to-
tal concentration in the secretion can be con-
sidered a manifestation of a shift in the BCAA/
AAA balance during the recovery phase due to
tetracycline-induced liver injury. K. Tajiri &
Y. Shimizu (2018) emphasised that in patients
with chronic diffuse liver injury and cirrhosis,
there was a decrease in plasma concentra-
tions of branched-chain amino acids against a
background of an increase in aromatic amino
acids, which led to a drop in the Fisher index
(BCAA/AAA) index and the BCAA/tyrosine ra-
tio. Such amino acid dysregulation is consid-
ered a typical sign of cirrhosis progression and
a prognostic marker of its course. Against this
background, the detected increase in the to-
tal content of valine/norvaline/tryptophan in
the bile of rats during self-rehabilitation may
indicate their compensatory elimination from
the intracellular reserve due to the processes
of bile formation and bile secretion. In the bile
of rats in the “Tetracycline + “FLP-MD” dietary
supplement” group, against the background of
the use of milk phospholipids, the content of
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the total valine/norvaline/tryptophan fraction
decreased by 21% compared to the control.
This shift can be interpreted as meaning that,
under the conditions of the correction applied,
these amino acids are used more intensively by
hepatocytes for protein synthesis and regen-
eration processes, compared to their losses in
bile. M.C. Trillos-Almanza et al. (2024) noted
that in patients with end-stage liver disease,
BCAA levels were reduced, and their additional
administration was considered as an approach
to alleviating fibrosis and stimulating regener-
ation. In their work, the authors demonstrated
that BCAAs and their metabolites reduce the
activation of stellate cells in the livers of hu-
mans and rats. Against this background, the ob-
served decrease in the total valine/norvaline/
tryptophan fraction in bile during phospholipid
therapy can be interpreted as a manifestation
of more “economical” use of BCAAs in the liver
to ensure recovery processes, while the absence
of significant changes in these amino acids in
rats in the “Preparation” group confirms that
the nature of the redistribution of BCAA/AAA
in bile is caused precisely by liver injury.

Only in sick rats in the “Self-rehabilitation”
group did the content of the total leucine/phe-
nylalanine fraction in bile differ significantly
higher by 86% compared to the control, while
in animals in the “Tetracycline + “FLP-MD” di-
etary supplement” and “Preparation” groups,
these indicators remained unchanged. Leucine
is a key branched-chain amino acid, and phe-
nylalanine is a typical aromatic amino acid, so
their joint increase in bile can be considered a
manifestation of a pronounced amino acid im-
balance at the stage of uncorrected recovery
after tetracycline injury. Y. Zhang et al. (2024)
noted that in chronic liver diseases, the BCAA/
AAA ratio is a sensitive indicator of the degree
of decompensation and prognosis, since a de-
crease in BCAA and a relative increase in AAA
are closely related to the severity of liver injury.
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Against this background, the fact that in the
group with phospholipid correction, the total
leucine/phenylalanine content did not differ
from the control level, and in the animals of
the “Preparation” group, only a tendency to
increase was noted, further confirms the effec-
tiveness of the corrective effect of milk phos-
pholipids on the amino acid balance.

For a comprehensive characterisation of
intermediate amino acid metabolism, an anal-
ysis of the intrahepatic composition of free
amino acids was also performed, which directly

reflected the metabolic state of hepatocytes
in tetracycline-induced hepatosis against the
background of correction with milk phospho-
lipids. Table 2 presents the summarised results
of individual total amino acid fractions in the
liver of animals from different groups, which,
in combination with the corresponding indica-
tors in bile samples, allows to track changes in
key links of nitrogen-excreting and bile-form-
ing metabolism in the area of primary injury by
toxic doses of tetracycline and, as a result, the
development of fatty hepatosis.

