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ACTIVITY OF ENZYMES OF TYROSINE METABOLISM IN THE RAT
LIVER UNDER THE CONDITIONS OF ACETAMINOPHEN-INDUCED
HEPATITIS ON THE BACKGROUND OF PROTEIN DEFICIENCY
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The contribution of the mis-metabolism of individual amino acids to the development of drug-induced damage to
liver cells remains unexplored. The aim of the present study was to investigate the changes in liver tyrosine level and
activity of the enzymes of its metabolism: tyrosine aminotransferase, 4-hydroxyphenylpyruvate dioxygenase, aldehyde
dehydrogenase ALDH3A1 under the conditions of acetaminophen-induced hepatitis on the background of protein
deficiency. Determination of tyrosine in deproteinized with 6% sulfosalicylic acid extracts of the liver tissue was
performed using the automatic analyzer of amino acids T-339 (“Microtechnology”, Czech Republic). The enzyme
activity was determined by spectrophotometric method — tyrosine aminotransferase by the amount of 4-
hydroxybenzaldehyde, which has a maximum absorption at 330 nm, 4-hydroxyphenylpyruvate dioxygenase — by the
colored product intensity at A 336 nm, aldehyde dehydrogenase ALDH3Al activity was measured at 340 nm
wavelength. Results have shown that in animals with toxic liver injury which were maintained in conditions of
alimentary protein deficiency, a 5-fold decrease in tyrosine level in the liver was observed. At the same time in animals
of this group there was a decrease in TAT activity by 1.6 times, a 4-fold decrease in activity of aldehyde dehydrogenase
ALDH3AI and increase in the activity of 4-hydroxyphenylpyruvate dioxygenase by 2.5 time comparing to control
parameters. Conclusion was made, that alimentary protein deficiency is a factor leading to an intensification of
tyrosine metabolism disturbances in animals with toxic liver injury. The pronounced exhaustion of the tyrosine pool is
accompanied by the activation of the homogentisate pathway of its metabolism, as evidenced by the increase in the
activity of 4-hydroxyphenylpyruvate dioxygenase and simultaneous reduction in the aldehyde dehydrogenase
ALDH3Alactivity. The established changes open prospects to study the possible targets for the exogenous correction of
metabolic disorders under the conditions of intoxication with acetaminophen, especially in people with protein
deficiency.
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Introduction. To date, an issue of finding the
molecular targets for the correction of metabolic
processes in conditions of toxic liver injury remains
open. Mechanisms of the metabolic disorders
formation in conditions of the toxic influence of a
number of drugs, including acetaminophen (APAP),
are known today (Ramachandran and Jaeschk, 2017;
Yoon et al, 2016; Lee, 2017). However, the
contribution of the mis-metabolism of individual
amino acids to the development of drug-induced
damage to liver cells remains unexplored. There are
only some literature data about the specificities of the
amino acids metabolism, in particular aromatic, under
the conditions of liver disease of different etiology
(Mukherjee et al., 2010; Jin et al., 2016).

APAP-induced acute toxicity has become an
essential model for studying drug-induced liver
injury. In the liver, APAP overdose produces a
centrilobular hepatic necrosis that can be fatal and is
increasingly recognized as a significant public health
problem. Moreover, APAP overdose is also the
second leading cause of liver transplantation, which
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accounts for considerable levels of morbidity and
mortality (Mobasher and Valverde, 2014).

The liver is known to play a central role in amino
acid metabolism (Dejong et al., 2007), so liver
damage, including as a result of exposure to toxic
doses of drugs, leads to multiple metabolic
abnormalities. However, despite significant progress
in our understanding of  APAP-induced
hepatotoxicity, additional mechanisms responsible for
the cellular damage induced by this drug, especially
in conditions of essential nutrients deficiencies, still
remain unknown. Particularly interesting is the study
of the peculiarities of tyrosine metabolism in the liver
under the conditions of its toxic injury in animals with
varying supply of dietary protein.

