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The aim: to highlight the main points of albumin synthesis, posttranslational modifications and functions in normal
conditions and in patients with liver cirrhosis.

Key points. Albumin is the most abundant protein in blood plasma. Along with oncotic properties, albumin performs
transport, antioxidant, immunomodulatory and endothelioprotective functions. Serum albumin in patient with liver
cirrhosis undergoes modifications, leeding to functional impairment. Human serum albumin is a compaund of hu-
man mercaptalbumin with cysteine residues having a reducing ability, and oxidized human non-mercaptalbumin. The
proportion of irreversibly oxidized non-mercaptalbumin-2 with impaired functional activity increases in liver cirrhosis.
Conclusion. The conformational structure of the albumin molecule plays an important role in maintaining its non-on-
cotic functions. Non-oncotic fuctions depend on albumin conformation. Further investigation of aloumin conforma-
tion and albumin functions in patients with hepatic insufficiency can serve as an additional criterion for assessing the
severity of cirrhosis and predictor of complications may become an additional criterion to new clinical applications
and treatment strategies of liver failure.
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Oco06eHHOCTU CTPoEeHUa U GYHKLUIA CbIBOPOTOYHOIO asibOyMuHa
B HOpMEe U Y NauMeHTOB C LMPPO30OM NeYeHun

A.A. TypknHa*, M.B. Maesckasi, M.C. )KapkoBa, B.T. ViBalikumH

®raA0yY BO «[lepsbiti MockoBCKuii rocyAapCTBEHHbIA MEANLMHCKUE yHUBepcuTeT um. Y. M. CedeHoBa»
(CeyveHoBckuii YHUBEpcnuTeT) MuHucTepcTBa 3apaBooxpaHeHns Poccurickori Peaepaumnmn, Mocksa, Poccuiickas denepadms

Llenb 0630pa: 0CBETUTL OCHOBHbIE MOMEHTbI CUHTE3a, MOCTTPAHCSLMOHHON Moandukaumm n GyHKUUN ansbymm-
Ha B HOPME 1 Mpu LMPPO3e NeYveHNn.

OCHOBHbIE NOJIOXeHUs. B nnazme kpoBm anbbyMunH HaXoOMTCS B HaMOONbLUEN KOHLIEHTpaLMnN. Hapsiay ¢ OHKOTU-
4eCcKkMMUM CBOMCTBaMU anbOyMUH BbIMOHSAET TPAHCMOPTHYIO0, @aHTUOKCUAAHTHYIO, MIMMYHOMOLYMPYIOLLYIO, SHAOTE-
JIMONPOTEKTUBHYIO PYHKLMN. MNPy LMPPO3e NEYEHN CbIBOPOTOUHbIV anbOYyMUH NOOBEPraeTCst MOCTTPAHCSLNOHHOMN
Moamndukaumn, BeayLLen K HapyLleHnio ero GyHKUmn. CbIBOPOTOYHbIV anibOyMVH YeNoBEKA COCTOUT U3 Mepkan-
TanbbyMmnHa YenoBeka ¢ OcTaTkamu LUMCTEMHa, 06afaoLUMy BOCCTaHaBMBaOLLE CMOCOOHOCTbIO, U OKUCTEH-
HOro HemepkanTanbbymMuHa YenoBeka. MNpu uMpPpPO3e NeveHn 0o HEOOPATVMO OKMCIIEHHOIrO HEMEpKanTaibbymMum-
Ha-2 C HapyLUEHHON OYHKLMOHAIbHON aKTUBHOCTBIO BO3PACTAET.

3akniovyeHue. KoHpopmaLmMoHHas CTPYKTypa MOMEKYIIbl anbOyMUHA UFPaeT BaxHYO PoJib B MOAAEPXAHMM EF0 He-
OHKOTUNYECKNX QYHKLUMI. NI3y4eHne ero CTPYKTYPHbIX U PYHKLIMOHAbHBIX CBOWNCTB Y NALUMEHTOB C MNeYEeHOYHOM Hefo-
CTaTOYHOCTbIO MOXET CJTY>KUTb A0MOJIHNTENbHBIM KPUTEPUEM OJ19 OLLEHKM BbIPKEHHOCTN LLMPPO3a 1 NPeankKTOPOM
OCJIOXXKHEHW.

KnioueBbie cnoBa: anb0ymMvH, MOCTTPAHCISLMOHHbIE MOAMMVKALIMK, HEMEPKaNTanbOyMNH-2, LMPPO3 NeYEHU
KoHdnukT uHTEepecoB: aBTopbl 3as8BASIOT 06 OTCYTCTBUN KOHMNNKTA UHTEPECOB.