Table 2. Content of free amino acids in liver samples of rats with tetracycline-induced fatty
hepatosis and correction with milk phospholipids, mg% (M*m, n=6)

Clinically
Rats with tetracycline- healthy rats
Clinically  Rats with tetracycline- induced hepatosis treated with
Total amino  healthy rats, induced hepatosis, treated with the dietary the dietary
acid fraction “Control” “Self-rehabilitation” supplement “FLP-MD”, supplement
group group “Tetracycline + “FLP-MD” “FLP-MD”,
supplement” group “Preparation”
group
Cysteine/Cystine  0.30 % 0.03 0.41 +0.04* 0.17 £0.02* 0.44 + 0.05*
Arginine/ 1.48+0.14 2.74 %0.32* 0.86 % 0.07* 2.10%0.24
Ornithine/Lysine
Histidine/
Taurine/ 0.87 £0.07 2.02 £0.22* 0.57 £0.05* 1.57 +0.16*
Asparagine
Glycine/Serine/
Glutamine/ 2.24+0.20 3.73+0.38* 1.33 £0.23* 4.06 = 0.39*
Aspartic acid
Methionine/ - 704 14 3.07 +0.24* 1.21%0.19* 3.04 +0.23*
Glutamic acid
Alanine/
Tyrosine/ 1.20+0.10 1.99 + 0.09* 1.80+0.17* 2.35 = 0.20*
Threonine
Valine/
Norvaline/ 0.82 £0.07 1.58 £0.14* 0.78 £0.04 1.79 £0.13*
Tryptophan
Leucine/
Norleucine/ 1.13+0.08 1.82 £0.10* 2.10 + 0.08* 2.70 £0.18*
Phenylalanine

Note: *P<0.05 compared to the control group
Source: authors’ own work

The amino acid profile in the liver of dis-
eased rats with tetracycline-induced hepatosis

(the “Self-rehabilitation” group) showed signifi-
cant alterations. In particular, the content of the
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total cysteine/cystine fraction in the liver of rats
in this group increased by 37% compared with
the control values, whereas in animals from the
“Tetracycline + “FLP-MD” dietary supplement”
group it decreased by 43%. In clinically healthy
rats receiving milk phospholipids (the “Prepa-
ration” group), the cysteine/cystine content
increased by 47% relative to the control. Thus,
the development of tetracycline-induced fatty
hepatosis was associated with depletion of the
hepatic “thiol” profile, whereas administration
of milk phospholipids to diseased animals shift-
ed the balance toward accumulation of reduced
sulphur-containing amino acids in hepatocytes.
This pattern is probably due to the fact that tox-
ic liver injury led to massive use of cysteine for
glutathione synthesis and detoxification of ac-
tive oxygen species, as well as its entry into the
blood, which led to a decrease in the intrahepatic
reserve. In contrast, the use of milk phospholip-
ids in sick animals probably enhanced the syn-
thesis and resynthesis of glutathione, partially
restoring cysteine reserves in hepatocytes. In a
review by M.T. Nguyen et al. (2025) on NAFLD
therapy with glutathione, it was emphasised
that the restoration of intracellular glutathione
reserves is accompanied by a decrease in oxida-
tive stress and liver enzyme activity, which indi-
rectly confirms the key role of adequate cysteine
supply in maintaining the redox homeostasis of
hepatocytes. This is consistent with the results
regarding an increase in the cysteine/cystine ra-
tio when using phospholipid correction.

For the total fraction of arginine/ornith-
ine/lysine in the liver of the experimental rats,
two opposite trends were observed relative to
the control. In the self-rehabilitation group of
rats, the total content of the components of this
heterogeneous fraction increased by 85% from
the control level, while in the tetracycline-in-
duced hepatosis and milk phospholipid admin-
istration group, it decreased by 42%. In clini-
cally healthy animals, against the background
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of milk phospholipid administration, only a
tendency to increase this indicator (by 42%)
compared to the control was recorded. Thus,
the tetracycline load on the liver in the exper-
imental rats against the background of milk
phospholipid administration was accompanied
by depletion of arginine, ornithine and lysine
depots, while in the case of spontaneous recov-
ery, their compensatory increase was observed
in the studied samples (the phenomenon of
adaptive compensation). At the same time, in-
tragastric administration of milk phospholipids
to clinically healthy animals provoked only a
tendency towards a further increase in the val-
ues of this fraction. At the molecular level, ar-
ginine and ornithine are key participants in the
ornithine cycle, which detoxifies ammonia and
protects the body, while lysine is the main es-
sential amino acid sensitive to changes in total
proteolysis and protein synthesis. The decrease
in their total content in the liver during tetra-
cycline exposure in rats is likely to be the result
of changes in the ornithine cycle and arginase
activity, accompanied by intense depletion of
intracellular arginine.

