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Introduction
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The liver has a high regenerative potential that is dependent on many factors, in particular adenosine monophosphate kinase signa-
ling, however, long-term alteration, such as daily alcohol consumption, tums regeneration into a chronic disease such as fibrosis, the end
stage of which is cirrhosis. Hepatic extracellular matrix proteins are important triggers of enhanced stellate cell function during the pro-
gression of liver fibrosis. The experiments were performed on Wistar rats divided into four groups: control group; doxorubicin injection
group (1.25 mg/kg); chronic alcohol hepatitis group; injection of doxorubicin during alcoholic hepatitis group, where we studied the total
concentration of glycosaminoglycans, concentration of heparin-heparan, keratan-dermatan and chondroitin fractions of glycosaminog-
lycans, free oxyproline and sialic acids in the liver tissue homogenate. Cells with Mallory-Denk bodies were present in the liver of rats
from the alcohol hepatitis group, which consisted of tangled balls of intermediate filaments and showed eosinophilia in the cytoplasm of
degenerative hepatocytes. There were also necrotic changes in cells. Sinusoidal capillaries were locally dilated. In the central sections of
the liver lobules of rats injected with doxorubicin against the background of chronic alcoholic hepatitis, the central veins were expanded,
their endothelium was thinned. Sinusoidal capillaries were locally expanded, there were no blood cells in their lumens. The nuclei of the
vast majority of hepatocytes were in a state of karyopyknosis, karyorrhexis, and karyolysis. Mallory-Denk bodies were present in the
cytoplasm of cells. Administration of doxorubicin to animals with chronic alcoholic hepatitis leads to an increase in the total concentra-
tion of glycosaminoglycans, the concentration of chondroitin sulfates, a decrease in the heparin-heparan fraction of glycosaminoglycans
and no changes in concentration of the keratan-dermatan fraction in the liver of rats compared to the control group. In the group of rats
injected with doxorubicin against the background of chronic alcoholic hepatitis, the concentrations of total glycosaminoglycans, heparin-
heparan fraction, and chondroitin fraction significantly increased, and the content of the keratan-dermatan fraction of glycosaminogly-
cans significantly decreased compared to animals with chronic alcoholic hepatitis. In rats injected with doxorubicin against the back-
ground of chronic alcoholic hepatitis, the content of free oxyproline decreased by 1.25 times, sialic acids — by 1.36 times, compared to
the group of animals with chronic alcoholic hepatitis. Administration of ethanol or doxorubicin in combination with ethanol to rats
causes morphological changes in the liver that are characteristic of chronic alcoholic hepatitis. Administration of doxorubicin to rats
leads to degenerative morphological changes in the liver lobules. The administration of doxorubicin prevents alcohol-induced collage-
nolysis and the breakdown of glycoproteins, but increases the breakdown of proteoglycans due to an increase in the content of chondroi-
tin and heparin-heparan fractions.

Keywords: adenosine monophosphate kinase; oxyproline; sialic acids; glycosaminoglycans; inflammation; ethanol intoxication.

when the damage is permanent and long-term, such as daily alcohol con-
sumption, the regeneration turns into a chronic disease such as fibrosis

The extracellular matrix of the liver is a complex cross-linked net-
work of macromolecular proteins that form a critically important microen-
vironment of hepatocytes to provide structural support and regulate organ
homeostasis (Ortiz et al., 2021). The extracellular matrix not only provides
structure to the liver and support for cells within the tissue, but also acts as
a reservoir for growth factors and cytokines and as a signaling center
through which cells can receive information from the environment and
vice versa (Arteel & Naba, 2020). In addition to its mechanical and bio-
chemical properties, extracellular matrix supports hydration and, interac-
ting with cell surface receptors, regulates cell differentiation, adhesion, mi-
gration and proliferation. Thus, the extracellular matrix creates a complex
microenvironment that is particularly dynamic in nature and undergoes
continuous remodeling not only during development but also during rege-
neration and damage repair. Accordingly, the well-coordinated regulation
of extracellular matrix remodeling is essential for the maintenance of ho-
meostasis and to prevent the onset and progression of liver diseases (Ar-
riazu et al., 2014). The liver has a high regenerative potential, however,
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(Cordero-Espinoza & Huch, 2018). Liver fibrosis is usually preceded by
oxidative-nitrosative damage (Mykytenko et al., 2022), which leads to the
development of alcoholic hepatitis (Serensen et al., 2022), followed by the
activation of the main type of fibrotic cells in the liver, hepatic stellate cells
(Lin et al., 2023; Torres et al., 2023). It has become clear that extracellular
matrix proteins are the triggers of increased hepatic stellate cells’ fnction
during the progression of liver fibrosis (Yan et al., 2021).

It is known from the literature that the serine/threonine protein kinase,
adenosine monophosphate kinase (AMPK), plays an important role in the
regulation of cellular stress, energy homeostasis and fibrosis. AMPK is ac-
tivated by phosphorylation of Thr-172 on the catalytic subunit of
AMPKa, but can also be regulated by oxidative stress (Au-Yeung et al.,
2023). AMPK activation has protective effects against oxidative stress and
inflammation in various cell types, tissues, and organs. Velagapudi et al.
(2019) demonstrated that activation of the AMPK/Nrf2/HO-1 signaling
pathway in BV-2 microglia leads to suppression of neuroinflammation.
Du et al. (2019) found that modulation of the AMPK/Nrf2 pathway pre-
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vents angiotensin II-induced cardiac fibrosis and dysfunction. Lee et al.
(2023) observed that activation of the AMPK/Nrf2 signaling pathway
protects cells from CCly-induced oxidative stress and inflammation. This
protective potential is closely related to the activation of Nrf2 signaling.
Suet al. (2023) demonstrated that AMPK/DRP1 phosphorylation in
hepatic stellate cells induces mitochondrial fission and decreases the ex-
pression of o-smooth muscle actin and collagen.

Overall, AMPK activation protects against oxidative stress, nonalco-
holic fatty liver disease, fibrosis, and metabolic syndrome, but chronic
activation can also have serious adverse effects in the form of cardiac
hypertrophy and cancer (Tian et al., 2023). On the other hand, blockade of
AMPK cascade activation may have negative consequences for liver
metabolism. Knockout of the AMPK cascade genes in the liver of mice
significantly increases oxidative damage in the development of nonalco-
holic steatohepatitis (Zhao et al., 2020). Blockade of AMPK activation by
a specific inhibitor (compound C) also increases oxidative liver damage
under conditions of excess alcohol intake (Nagappan et al., 2019). Doxo-
rubicin, a drug widely used in the chemotherapy of various cancers, is a
potent inhibitor of AMPK (Andugulapati et al., 2022). There are few stu-
dies that demonstrate the dependence of liver extracellular matrix changes
under conditions of chronic alcoholic hepatitis on AMPK activity.

