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Abstract

In recent years, there has been extensive evidence of the involvement of disorders in the metabolism of sulfur-containing amino
acids - methionine, cysteine and homocysteine - in the development of several diseases. These amino acids share common degrada-
tion pathways, and their intermediates play a role in regulating the activity of homocysteine remethylation and enzymes transsulfu-

ration.

In this study, we aimed to evaluate the effect of acetaminophen on the background of dietary protein deficiency on the metabolism
of sulfur-containing amino acids in rats: distribution of sulfur-containing amino acids - homocysteine, cysteine and methionine - in
blood serum and hepatocytes, activity of key enzymes of the transsulfuration pathway of homocysteine metabolism - cystathionine

beta-synthase, cystathionine gamma-lyase.

During the experiment, the experimental animals consumed a semi-synthetic diet AIN-93 in accordance with the recommenda-
tions of the American Institute of Nutrition. In order to model the alimentary protein deprivation rats received a low-protein diet
daily for 28 days, which contained 1/3 of the generally accepted daily requirement of protein. After four weeks of keeping animals on
an experimental diet, acute toxic damage with acetaminophen was modelled. The toxin was administered at 1250 mg/kg of animal

weight as a suspension in a 2% solution of starch gel once a day for 2 days.

Our results indicate that the conditions of alimentary protein deprivation and acetaminophen toxic injury in hepatocytes and
blood serum of animals disrupts the distribution of sulfur-containing amino acids (decrease in methionine, increase in cysteine con-
centration) with the development of hyperhomocysteinemia: in the absence of dietary protein - a mild form, with the introduction of

toxic doses of acetaminophen - moderate.

The results confirm the causal relationship between the functioning of the transsulfuration pathway of homocysteine (decreased
cystathionine f-synthase activity with simultaneous activation of cystathionine y-lyase in animal hepatocytes) and the maximum

increase in the level of this amino acid in blood serum under conditions of acetaminophen-toxic injury.

Elevated blood homocysteine levels can therefore be considered as a prognostic marker of functional abnormalities in the liver

transsulfuration pathway and can be used in the diagnosis of hepatic pathologies.
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Introduction

Recent decades have been characterized by a rapid increase in
homeostatic organ pathologies developing against the background
of nutritional imbalances in dietary intake [1,2]. Nutritional pro-
tein deficiency is usually accompanied by the development of
protein-energy deficiency in the body and leads to depletion of the

intracellular amino acid pool [3,4].

Quite often, the course of alimentary-dependent diseases is in-
tensified by the use of a wide range of drugs. The most common
analgesics-antipyretics nowadays invariably include acetamino-
phen (N-acetyl-p-aminophenol, paracetamol) [5,6]. The increased
frequency of use in recent years has raised concerns about medica-

tion-associated lesions of the body [7,8].

Although acetaminophen-induced lesions have emerged as the
leading cause of acute liver failure [9,10], acetaminophen is now
considered the main antipyretic and anti-inflammatory drug in CO-
VID-19 treatment protocols [11-13].

At the same time, in scientific studies, acetaminophen is used
as a model toxin to elucidate the mechanisms of hepatotoxicity
[14,15].

Acetaminophen is almost completely metabolized in liver: a
small amount (2 - 9%) is excreted unchanged, the rest is subject to
glucuronidation (40 - 65%) and sulfation (25 - 35%), 5-12% of the
drug is biotransformed by cytochrome P-450 system. (CYP 450) to
form the highly toxic reactive metabolite N-acetyl-p-benzoquinon-
imine (NAPQI) [16,14].

In recent years, there has been extensive evidence of the in-
volvement of disorders in the metabolism of sulfur-containing
amino acids - methionine, cysteine and homocysteine (Hcy) - in the
development of several diseases [18,19]. These amino acids share
common degradation pathways, and their intermediates play a role
in regulating the activity enzymes of homocysteine methylation

and transsulfuration [20].