In a review by S. Thakur et al. (2024) em-
phasised that metabolites of the ornithine cy-
cle, including arginine and ornithine, can be
considered promising biomarkers of hepato-
toxicity, as their imbalance reflects the stress
of ammonia detoxification and hepatocyte
damage. In contrast, a sharp increase in the
arginine/ornithine/lysine cluster in the liver
during the self-rehabilitation phase can be in-
terpreted as the activation of ureagenesis and
anabolic processes aimed at restoring protein
and nitrogen balance. This assumption was in-
directly supported by experimental data from
S. Al-Dalaen et al. (2016), which showed that
the additional administration of L-arginine in
CCl,-induced hepatitis in rats enhanced the an-
tioxidant protection of the liver and improved
the morphological condition of hepatocytes,
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indicating the hepatoprotective potential of
arginine-dependent pathways. In a model of
tetracycline-induced liver injury in rats, the
increase in the total arginine/ornithine/ly-
sine fraction in the case of self-rehabilitation
and the tendency for its increase in clinically
healthy animals against the background of milk
phospholipid administration are also consist-
ent with the idea that the restoration and main-
tenance of the optimal composition of amino
acids in the ornithine cycle is an important link
in the repair of toxic liver injury.

Quantitative characteristics of the total
fraction of histidine/taurine/asparagine in rat
liver samples (Table 2) showed opposite changes
relative to the control. In animals in the “Self-re-
habilitation” group, the total content of these
amino acids increased by 132% from the control
level. In animals in the “Tetracycline + “FLP-
MD” dietary supplement” group, on the contra-
ry, it decreased by 34%, while in animals in the
“Preparation” group, which received milk phos-
pholipids, it increased by 80% from the control.
Thus, tetracycline-induced changes in the liver
under conditions of milk phospholipid adminis-
tration were accompanied by a marked depletion
of histidine, taurine and asparagine, while in an-
imals undergoing self-recovery and separately
against the background of the administration of
milk phospholipids to clinically healthy rats, this
total content accumulated significantly.

This pattern is consistent with the func-
tions of these amino acids. Histidine is a pre-
cursor of carnosine and histamine and acts as
a buffer and antioxidant; taurine ensures bile
acid conjugation, osmoregulation and has a
pronounced antioxidant and anti-inflamma-
tory effect; asparagine, with the participation
of asparaginase, forms a “stress response” of
hepatocytes, accumulating nitrogen and main-
taining energy balance. A sharp decrease in the
content of amino acids of this heterogeneous
fraction in the liver of rats with tetracycline

injury is associated with their intensive use in
antioxidant and detoxification processes. On
the other hand, a significant increase in the to-
tal content of histidine/taurine/asparagine dur-
ing self-rehabilitation and in clinically healthy
animals under the influence of milk phospho-
lipids indicates the activation of recovery pro-
cesses and the accumulation of substrates for
antioxidant protection and membrane repair.

This interpretation is supported by ex-
perimental data from other researchers. Thus,
W. Liu et al. (2008) showed that the addition of
histidine and carnosine in chronic alcoholic liv-
er injury in mice significantly reduced the activ-
ity of transaminases and markers of oxidative
and inflammatory stress, which is consistent
with the role of histidine as a component of the
anti-inflammatory and antioxidant response.
Against this background, a marked increase in
the total fraction of histidine/taurine/aspar-
agine in the liver under conditions of self-re-
habilitation and against the background of the
use of milk phospholipids was considered as a
marker of the activation of hepatoprotective,
antioxidant and reparative mechanisms, while
its decrease in animals of the “Tetracycline +
“FLP-MD” dietary supplement” group was con-
sidered an indicator of intensive involvement
of these reserves.