It is known that dietary protein is the main source
of tyrosine for animals, while tyrosine can also be
synthesized from the essential amino acid
phenylalanine. About 30% of tyrosine is used to
synthesize catecholamines, melanin and thyroid
hormones, and part of it — to build tissue proteins.
More than 60% of tyrosine enters the liver where it is
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oxidized in transamination reaction with the
participation of a pyridoxal-dependent enzyme
tyrosine aminotransferase to form 4-
hydroxyphenylpyruvate, which can be further
metabolized in two ways: homogentisate pathway,
with the formation of fumarate and acetoacetate,
which are used as substrates in energy metabolism
reactions; or be converted to 4-hydroxybenzoate — a
precursor of the benzoyl ring of the ubiquinone
molecule, the component of the respiratory chain of
mitochondria (Rass, 2010; Pahari et al.,, 2016;
Antonenko et al., 2015; Chernykh, 2013).

Since the direction of tyrosine metabolism under
the conditions of toxic acetaminophen-induced injury
in protein-deficient animals remains unexplored, the
aim of this research was to determine the tyrosine
content and activity of tyrosine aminotransferase (EC
2.6.1.5), 4-hydroxyphenylpyruvate dioxygenase (EC
1.13.11.27), aldehyde dehydrogenase ALDH3A1 (EC
1.2.1.3) in liver and cortisol blood serum level of rats.

Materials and methods. Animal ethics. The
experiments were performed on white rats with a
body weight of 100-150 g and 2.5-3 months of age.
Animal maintenance and manipulations were
conducted in accordance with the article 26 of the
Law of Ukraine Ne 3447-IV 21.02.2006 “On the
protection of animals from cruelty”, “The European
Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes”
(Strasbourg, 1986), “General Ethical Considerations
for Animal Experimentation” established by First
Ukrainian Congress on Bioethics (Kyiv, 2001).

Experimental design. The animals were placed
into plastic cages with sand bedding and ad /libitum
access to water. The daily rations were regulated
according to principles of pair feeding.

The animals were divided into the experimental
groups: I — animals receiving a standard semi-
synthetic ration for 28 days (C); II — animals with
acetaminophen-induced hepatitis receiving a full
ration (H); III — animals subjected to acetaminophen-
induced liver injury and previously maintained on a
low-protein semi-synthetic ration (LPR+H).

The animals of the group I were fed with a
standard fodder containing 14% protein (casein), 10%
fat, and 76% carbohydrates, balanced by all the
essential nutrients. The animals of the group II
received an isoenergetic fodder containing 4.7%
protein, 10% fat, and 85.3% carbohydrates, calculated
according to the recommendations of the American
Institute of Nutrition (Reeves et al., 1993). The
animals were fed the corresponding diet for four
weeks. Afterwards, the acetaminophen-induced liver
injury was modeled by per os administration of 2%
starch suspension of acetaminophen at a dose of 1
g/kg body weight for 2 days. Cervical dislocation was
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performed under light ether anesthesia on day 29 of
the experiment.

Determination of tyrosine level in liver tissue.
The tyrosine level was determined using the
automatic  analyzer of amino acids T-339
(“Microtechnology”, Czech Republic); the studied
samples were deproteinized by 6% sulphosalicylic
acid. The tyrosine content was expressed in mg/g of
protein.

Determination of cortisol level in blood serum.
Cortisol content was determined in serum using a
direct quantitative immunoassay ("Cortisol ELISA").
The intensity of the color reaction is inversely
proportional to the amount of cortisol in the sample,
measured at a wavelength of 450 nm.

