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Abstract

The liver is the site of synthesis of the majority of circulating proteins. Besides initial
polypeptide synthesis, sophisticated machinery is involved in the further processing of
proteins by removing parts of them and/or adding functional groups and small
molecules tailoring the final molecule to suit its physiological purpose. Posttranslational
modifications (PTMs) design a network of molecules with the common protein ancestor
but with slightly or considerably varying activity/Localization/purpose. PTMs can
change under pathological conditions, giving rise to aberrant or overmodified proteins.
Undesired changes in the structure of proteins most often accompany undesired
changes in their function, such as reduced activity or the appearance of new effects.
Proper protein processing is essential for the reactions in living beings and crucial for
the overall quality control. Modifications that occur on proteins synthesized in the liver
whose PTMs are cirrhosis-related are oxidation, nitration, glycosylation, acetylation,
and ubiquitination. Some of them predominantly affect proteins that remain in liver
cells, whereas others predominantly occur on proteins that leave the liver or originate
from other tissues and perform their function in the circulation. Altered PTMs of certain
proteins are potential candidates as biomarkers of liver-related diseases, including
cirrhosis. This review will focus on PTMs on proteins whose structural changes in

cirrhosis exert or are suspected to exert the most serious functional consequences.
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Core Tip: Chronic liver diseases and cirrhosis are accompanied by various metabolic
disorders, some of which affect proteins. Besides changes in the concentration,

structural alterations of proteins occur, mostly at the level of posttranslational




modifications (PTMs). Five frequent cirrhosis-related PTMs are oxidation, nitration,
glycosylation, acetylation, and ubiquitination. Some are more specific for the circulating
proteins, whereas others are more specific for liver tissue-residing proteins. PTMs
influence folding, stability, half-life, aggregation, and function of proteins. Modified
proteins with altered function contribute to further progression of liver pathology. An
overview of cirrhosis-related alterations of PTMs of specific proteins is the topic of this

article.

INTRODUCTION

Liver cirrhosis is an end-stage condition of chronic liver diseaselll. The speed of
progression from chronic disease to cirrhosis depends on multiple factors. Cirrhosis
may develop due to toxic, infectious, immunopathological, or vascular processes.
Alcoholic fatty liver disease (AFLD) and non-AFLD (NAFLD), and hepatitis B- and
hepatitis C-induced diseases are the most common causes of cirrhosis, with AFLD being
the most frequent.

The liver is the site of synthesis of the majority of circulating proteins. Besides initial
polypeptide synthesis, sophisticated machinery is involved in the further processing of
proteins by removing parts of them and/or adding functional groups and small
molecules tailoring the final molecule to suit its physiological purpose. Changes that
occur after formation of the polypeptide chain are known as cotranslations and
posttranslational modifications (PTMs). PTMs enlarge the genome coding capacity by
several orders of magnitude, designing a network of molecules with the common
protein ancestor but with slightly or considerably varying
activity / Localization/ purpose. According to review articles of Ramazi and Zahirill
(2021) and Khoury et all®l (2011), more than 400 different PTMs have been discovered to
date.

When talking about PTMs, one should bear in mind the dynamic nature of the
protein structure, which can be seen, among other ways, in different modifications at

different moments of the protein lifespan. Each modification is expected to suit or




respond to certain (patho)physiological needs of an organism. Furthermore, one protein
can have more than one type of PTM simultaneously and at several molecular sites.
Multiple PTMs are highly dependent on conformational and steric factors. A vast
number of PTMs on proteins have been experimentally detected, but in the era of
computational omics and bioinformatics, the prediction of PTMs based on the structure
of proteins is an additional tool in the investigation of PTMs and their consequences on
protein function.

PTMs that occur under physiological conditions regulate the proper functioning of
the organism. PTMs can, however, change under pathological conditions giving rise to
aberrant or overmodified proteins. Undesired changes in protein structure most often
accompany undesired changes in their function. Such modifications can reduce the
initial activity of proteins or their lifespan with an overall outcome experienced as a
decreased effect. Other modifications can, however, contribute to the appearance of
new effects; these include misfolded proteins, previously unseen interactions, unusual
molecular trafficking and localization, altered gene expression, creation of neoantigens,
and stimulation of the immune system (which may lead to autoimmunity), protein
aggregation followed by tissue deposition, prolonged half-life, impaired clearance and
initiation of additional pathological processes. Thus, PTMs are essential for the
reactions in living beings and crucial for the overall quality control.