Remethylation of Hcy in liver occurs during reactions of the
methionine cycle, which is completed by methionine regeneration
through the use of 5-methyltetrahydrofolate or betaine, which act
as donors of the methyl group. Another metabolic pathway oc-

curs through transsulfuration, where cysteine is formed from Hcy,
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which is involved in the synthesis of protein, taurine, hydrogen
sulfate, and glutathione [21]. The transsulfuration pathway plays a
significant role in eliminating potentially dangerous excess homo-
cysteine and, according to some data, has a significant effect on its
catabolism in the blood plasma (it changes almost 78%), whereas
the conversion of Hcy to methionine provides utilization of only
2% of this compound [22].

Although the role of homocysteine in biochemical processes
has been discussed for quite a long time, the main publications on
the association of increased HC content with pathological condi-
tions have appeared in recent years [20,23,24]. It is known that an
increase in the content of Hcy in the blood causes an imbalance
between its production and utilization pathways. At the same time,
homocysteine level is considered as a pathogenic factor that can
lead to the development of hyperhomocysteinemia, which is con-
firmed by the results of previous studies in dietary protein defi-
ciency [25].

To evaluate the effect of acetaminophen against the background
of alimentary protein deficiency on the metabolism of sulfur-con-
taining amino acids in rats, we studied: distribution of sulfur-con-
taining amino acids - homocysteine, cysteine and methionine - in
blood serum and hepatocytes, activity of key enzymes of the trans-
sulfuration pathway of homocysteine metabolism - cystathionine

beta-synthase, cystathionine gamma-lyase.

Results

The results of our studies have shown that protein deficiency in
the diet of the research groups of LPD and LPD+TI animals led to
a significant decrease in methionine content (by 4.7 and 2.3 times
as compared to the control) and cysteine (by 3 and 2 times respec-
tively in comparison with the control) in hepatocytes (Table 1).
At the same time, in the group of animals with toxic liver damage
(TT) kept on a complete diet, there is a decrease in cysteine level (3
times compared to the control), while the amount of methionine

remains at the control level.

An increased level of cysteine by 1.4-1.8 times compared to
the control was registered in the blood serum of all experimen-
tal groups of animals (Table 2). At the same time, the direction of
changes in methionine content is similar to its changes in hepato-

cytes and is determined by the provision of the diet with protein
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Groups of animals
C LPD TI LPD+TI
Methionine, pmol/mg tissue 12.50 (+ 1.08) 2.68 (£0.23)" | 13.29 (¢ 1.12) 5.36 (£ 0.45)"

Index

Cysteine,

wmol/mg tissue 2222 (£2.12) | 741(20.65)" | 7.41(2053)" | 11.12 (+0,96)

Table 1: Content of sulfur-containing amino acids in rat hepatocytes during alimentary protein deprivation and acetaminophen toxic
injury (M + m, n = 40).
Note (hereafter):
C - Animals Receiving a Complete Semi-Synthetic Diet (control).
LPD - Animals on A Low-Protein Diet.
TI - Animals Simulated by Acetaminophen Toxicity.
LPD+TI - Animals that were Simulated with Toxic Injury on Low-Protein Diet.

** - All values are significant p < 0.0.

(decreasing in the LPD and LPD+TI groups) with preservation of
the control level in the TI group (Table 2).

Groups of animals
C LPD TI LPD+TI
Methionine, pmol/L 5.54 (+ 0.48) 3.58 (+0,32)" 6.25(+0,61) 4.46 (£ 0.40)”

Index

Cysteine,

umol /L 8.15(+0,75) | 11.11 (¥ 1,02)" | 18.52 (¢ 0,43)" | 14.81(+0,860)"

Table 2: Sulfur-containing amino acid content in serum of rats during alimentary protein deprivation and acetaminophen toxic injury
(M £ m, n = 40).
Note: ** - All values are significant p < 0.01.