The content of the total fraction of glycine/
serine/glutamine/aspartic acid in rat liver sam-
ples underwent significant and mutually oppo-
site shifts. In particular, in rats in the “Self-re-
habilitation” group, the content of this total
fraction increased by 67% from the control lev-
el, while in animals with tetracycline-induced
liver injury in the “Tetracycline + “FLP-MD”
dietary supplement” group, on the contrary, a
decrease in its level by 41% from the control
was noted. In clinically healthy animals in the
“Preparation” group, against the background
of the introduction of milk phospholipids, the
content of this fraction in the liver reached its
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highest values, increasing by 81% relative to
the control group parameters. Thus, the use of
tetracycline in toxic doses led to the intensive
use of components of the heterogeneous frac-
tion of glycine/serine/glutamine/aspartic acid,
accompanied by a decrease in their content
in liver samples, while in the case of self-re-
covery and when milk phospholipids were ad-
ministered to clinically healthy animals, their
content increased significantly. These amino
acids are at the intersection of one-carbon me-
tabolism, glutathione synthesis and ammonia
detoxification. Glycine and serine are key do-
nors of one-carbon groups and precursors of
glutathione; glutamine and aspartic acid act as
“reservoirs” for ammonium and replenish the
Citric acid cycle. A sharp decrease in the levels
of this fraction in the liver during tetracycline
loading may be associated with the quantita-
tive redistribution of these amino acids in the
bodies of sick rats, which are also actively con-
sumed in the neutralisation of toxic products
of nitrogen metabolism and in the intensifica-
tion of oxidative processes. Conversely, during
self-rehabilitation and especially in clinically
healthy rats that were administered milk phos-
pholipids, an increase in the content of amino
acids of this fraction in the liver parenchyma
may reflect the activation of one-carbon me-
tabolism and the preparation of the substrate
base for glutathione synthesis and the restora-
tion of energy and nitrogen homeostasis.

Thus, milk phospholipids probably con-
tribute to the rebalancing of amino acids in
the liver of animals from a catabolic, stressful
state to an anabolic and cytoprotective one.
This is consistent with the metabolic studies
by R.P. da Silva et al. (2020), who emphasised
that disturbances in the one-carbon metabo-
lism of glycine/serine and glutamine content
are a key link in the progression of fatty liver
disease. Overall, these data are consistent with
the results obtained regarding the intensive use
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of the hepatic fraction of glycine/serine/glu-
tamine/ aspartic acid at the peak of tetracycline
injury, which may be the result of switching
between the acute stress phase and the repair
phase and the enhancement of cytoprotective
mechanisms, and its insufficient involvement
in the recovery processes in animals during
self-rehabilitation. At the same time, in clini-
cally healthy rats that were administered milk
phospholipids, their excessive mobilisation was
established, which may have a positive effect on
synthetic processes in hepatocytes.

In the case of the total fraction of methio-
nine/glutamic acid in rat liver samples (Ta-
ble 2), there were mixed but significant changes
relative to the control. In the “Self-rehabilita-
tion” group of rats, the total content of amino
acids in this fraction increased by 30% relative
to the control level, and in clinically healthy an-
imals receiving milk phospholipids, it increased
by 29%. In contrast, in sick rats in the “Tetra-
cycline + “FLP-MD” dietary supplement” group,
the quantitative parameters of this fraction
decreased by 49% relative to the control. Thus,
the administration of tetracycline hydrochlo-
ride in toxic doses to rats was accompanied by
increased utilisation of the hepatic pool of me-
thionine and glutamic acid, while in the self-re-
covery phase and against the background of the
use of milk phospholipids in clinically healthy
animals, moderate mobilisation of this group of
amino acids was observed. This profile is con-
sistent with the fact that methionine and glu-
tamate are at the centre of one-carbon metab-
olism, S-adenosylmethionine and glutathione
synthesis. A marked decrease in their total con-
tent in the liver of rats under tetracycline load
can be interpreted as a sign of intensification
of the methionine cycle and glutamate-de-
pendent pathways in hepatocytes, which is
important for maintaining the proper level
of methylation and antioxidant protection in
pathologically altered hepatocytes. Conversely,
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an increase in the total fraction of methionine/
glutamic acid during self-rehabilitation and
against the background of the administration
of milk phospholipids to clinically healthy an-
imals is caused by their insufficient use in the
above-mentioned processes.