Huang and co-workers (2019) reported more than 80 modification sites in proteins
that were experimentally confirmed and named 24 major PTMsl4. Phosphorylation of
the amino acid serine (Ser) is the most frequent modification, followed by
phosphorylation of other amino acids, and then acetylation and ubiquitination. Lysine
(Lys) is the amino acid that can be modified in the greatest number of different ways,
resulting in as many as 15 types of altered species. Modifications that occur on proteins
synthesized in the liver whose PTMs were found to be cirrhosis-related (Figure 1) are

oxidation, nitration, glycosylation, acetylation, and ubiquitination!>-8l.

MECHANISMS UNDERLYING PTMS IN CIRRHOSIS




Oxidation

Oxidative stress plays a major role in the development of liver pathology, regardless of
etiology. The liver, being a central organ of homeostasis, regulates metabolism,
biosynthesis, and storage of carbohydrates, proteins, lipids, and vitamins. Due to such
performances, it has intensive metabolic activity and is a site of a considerable free
radical generationl’l. Any molecule possessing an unpaired electrow a free radical and
is highly reactive. The most important free radicals produced by living organisms are
reactive oxygen species (ROS) and reactive nitrogen species (RNS). Kupffer cells,
neutrophils, and hepatocytes (mitochondria and cytochrome P450 enzymes) are
involved in ROS generation during processes such as signal transduction, apoptosis,
proliferation, growth, and defense against microorganismsl!’l. Excessive quantities of
ROS and RNS are toxic. They can induce tissue damage and are generally recognized as
oxidative/nitrosative stress initiators. Cell type, intensity, and duration of the stress
govern the outcome, which may be positive (beneficial) or negative (damaging). Some
products of protein oxidation are chemically stable and present in large quantities, thus
enabling their consideration as potential biomarkers of oxidative damage to be applied
in clinical practicel'!l.

As mentioned before, cirrhosis usually occurs due to AFLD, NAFLD, and viral
infection. The intersection point of all these conditions is oxidative stress. Alcohol in the
case of AFLD, fatty acids in the case of NAFLD, and viral proteins in the case of
hepatitis are the initiators of oxidative stress in these diseases. Different cellular
compartments including mitochondria, cytoplasm, and endoplasmic reticulum are the
sites of ROS production. Alterations in signaling pathways also play an important role
in free radical induction. Detailed mechanisms underlining or assisting in oxidative
stress generation in AFLD, NAFLD, and hepatitis B and C are reviewed in several
papersl12-14]. Oxidation damages liver tissue by modifying proteins, DNA, and lipids.
Once modified, these biomolecules gain altered structure, their function may be
reduced to a different extent, their clearance rate may be increased or decreased,

modified molecules may be involved in the activation of the immune system, or they




alter signaling pathways contributing to further liver damage. Oxidative stress plays a

role in both the initiation and progression of liver diseasesl!5.

Nitration

Nitric oxide (NO) is a signaling molecule that can be synthesized in either
enzymatically or non-enzymatically driven reactions in many cells. NO itself is not very
reactive and has a short half-life. However, highly reactive peroxynitrite ion (NOs-) may
form in the reaction of NO with ROS. This ion can further react with tyrosine (Tyr)
residues in a process called nitration, creating 3-nitroTyr!'®l, and with cysteine (Cys)
residues in a reaction called S-nitrosylation, creating nitrosothiols('7l. Interaction with
tryptophan (Trp) also occurs!'8l. These nitration modifications affect not only proteins
but also DNA and lipids. If not controlled, RNS may cause progressive damage to cells,
tissues, and organs. Both ROS and RNS levels increase in liver diseases, as does the
activity of inducible nitric oxide synthase (iNOS). Mitochondria are particularly
sensitive to nitro-oxidative damage since they have lower anti-oxidative capacity than
the cytoplasm!’], rendering mitochondrial proteins and DNA vulnerable to nitration.
Prolonged exposure of mitochondria to nitro-oxidation deteriorates their function,
affecting both mitochondrial proteins and DNAI20-22].