As for the homocysteine content in the blood serum of rats that

were on a low-protein diet (LPD), this index increased 2-fold com- 60

pared with the values of the control group of animals, reaching a
level of 28.2 (+ 1.94) umol/L, which indicates the development of

mild hyperhomocysteinemia (Figure 1). 40

In the TI and LPD+TI rat groups, the serum Hcy content was

umol/L

51.5 (* 4.97) pmol/L and 52.9 (* 5.050) pmol/L, respectively, 20
which in turn indicated the development of a moderate form of hy-
perhomocysteinemia.
0
The study of the activities of the main enzymes transsulfuration C LPD TI LPD+TI

athway of homocysteine in rat hepatocytes revealed a statisticall
p y 4 P ¥ y Figure 1: Homocysteine content in serum of rats upon

probable decrease in cystathionine (-synthase activity in all ex- . . L . Lo
alimentary protein deprivation and acetaminophen toxic injury

erimental groups of animals (Figure 2a). The maximum decrease
p group (Figu ) ximu Note: * - all values are significant p < 0.05
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in the index of the studied enzymatic activity (4-fold compared to
the control) was observed in the groups of rats given toxic doses of
acetaminophen, regardless of the protein feeding regime.

At the same time, we found an increase in the activity of cysta-
thionine y-lyase in the hepatocytes of all experimental groups of
rats with maximum values when acetaminophen toxic doses were
administered against the background of protein deficiency (3.5-

fold as compared to the control) (Figure 2b).
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Figure 3: Content of sulthydryl groups in rat hepatocytes under
conditions of alimentary protein deprivation and

acetaminophen toxic injury
Note: * - all values are significant p < 0.05.

A study of the content of protein sulfhydryl groups in rat he-
patocytes during administration of acetaminophen and alimentary
protein deficiency (Figure 3) showed a probable decrease in the
indices as compared with the control in the groups of animals re-
ceiving toxic doses of acetaminophen regardless of the amount of

protein in the diet.

Discussion

Sulfur-containing amino acids have common degradation path-
ways, and their intermediate metabolites act as regulators of ho-
mocysteine transsulfuration and remethylation enzyme activities
[20].

Homocysteine is produced in the metabolic cycle of the essen-
tial amino acid methionine by its remethylation. Methionine is the
only source of homocysteine in the body. Homocysteine content
in food is very low, and it is the methionine and homocysteine re-

quirements that are provided by food methionine [22].

Here, the analysis of the results obtained confirms the key and
decisive role of protein deficiency in the impairment of methionine
metabolism. Noting that an alternative pathway for homocyste-
ine remethylation and methionine formation is the vitamin B, ,-
independent transfer of the betaine methyl group to homocyste-

ine involving betaine-homocysteine S-methyltransferase [26], we
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hypothesize that it is this homocysteine conversion pathway that
maintains methionine content at a stable level when toxic doses of

acetaminophen are administered.

At the same time, homocysteine emerges as an intermediate
in the synthesis of cysteine from methionine by transsulfuration.
Therefore, it is understandable that a decrease in methionine con-
tent in liver cells of experimental groups of animals leads to a de-

crease in cysteine concentration.

Cysteine is a limiting link in glutathione synthesis [27]; it can
be assumed that a decrease in the concentration of this amino acid
would be paralleled by a decrease in the products of its synthesis.
However, the results of the studies described in the paper [28] indi-
cate a low relationship between cysteine levels and the products of
its synthesis, which suggests several regulators of glutathione con-
tent. Glutathione is a reserve of cysteine in tissues and is regarded as
areserve and transport form of this amino acid in the body. It should
be noted that the decreased level of cysteine in rat hepatocytes dur-
ing protein deficiency and acute toxic injury is evidenced by the de-

creased content of reduced glutathione in liver cells.

The three-fold decrease of cysteine content in hepatocytes of
animals with acetaminophen-induced injury has been shown in
previous works to be accompanied by the development of oxida-
tive stress, which is probably associated with increased utilization

of sulfhydryl groups of cysteine for glutathione synthesis.

Therefore, the deficiency of methionine and cysteine in liver
cells of protein-energy-deficient rats that we have found may be
a consequence of both their alimentary deficiency and impaired

synthesis.

It is known that the concentration of free amino acids in biologi-
cal fluids and tissues is an integral indicator of homeostasis that
characterises protein metabolism, and the patterns of amino acid
pool formation in the body objectively reflect the state of metabolic

balance.