Determination of tyrosine aminotransferase
activity in the cytosolic fraction of hepatocytes. The
tyrosine aminotransferase activity was determined by
spectrophotometric assay using n-
hydroxybenzaldehyde, which is formed from the
product of the deamination of tyrosine to 4-
hydroxyphenylpyruvate in an alkaline medium under
the influence of air oxygen, which has a maximum
absorption at 330 nm. Incubation medium included:
potassium-phosphate buffer 50 mM (pH 7.4), a-
tyrosine 5 mM, a-ketoglutarate 10 mM, and tissue
extract. Reactive mixture was incubated at 37°C, and
0.5 ml samples were taken every 3-5 min and added
to 2 ml of 1 n KOH (Rain-Guion and Chambon,
1982). The enzyme activity was expressed in
nmol/minxmg of protein.

Determination  of  4-hydroxyphenylpyruvate
dioxygenase activity in the cytosolic fraction of
hepatocytes. The 4-hydroxyphenylpyruvate
dioxygenase  activity =~ was  determined by
spectrophotometric assay at 336 nm by the rate of
formation of a complex between boric acid and enol
tautomer. The reaction mixture consisted of solution
containing 0.5 M boric acid and 0.2 M sodium
phosphate, pH 6.2, 0.005 M pHPP dissolved in 0.05
M acetate, pH 6.0, water, and enzyme added to a final
volume of 3.3 ml (Knox and Pitt ,1957).

Determination of aldehyde dehydrogenase
activity in the cytosolic fraction of hepatocytes.
ALDH3A1 activity was measured in 100 mM
Na,HPO, buffer, pH 7.5, with 1.5 mM NADP" and
ImM benzaldehyde at 340 nm wavelength (Parajuli
et al., 2014). The enzyme activity was expressed in
nmol NADP'/minxmg of protein.

The protein content was determined according to
the Lowry method (Lowry et al., 1951).

Statistical analyses were performed using the
Kruskal-Wallis analysis of variance and Mann-
Whitney U test on SPSS statistical. All results were
expressed as mean + standard deviation (SD) (mean +
SD). P<0.05 was considered statistically significant.
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Results and discussion. Experimental results
have shown that in conditions of acetaminophen-
induced toxic liver injury a 5-fold increase in tyrosine
aminotransferase (TAT) activity in the cytosolic
fraction of liver was observed in comparison with the
control (Fig. 1). At the same time, in the liver tissue
there was a 2-fold depletion of the tyrosine pool (Fig.
2).

It is known that tyrosine aminotransferase
catalyzes the transamination reaction of tyrosine with
the formation of 4-hydroxyphenylpyruvate (Lee and
Facchini, 2011) — the first metabolite in the cascade
of tyrosine transformation in hepatocytes, which can
be further metabolized in homogentisate pathway to
form fumarate and acetoacetate, or act as a metabolic
precursor in the synthesis of ubiquinone.

The established fact of increased TAT activity
against the background of a decrease in the free
tyrosine level in conditions of toxic liver injury is
likely to indicate an intensification of metabolic
tyrosine transformations in the liver. Literary data
indicate that to a large extent the observed activity
changes are attributable to direct hormonal effects
on the rates of TAT synthesis or degradation in the
liver. TAT is the first enzyme in the catabolic
pathway and is subjected to numerous hormonal
control mechanisms; it has therefore been proposed
as the rate limiting enzyme for hepatic tyrosine
catabolism (Dickson et al., 1981). On the other hand,
any possible direction of tyrosine metabolism under
the conditions of toxic liver injury remains
undiscovered.

It was interesting to note that in animals with
toxic liver injury which were maintained in
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Fig. 1. The tyrosine aminotransferase activity in the rat liver
cytosolic fraction under the conditions of alimentary protein

deprivation and acetaminophen-induced hepatitis.

conditions of alimentary protein deficiency, a 5-fold
decrease in tyrosine level in the liver was observed
(Fig. 2). The formation of endogenous tyrosine
deficiency as a result of alimentary protein
deficiency is likely to be accompanied by a tissue
redistribution of this amino acid, which is further
used for the formation of tissue proteins as well as
for the synthesis of a number of biologically active
substances. In particular, in the adrenal medulla
tyrosine can be used for the synthesis of
catecholamines, namely dopamine, noradrenaline
and adrenaline; in melanocytes tyrosine may be a
precursor of melanin pigment, and in the thyroid
gland — as a precursor of iodine-containing
hormones — triiodothyronine and thyroxin
(Chernykh, 2013).