When immunohistochemical detection of nitroproteins was performed in liver
sections from patients with cirrhosis, a significant increase in nitrated proteins was
observed?3l. Changes were more significant in patients with grade C (according to
Child-Pugh classification) cirrhosis than in patients with grade A or B. A positive
correlation was found between the level of nitrite and the level of nitroproteins with the

progression of cirrhosis.

Glycosylation
Glycosylation is one of the major posttranslational modifications that affects most
secretory proteins. This modification introduces a higher level of diversity in the protein

population due to the covalent addition of specific sugar moieties. Glycosylation




influences both structural and functional properties of proteins. The overall glycome is
affected by genetic and environmental factors, and changes may suggest the presence of
inflammatory or other pathological events in the organism(?l. Glycosylation is an
enzymatically regulated process that depends on several glycosyltransferases and
glycosidases. Many factors including the activity of enzymes involved, substrate
availability, and localization of enzymes within organelles affect the final glycosylation
pattern of the protein. Unlike the genome and proteome, glycome is produced without
a template. In the O-glycosylation of proteins, glycan attachment occurs at amino acid
residues Ser_and threonine (Thr). N-glycosylation involves asparagine (Asn) residues
but only in a specific sequence, Asn-X-Ser/Thr, where X represents any amino acid
except prolinel®l.

Several liver diseases are accompanied by alterations in protein glycosylation:
NAFLD, liver fibrosis, cirrhosis, and hepatocellular carcinoma (HCC)726-28], A number
of common glycosylation changes were noted as a general pattern in liver diseases,
regardless of the disease type. They include increased fucosylation (Fuc), increased
branching, and an appearance of a bisecting N-acetylglucosamine (GlcNAc). Additional
analyses of the responsible glycosyltransferases documented that their levels were
altered, underlining the mechanism of detected changesl”l. When the overall N-glycan
structure was examined in immunoglobulin (Ig)G-deprived sera from patients with
cirrhosis, two general trends emerged: an increase in bisecting GlcNAc structures and a
decrease in fully galactosylated (Gal) bi- and triantennary N-glycans. The ratios of
certain glycans were suggested to serve as potential biomarkers of a specific stage of
liver fibrosis or cirrhosis?l. Data reported in that study confirmed the correlation
between the detected glycan changes and the levels of the corresponding

glycosyltransferases.

Acetylation
Acetylation is one of the key PTMs involved in the regulation of many proteins. It

influences their stability, activity, localization, and interactions with other proteins.




Metabolic pathways, including fatty acid metabolism and the Krebs cycle, are regulated
by protein acetylation. This modification assumes the addition of an acetyl group from
acetyl-coenzyme A on Lys residues/?’l. Acetylation seems to play a significant role in
liver diseases, as the pattern of protein acetylation in fatty liver is significantly different

from the pattern in the healthy liver!30l.

Ubiquitination

Ubiquitin and its related pathways are closely connected to chronic liver disease.
Dysfunctional ubiquitination was detected in liver tissue in different stages of chronic
liver disease. Ubiquitin is a protein that consists of 76 amino acids and has seven Lys
and N-terminal methionine (Met) residues that can form iso-peptide-linked ubiquitin
chains. It binds to substrates by a three-step enzymatic mechanism involving activating
enzyme (E1), conjugating enzyme (E2) and ligase (E3)Pl. Receptors with ubiquitin-
binding domains can recognize ubiquitinated substratesP2. On the other hand,
deubiquitinases remove ubiquitin from modified molecules, making this PTM a
reversible, dynamic process with a plethora of diverse cellular effects®l. Ubiquitinated
proteins may be taken by proteasome which destroys them, thus controlling their
lifespan and activity.

Some of the aforementioned PTMs predominantly affect proteins that remain in liver
cells (ubiquitination, acetylation, and nitration), whereas others predominantly occur on
proteins that leave the liver and exert their functions in the circulation (oxidation and
glycosylation). Additionally, there are proteins not originating from the liver whose
structure changes in cirrhosis. Some of these modifications have the potential to serve as
biomarkers of liver-related diseases.

This review mostly focuses on PTMs on the circulating proteins originating from the
liver whose structural changes in cirrhosis exert the most serious functional
consequences. Modifications of Igs and liver tissue proteins will be also briefly

mentioned.