Table 2 shows that both protein deficiency and the administra-
tion of toxic doses of acetaminophen have a unidirectional effect
towards an increase in serum cysteine. One might assume that the
increase in serum cysteine concentration is related to the fact, de-

scribed in the literature, that there is a competitive relationship
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between individual sulphur-containing amino acids in transport
systems. Cysteine takes part in I and II transport systems almost
along with other sulphur-containing amino acids. Probably as part
of the body’s ensuring requirements, other amino acids, competing
with cysteine for the transport protein, penetrate the biological cell
membranes more easily than cysteine, which results in a higher se-

rum content.

By analogy with the pathogenesis of hyperhomocysteinemia,
the mechanism of adverse effects of excess cysteine may also be
related to the covalent modification (cysteination) of proteins with

consequent changes in their functional activity [29].

There is also a view expressed in the literature that there is an
antagonistic relationship between homocysteine and cysteine con-
tents. It has been noted that in the case of excess cysteine, homo-
cysteine is displaced from mixed disulphides (protein-homocyste-

ine type), and, instead, cysteine is incorporated.

Considering that the transport of cysteine through the ASC sys-
tem [30] under hyperhomocysteinemia may work mainly on the
release of this amino acid from the cell, an increase of its concen-
tration in blood serum appears logical. In the blood, cysteine is
mainly in an oxidised state, binding to proteins to form cystine and
mixed disulphides. Cystine is transported into cells by system Xc-
while exchanging for glutamate, which is also required for gluta-
thione synthesis. Thus, it can be expected that GSH homeostasis in
this case would be ensured by the regulation of cysteine transport

between cells and the extracellular environment.

Homocysteine in blood plasma is known to occur predominant-
ly in three forms: free homocysteine (1%), homocysteine disulfide
with cysteine (homocysteine) (20 - 30%) and bound to protein,
in particular to albumin (70 - 80%) [31]. The literature suggests
that there is competition between homocysteine and cysteine for
binding to blood albumin. It has been noted that in excess of cys-
teine, homocysteine is displaced from the albumin-homocysteine
complex and cysteine is incorporated instead. Thus, homocysteine
levels in the blood increase, and the hypercysteinemia that we have
identified may be an additional pathogenetic factor in hyperhomo-

cysteinemia.

In the literature, suggestions have been made that there is com-

petition between homocysteine and cysteine for binding to blood
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albumin. It has been noted that with excess cysteine, homocysteine
is displaced from the albumin-homocysteine complex and instead,
cysteine is incorporated. Thus, homocysteine levels in the blood in-
crease, and the hypercysteinemia that we have identified may be an

additional pathogenetic factor in hyperhomocysteinemia.

Since the kidneys are the main organ of homocysteine catabo-
lism, capable of utilising up to 20% of plasma homocysteine dur-
ing the passage of arterial blood through them [20], signs of acute
interstitial nephritis and renal papillary necrosis identified in our
laboratory can be considered another factor of plasma homocyste-
ine accumulation, whereby the filtering capacity of homocysteine

by the kidneys will be significantly reduced.

Studies [32] have shown that hyperhomocysteinemia is a met-
abolic disorder associated with the progression of hepatic fibro-
sis. The profibrogenic effect of hyperhomocysteinemia can occur
both through the direct effects of homocysteine and through the
metabolic disorders associated with hyperhomocysteinemia. It is
shown that homocysteine initiates the expression of tissue inhibi-
tor of metalloproteinase-1 in co-culture of hepatocytes and hepatic
stellate cells and plays the role of hepatic fibroblast promoter. Me-
diated mechanisms of the profibrogenic effects of excess homocys-
teine are reduction of vasodilator production in the liver, inhibition
of methylation, initiation of oxidative stress, and development of

steatosis.

The main way to eliminate a potentially dangerous excess of ho-
mocysteine in hyperhomocysteinemia is its transsulfuration with
the formation of cysteine. In this process homocysteine condenses
with serine to form cystathionine in a reaction catalysed by cys-
tathionine -synthase and under physiological conditions virtually
irreversible. Cystathionine is further degraded by cystathionine
y-lyase to form cysteine, ammonia and a-ketobutyrate. Excess cys-

teine is oxidised to taurine and inorganic sulphate [33].