Ansa umtupoBanus: TypkmHa A.A., MaeBckasi M.B., XXapkosa M.C., MBatukuH B.T. Oco6eHHOCTI CTPOEHNS 1 DYHKLMIA CbIBOPOTOYHOTO
anbOyMMHa B HOPME 1 Y MaLMEHTOB C LMPPO30M MeyeHn. POCCUINCKNIA XXypHa racCTPO3HTEPOJIONM, FrenaTonornm, KOIONpPOKTOIOMN.
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Introduction

Albumin (Alb) belongs to the group of globular
and water-soluble proteins that are synthesized by
the liver [1]. Vitamin-D-binding protein, a-feto-
protein, a-albumin (afamin) are also included in
the Alb group [2, 3]. Albumin is a heart-shaped
molecule with a molecular weight (mw) of 66.438
kDa [4] and a half-life about 19 days. It is stable
in the pH 4—9 and can withstand heating up to 60
°C for 10 hours [1]. Serum albumin is presented
in the blood plasma in the highest concentration
(35-50 g/1) and, according to various data, ac-
counts for 50—60 % of all proteins [5, 6].

Alb exists in other compartments in lesser con-
centration: in the lymphatic system — 15—36 g/1,
in the intercellular fluid — 3—10 g/I, in the li-
quor — 0.3 g/1, in saliva — less than 0.5 mg/ml
[5, 7]. Vessels contain approximately 120—140 g
of albumin (30 %), there are around 300 g (70 %)
in the interstitial. Therefore, typically there are
400—450 g of Alb in adult’s body [5].

One of the earliest mentions of albumin pre-
cipitated in urine goes back to 1500 AD [8]. The
first clinical use of purified human albumin took
place during the Second World War. There were
reported seven cases with severe burns during the
Battle of Pearl Harbor [9] treated with human
serum albumin (HSA) for 10 days. Despite ex-
tensive burns, reparative processes were increased
and all patients survived [10].

Albumin structure

In 1959, it was found that the albumin molecule
consists of an amino acid sequence connected by di-
sulfide bridges and does not contain carbohydrate
residues [11]. In 1975, the primary sequence of HSA
was independently identified by J.R. Brown and B.
Meloun [5, 12].

The primary sequence of the protein contains one
tryptophan residue (Trp214) and several charged
amino acid residues (arginine, lysine, glutamic and
aspartic acids), they give a total negative charge to
the protein at physiological pH, and provide Alb
with hydrophilic properties [13, 14]. In 1989, Carter
and colleagues first visualized the three-dimension-
al structure of an albumin molecule by multiple
isomorphic substitution with a resolution of 6.0
angstroms (A) [15]. In 1999, a group of Japanese
scientists led by S. Sugio determined the three-di-
mensional structure of albumin with a higher reso-
lution (2.5 A). Based on the presented data, it was
established that HSA is a spiral protein in the form
of an asymmetric heart [16].

There are three homologous a-helical domains in
the albumin structure: I (residues from 1 to 195),

II (196—383) and III (384—585), all they have a
similar structure. These three domains consist of ten
antiparallel spirals and are divided into two subdo-
mains: subdomain A with six spirals (h1—h6) and
subdomain B with four spirals (h7—h10). In addi-
tion, the albumin molecule consists of 35 cysteine
residues, 34 of which are involved in the formation
of 17 disulfide bonds that stabilize the structure of
this spherical molecule. Thus, the spherical config-
uration gives allosteric properties to the monomeric
protein, making it capable of binding to a variety of
ligands [17].

Alb contains only one tryptophan residue Trp-
214 (W214), located closely to the hydrophobic part
of subdomain ITA (Fig. 1) [9, 18].

The surrounding area of W214 includes two high
affinity drug binding sites (Sudlow I and II). Site
I is in subdomain ITA, and site II is in subdomain
ITTA [13], W214 also acts as a probe in spectro-
scopic studies [19, 20]. And just one of the 35 Cys
residues does not participate in the formation of
disulfide bonds and remains free at position 34
(Cys34) [14]. This single free Cys34 is observed in
all mammals studied and determines the diversity
of albumin isoforms. According to the Cys34 sta-
tus, Alb can exist in three fractions [21]: mercap-
talbumin with reduced Cys34 (contains a vacant
sulfhydryl group [22]), non-mercaptalbumin-1,
which forms disulfides with low molecular weight
thiols like homocysteine, cysteine, glutathione;
non-mercaptalbumin-2 with thiol Cys34 oxidized
to sulfinic or sulfonic acid (Fig. 2) [21].