PROTEINS FROM THE CIRCULATION AFFECTED BY SPECIFIC PTMS IN
CIRRHOSIS

Fibrinogen
Fibrinogen is a large, fibrillar glycoprotein with a molecular mass of 340 kDa. This
protein is involved both in primary (interaction with platelets) and secondary
hemostasis (fibrin formation). N-glycosylation analysis using lectin microarray with 15
Lectins demonstrated that cirrhosis induces chan, in its glycans/3l Based on the
interactions with lectins Pholiota squarrosa (PhoSL), Maackia amurensis lectin I (MAL-I),
Maackia amurensis lectin II (MAL-II), Galanthus nivalis lectin (GNL), Phaseolus vulgaris
leucoagglutinin (PHA-L), and Phaseolus vulgaris lectin E (PHA-E), an increased content
of the following carbohydrate moieties was observed: terminal a-2,3 sialic acid (Sia) and
a-1,3 mannose (Man), a disaccharide composed of Gal and N-acetyl galactosamine
(Galp-1,4GlcNAc) and tri/tetra-antennary N-glucan structures. Core a-1,6 (Fuc) and bi-
antennary galactosylated N-glycans with the bisecting GIcNAc were, on the other hand,
reduced. An increase in the number of Sia residues on fibrinogen as a consequence of
cirrhosis was confirmed by several researchersi>3l. Sialic acid is negatively charged
and is a weak binding site for calcium ions¥l. Taking into consideration that advanced
chronic liver disease is characterized by hypercalcemial®l, interactions between calcium
ions and an increased number of Sia residues may be seen as a modulator of fibrinogen
action in cirrhosis®l. “Proper” glycosylation of fibrinogen is essential for its function.
Alterations in this PTM may even lead to complete dysfunction of the protein/3¥-421.
Increased oxidation of fibrinogen from patients with cirrhosis was detected as
well?+#], Dinitrophenyl-hydrazide (DNP)-reactive sites on fibrinogen were investigated
using anti-DNP antibodies to analyze protein carbonyls and it was discovered that the
Aa-chain was dominantly carbonylated, followed by the Bp-chain. It seems that the y-
chain of fibrinogen is not carbonylated in patients with cirrhosis. Carbonylation affects
the function of fibrinogent#4-4l, as both Aa- and Bp-chains contain cleavage sites for
thrombin action. Oxidation of aC domains on Aa-chains also affects their mutual

interaction and lateral association of fibrin monomersl#’l. Generally, residues that may




be affected by oxidation/carbonylation are located in all structural elements of
fibrinogen. Thus, alterations in the secondary and tertiary structures of fibrinogen also
accompany cirrhosis/*l. Reduced content of its a-helical subunits was observed, which
coincided with the formation of denser clotsl4l. Although the structure of fibrinogen is
altered in cirrhosis, Hugenholtz and co-workersl*| did not detect significant structural
changes in fibrin clots, even though clots formed from samples originating from
patients with cirrhosis had reduced porosity. Subtle alterations, not visible by scanning
electron microscopy, are most likely sufficient to influence porosity. Furthermore,
carbonylated sites on fibrinogen are hydrophobic regions which prevent efficient liquid
flow through the fibrin clot, increasing its resistance towards lysis by plasminl3l.
Overall, changes in fibrinogen structure due to cirrhosis are complex and lead to the
formation of a molecule acquiring thrombogenic characteristics. Other factors that
participate in coagulation or fibrinolysis are altered as well, defining a general pro-

coagulant state in liver cirrhosis[4l.

Albumin
Albumin is the major plasma protein, constituting approximately 50% of the total
protein content. It is a globular, single-chain, a-helicoidal protein, organized into three
domains. This protein exhibits many physiological roles, such as maintenance of
osmotic pressure and transport of various metal ions and biomolecules (fatty acids,
metabolites, and drugs), providing anti-oxidative, anti-inflammatory, and hemostatic
activities(*?L