The purpose of this work is to determinate the influence of doxorubi-
cin on the content of glycosaminoglycans, oxyproline and sialic acids in
the liver of rats under conditions of chronic alcoholic hepatitis.

Materials and methods

The animal studies were performed in accordance with the ARRIVE
(Animal Research: Reporting In Vivo Experiments) guidelines 2.0 (Percie
du Sert et al., 2020) and Guide for the Care and Use of Laboratory Ani-
mals (2011). Research was conducted in accordance with the standards of
the Council of Europe Convention on Bioethics ‘“European Convention
for the Protection of Vertebrate Animals Used for Experimental and Other
Scientific Purposes” (1997), general ethical principles of experiments on
animals approved by the First National Congress on Bioethics of Ukraine
(September 2001) and other international agreements and national legisla-
tion in this area. The animals were kept in a vivarium accredited in accor-
dance with the “Standard rules of order, equipment and maintenance of
experimental biological clinics (vivarium)”. Devices used for research
were subject to metrological control. All experimental procedures were
approved by Bioethical Committee of Poltava State Medical University
(record No. 197 from 23.09.2021). The animals were kept in cages with
12-hours of daylight, at the air temperature of 2023 °C with free access to
food at the vivarium of Poltava State Medical University. Animals were
removed from the experiment on the 63rd day by blood sampling from
the right ventricle of the heart under thiopental anesthesia.

The experiments were performed on 24 white, sexually mature male
Wistar rats, weighing 180220 g. The animals were divided into 4 groups:
1 — control group (n = 6); Il — group — animals (n = 6) which received
doxorubicin hydrochloride (doxorubicin, S.C. Sindan-Pharma S.R.L.), as
inhibitor of AMP-activated protein kinase, at a dose of 1.25 mg/kg intra-
peritoneally four times a week (Yarmohmmadi et al., 2017) for 63 days
(doxorubicin injection group); IIT group (alcohol hepatitis group) — ani-
mals, on which we simulated chronic alcoholic hepatitis (n = 6) by forced
intermittent alcoholization for 5 days by intraperitoneal administration of
16.5% ethanol solution in 5% glucose solution, at the rate of 4 mL/kg
body weight once a day. Afterwards, there was a break for two days. Then
the animals again received intraperitoneal administration of 16.5% ethanol
solution in 5% glucose solution, at the rate of 4 mL / kg body weight a day
for 5 days. Then they were converted to 10% ethanol as the only source of
drink for 51 days, total experimental procedure lasted 63 days (Mykyten-
ko et al., 2022). IV group — animals (n = 6), on which we simulated chro-
nic alcohol hepatitis as in group III and administered doxorubicin hydro-
chloride according to the scheme of group II (injection of doxorubicin
during alcoholic hepatitis group). The control group included animals that
were subjected to similar manipulations throughout the study period, but
were injected with a physiological solution (0.9% sodium chloride).

In the serum of rats we determined the activity of y-glutaminyltrans-
peptidase using a diagnostic kit, manufacturer NPP “Philisit-Diagnostics”.

To determine the total concentration of glycosaminoglycans, the carbazole
method was used, which is based on determining the content of uronic
acids after acid hydrolysis of glycosaminoglycans, based on the colour
reaction of uronic acid with carbazole (Akimov et al., 2019). To define the
concentration of different fractions (heparin-heparan, keratan-dermatan
and chondroitin) of glycosaminoglycans in tissue homogenate, we used
the method of sequential precipitation proposed by Volpi (1996). After
sequential precipitation, we used the carbazole method to determine con-
centrations of different fractions. The concentration of free oxyproline was
measured colorimetrically after the oxidation of oxyproline to pyrrole-2-
carboxylic acid. Its concentration was estimated by the content of the co-
loured product formed in the reaction of the reaction product of pyrrole-2-
carboxylic acid with paradimethylaminobenzaldehyde (Akimov et al,
2019). Sialic acids were measured as follows. 0.2 mL of 10% liver homo-
genate and 0.8 mL of distilled water were added to centrifuge tubes with a
capacity of 10 mL, then 1 mL of a 10% solution of trichloroacetic acid
was added. The test tubes were placed in a water bath for 5 minutes at the
temperature of boiling water. Then the test tubes were placed in cold water
with ice for 5 min. After that, they were centrifuged at 3000 rpm for 15
minutes. After centrifugation, 0.4 mL of the supematant was taken and
transferred to a new centrifuge tube with the addition of 5 mL of acetic-
sulfuric acid reagent (95 mL of glacial acetic acid and 5 mL of concen-
trated sulfuric acid). After that, the samples were placed in a water bath for
30 min and cooled under running water to room temperature. Absorbance
was measured on a Ulab 101 spectrophotometer at a wavelength of A =
540 nm against a blank sample (containing only the acetic-sulphuric acid
reagent) (Mykytenko et al., 2022). The fragments of the liver were re-
moved and fixed with a 10% neutral formalin solution. The material was
washed and prepared for paraffin embedding according to standard tech-
niques (Bagrij et al., 2016). Sections of 5—7 um thick were obtained Histo-
Line microtome. Histological sections were stained with hematoxylin and
eosin. Series of histological slide photomicrographs from objectives 4x
and 10x were captured by a microscope MICROmed Fusion FS-7630
(Ningbo Zhanjing Optical Instruments Co., Ltd, China, 2019) attached to
a MICROmed MDC-500 (Ningbo Zhanjing Optical Instruments Co.,
Ltd, China, 2019) digital 5.0 Mpx camera. Photo fixation was performed
in Vividia Ablescope software.

Data was analyzed for normality of distribution using the Shapiro-
Wilk test. In cases of normal distribution we used the ANOVA test to
evaluate differences between groups followed by pairwise comparisons
by the Student t-test. In cases of distribution different from normal we
used nonparametric ANOVA by the Kruskal-Wallis method followed by
pairwise comparisons by the Mann-Whitney U-test. To avoid the multiple
comparisons problem we used Bonferroni correction. Differences bet-
ween groups were considered statistically significant if P < 0.05. Data re-
presented as mean (X) + standard error (SE).