At the same time in animals of this group there
was a decrease in TAT activity by 1.6 times (Fig. 1).
According to (Mehere et al., 2010), an oxidation of
thiol groups of TAT is the cause of enzyme
inactivation. Taking into account that in the current
experimental conditions there is an increased
generation of ROS with the development of
oxidative stress (Kopylchuk and Voloshchuk, 2016);
the established fact of TAT inactivation is reasoned.

It is known that TAT activity is controlled by
glucocorticoid hormones (Blind et al., 2012), namely
cortisol (Panin and Usynin, 2008). At the same time,
alterations in the catalytic activity always parallel
changes in the enzyme amount changes, which is
largely due to changes in the rate of
aminotransferase synthesis (Granner and Hargrove,
1983).
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Fig. 2. The tyrosine level in the rat liver under the
conditions of alimentary protein deprivation and
acetaminophen-induced hepatitis.

Note (hereinafter): C — animals receiving complete semi-synthetic ration; H — animals with acetaminophen-induced
hepatitis receiving complete ration;, LPR+H — animals with acetaminophen-induced hepatitis maintained on semi-

synthetic low-protein ration (LPR+H).
* Significant difference with control group, P<0.05

** Significant difference with control group and acetaminophen-induced hepatitis group, P<0.05
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Obtained experimental results have shown that in
animals with acetaminophen-induced toxic liver
injury the level of cortisol exceeds more than 2 times
that of control. The results of studies are shown in
Figure 3. Increased secretion of cortisol — the TAT
inductor, is probably due to the formation of
adaptive metabolic changes in response to
administration of toxic acetaminophen doses. On the
other hand, in rats with protein-deficiency and toxic
liver injury the absence of significant changes in
cortisol level compared to control (Fig. 3) indicates
the disturbances in the adaptive capacity of the
organism.

One of the possible ways to convert 4-
hydroxyphenylpyruvate — a product of the tyrosine
aminotransferase reaction, is to use it as a molecular
precursor in the synthesis of the benzoyl ring of
ubiquinone (Szkopifiska, 2000; Kawamukai, 2016).
An important metabolic role of ubiquinone is not
only its participation in the oxidative
phosphorylation as a component of the respiratory
chain of mitochondria, but also as an acceptor of
electrons from a number of dehydrogenases, in
particular enzymes of fatty acids P-oxidation and
synthesis of pyrimidine nucleotides, as well as an
antioxidant (Nowicka and Kruk, 2010; Voloshchuk
and Kopylchuk, 2015). Therefore, preservation of
the ubiquinone pool is a prerequisite for the

maintenance of the functional activity of
hepatocytes.

Today it is known that in the mammals the
precursor of the quinone ring is only 4-

hydroxybenzoate (4HB), which is derived from
tyrosine through an uncharacterized set of reactions
(Acosta et al., 2016; Awad et al., 2018). Among the
enzymes of the metabolic pathway of 4-
hydroxyphenylpyruvate conversion to ubiquinone
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Fig. 3. The cortisol level in rat blood serum under the
conditions of alimentary protein deprivation and
acetaminophen-induced hepatitis

Bionoriuni cucremu. T. 12. Bum. 1. 2020

there is aldehyde dehydrogenase ALDH3A1l. The
results of the studies have shown, that in conditions
of toxic damage by acetaminophen there is a 2-fold
decrease in the enzymatic activity of aldehyde
dehydrogenase ALDH3A1 in cytosol of hepatocytes
in comparison with control. The results of the
research are shown in Figure 4.