We found that the maximum decrease in the index of the studied
enzymatic activity was observed in the groups of rats which were
administered toxic doses of acetaminophen regardless of the pro-
tein nutrition regime. Noteworthy is the fact that in parallel with
a decrease in cystathionine -synthase activity in animals of the
experimental groups, a state of moderate hyperhomocysteinemia

develops.
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On the other hand, one can assume that already at the first stage
of homocysteine utilization under these conditions, the mecha-
nisms of homocysteine transsulfuration are disrupted, an excess of
this amino acid in the liver will lead to accumulation of S-adenosyl
homocysteine, a potent inhibitor of methyltransferases in cells
and, as a result, disruption of methylation processes, which acts as
a key pathogenesis of hyperhomocysteinemia. It is known that the
accumulation of homocysteine in cells automatically increases the
concentration of S-adenosylhomocysteine, and a clear relationship

is established between the levels of both compounds [34].

Given the data in table 1 regarding methionine content in hepa-
tocytes, one possible mechanism for the inhibition of cystathionine
[-synthase activity may be low levels of S-adenosylmethionine, an

allosteric activator of cystathionine -synthase [26].

The decrease in cystathionine f3-synthase activity is obviously ac-
companied by a decrease in cystathionine, a substrate for the next
enzyme of the transsulfuration pathway, cystathionine y-lyase. There-
fore, the seemingly paradoxical fact of increased cystathionine y-lyase
activity (Figure 2b) that we have established can be explained by the
activation of an alternative condensation reaction of 2 homocysteine

molecules to form homocysteinlactone and hydrogen sulfide [35].

Due to the production of hydrogen sulfide, cystathionine y-lyase
functions as a sulfhydrase of cysteine-containing proteins, regulat-
ing their functions by sulfhydrogenation through the conversion of
SH-groups to SSH- groups at specific cysteine residues [36]. Most
likely, the data obtained testify to the modification of SH-groups
which may be accompanied by changes in the conformational
structure of protein molecules. Moreover, changes in the content of
SH groups in proteins reflect the causal relationship between thiol
metabolism disorder and the development of hyperhomocystein-

emia.

Materials and Methods
Animals

White outbred rats aged 2.5 - 3 months and weighing 130 - 150g
were used for the study. All animal procedures were performed ac-
cording to international recommendations of the European Con-
vention for the Protection of Vertebrate Animals Used for Experi-
mental and Other Scientific Purposes (Strasburg, 1986), «General
Ethical Principles for Animal Experiments», approved by the First
National Congress on Bioethics (Kyiv, Ukraine, 2001).

Citation: Halyna Kopylchuk and Ivanna Nykolaichuk. “Effect of Acetaminophen Against the Background of Alimentary Protein Deficiency on the Features
of Sulfur-Containing Amino Acids Metabolism in Rats". Acta Scientific Gastrointestinal Disorders 5.2 (2022): 27-35.



Effect of Acetaminophen Against the Background of Alimentary Protein Deficiency on the Features of Sulfur-Containing Amino Acids

Metabolism in Rats

During the experiment, animals consumed a semi-synthetic diet
AIN-93 in accordance with the recommendations of the American

Institute of Nutrition on the principle of pair-feeding [37].

Acute toxic liver injury was simulated by administering ac-
etaminophen per os to experimental animals at the rate of 1250
mg/kg (0.5 LD,) of animal weight in the form of suspension in 2%

starch gel solution once a day for 2 days [3].

The research model involved dividing the animals into groups

e Animals kept on a semi-synthetic diet balanced for all nutri-

ents - control group (C).

e Animals kept on a semi-synthetic low-protein diet for 4
weeks prior to the experiment (1/3 of the normal daily pro-

tein requirements) (LPD).

e Animals that received acute acetaminophen-induced toxic

injury (TI) after being fed a complete semi-synthetic diet

e Animals with acute toxic injury modeled against the back-
ground of alimentary protein deficiency (LPD+TI).

Cervical dislocation of the studied animals under light ether an-

esthesia was performed on days 28 and 31 of the experiment.