Results

Changes in activity of y-glutaminyltranspeptidase in blood serum of
rats. Analysis of the marker enzyme of alcoholic liver disease in blood
serum, namely, y-glutaminyltranspeptidase revealed that the activity of y-
glutaminyltranspeptidase in the doxorubicin injection group increased by
1.55 times, in the alcohol hepatitis group it decreased by 5.58 times, and in
the injection of doxorubicin during alcoholic hepatitis group it increased
by 1.97 times in comparison to the control group of rats. The introduction
of doxorubicin against the background of alcohol intoxication increased
the activity of y-glutaminyltranspeptidase by 16.58 times in compared to
the alcohol hepatitis group (Fig. 1).

Influence of doxorubicin on the morphological parameters of the liver
of rats under the conditions of chronic alcoholic hepatitis modeling. Liver
rats from control group had a lobular structure. Externally, each of the lo-
bes was surrounded by a well-defined connective tissue that formed the
extracellular matrix of the organ. Central veins were located in the center
of the lobes. Hepatic beams formed by hepatocytes were visualized radial-
ly from them, with sinusoidal capillaries between them (Fig. 2a). On the
periphery of the lobules in rats from the control group, triads from the
artery, vein, and bile duct were localized. Blood filling of the vascular
system of the lobules was moderate.
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Fig. 1. Activity of y-glutaminyltranspeptidase in blood serum of rats under
the conditions of administration of doxorubicin and modeling of chronic
alcoholic hepatitis (x = SE, n = 6): different letters indicate values that
differed one from another significantly within one line of the table accor-
ding to the results of comparison using nonparametric ANOVA by
Kruskal-Wallis method followed by pairwise comparisons by Mann-
Whitney U-test with Bonferroni correction

ST e T o b e
Fig. 2. The central part of the liver lobe of a rat:
a— control group, b — doxorubicin injection group; / —central vein,
2 —liver beams, 3 — sinusoidal capillary, 4 — dilated sinusoidal capillaries,
5 —degenerative changes in hepatocyte; hematoxylin-eosin staining

There were degenerative changes in the liver of rats from the doxoru-
bicin injection group, which were more pronounced in the central zones of
the lobes. The endothelium of the central veins was thin, the nuclei of the
endotheliocytes had a form of thin basophilic strips. There were signs of
perivascular hyperhydration of an amorphous substance. Sinusoidal capil-
laries were dilated, their blood supply was uneven. Hepatocytes showed
polymorphism, and moderately expressed phenomena of fatty dystrophy.
There were no binucleated cells. Hepatocytes with pyknotically altered
nuclei were present locally (Fig. 2b). In the liver of rats with chronic alco-
hol intoxication, there were foci of hepatocyte swelling and local necrotic
changes. At the site of dead hepatocytes in the central parts of the lobules
there were areas of proliferative cell activity (Fig. 3).
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Fig. 3. The central part of the liver lobe of a rat from alcoholic
hepatitis group: / —area of proliferation, 2 —area of cellular dystrophy;
hematoxylin-eosin staining

Cells with Mallory-Denk bodies were present in the liver of rats from
the alcohol hepatitis group, which consisted of tangled balls of interme-
diate filaments and showed eosinophilia in the cytoplasm of degenerative
hepatocytes. There were also necrotic changes in cells (Fig. 4a). Sinusoi-
dal capillaries were locally dilated.

Fig. 4. The central part of the liver lobe of a rat: a - alcohol hepatitis group;
b - injection of doxorubicin during alcoholic hepatitis group; 1 — central
vein. 2 — hepatocyte necrosis. 3 — Mallory-Denk bodies. 4 — dilated sinu-
soidal capillary; hematoxylin-eosin staining

In the central sections of the liver lobules of rats injected with doxoru-
bicin against the background of chronic alcoholic hepatitis, the central
veins were expanded, their endothelium was thinned. Sinusoidal capilla-
ries were locally expanded, there were no blood cells in their lumina.
The nuclei of the vast majority of hepatocytes were in a state of karyopyk-
nosis, karyorrhexis, and karyolysis. Mallory-Denk bodies were present in
the cytoplasm of cells (Fig. 4b).
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The effect of doxorubicin on the biochemical parameters of extracel-
lular matrix of the liver of rats. We established that under the conditions of
administration of doxorubicin, the total concentration of glycosaminogly-
cans increased by 1.26 times due to the heparin-heparan fraction of glyco-
saminoglycans in the liver of rats, which increased by 1.31 times and the
chondroitin fraction of glycosaminoglycans, which increased by
1.15 times, but the concentration of the keratan-dermatan fraction de-
creased by 2.08 times compared to the control group (Table 1). Evaluating
the metabolism of collagen proteins under the conditions of administration

Table 1

of an AMP-kinase inhibitor, we note an increase in the content of
free oxyproline by 1.5 times compared to the control. The concentration
of'sialic acids in the liver of rats also increased under the conditions of
administration of doxorubicin by 2.87 times compared to the control
group. Thus, the introduction of doxorubicin led to increased collagenolysis
and catabolism of glycoproteins of the extracellular matrix of the liver, and
the following changes in the ratio of glycosaminoglycans fractions: an in-
crease in the heparin-heparan and chondroitin fractions against the back-
ground of a decrease in the concentration of the keratan-dermatan fraction.

Biochemical indicators of extracellular matrix of the liver of rats under conditions
of chronic alcoholic hepatitis and administered doxorubicin hydrochloride (x = SE, n=6)

Biochemical parameters Control group Doxorubicin Alcohol Injection of doxorubicin
injection group hepatitis group during alcoholic hepatitis group
Total concentration of glycosaminoglycans, pmol/L 2.621+0.023" 3311+0.008" 2.074+0.025° 2.940+0.008°
Concentration of heparin-heparan fraction, pmol/L 1.814+0.017° 2384+0.014¢ 0.780+0.013" 1402+0.016"
Concentration of keratan-dermatan fraction, pmol/L 0268 +0.005" 0.1300.005" 0.842£0.009° 0.284+0.005"
Concentration of chondroitin fraction, pumol/L 0.591£0.009 0.678+0.008° 0.489+0.006" 1.182:+£0.008"
Concentration of free oxyproline, pmol/g 1.284+0.015° 1918+0.011° 2.880+£0.053¢ 2.301+0.023°
Concentration of sialic acids, mg/g 1.263+0.037" 3619+0.025 7669+0.016" 5.644 +0.090°

Note: different letters indicate values that differed one from another significantly within one line of the table according to the results of comparison using nonparametric ANOVA
by Kruskal-Wallis method followed by pairwise comparisons by Mann-Whitney U-test with Bonferroni correction.