Cirrhosis is accompanied by reduced albumin concentration and its significant
structural changes/*’l. Oxidation of free Cys-34 residue is one of the most notable
changes in albumin structure due to cirrhosis. This residue strongly contributes to the
anti-oxidative capacity of albumin. Oxidized albumin differs from the native molecule
pharmacokinetically and conformationally, negatively influencing its function!®l.
Quantities of albumin oxidative forms, assessed by measuring the level of carbonyl

groups and oxidation of free Cys-34 residue, correlate with the severity of liver




failurel5!. Oxidative stress triggers the dimerization of albumin molecules (through free
Cys residues) in patients with cirrhosis, with significant reductiﬂ in native albumin
required for the physiological functionsl®?. Furthermore, matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectrometry (MS) detects
cysteinylation of Cys-34 in cirrhosis, followed by other molecular changes, such as
truncation of N-terminal portion and glycosylation[>3l. Oxidative stress also induces
structural changes of the N-terminus and the reduced capacity of albumin to bind
cobalt ions. Albumin modified in that way is called ischemia-modified albumin
(IMA)50, The cobalt-binding assay revealed increased IMA levels in patients with
advanced cirrhosisl®l. Additionally, the electron paramagnetic resonance study, using
16-doxyl stearic acid as a spin probe, confirmed that the ligand-binding capacity of
albumin is significantly reduced in cirrhosis/®l. A small-angle X-ray scattering study
demonstrated that albumin in patients with liver disease has an altered, more open
conformation compared to control samplesl¢l. To summarize, posttranslational
alternations of albumin in cirrhosis influence its conformation, which further decreases
its ligand binding.

Therefore, reduced level of ser albumin in patients with cirrhosis, as well as its
substantial structural change, have important and clinically relevant consequences, such
as alterations in the redox balance, hemostatic disorders, modifications in the transport
of endogenous and exogenous ligands, acid-base imbalance, reduced detoxification

capacity, and antioxidant activity!4].

Transferrin

Human transferrin (Tf), an iron-binding protein, is a 76-kDa glycoprotein produced in
the liverl57.58], The Tf molecule contains two lobes at the N- and C-termini, and each
binds one Fe3* ionl%l. Tf is stabilized by 19 intrachain disulfide bonds and is modified
by three carbohydrate side chains; two of them are N-linked (Asn-413 and Asn-611) and
the third one is O-linked (Ser-32)!57l. The glycosylation profile of Tf changes significantly
in liver diseases. A carbohydrate-deficient Tf (CDT) is found in AFLD, and it is




characterized by a loss of terminal sialic acids/®]. Lectin affinity electrophoresis of CDT
also confirmed the absence of Asn-linked oligosaccharides in AFLD and cirrhosis!®0l.
Both Tf and iron uptake capacity of deglycosylated Tf are significantly reduced by the
human hepatoma cell line PLC/PRF/ 561, suggesting impaired function of Tf in liver
cirrhosis. A less advanced liver disease can be discriminated from cirrhosis by studying
disialotransferrin isoforms. Poor chromatographic resolution of disialotransferrin from
trisialotransferrin (the so-called “di-tri bridging”) was seen for samples originating
from patients with cirrhosisl62¢%l. This abnormal pattern could be ascribed to the
presence of higher mass disialotransferrin isoforms due to an increased branching and
fucosylation of the carbohydrate moietyl®l. This phenomenon was not seen in less-
advanced liver diseases!®].

Besides changes in the glycosylation profile, the lower concentration of Tf is also
related to cirrhosis, and it represents a good indicator of the survival rate of patientsl®l.
Lower serum Tf concentration is accompanied by higher hepatic iron concentration and
lipid peroxidation levels compared to healthy subjects. In this context, Tf exerts a

protective role in maintaining liver functionl6®l.

Hemopexin

Hemopexin (HPX) is secreted mainly by hepatocytes and binds free heme in the
circulation. The formed complex is cleared from the circulation by a hepatocyte-specific
membrane receptor. The serum concentration of HPX does not significantly vary in
liver diseases[®”]. However, significant alterations in the glycosylation profile of HPX
occur in patients with cirrhosis. Lectin chemiluminescence-li immunosorbent assay
demonstrated a higher level of N-glycosylation (fucosylation) in samples from patients
with cirrhosis and HCC than i mples from patients with hepatitis and healthy
individualsl®8l. A study using liquid chromatography-tandem MS with multiple
reaction monitoring (LC-MS/MS MRM) assay revealed a nearly five-fold increase in the

sialylation of site-specific O-glycoforms of HPX in cirrhosisl®’l. Since HPX is an




important anti-oxidative protein, its altered N-glycosylation in cirrhosis possibly

interferes with the redox balance in organisms.