At the same time, in protein-deficient animals
with toxic liver damage there was a 4-fold decrease
in enzymatic activity comparing to control
parameters. The established fact indicates a possible
disruption of the ubiquinone synthesis in animals
with acetaminophen-induced toxic liver damage.
Obtained data also confirm our earlier and published
results (Voloshchuk and Kopylchuk, 2015), which
showed both a reduction in the total ubiquinone
content and changes in the ratio between its reduced
and oxidized form in liver mitochondria under the
given experimental conditions.

Another possible pathway for the formed in the
tyrosine aminotransferase reaction 4-
hydroxyphenylpyruvate involves its transformation
into homogentisate with the help of 4-
hydroxyphenylpyruvate dioxygenase. The final
products of the homogentisate pathway of tyrosine
metabolism in liver are fumarate and acetoacetate,
which are used as substrates in energy metabolism
reactions (Cotoia, 2014).

The experimental results have shown an increase
in the activity of 4-hydroxyphenylpyruvate
dioxygenase in animals with toxic liver injury, while
the maximum increase in the enzyme activity was
observed in animals with protein deficiency. In
animals of this group the activity of 4-
hydroxyphenylpyruvate dioxygenase exceeded the
control indices by 2.5 times. The results are shown
in Figure 5.
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Fig. 4. The aldehyde dehydrogenase ALDH3A1 activity in

the rat liver cytosolic fraction under the conditions of
alimentary protein deprivation and acetaminophen-
induced hepatitis
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We assume that under the current
experimental conditions the increase in 4-
hydroxyphenylpyruvate dioxygenase activity is a
compensatory reaction aimed at maintaining the
energy status of the cell. Our previous studies have
shown that in the conditions of acetaminophen-
induced injury there was a formation of energy
imbalance, which was more significant in animals
with alimentary protein deficiency. In particular, a
depletion of the adenine nucleotides pool, a decrease
in the activity of the respiratory chain enzymes, as
well as a disturbance of the ratio of NAD'/NADH
was observed. Therefore, an activation of the
homogentisate pathway of tyrosine metabolism in
conditions of toxic liver injury against the
background of alimentary protein deprivation
reflects, in our opinion, the switching of metabolic
pathways to the enhanced formation of energy
metabolism substrates, since the disturbance of
cellular energy supply is one of the mechanisms of
cellular death.
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Fig. 5. The 4-hydroxyphenylpyruvate dioxygenase
enzymatic activity in the rat liver cytosolic fraction
under the conditions of alimentary protein deprivation
and acetaminophen-induced hepatitis

The obtained results allow us to conclude that
alimentary protein deficiency is an exacerbating
factor that deepens the disturbances of the tyrosine
metabolism in animals with the toxic liver injury.
Furthermore, the pronounced exhaustion of the
tyrosine pool is accompanied by the activation of the
homogentisate pathway of its metabolism, as
evidenced by the increase in the activity of 4-
hydroxyphenylpyruvate dioxygenase and
simultanecous  reduction in  the  aldehyde
dehydrogenase ALDH3Alactivity. The established
changes open prospects to study the possible targets
for the exogenous correction of metabolic disorders
under the conditions of intoxication with
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acetaminophen, especially in people with protein

deficiency.
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AKTHBHICTb EH3UMIB METABOJII3BMY TUPO3HHY Y HEYIHLI IYPIB 3A YMOB
ANETAMIHO®EH-IHAYKOBAHOI'O I'EITATUTY HA TJII JE®INUTY NPOTEIHY