The effect of chronic alcoholic hepatitis on the biochemical indicators
of extracellular matrix of the liver of rats. We have described the effects of
chronic alcoholic hepatitis on biochemical markers of the extracellular
matrix metabolism in the rat liver in detail in our previous publications
(Mykytenko et al., 2022). Long-term alcohol intoxication leads to increa-
sed collagenolysis and catabolism of glycoproteins of the extracellular
matrix of the liver. Against the background of an increase in the break-
down of extracellular matrix proteoglycans of the liver of rats, the ratio of
individual fractions of glycosaminoglycans shifts towards the predomin-
ance of the keratan-dermatan fraction.

The effect of doxorubicin on the biochemical indicators of extracellu-
lar matrix of the liver of rats against the background of chronic alcoholic
hepatitis. We found that the introduction of doxorubicin against the back-
ground of chronic alcoholic hepatitis led to an increase in the total concen-
tration of glycosaminoglycans in the liver of rats by 1.12 times compared
to the control group and by 1.42 times compared to the alcohol hepatitis
group and a decrease by 1.13 times compared to doxorubicin injection
group (Table 1). The concentration of the heparin-heparan fraction of gly-
cosaminoglycans in the liver of rats decreased by 1.29 times in the injec-
tion of doxorubicin during alcoholic hepatitis group compared to the con-
trol group and by 1.7 times compared to the doxorubicin injection group
and increased by 1.79 times compared to the alcohol hepatitis group.
The concentration of the keratan-dermatan fraction of glycosaminogly-
cans in the liver of rats increased by 2.15 times compared to the doxorubi-
cin injection group and decreased by 3 times compared to the alcohol
hepatitis group. The concentration of the chondroitin fraction of glycosa-
minoglycans in the liver of rats increased 2-fold in the injection of doxoru-
bicin during alcoholic hepatitis group compared to the control group, 1.74-
fold compared to the doxorubicin injection group and 2.41-fold compared
to the alcohol hepatitis group.

Analyzing the metabolism of extracellular matrix collagen proteins of
the liver in the injection of doxorubicin during alcoholic hepatitis group,
we found that the concentration of free oxyproline increased by 1.8 times
compared to the control group and by 1.20 times compared to the doxoru-
bicin injection group and decreased by 1.25 times compared to the alcohol
hepatitis group. The concentration of sialic acids in the liver of rats from
the injection of doxorubicin during alcoholic hepatitis group increased
448 times compared to the control group, 1.56 times compared to the
doxorubicin injection group and decreased 1.36 times compared to the
alcohol hepatitis group.

Discussion
An increase in the concentration of the heparin-heparan fraction of

glycosaminoglycans in the liver when doxorubicin is administered can be
considered as an adaptive response to doxorubicin-induced oxidative

damage to hepatocytes (Pantea et al., 2023). An increased concentration of
the heparin-heparan fraction of glycosaminoglycans can activate hepato-
cyte proliferation through the midkine-associated cascade, which acquires
the ability to activate due to the reduction of AMPK expression by doxo-
rubicin (Ou et al., 2020; Wang et al., 2023). Presumably, this is the same
mechanism that ensures an increase in the concentration of the heparin-
heparan fraction in the group of animals administered doxorubicin against
the background of chronic alcohol intoxication in relation to the group of
rats with chronic alcoholic hepatitis.

According to Shrikanth et al. (2021) inhibition of AMPK in kidney
cells does not affect the content of the keratan-dermatan fraction of glyco-
saminoglycans. Our experimental results differ from the data obtained by
Shrikanth et al. (2021) and indicate a decrease in the concentration of the
keratan-dermatan fraction of glycosaminoglycans under the conditions of
inhibition of the AMPK cascade by doxorubicin, which may be related to
the different organs studied and the different pharmacological substances
used for the inhibition of AMPK.

An increase in the concentration of the chondroitin fraction of glycos-
aminoglycans under the conditions of doxorubicin administration can be
considered an adaptive response to the doxorubicin-induced decrease in
the activity of the AMPK cascade, since the chondroitin-containing gly-
cosaminoglycans decorin can contribute to the activation of the AMPK
cascade through vascular endothelial growth factor receptor 2 (Neill et al,
2021). A decrease in the concentration of the chondroitin fraction of gly-
cosaminoglycans in the alcohol hepatitis group may be a consequence of a
decrease in decorin content and a sign of the inflammatory process in the
liver (Li et al., 2023). An increase in the concentration of the chondroitin
fraction of glycosaminoglycans in the liver in injection of doxorubicin
during alcoholic hepatitis group may be a sign of the combination of toxic
effects of these substances and threaten the development of liver fibrosis
(Dudas et al., 2001; Sedeman et al., 2022).

An increase in the intensity of collagenolysis and desialylation of col-
lagen and non-collagen proteins in the liver of rats administered doxorubi-
cin may be associated with the development of oxidative damage to hepa-
tocytes (Ahmed et al., 2022). A decrease in the intensity of collagenolysis
in the liver of animals administered doxorubicin under conditions of
chronic alcoholic hepatitis may be a consequence of an increase in the
concentration of the chondroitin fraction of glycosaminoglycans in this
group of rats. Decorin has an inhibitory effect on the activity of matrix
metalloproteinase 14, which increases under the conditions of the deve-
lopment of alcoholic hepatitis (Itaba et al., 2019; Rivet et al., 2023). How-
ever, under these conditions, the risk of developing liver fibrosis increases
due to Decorin-induced enhancement of the effect of transforming factor
B (Duetal, 2023).

Under the conditions of alcoholic hepatitis, according to Gruszewska
et al. (2014), the total concentration of sialic acids increases significantly,
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which may be associated with the activation of neuraminidase in liver
cells, as observed in steatosis according to Pilling et al. (2021). Increased
concentration of sialic acids due to desialylation processes can lead to
sialylation of various protein and lipid molecules, which is a process not
controlled by enzymes. Changes in galactosylation, fucosylation, and
sialylation are now well-established factors that govemn the differential
function of IgG, ranging from inhibitory/anti-inflammatory effects to
complement activation and promotion of antibody-dependent cellular
cytotoxicity (Cobb, 2020). Chung et al. (2014) published the results of
experimental studies where increased galactosylation and total sialylation
induce more persistent antibody-dependent cellular phagocytosis. How-
ever, there is inconsistency in the literature regarding the effect of IgG
sialylation on antibody-dependent cellular phagocytosis activity. In the
article by Lin et al. (2015) IgG, which has a biantennary N-glycan struc-
ture with two terminal alpha-2,6-linked sialic acids, was found to be an
optimal structure that has high activity against cancer, influenza, and in-
flammatory diseases and is optimized for antibody-dependent cellular
phagocytosis. However, in a scientific study by Quast et al. (2015) addi-
tional sialylation of 02,6-IgG reduced complement-mediated cytotoxicity,
and in studies by Thomann et al. (2015) 02,6-sialylation of IgG1 had no
significant effect on antibody-dependent cellular cytotoxicity. This threat-
ens the involvement of immune mechanisms in the processes of liver
damage under the conditions of alcohol abuse. According to the results of
our research, under the conditions of inhibition of the AMPK cascade by
doxorubicin, desialylation of non-collagenous proteins of the liver is re-
duced compared to the group of animals with alcoholic hepatitis, which
can have a significant impact on the course of inflammation under condi-
tions of chronic alcoholic hepatitis. Despite significant progress in the
understanding of sialylation processes, for example, that o2,6-sialylated
IgG/Fc can actively suppress inflammation, this topic remains incomplete-
ly researched and of great interest to researchers. One reason is that sialyla-
tion does not always suppress inflammation or disease. The effect is likely
dependent on context, underlying disease mechanisms, and other metabol-
ic factors and modulators that remain to be studied.