Haptoglobin

Haptoglobin (Hp) is a glycoprotein secreted by the liver into the plasma. Its major
biological role is to capture released hemoglobin during intravascular hemolysis and
prevent kidney damage by the released ironl®l. Hp is composed of two a and two 5
chains linked by disulfide bonds in a quaternary structurel?0711. All four N-glycosylation
sites are located in the  subunit and glycoforms are known to create additional
phenotypic variantsl®®72l. Many studies have reported glycan changes of Hp in diseases.
MALDI-TOF MS analyses revealed N-linked glycan alterations (increased fucosylation)
of serum Hp [ chain in patients with cirrhosislt?7ll. Zhu and colleagues(?] applied a
similar approach to distinguish the N-glycan profile of Hp in patients wité cirrhosis
from those with hypophosphatasia. A degree of bifucosylation was higher in samples
from patients with an early-stage HCC than in samples from patients with cirrhosis,
regardless of the etiology. Thus, monitoring alterations in the glycosylation profile of
the Hp [ chain may become a valuable approach for detection and distinction between
HCC and cirrhosis. The observed changes of Hp at the N-glycosylation level most likely
affect its functional properties, including interactions with binding partners, as was

suggested in the case of progressive liver diseases[®l.

Ferritin

Ferritin plays an important role in storing intracellular iron and its segregation in a non-
toxic forml7751_ It is a 24-mer globular protein that is made up of heavy (H) and light (L)
subunits, with molecular masses of 21 kDa and 19 kDa, respectively/”l. Subunits
surround the central hollow core, capable of binding up to 4500 iron ionsl[7®l. Ferritin
concentration in the circulation is relatively low (< 1 pg/mL)7. However, it is
increased in conditions such as iron overload, infection, inflammation, malignancy,

diabetes and liver diseases, including NAFLD and cirrhosisl7l. Besides changes in




ferritin concentration, liver cirrhosis is also accompanied by the derangement of the
ordered secondary structure of the protein/7l.

Approximately 50%-80% of serum ferritin is glycosylated”.. There is no strong
evidence of the connection between ferritin glycosylation and cirrhosis. Some studies
have reported a decrease in glycosylated ferritin in liver necrosis!”l. On the other hand,
Chapman and colleaguesff“rj demonstrated that the measurement of the fraction of
glycosylated serum ferritin does not provide any advantage over the estimation of the
total serum ferritin concentration in the assessment of iron stores in patients with liver
cirrhosis.

Insulin-like growth factor binding protein 3

Insulin-like growth factors (IGFs), namely IGF-1 and IGF-II, are peptides that exert
growth-promoting, endocrine and cytokine effects8182l. They are synthesized in many
tissues locally, but the liver is the origin of IGFs that enter the circulation. IGF-I is the
mediator of the growth hormone (GH) action. The activity of IGFs is regulated by a
network of insulin-like growth factor binding proteins (IGFBPs) and is most often
inhibited when IGFs are in complexes with IGFBPs. To perform their physiological
roles, IGFs need to be released from complexes and interact with IGF receptors, which
are predominantly found on cell membranes. IGFs are liberated from complexes by the
proteolysis of IGFBPs. The synthesis of several IGFBPs occurs in the liver, under the
control of GH. IGFBP-3 is the major binding protein in the circulation and is
synthesized in Kupffer cells. It forms ternary complexes with IGFs, which also contain
an acid-labile subunit. These complexes are large (150 kDa), remain within blood
vessels, and bind 75%-90% of the circulating IGFs, serving both as a reservoir and a
guardian of the IGF activity.

IGFBP-3 has three N-glycosylation and two phosphorylation sites[8384]. It is present in
the circulation as two major glycoforms of 40 kDa and 44 kDa, although a non-
glycosylated form (29 kDa) can also be detected. Diethylaminoethyl ion-exchange

chromatography was shown to fractionate at least 12 IGFBP-3 species that are isoforms