O. M. Bosomyk, I'. II. Konmniabuyk

Bknao oucmemaboniunux nepemeopenv OKpeMux daMIHOKUCIOmM Y (Gopmyeanns iHOYKOBAHO20 Npenapamamu
VUKOONCEHHSL KITMUH NEeYIHKU 3ATUUAEMbCA He 00 KiHysa eusuenum. Memoro yboeo 00Caiodicenuss 010 00CAiONCEHHS
éMICMY MUpO3UMy 6 NeYiHyi ma AaKmueHOCMi eH3UMI6 U020 Memabonizmy: mupo3unaminompancgepasu, 4-
eiopoxcugpeninnipysam oOiokcueenasu, anvoeciooeziopocenazu ALDH3Al 3a ym08 MOKCUYHO20 YUKOOICEHHS,
iHO0yKosanoeo ayemaminopenom ma mui arimenmapuozo Oegiyumy npomeiny. Busnauenws emicmy muposuny 6
Odenpomeinizoganux 6% cynrbgocaniyuioso KUCIOmMow eKCmpakmax mKAHUHU NeYiHKU NPOo8oOUnu 3a 00NOMO2010
agmomamuuHozo auanizamopa aminoxkuciom T-339 («Mikrotechnay, Uexisn). Axmuenicmov eH3umie 6uzHauaiu
CneKmpoghomomempudHo:  mMuposuHaminompancgepasny — akmueHicmv —— 3a  KilbKicmio — ymeopenozo  4-
2I0poKkcubenzanvoe2ioy, wo mae maxcumym noeiuHanus npu A 330 wm, 4-eiopokcugheniinipysamoiokcueeHasHy
akmusHicmb — npu A 336 Hm, anvoeciooeciopozcenasny — npu A 340 Hm. Pesynomamu nposedeHux 00cCniodiceHsb
NOKA3aU, WO Y MEAPUH 3 MOKCUUHUM YUWKOONCEHHAM NEUTHKU, SKI YMPUMYBAIUCA 3a YMO8 ANIMEHMAPHO20 Oehiyumy
binka, cnocmepieacmvcs S-Kpamue 3HUNCEHHST MICMY MUPO3UHYy 6 nedinyi. Y motl oce wac y meapuu yiei epynu
CROCMEPI2anocs. 3HUMNCEHHT AKMUGHOCMI Muposunaminompancgepasu 6 1,6 pasu, 3MeHUwleHHs AKMUSHOCMI
anvoeziooeziopoeenazu ALDH3AI 6 4 pazu na mai niosuwenns akmuenocmi 4-ciopoxcugheninnipygamoioxcueenasu 6
2,5 pasu nopieHsHo 3 KOHMPOIbHUMU napamempamu. 3po6reHo SUCHOBOK, W0 arimenmapHuil dedhiyum npomeiny €
Gaxkmopom, wo npuzeooumv 00 NO2IUONEHHST NOPYWEHb MemAabonizMy MUupo3uHy y meapun 3 MOKCUYHUM
VUIKOOJICEHHAM NeydiHKy. Bupaodicene eucHnasicenns nyny mupo3uHy 3a OOCIIONCYBAHUX eKCHEePUMEHMAIbHUX VMO8
CYNPOBOOAUCYEMBC AKMUBAYIEIO 20MOSEHMUIUHOBO20 WIISIXY 1020 MemabonizMy, Npo wo ceiouums niosuwenHs 4-
2I0POKCUDEHINIPYBamOIOKCULEHA3HOI aKMUBHOCMI MA 0OHOYACHE 3HUJCEHH AKMUGHOCMI alboeciddeliopoceHasu
ALDH3AI. Bcmanogneni 3minu 6iOKpusaroms Nepcnekmugu 05l USUEHHs MOJICIUGUX MiuleHell eK302eHHOI KopeKyil
nopyuienb 00MiHy pe4o8UH 3a YMO8 [HMOKCUKAYIL ayemamiHoeHoM, 0cobIugo y nooell 3 aliMeHmapHum oe@iyumom
npomeiny.

Knrouosi crosa: meapunna modens, neuinka, ayemaminoghet, animenmapuuti depiyum npomeiny, muposuu
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