Conclusions

Administration of ethanol or doxorubicin in combination with ethanol
to rats causes morphological changes in the liver that are characteristic of
chronic alcoholic hepatitis. Administration of doxorubicin to rats leads to
degenerative morphological changes in the liver lobules. The administra-
tion of doxorubicin prevents alcohol-induced collagenolysis and the
breakdown of glycoproteins, but increases the breakdown of proteogly-
cans due to an increase in the content of chondroitin and heparin-heparan
fractions. Thus, blockade of AMPK activation by doxorubicin during
chronic alcoholic hepatitis, despite limiting the destruction of collagen
fibers and decrease in intensity of desialylation processes, is a dangerous
approach to treatment of alcoholic hepatitis because it leads to increase in
glycosaminoglycans concentration, which can impair normal liver regene-
ration. Since blockade of AMPK cascade showed adverse effects during
chronic alcohol hepatitis, it is a plausible and promising approach to artifi-
cially stimulate AMPK activation during chronic alcohol hepatitis for
prevention or treatment or, at least, partial alleviation of biochemical and
morphological changes caused by development of chronic alcohol hepatitis.

The authors declare that there is no conflict of interest.

References

Ahmed, O. M., Elkomy, M. H., Fahim, H. I, Ashour, M. B, Naguib, I. A., Algham-
di, B. S., Mahmoud, H. U. R., & Ahmed, N. A. (2022). Rutin and quercetin
counter doxorubicin-induced liver toxicity in Wistar rats via their modulatory ef-
fects on inflammation, oxidative stress, apoptosis, and Nrf2. Oxidative Medi-
cine and Cellular Longevity, 2022, 2710607.

Akimov, O. Y., Mischenko, A. V., & Kostenko, V. O. (2019). Influence of com-
bined nitrate and fluoride intoxication on connective tissue disorders in rats gast-
ric mucosa. Archives of Balkan Medical Union, 54(3), 417-422.

282

Andugulapati, S. B., Sundararaman, A., Lahiry, M., & Rangarajan, A. (2022). AMP-
activated protein kinase promotes breast cancer stemness and drug resistance.
Disease Models and Mechanisms, 15(6), dmm049203.

Arriazu, E., Ruiz de Galarreta, M., Cubero, F. J., Varela-Rey, M., Pérez de Obanos,
M. P, Leung, T. M., Lopategi, A., Benedicto, A., Abraham-Enachescu, 1., &
Nieto, N. (2014). Extracellular matrix and liver disease. Antioxidants and Redox
Signaling, 21(7), 1078-1097.

Arteel, G. E., & Naba, A. (2020). The liver matrisome — looking beyond collagens.
JHEP Reports: Innovation in Hepatology, 2(4), 100115.

Au-Yeung, K. K. W., Shang, Y., Wijerathne, C. U. B., Madduma Hewage, S., Siow,
Y. L, & O, K. (2023). Acute kidney injury induces oxidative stress and hepatic
lipid accumulation through ampk signaling pathway. Antioxidants, 12(4), 883.

Bagrij, M. M, Dibrova, V. A., Popadinec, O. G., & Grishchuk, M. L. (2016) Meto-
dyky gistologichnyh doslidzhen [Methods of histological studies]. Nova Kniga,
Vinnitsa (in Ukrainian).

Chung, A. W., Crispin, M., Pritchard, L., Robinson, H., Gomy, M. K., Yu, X., Bai-
ley-Kellogg, C., Ackerman, M. E., Scanlan, C., Zolla-Pazner, S., & Alter, G.
(2014). Identification of antibody glycosylation structures that predict monoc-
lonal antibody Fe-effector function. AIDS, 28(17), 2523-2530.

Cobb, B. A. (2020). The history of IgG glycosylation and where we are now. Glyco-
biology, 30(4), 202-213.

Cordero-Espinoza, L., & Huch, M. (2018). The balancing act of the liver: Tissue
regeneration versus fibrosis. The Journal of Clinical Investigation, 128(1),
85-96.

Du, Y., Han, J., Zhang, H., Xu, J.,, Jiang, L., & Ge, W. (2019). Kaempferol prevents
against ang ii-induced cardiac remodeling through attenuating ang ii-induced in-
flammation and oxidative stress. Joumnal of Cardiovascular Pharmacology,
74(4),326-335.

Du, Y., Liu, X, Du, K., Zhang, W., Li, R,, Yang, L., Cheng, L., He, W., & Zhang,
W. (2023). Decorin inhibits the formation of hard nodules after microwave ab-
lation by inhibiting the TGF-$1/SMAD and MAPK signaling pathways: In a
Bama miniature pig model of mammary gland hyperplasia. International Jour-
nal of Hyperthermia, 40(1), 2188151.

Dudss, J., Kovalszky, 1., Gallai, M., Nagy, J. O., Schaff, Z., Knittel, T., Mehde, M.,
Neubauer, K., Szalay, F., & Ramadori, G. (2001). Expression of decorin, trans-
forming growth factor-beta 1, tissue inhibitor metalloproteinase 1 and 2, and
type IV collagenases in chronic hepatitis. American Journal of Clinical Patholo-
gy, 115(5), 725-735.

Gruszewska, E., Cylwik, B., Panasiuk, A., Szmitkowski, M., Flisiak, R., & Chrostek,
L. (2014). Total and free serum sialic acid concentration in liver diseases. Bio-
Med Research International, 2014, 876096.