with different charges due to PTMsl®l. Three of these isoforms exhibited significant
reactivity with lectin concanavalin A (Con A), specific for Man residues and to a lesser
extent for glucose (Glc) and GIcNAc residues. In patients with alcoholic liver cirrhosis,
two of these glycoforms had an increased reactivity with Con A, whereas the third one
had decreased reactivity, compared to molecules originating from healthy persons.
Furthermore, some differences were also detected between different stages of liver
cirrhosis. IGFBP-3 from patients with Child score A stage exhibited similar isoform
distribution and reactivity as in healthy persons. Child score B seems to be the turning
point in the progression of cirrhosis, after which considerable changes in the
concentration of IGFBP-3 and its structure occur. A reduced reactivity of IGFBP-3 due
to cirrhosis was also noted with wheat germ agglutinin, specific for GIcNAc, and
breadfruit lectin, specific for Gal and GalNAc residuesl®l. These alterations affect the
conformation of IGFBP-3 and its susceptibility to proteolytic cleavage, thus influencing
its half-life and the entire mechanism that controls IGFs' activity. Since IGFBP-3 can also
perform IGF-independent roles after binding to its cell surface or nuclear receptors,
changes in IGFBP-3 glycosylation can contribute to the pathophysiology of several

diseases such as diabetes, obesity, NAFLD, and cancer[57:85].

horimone-binding globulin
Sex hormone-binding globulin (SHBG) is a 90-kDa to 100-kDa homodimeric
glycoprotein, mainly produced by the liver?. It is a transporter of sex hormones,
capable of binding to them with high affinity®’l. SHBG is both N- and mucin-type O-
glycosylated(®91]. Comprehensive LC-MS/MS analysis revealed that fucosylation of N-
glycoforms increﬁes in liver cirrhosis. Additionally, the same pathology was related to
an increase of the a-2—-6 sialylated glycoform of the O-glycopeptide of SHBGI®.
Glycosylation of SHBG does not seem to influence binding of steroid hormones!*l.
However, it is suspected that higher content of sialic acid increases the half-life of
SHBGI, elevating the total concentration of this protein in patients with cirrhosis(*1.

An increased concentration of SHBG may influence the equilibrium between protein-




bound and free, physiologically active steroid hormones, particularly testosterone.
Consequently, SHBG seems to play an important role in the occurrence of feminization
in male non-alcoholic liver cirrhosis by reducing free testosterone level®l. On the other
hand, higher concentrations of this protein were reported to possibly exert protection
against NAFLDI%I. The exact effect of altered glycosylation of SHBG on is function is

still not known.

IgG

Igs are principle components of the defense system known as immunity. Although Ig
are not synthetized in the liver, their aberrant glycosylation has been linked to various
liver diseases!”’l. A study combining LC-MS/MS analysis with lectin fluorophore-linked
immunosorbent assay identified changes in the glycosylation of anti-Gal IgG molecules
in the sera of hepatitis C virus-infected individuals with fibrosis and cirrhosis(*Il. The
most prominent change was agalactosylation of heavy chains of anti-Gal IgG. The same
study also revealed that truncation of Gal residues induced alterations in the tertiary
structure of IgG molecules originating from patients with cirrhosis®. Yuan and
colleagues confirmed agalactosylation of IgG molecules in cirrhosis and reported an
increased degree of fucosylation in IgG1l and IgG3 glycoformsl?l. Cirrhosis is also
accompanied by Gal deficiency and decreased sialylation of IgA molecules, as well as
by an increased amounts of abnormally glycosylated polymeric IgA molecules!®?l.
Furthermore, concentrations of IgG and IgA are increased in the circulation of patients
with cirrhosis”l. Altered glycosylation could influence the ability of IgG to bind and
activate complement system. It was discovered that alpha-Gal IgG antibodies from
patients with cirrhosis have reduced complement-mediated killing ability(10%]. This issue
is important since bacterial infection in one of the major complications in patients with

cirrhosis and alpha-Gal epitope is abundantly synthetized by bacteria.

LIVER TISSUE PROTEINS AFFECTED BY SPECIFIC PTMS IN CIRRHOSIS




Proteins remaining in liver cells are mostly modified by ubiquitination, nitration and
acetylation. Ubiquitination and associated processes play important roles in the
development of cirrhosis affecting many proteins. E3 ubiquitin ligase promotes, for
example, NF-E2-related factor 2 (NRF2) ubiquitination and degradation, disrupting the
anti-oxidative pathway. The same ligase promotes the accumulation of extracellular
matrix by inducing ubiquitination of procollagenl to mature collagenl[101.102],
Sumoylation and neddylation, ubiquitin-like modifications, also play roles in liver
cirrhosis. It was discovered that in vivo reduction of neddylation ameliorates liver
fibrosisll®l. Sumoylation affects, for example, promyelocytic leukemia protein and
nuclear factor-kappa B (NF-kB)[04. Modification of these proteins leads to cell
proliferation and fibrosis in the liver. A detailed overview of ubiquitination and its
implications in chronic liver disease is given in the 2021 review paper of Park et all®!.