Isolation of hepatocytes

Hepatocytes were isolated using a non-enzymatic method. The
liver tissues were perfused with Hanks’ solution (37°C) followed
by the addition of 2 mM EDTA to attenuate intercellular contacts
[38]. Hepatocytes were obtained by low-speed centrifugation (80
g), then resuspended in Hanks’ solution without EDTA and count-
ed in a Goryaev chamber under a Spencer microscope (USA) after
staining with 0.2% trypan blue solution. Hepatocyte viability was
94+2%.

Chromatography

Determination of methionine and cysteine content in protein-
free blood serum and hepatocyte samples was performed using
a T-339 automatic amino acid analyzer from Microtechna (Czech
Republic).

Enzyme-linked immunosorbent assay (ELISA)

Homocysteine concentration in blood plasma was determined

by enzyme immunoassay using Axis-Shield kit (UK).
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Enzymatic activity

The activity of cystathionine y-lyase was assessed by the amount
of formed hydrogen sulfide. The reaction medium contained 0.67
mM pyridoxal phosphate, 3.3 mM L-cysteine, 0.083 M tris-HCl buf-
fer, pH 8.5. The obtained samples were incubated at 37°C in tubes
sealed with foil (to avoid loss of H,S). The reaction was stopped by
cooling the tubes on ice, and a 1% solution of zinc acetate, 20 mM
N, N-dimethyl paraphenyldiamine in 7.2 M HCI, and 30 mM FeCl,
in 1.2 M HCl was added. After deproteinization, the extinction of
the supernatant was measured on a CARY 60 spectrophotometer
(USA) at 670 nm.

Cystathionine (-synthase activity was calculated as the differ-
ence between the total activity (cystathionine y-lyase + cystathio-
nine B-synthase) and cystathionine y-lyase activity. To determine
total enzyme activity, we used medium that contained 0.67 mM
pyridoxal phosphate, 3.3 mM L-cysteine, 0.083 M tris-HCl bulffer,

pH 8.5-, and 3.3-mM homocysteine at final concentrations [39].

Determination of the content of thiol groups in proteins

The content of thiol groups in proteins (SH-groups) was de-
termined by the method based on the use of 5,5’-dithio-bis-2-ni-
trobenzoic acid (DTNBA), which reacts with SH-groups, forming
a mixed disulfide and releasing a thionitrophenyl anion, whose
amount is directly proportional to the number of free SH-groups in
the proteins reacted with DTNBA [40].

The protein content in the experimental samples was deter-
mined by the Bradford method.

Statistical data analysis

Statistical analysis of the data was performed using Microsoft
Office Excel 2016 (activation key JXTBB-4NX7D-B2PBT-32HKF-
WFG9) and STATISTICA 6.0. The values obtained in the groups
of experimental animals were compared with the control using
Student’s t-test and non-parametric Mann-Whitney U test. For
this purpose we calculated the arithmetic mean of independent
determinations and standard deviations. The data were considered
significant when p < 0.05 (*), p < 0.01 (**).

Conclusions

Thus, in alimentary protein deprivation and acetaminophen

toxic injury, the distribution of sulphur-containing amino acids in
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hepatocytes and serum of animals is distorted with the develop-
ment of hyperhomocysteinemia. At that, the most significant dis-
turbance of transsulfuration pathway of homocysteine metabolism,
characterised by decrease of cystathionine f3-synthase activity with
simultaneous activation of cystathionine y-lyase in animal hepato-
cytes, occurs with administration of toxic doses of acetaminophen.
Elevated blood homocysteine levels can therefore be considered as
a prognostic marker of functional abnormalities in the liver trans-
sulfuration pathway and can be used in the diagnosis of hepatic

pathologies.

The data we obtained bring out the key points in understanding
the metabolic processes of methionine, homocysteine and cysteine
in the liver under dietary protein deficiency and acetaminophen
toxic damage. It seems important to reveal the role of interrelated
metabolic transformations of sulfur-containing amino acids in the
development of nutritional hepatopathologies as well as possible

ways of their correction.
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