Itaba, N., Kono, Y., Watanabe, K., Yokobata, T., Oka, H., Osaki, M., Kakuta, H.,
Morimoto, M., & Shiota, G. (2019). Reversal of established liver fibrosis by IC-
2-engineered mesenchymal stem cell sheets. Scientific Reports, 9(1), 6841.

Lee, C., Yoon, S., & Moon, J. O. (2023). Kaempferol suppresses carbon tetrachlo-
ride-induced liver damage in rats via the MAPKs/NF-kB and AMPK/Nrf2 sig-
naling pathways. Intemational Journal of Molecular Sciences, 24(8), 6900.

Li Y., Gan, L., Lu, M., Zhang, X., Tong, X., Qi, D., Zhao, Y., & Ye, X. (2023). HBx
downregulated decorin and decorin-derived peptides inhibit the proliferation
and tumorigenicity of hepatocellular carcinoma cells. FASEB Journal, 37(4),
€22871.

Lin, C. W,, Tsai, M. H,, Li, S. T., Tsai, T. I, Chu, K. C., Liu, Y. C., Lai, M. Y., Wu,
C.Y., Tseng, Y. C., Shivatare, S. S., Wang, C. H., Chao, P., Wang, S. Y., Shih,
H.W.,Zeng,Y.F.,You, T.H,, Liao,J. Y., Tu, Y. C,, Lin, Y. S., Chuang, H. Y,
Chen, C. L., Tsai, C. S., Huang, C. C., Lin, N. H, Ma, C., Wu, C. Y., & Wong,
C. H. (2015). A common glycan structure on immunoglobulin G for enhance-
ment of effector functions. Proceedings of the National Academy of Sciences of
the United States of America, 112(34), 10611-10616.

Lin, C. Y., Mamani, U. F.,, Guo, Y., Liu, Y., & Cheng, K. (2023). Peptide-based SIRNA
nanocomplexes targeting hepatic stellate cells. Biomolecules, 13(3), 448.

Mykytenko, A. O., Akimov, O. Y., & Neporada, K. S. (2022). Influence of lipopoly-
saccharide on the development of oxidative-nitrosative stress in the liver of rats
under conditions of chronic alcohol intoxication. Fiziolohichnyi Zhurmal, 68(2),
29-35.

Mykytenko, A. O., Akimov, O. Y., Yeroshenko, G. A., & Neporada, K. S. (2022).
Extracellular matrix of rat liver under the conditions of combining systemic in-
flammatory response syndrome and chronic alcohol intoxication. World of
Medicine and Biology, 79,214-217.

Mykytenko, A. O., Akimov, O. Y., Yeroshenko, G. A., & Neporada, K. S. (2022).
Influence of NF-kB on the development of oxidative-nitrosative stress in the
liver of rats under conditions of chronic alcohol intoxication. The Ukrainian Bi-
ochemical Journal, 94(6), 57-66.

Nagappan, A., Kim, J. H., Jung, D. Y., & Jung, M. H. (2019). Cryptotanshinone
from the salvia miltiorrhiza bunge attenuates ethanol-induced liver injury by ac-
tivation of AMPK/sirt] and nrf2 signaling pathways. Intemational Journal of
Molecular Sciences, 21(1), 265.

National Research Council (2011). Guide for the care and use of laboratory animals.
8th ed. National Academies Press, Washington.

Regul. Mech. Biosyst., 2023, 14(2)


http://doi.org/10.1155/2022/2710607
http://doi.org/10.1155/2022/2710607
http://doi.org/10.1155/2022/2710607
http://doi.org/10.1155/2022/2710607
http://doi.org/10.1155/2022/2710607
http://doi.org/10.31688/ABMU.2019.54.3.03
http://doi.org/10.31688/ABMU.2019.54.3.03
http://doi.org/10.31688/ABMU.2019.54.3.03
http://doi.org/10.1242/dmm.049203
http://doi.org/10.1242/dmm.049203
http://doi.org/10.1242/dmm.049203
http://doi.org/10.1089/ars.2013.5697
http://doi.org/10.1089/ars.2013.5697
http://doi.org/10.1089/ars.2013.5697
http://doi.org/10.1089/ars.2013.5697
http://doi.org/10.1016/j.jhepr.2020.100115
http://doi.org/10.1016/j.jhepr.2020.100115
http://doi.org/10.3390/antiox12040883
http://doi.org/10.3390/antiox12040883
http://doi.org/10.3390/antiox12040883
http://doi.org/10.1097/QAD.0000000000000444
http://doi.org/10.1097/QAD.0000000000000444
http://doi.org/10.1097/QAD.0000000000000444
http://doi.org/10.1097/QAD.0000000000000444
http://doi.org/10.1093/glycob/cwz065
http://doi.org/10.1093/glycob/cwz065
http://doi.org/10.1172/JCI93562
http://doi.org/10.1172/JCI93562
http://doi.org/10.1172/JCI93562
http://doi.org/10.1097/FJC.0000000000000713
http://doi.org/10.1097/FJC.0000000000000713
http://doi.org/10.1097/FJC.0000000000000713
http://doi.org/10.1097/FJC.0000000000000713
http://doi.org/10.1080/02656736.2023.2188151
http://doi.org/10.1080/02656736.2023.2188151
http://doi.org/10.1080/02656736.2023.2188151
http://doi.org/10.1080/02656736.2023.2188151
http://doi.org/10.1080/02656736.2023.2188151
http://doi.org/10.1309/J8CD-E9C8-X4NG-GTVG
http://doi.org/10.1309/J8CD-E9C8-X4NG-GTVG
http://doi.org/10.1309/J8CD-E9C8-X4NG-GTVG
http://doi.org/10.1309/J8CD-E9C8-X4NG-GTVG
http://doi.org/10.1309/J8CD-E9C8-X4NG-GTVG
http://doi.org/10.1155/2014/876096
http://doi.org/10.1155/2014/876096
http://doi.org/10.1155/2014/876096
http://doi.org/10.1038/s41598-019-43298-0
http://doi.org/10.1038/s41598-019-43298-0
http://doi.org/10.1038/s41598-019-43298-0
http://doi.org/10.3390/ijms24086900
http://doi.org/10.3390/ijms24086900
http://doi.org/10.3390/ijms24086900
http://doi.org/10.1096/fj.202200999RR
http://doi.org/10.1096/fj.202200999RR
http://doi.org/10.1096/fj.202200999RR
http://doi.org/10.1096/fj.202200999RR
http://doi.org/10.1073/pnas.1513456112
http://doi.org/10.1073/pnas.1513456112
http://doi.org/10.1073/pnas.1513456112
http://doi.org/10.1073/pnas.1513456112
http://doi.org/10.1073/pnas.1513456112
http://doi.org/10.1073/pnas.1513456112
http://doi.org/10.1073/pnas.1513456112
http://doi.org/10.3390/biom13030448
http://doi.org/10.3390/biom13030448
http://doi.org/10.15407/fz68.02.029
http://doi.org/10.15407/fz68.02.029
http://doi.org/10.15407/fz68.02.029
http://doi.org/10.15407/fz68.02.029
http://doi.org/10.26724/2079-8334-2022-1-79-214-217
http://doi.org/10.26724/2079-8334-2022-1-79-214-217
http://doi.org/10.26724/2079-8334-2022-1-79-214-217
http://doi.org/10.26724/2079-8334-2022-1-79-214-217
http://doi.org/10.15407/ubj94.06.057
http://doi.org/10.15407/ubj94.06.057
http://doi.org/10.15407/ubj94.06.057
http://doi.org/10.15407/ubj94.06.057
http://doi.org/10.3390/ijms21010265
http://doi.org/10.3390/ijms21010265
http://doi.org/10.3390/ijms21010265
http://doi.org/10.3390/ijms21010265
http://doi.org/10.17226/12910
http://doi.org/10.17226/12910