At the same time, the quantitative param-
eters of the total alanine/tyrosine/threonine
fraction in the liver of rats (Table 2) indicate
similar trends in changes in animals from dif-
ferent experimental groups in relation to the
control. In particular, in rats of the “Self-reha-
bilitation” group, the total content of amino ac-
ids of this fraction increased by 65% compared
to the control, in animals of the “Tetracycline +
“FLP-MD?” dietary supplement” group — by 50%,
and in clinically healthy rats that received milk
phospholipids, it increased by 95%. Thus, the
artificial administration of toxic doses of tet-
racycline hydrochloride to rats was accompa-
nied by a marked increase in the content of the
alanine/tyrosine/threonine fraction in hepat-
ocytes, both under conditions of self-rehabili-
tation and in the case of prophylactic adminis-
tration of milk phospholipids. Alanine is a key
gluconeogenic substrate and marker of prote-
olysis, tyrosine belongs to aromatic amino ac-
ids sensitive to impaired liver metabolism, and
threonine is involved in the synthesis of glyco-
proteins and can be converted to glycine/serine.
A marked increase in this group of amino acids
in tetracycline-induced injury can be interpret-
ed as a consequence of increased breakdown of
peripheral tissue proteins and reduced utilisa-
tion of these amino acids in liver dysfunction
against a background of mitochondrial disor-
ders. At the same time, a significant increase
in the content of alanine/tyrosine/threonine in
hepatocytes may reflect their mobilisation to
ensure regenerative processes in hepatocytes,
in particular activation of gluconeogenesis, pro-
tein synthesis and cell membrane repair, when
these amino acids accumulate as important

substrates for the energy and structural resto-
ration of hepatocytes.

The established patterns are consistent
with the findings of C. Fotakis et al. (2023), who
demonstrated in a metabolomic study of blood
serum from NAFLD patients that elevated con-
centrations of alanine and tyrosine are asso-
ciated with greater disease severity, and that
threonine levels in women are inversely related
to the progression of steatosis. This emphasises
that quantitative shifts in the total alanine/ty-
rosine/threonine fraction are a sensitive mark-
er of liver metabolism, and their excessive accu-
mulation in the liver against the background of
milk phospholipid administration can be con-
sidered a reflection of activated but controlled
adaptive-anabolic processes, in contrast to un-
controlled dysfunction in tetracycline injury.

Quantitative analysis of the total fraction
of valine/norvaline/tryptophan in rat liver
samples relative to the control showed a sig-
nificant increase in the content of its compo-
nents, especially pronounced in the “Self-re-
habilitation” and “Preparation” groups. Thus,
in rats of the “Self-rehabilitation” group, their
level increased by 93% relative to the control.
In animals of the “Preparation” group, which
received milk phospholipids, the content of this
amino acid fraction increased by 118% com-
pared to the control. In rats from the “Tetracy-
cline + “FLP-MD” dietary supplement” group,
this indicator was finally restored. Such quan-
titative changes in the amino acid spectrum
can be interpreted as the transition of the liver
from an acute toxic phase to an anabolic-re-
generative mode. Valine, as a representative
of BCAA, is an important substrate for energy
supply and protein synthesis, and tryptophan
is important for the kynurenine and seroto-
nin pathways, which modulate inflammation,
microcirculation, and tissue regeneration. In
tetracycline-induced liver cell injury in ani-
mals in the “Self-rehabilitation” group, the
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use of these amino acids was more focused on
the benefit of extrahepatic tissues and the im-
mune response, so no significant changes were
observed in the liver itself. In contrast, in sick
animals in the “Tetracycline + “FLP-MD” die-
tary supplement” group, under conditions of
phospholipid correction, there was an improve-
ment in mitochondrial function and membrane
integrity, which contributed to more active use
of valine and tryptophan by hepatocytes, en-
suring intensive protein synthesis, remodelling
of the extracellular matrix and restoration of
microvessels. A similar idea was supported by
Y. Morine et al. (2022), who showed that in pa-
tients with hepatocellular carcinoma, the levels
of essential amino acids, in particular valine
and tryptophan, increased in both tumour liver
tissue and blood serum before surgery, and de-
creased to normal values after liver resection.
The authors interpreted this as a reflection of
metabolic restructuring and a high demand
for these amino acids in cells with enhanced
growth and remodelling of liver tissue. In the
context of the established changes in the model
of tetracycline-induced liver injury, this allows
to consider the increase in the total valine/nor-
valine/tryptophan fraction in sick rats in the
case of self-rehabilitation as a marker of con-
trolled regenerative-anabolic processes in the
liver, and in clinically healthy animals against
the background of milk phospholipid adminis-
tration as a result of their active accumulation.