Transcription factors, sterol regulatory element-binding transcription factor (SREBP),
and carbohydrate-response element-binding protein (ChREBP) regulate fatty acid
metabolism in the liver, promoting lipogenesis. These factors are active when
acetylated. Sirtuins 1 and 3 (SIRT1 and SIRT3) are deacetylases that regulate their
activity. High-fat diet and obesity reduce the expression of SIRT 1 and SIRT 3, thus
promoting acetylation and activation of ChREBP and SREBP, followed by an increase in
the uptake of fatty acids by the liver. Liver lipid load induces inflammation and the NF-
kappa B pathway, and reduces mitophagy, altogether leading to mitochondrial and
liver damage and advancement towards NAFLD. Calorie restriction and exercise
upregulate SIRT1 and SIRT3, thus, preventing and ameliorating NAFLDI2l. ATP-citrate
lyase, microtubules, heat shock protein 90 and CCAAT/enhancer binding protein a are
differently modified by acetylation in different liver diseases preceding cirrhosis.
Aberrant acetylation of the mentioned proteins leads to their functional alterations and
subsequently different metabolic responses, further contributing to the liver
pathology[105-108],

There are many hepatic proteins with confirmed nitration status in liver diseases,

whose functions are either augmented or reduced['®”l. Decreased function of glutamine




synthetase, 3-ketoacyl-CoA thiolase, aldehyde dehydrogenase 2, complexes I and V of
oxidative phosphorylation, cytochrome p450 2E1 and B6, superoxide dismutase 1 and 2,
and cluster of differentiation 95 contribute to decreased energy production, ROS
leakage, steatosis, decreased anti-oxidant defense capacity, ethanol- and drug-induced
toxicity, apoptosis and necrosis. Nitration of glutathione-S-transferase, however,
potentiates the function of this enzyme, leading to an increased hepatic anti-oxidative

defense capacity(110].

CONCLUSION

Liver disease can progress from mild damage, over moderate with a certain degree of
compensation, to severe, which cannot be compensated and may lead to organ failure.
While still able to compensate for tissue damage, the liver produces scars of fibrotic
tissue, which reduce its function. The persistent presence of agents and/or events that
cause liver damage leads to decompensated cirrhosis, resulting in several pathological
outcomes, including liver cancer, and finally, functional arrest.

Early diagnosis of chronic liver disease is critical since the etiology of the disease can
be discovered in this stage. When cirrhosis progresses, the etiology of a disease is very
hard to determine. Appropriate treatment administered on time can prevent and
reverse the progression of cirrhosis which leads to irreversible changes. Avoiding or
minimizing contributing harmful factors is recommended!!l. For example, persons with
chronic liver disease should avoid alcohol intake and smoking[!1!l. On the other hand,
consumption of coffee is associated with a slower progression of liver fibrosis/'?. There
are no specific curative strategies targeting alterations in PTMs in cirrhosis.

Since oxidative stress is one of the causes involved in the etiology and development
of liver diseases, supplementation of vitamins and minerals, which act as anti-oxidants
and/or cofactors of enzymes and other molecules that participate in anti-oxidant
defense, may be recommended. However, one should bear in mind that some
substances are stored in the liver and may act as pro-disease agents['3l. For example,

lipophilic vitamin A is stored in liver stellate cells. If overloaded with vitamin A, these




cells start to produce collagen, leading to liver fibrosis. The beta-carotene form,
however, causes no such effects and is safe to consume. Iron ions can induce oxidative
stress by participation in the generation of free radicals. As already said, the liver is the
site of iron storage, in association with the protein ferritin. Patients with alcoholic liver
cirrhosis often have an increased intrahepatic iron concentration, which is highly
correlated with mortality rates!'4l. Thus, when considering management strategies to
treat cirrhosis, one should have in mind the complexity and limitations of

interconnected metabolic pathways.
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