Neill, T., Kapoor, A., Xie, C., Buraschi, S., & lozzo, R. V. (2021). A functional
outside-in signaling network of proteoglycans and matrix molecules regulating
autophagy. Matrix Biology, 100-101, 118-149.

Ortiz, C., Schierwagen, R., Schaefer, L., Klein, S., Trepat, X., & Trebicka, J. (2021).
Extracellular matrix remodeling in chronic liver disease. Current Tissue Micro-
environment Reports, 2(3), 41-52.

Ou, H. X, Huang, Q., Liu, C. H,, Xiao, J., Lv, Y. C,, Li, X,, Lei, L. P., & Mo, Z. C.
(2020). Midkine inhibits cholesterol efflux by decreasing ATP-binding mem-
brane cassette transport protein Al via adenosine monophosphate-activated pro-
tein kinase/mammalian target of rapamycin signaling in macrophages. Circula-
tion Journal, 84(2), 217-225.

Pantea, V., Cobzac, V., Tagadiuc, O., Palarie, V., & Gudumac, V. (2023). In vitro
evaluation of the cytotoxic potential of thiosemicarbazide coordinating com-
pounds in hepatocyte cell culture. Biomedicines, 11(2), 366.

Percie du Sert, N., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., Browne, W. J.,
Clark, A., Cuthill, I. C., Dimagl, U., Emerson, M., Gamer, P., Holgate, S. T.,
Howells, D. W., Hurst, V., Karp, N. A., Lazic, S. E., Lidster, K., MacCallum,
C.J.,, Macleod, M., Pearl, E. J., Petersen, O. H., Rawle, F., Reynolds, P., Roo-
ney, K., Sena, E. S, Silberberg, S. D., Steckler, T., & Wiirbel, H. (2020). Re-
porting animal research: Explanation and elaboration for the ARRIVE guide-
lines 2.0. PLoS Biology, 18(7), €3000411.

Pilling, D., Karhadkar, T. R., & Gomer, R. H. (2021). High-fat diet-induced adipose
tissue and liver inflammation and steatosis in mice are reduced by inhibiting sia-
lidases. The American Journal of Pathology, 191(1), 131-143.

Quast, L, Keller, C. W., Maurer, M. A., Giddens, J. P., Tackenberg, B., Wang, L. X.,
Miinz, C., Nimmerjahn, F., Dalakas, M. C., & Liinemann, J. D. (2015). Sialyla-
tion of IgG Fc domain impairs complement-dependent cytotoxicity. The Jour-
nal of Clinical Investigation, 125(11), 4160-4170.

Rivet, R., Rao, R. M., Nizet, P., Belloy, N., Huber, L., Dauchez, M., Ramont, L.,
Baud, S., & Brézillon, S. (2023). Differential MMP-14 targeting by biglycan,
decorin, fibromodulin, and lumican unraveled by in silico approach. American
Journal of Physiology, Cell Physiology, 324(2), C353-C365.

Sedeman, M., Christowitz, C., de Jager, L., & Engelbrecht, A. M. (2022). Obese
mammary tumour-bearing mice are highly sensitive to doxorubicin-induced
hepatotoxicity. BMC Cancer, 22(1), 1240.

Shrikanth, C. B., Jagannath, S., & Chilkunda, N. D. (2021). AMPK differentially
alters sulphated glycosaminoglycans under normal and high glucose milieu in
proximal tubular cells. Journal of Biochemistry, 169(1), 75-86.

Serensen, M. D., Thiele, M., Krag, A., Daniels, S. J., Leeming, D. J., Karsdal, M., &
Detlefsen, S. (2022). Stage-dependent expression of fibrogenic markers in alco-
hol-related liver disease. Pathology, Research and Practice, 231, 153798.

Regul. Mech. Biosyst., 2023, 14(2)

Su, Y., Hou, C., Wang, M., Ren, K., Zhou, D., Liu, X., Zhao, S., & Liu, X. (2023).
Metformin induces mitochondrial fission and reduces energy metabolism by
targeting respiratory chain complex I in hepatic stellate cells to reverse liver fib-
rosis. The International Journal of Biochemistry and Cell Biology, 157, 106375.

Thomann, M., Schlothauer, T., Dashivets, T., Malik, S., Avenal, C., Bulau, P., Riiger,
P., & Reusch, D. (2015). In vitro glycoengineering of IgG1 and its effect on Fc
receptor binding and ADCC activity. PloS One, 10(8), 0134949.

Tian, R., Yang, J., Wang, X., Liu, S., Dong, R., Wang, Z., Yang, Z., Zhang, Y., Cai,
Z.,Yang,H, Hu, Y., She, Z. G., Li, H., Zhou, J., & Zhang, X. J. (2023). Hono-
kiol acts as an AMPK complex agonist therapeutic in non-alcoholic fatty liver
disease and metabolic syndrome. Chinese Medicine, 18(1), 30.

Torres, S., Ortiz, C., Bachtler, N., Gu, W., Grimewald, L. D., Kraus, N., Schierwa-
gen, R., Hieber, C., Meier, C., Tyc, O., Joseph Brol, M., Uschner, F. E., Nijmei-
jer, B., Welsch, C., Berres, M. L., Garcia-Ruiz, C., Fernandez-Checa, J. C.,
Trautwein, C., Vogl, T. J., Zeuzem, S., Trebicka, J., & Klein, S. (2023). Janus
kinase 2 inhibition by pacritinib as potential therapeutic target for liver fibrosis.
Hepatology, 77(4), 1228-1240.