In the liver of rats, a consistent and statis-
tically significant increase in the total leucine/
norleucine/phenylalanine fraction relative
to the control was observed in all experimen-
tal groups. In sick animals in the “Self-reha-
bilitation” group, the total content of these
amino acids exceeded the control by 61%, in
the “Tetracycline + “FLP-MD” dietary sup-
plement” group by 86%, while in clinically
healthy animals receiving milk phospholipids,
it increased by 139% from control values. Thus,
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tetracycline-induced liver injury was accompa-
nied by a pronounced accumulation of intra-
cellular reserves of the amino acid groups leu-
cine/norleucine/phenylalanine in hepatocytes,
and with the additional administration of milk
phospholipids to clinically healthy animals,
these processes occurred more actively.

The established patterns should be inter-
preted taking into account that leucine, to-
gether with norleucine, are representatives
of branched-chain amino acids with powerful
anabolic and mTOR-activating potential, while
phenylalanine belongs to aromatic amino ac-
ids that are sensitive to disturbances in liv-
er metabolism. In acute tetracycline-induced
hepatosis, the increase in the content of this
mixed group of amino acids in the liver re-
flected a combination of enhanced proteolysis
of peripheral tissues (the influx of leucine and
phenylalanine from extrahepatic proteins) and
limited oxidation of these amino acids by dam-
aged mitochondria. In the self-rehabilitation
group, and especially against the background of
milk phospholipid administration, the further
increase in the leucine/phenylalanine fraction
content in the liver parenchyma should be in-
terpreted as a switch to an anabolic-regenera-
tive mode: phospholipids stabilise membranes
and mitochondria, which facilitates the uptake
of BCAA/AAA by hepatocytes and forms a re-
serve of substrates for intensive protein syn-
thesis, cytoskeleton remodelling and synthesis
of phospholipid components of membranes
without signs of profound decompensation.

The classic clinical picture of amino acid
imbalance in chronic liver disease was de-
scribed by H. Enomoto et al. (2023), which con-
trasts to some extent with the results presented
in this material. The authors showed that in
patients with cirrhosis, blood serum is charac-
terised by decreased levels of BCAAs (valine,
leucine, isoleucine) and increased levels of aro-
matic amino acids, leading to a decrease in the
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BCAA/AAA ratio and the BCAA/tyrosine ratio
(BTR); low BTR correlates with the progression
of fibrosis, sarcopenia, hypoalbuminaemia and
a worse prognosis. Against this background, the
unidirectional increase in BCAA and phenylala-
nine in the liver tissue of the experimental rats
can be considered as a manifestation of adapta-
tion at an early stage and intensification of re-
generative processes in the modelling of acute
tetracycline-induced injury and prophylactic
phospholipid correction, rather than “classical”
plasma amino acid imbalance characteristic of
decompensated cirrhosis.

Thus, according to the results of exper-
imental studies, certain patterns have been
established regarding the quantitative redis-
tribution in the hepatobiliary system of rats of
most of the studied heterogeneous amino acid
fractions depending on the functional state of
the liver. This indicates significant changes in
the intermediate metabolism of amino acids
in the case of artificial reproduction of fatty
hepatosis in rats, which is closely related to
functional disorders of the liver, in particu-
lar the protein-synthesising ability of hepat-
ocytes. The use of milk phospholipids in sick
rats contributed to better utilisation of amino
acids in synthetic and regenerative processes in
hepatocytes, and even to the return of certain
indicators to physiological limits: in bile - the
leucine/norleucine/phenylalanine fraction, and
in the liver — the valine/norvaline/tryptophan
fraction. Overall, this indicates a positive cor-
rective effect of the milk phospholipid-based
dietary supplement, once again proving the
close relationship between the structural state
of hepatocytes and their metabolic activity.

Conclusions

The results of the experimental study demon-
strated significant quantitative changes in
heterogeneous amino acid fractions in the
hepatobiliary system of rats depending on the

functional state of the liver. In particular, in the
bile of rats undergoing self-rehabilitation after
acute toxic liver injury caused by tetracycline
hydrochloride, a significant increase in the con-
tent of all studied amino acid fractions was ob-
served. The most pronounced changes occurred
in the fractions of arginine/ornithine/lysine
(by 79%), glycine/serine/glutamine/aspartic
acid (by 119%), methionine/glutamic acid (by
117%), and leucine/norleucine/phenylalanine
(by 86%). At the same time, similar patterns
were observed in the liver of animals in this
group. Significant changes were recorded in the
fractions of arginine/ornithine/lysine (by 85%),
histidine/taurine/asparagine (by 132%), and
valine/norvaline/tryptophan (by 93%). Among
these, the arginine/ornithine/lysine fraction
proved to be the most sensitive to the develop-
ment of the acute form of hepatopathy, show-
ing the most pronounced changes both in the
bile and in the liver of the diseased animals.
These patterns may indicate intensification of
catabolic processes and blockage of the further
utilisation of these amino acids in maintaining
nitrogen homeostasis and an adequate level of
antioxidant processes.

When milk phospholipids were adminis-
tered to the diseased animals, opposite chang-
es in the quantitative parameters of the amino
acid profile of the hepatobiliary system were ob-
served. In particular, in the bile of these animals
the most pronounced decrease in content was
recorded for the histidine/taurine/asparagine
fraction (by 35%). At the same time, an increase
in levels was detected only for two fractions:
arginine/ornithine/lysine (by 26%) and alanine/
tyrosine/threonine (by 43%). Restoration of
quantitative characteristics was observed only
for the leucine/norleucine/phenylalanine frac-
tion. Similar patterns were detected in the liver
samples of animals in this group. Under condi-
tions of administration of milk phospholipids
to diseased animals, the most sensitive changes
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in the biliary system were observed in two ami-
no acid fractions: alanine/tyrosine/threonine
and leucine/norleucine/phenylalanine.

At the same time, in the bile of clinical-
ly healthy rats the most pronounced increase
in concentration was observed for two amino
acid fractions: histidine/taurine/asparagine
and glycine/serine/glutamine/aspartic acid.
Three fractions remained unchanged: alanine/
tyrosine/threonine, valine/norvaline/trypto-
phan, and leucine/norleucine/phenylalanine.
In liver samples from these animals, the great-
est increases in content were detected in sim-
ilar fractions: alanine/tyrosine/threonine (by
95%), valine/norvaline/tryptophan (by 118%),
and leucine/norleucine/phenylalanine (by
139%). Elevated levels were also recorded for
the histidine/taurine/asparagine fraction (by
80%) and the glycine/serine/glutamine/aspar-
tic acid fraction (by 81%). Overall, this indi-
cates specific features of the influence of milk
phospholipids on certain links of nitrogen
metabolism associated with the hepatobiliary