Velagapudi, R., Jamshaid, F., Lepiarz, 1., Katola, F. O., Hemming, K., & Olajide,
0. A. (2019). The tiliroside derivative, 3-O-[(E)-(2-oxo-4-(p-tolyl)but-3-en-1-yl]
kaempferol produced inhibition of neuroinflammation and activation of AMPK
and Nrf2/HO-1 pathways in BV-2 microglia. Interational Immunopharmaco-
logy, 77, 105951.

Volpi, N. (1996). Purification of heparin, dermatan sulfate and chondroitin sulfate
from mixtures by sequential precipitation with various organic solvents. Journal
of Chromatography B: Biomedical Sciences and Applications, 685(1), 27-34.

Wang, T., Yuan, C., Liu, J., Deng, L., Li, W., He, J., Liu, H., Qu, L., Wu, J., & Zou,
W. (2023). Targeting energy protection as a novel strategy to disclose Di'ao
Xinxuekang against the cardiotoxicity caused by doxorubicin. International
Journal of Molecular Sciences, 24(2), 897.

Yan, Y., Zeng, J., Xing, L., & Li, C. (2021). Extra- and intra-cellular mechanisms of
hepatic stellate cell activation. Biomedicines, 9(8), 1014.

Yarmohmmadi, F., Rahimi, N., Faghir-Ghanesefat, H., Javadian, N., Abdollahi, A.,
Pasalar, P., Jazayeri, F., Ejtemacemehr, S., & Dehpour, A. R. (2017). Protective
effects of agmatine on doxorubicin-induced chronic cardiotoxicity in rat. Euro-
pean Journal of Pharmacology, 796, 39-44.

Zhao, P., Sun, X., Chaggan, C., Liao, Z., In Wong, K., He, F., Singh, S., Loomba,
R., Karin, M., Witztum, J. L., & Saltiel, A. R. (2020). An AMPK-caspase-6
axis controls liver damage in nonalcoholic steatohepatitis. Science,
367(6478), 652-660.

283


http://doi.org/10.1016/j.matbio.2021.04.001
http://doi.org/10.1016/j.matbio.2021.04.001
http://doi.org/10.1016/j.matbio.2021.04.001
http://doi.org/10.1007/s43152-021-00030-3
http://doi.org/10.1007/s43152-021-00030-3
http://doi.org/10.1007/s43152-021-00030-3
http://doi.org/10.1253/circj.CJ-19-0430
http://doi.org/10.1253/circj.CJ-19-0430
http://doi.org/10.1253/circj.CJ-19-0430
http://doi.org/10.1253/circj.CJ-19-0430
http://doi.org/10.1253/circj.CJ-19-0430
http://doi.org/10.3390/biomedicines11020366
http://doi.org/10.3390/biomedicines11020366
http://doi.org/10.3390/biomedicines11020366
http://doi.org/10.1371/journal.pbio.3000411
http://doi.org/10.1371/journal.pbio.3000411
http://doi.org/10.1371/journal.pbio.3000411
http://doi.org/10.1371/journal.pbio.3000411
http://doi.org/10.1371/journal.pbio.3000411
http://doi.org/10.1371/journal.pbio.3000411
http://doi.org/10.1371/journal.pbio.3000411
http://doi.org/10.1016/j.ajpath.2020.09.011
http://doi.org/10.1016/j.ajpath.2020.09.011
http://doi.org/10.1016/j.ajpath.2020.09.011
http://doi.org/10.1172/JCI82695
http://doi.org/10.1172/JCI82695
http://doi.org/10.1172/JCI82695
http://doi.org/10.1172/JCI82695
http://doi.org/10.1152/ajpcell.00429.2022
http://doi.org/10.1152/ajpcell.00429.2022
http://doi.org/10.1152/ajpcell.00429.2022
http://doi.org/10.1152/ajpcell.00429.2022
http://doi.org/10.1186/s12885-022-10189-z
http://doi.org/10.1186/s12885-022-10189-z
http://doi.org/10.1186/s12885-022-10189-z
http://doi.org/10.1093/jb/mvaa094
http://doi.org/10.1093/jb/mvaa094
http://doi.org/10.1093/jb/mvaa094
http://doi.org/10.1016/j.prp.2022.153798
http://doi.org/10.1016/j.prp.2022.153798
http://doi.org/10.1016/j.prp.2022.153798
http://doi.org/10.1016/j.biocel.2023.106375
http://doi.org/10.1016/j.biocel.2023.106375
http://doi.org/10.1016/j.biocel.2023.106375
http://doi.org/10.1016/j.biocel.2023.106375
http://doi.org/10.1371/journal.pone.0134949
http://doi.org/10.1371/journal.pone.0134949
http://doi.org/10.1371/journal.pone.0134949
http://doi.org/10.1186/s13020-023-00729-5
http://doi.org/10.1186/s13020-023-00729-5
http://doi.org/10.1186/s13020-023-00729-5
http://doi.org/10.1186/s13020-023-00729-5
http://doi.org/10.1002/hep.32746
http://doi.org/10.1002/hep.32746
http://doi.org/10.1002/hep.32746
http://doi.org/10.1002/hep.32746
http://doi.org/10.1002/hep.32746
http://doi.org/10.1002/hep.32746
http://doi.org/10.1016/j.intimp.2019.105951
http://doi.org/10.1016/j.intimp.2019.105951
http://doi.org/10.1016/j.intimp.2019.105951
http://doi.org/10.1016/j.intimp.2019.105951
http://doi.org/10.1016/j.intimp.2019.105951
http://doi.org/10.1016/0378-4347(96)00154-5
http://doi.org/10.1016/0378-4347(96)00154-5
http://doi.org/10.1016/0378-4347(96)00154-5
http://doi.org/10.3390/ijms24020897
http://doi.org/10.3390/ijms24020897
http://doi.org/10.3390/ijms24020897
http://doi.org/10.3390/ijms24020897
http://doi.org/10.3390/biomedicines9081014
http://doi.org/10.3390/biomedicines9081014
http://doi.org/10.1016/j.ejphar.2016.12.022
http://doi.org/10.1016/j.ejphar.2016.12.022
http://doi.org/10.1016/j.ejphar.2016.12.022
http://doi.org/10.1016/j.ejphar.2016.12.022
http://doi.org/10.1126/science.aay0542
http://doi.org/10.1126/science.aay0542
http://doi.org/10.1126/science.aay0542
http://doi.org/10.1126/science.aay0542