markers of the development of hepatopathol-
ogy and of the effectiveness of therapy. In the
future, it is planned to investigate substrates
of the tricarboxylic acid cycle in order to clarify
further metabolic pathways for the utilisation
of free amino acids in the animal organism dur-
ing the development of the drug-induced form
of fatty hepatosis.
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AHoOTaNisl. AKTYa/JbHICTb [AOCTIIKEHHS 3yMOB/I€HA BJCOKOI0 4YacTOTOI0 MeIVKaMeHTO3HOTO
VIIKO[PKEHHSI TeYiHKM B CCaBLiB Ta HeJOCTaTHIM BUBYEHHSM IIMTaHHS LIOAO IOPYIIEeHb
MeTabosi3My aMiHOKMCIOT 3a TOCTPOi1 JOpMM TenaTornarii BiAIoBiqHOTO reHesy. V 3B’I3KY 3 IUM,
poboTa Gyna crpsiMOBaHAa Ha BMSIBIE€HHS crelubiuHux 3MiH Mpodimo BiTbHUX aMiHOKUCIOT Y
SKOBYI Ta MEYiHIIi ITypiB 3a TeTpalyKIiHiHAYKOBAHOTO KMPOBOTO reliaTo3y, a Takok Ha BU3HAUEHHS
KRopuryBasibHOTO edekrty aii docdominmimgHoi dpakiii monoka. [IpoBiIHMM ITiAXOAOM Y TOCTiIKEeHH]
miei mpobmemu OyB eKCIIepMMEHT Ha JabopaTOPHUX TBApMHAX i3 MOJAETIOBAHHIM SKMPOBOTO
TernaTo3y 3aBASKY IIUTOTOKCUIHOMY edeKTy Iil TeTpauMKiIiHy, 3 MOZAIBLIIMM BiI6OPOM 3pasKiB
SKOBUI ¥4 IIeUiHKM, HACTYITHMUM JOC/IiIKEHHSIM CIIeKTPY BIIbHMX aMiHOKMCIOT MEeTOLOM PO3IOiIIbHOI
ramepoBoi xpomarorpadii 3 HiHTIPMHOBMM TPOSIBJEHHSIM. BCTAaHOB/IEHO, IO 3arajJbHMiL
natepH 3MiH y TremaTobimiapHiil cucTemi XBOpMX IIypiB CBiAUMB TIPO MOPYIIEHHS MPOILEeCiB
KOH’Iorallii SKOBUHMX KMUCJIOT i MIiTOXOHApialnbHy OUCHYHKINIO, a TaKOX BUpakeHe OIOKyBAHHSI
BMKOPMCTaHHS BIIbHMX aMiHOKMC/IOT Y MeTaboIiuHMX Iporiecax. IIpy boMy, 3aCTOCYBaHHS IIIypam
3a TeTPaAlMKIiHIHIYKOBAHOTO SKMPOBOTO remarosy docdominigzoBmMicHOI Tepamii akTMBi3yBaso
BMKOPMCTaHHS BHYTPIIIHbOIIEYiHKOBOTO pe3epBY aMiHOKMC/IOT, 3a/Ty4eHMX 40 KOH toraliil skOBYHMX
KUCIOT i aHTMOKCUIAHTHOTO 3aXMCTY, 30KpeMa CipKOBMICHMX MpeICTaBHUKIB Ta cyMapHOi (pakiii
[MTiLVHY/CepUHY/TTyTaMiHy. BusHaueHo, 1110 y KOBUi LIMX IIyPiB TAKOXX 3MEHIIYBaBCs BMICT IVIiIL[MHO-
i TaypuHOBMiCHMX (pakiliii aMiHOKMCIOT 32 OJHOYACHOTO 3POCTaHHSI PiBHS CcymMapHMX Gpakiiiit
aJIaHiHY/TMPO3MHY/TPEOHIHY ¥ apTiHiHY/OpHITMHY/Mi3MHY, W0 MiATBEpPIKY€E aKTyalisalilo B
TIeYiHIli IIPOIeCiB JeTOKCUKALIiT i3 3a/Ty4eHHSIM BiJIbHMX aMiHOKUC/IOT. BUSIB/IEHO, 1110 3aCTOCYBaHHS
docdominmimHoi dpakiii Momoka 3MeHITyBaJIO MPOSBY TOPYIIEHHS B IPOMDKHOMY OOMiHi
aMiHOKMC/IOT Ta CIPUSUIO BiJHOBJIEHHIO BMICTY JIEMIIMHO- i BaJiHOBMICHUX (paKiliif y >XOBYi i1
TMeYiHIli XBOPYMX IIYPiB. BcTaHOB/IEHI 3aKOHOMiPHOCT MalOTh IPAKTUYHY I[iHHICTb /151 Ta60PaTOPHOI
JiarHOCTMKM Ta JOKIIHIYHOI OLiHKM TermaTONpPOTEeKTOPHUX 3aC00iB, OCKIIbKM aMiHOKMCIOTHUI
npodinb remaTobimapHOi cucTeMM MOKe OYyTM BUKOPUCTAHMIA B SIKOCTI UYTAMBOTO iHOVKATOPY
TSKKOCTI YIIIKOJI;KEHHST TIEUiHKY Ta SIK KpUTEPiil y BU3HaUeHHi epeKTUBHOCTI Tepartii

KnrouoBi cioBa: xpomartorpadist; dpakiiii aMiHOKMCIOT; TTeUiHKa; JKOBY; KOPUTYBAIbHA TePaIlis;
TeTPaLMKIIiHY TiIPOXI0PII; TabopaToOpHa JiarHOCTUKA
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