Sudlow |.DomainllA

Trp-214

Fig. 1. Albumin structure. Three domains (I, II, III)
are distinguished in the albumin molecule, which are
subdivided into subdomains A and B. Free Cys-34 does
not participate in the formation of disulfide bonds, and
determines the heterogeneity of the albumin isoforms.
The high-affinity drug binding sites Sudlow I and II are
located in subdomains ITA and IITA, respectively
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Fig. 2. Albumin fractions. Depending on the status of Cys-34, albumin may be in a free, non-oxidized form —
mercaptalbumin (it accounts for more than 70 %), a reversibly oxidized form — non-mercaptalbumin-1 and
irreversibly oxidized — non-mercaptalbumin-2 (CYS — cysteine; HCY — homocysteine; SO,H — sulfinic acid;

SO,H-sulfonic acid)

Human serum mercaptalbumin (free sulfhy-
dryl group) is the largest part of the three iso-
forms in healthy adults, comprising more than
70 % [23]. However, with the development of
some pathological processes, the proportion of
oxidized forms increases [22, 24]. The redox
state of serum albumin has been extensively
studied in patients with hepatic insufficiency.

Its transition to an oxidized state has been re-
ported in patients with chronic liver diseases
[25]. Thus, with the progression of liver dis-
eases, non-mercaptalbumin-2 (NMA-2) increases
significantly [26]. This shift seems to be associ-
ated with impaired albumin circulation and ox-
idative stress as a result of impaired liver func-
tion [24, 27, 28].

Ubiquitin P\ E
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Fig. 3. Degradation of improperly folded protein in proteasomes. An incorrectly folded protein is labeled with a
ubiquitin molecule for further destruction in proteasomes to amino acid residues
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Transcription and translation

The human albumin gene is located on chromo-
some 4 q (11—22), and mutations of this gene lead
to the synthesis of an abnormal protein. The Alb
gene has 1691 nucleotides and contains 14 introns
and 15 exons [29]. Every time during synthesis,
due to unavoidable errors, several copies may
form incorrectly. In this case, these defective
copies covalently bind to ubiquitin molecules for
further destruction in proteasomes [30] (Fig. 3).

Approximately 10—15 g of Alb is synthesized
by liver daily, which is about 25—30 % of the to-
tal synthesized protein. At the same time, only
20—30 % of all hepatocytes are responsible for
the synthesis of albumin [31]. The synthesized
protein is not accumulated by the liver, but en-
ters the portal circulation [14]. This process is
regulated by the pH-dependent receptor of the
neonatal crystallizing fragment (FcRn). FcRn
binds albumin on the surface of hepatocytes and
endothelial cells, redirecting albumin into the
vascular bed, bypassing bile and extracellular
space. Although epithelial cells of the renal tu-
bules also express the FcRn receptor, albumin
recycling and maintenance of its plasma level
depend on the expression of FcRn by hepato-
cytes and endothelial cells, and the absence of
the FcRn receptor on the surface of hepatocytes
and endothelial cells leads to the development
of hypoalbuminemia [32].

About 30—40 % of albumin stay in the plas-
ma, remaining albumin is redistributing into the
interstitial space at a rate of 4—5 % per hour.
From the interstitial space albumin enters the
lymphatic vessels and eventually returns to the
systemic circulation [14]. The rate at which al-
bumin leaves the plasma compartment is deter-
mined by Starling’s law. In cirrhosis, the gradi-
ent value changes due to an increase in vascular
permeability, which boosts the rate of its redis-
tribution to 9—11 % per hour. Persistent sodium
and water retention in patients with liver cir-
rhosis leads to hemodilution and a decrease in
albumin concentration. These factors, combined
with reduced protein-synthetic liver function in
cirrhosis, lead to hypoalbuminemia [33].

Albumin synthesis also depends on hormones
such as steroids, insulin and glucagon. In partic-
ular, steroids have been shown to enhance gene
expression for albumin synthesis in animal models
[34, 35]. Albumin catabolism occurs near the vas-
cular endothelium, and its degradation is promoted
by atrial natriuretic factor (peptide) [4]. Receptors
gp18 and gp30 are expressed in many tissues and
regulate albumin degradation and demonstrate a
higher affinity for chemically modified albumin

(oxidized albumin). Further this modified albumin
is destroyed in lysosomes [32].

Albumin properties

Previously clinical effects of albumin were
explained almost exclusively by its ability to in-
crease the blood volume, thereby counteracting
hypovolemia and related hemodynamic changes
that are characteristic of progressive liver cirrhosis.
Albumin is the main modulator of fluid distribution
between the body compartments, it accounts for
about 70—80 % of the oncotic plasma pressure. The
oncotic properties of albumin are related to its mo-
lecular weight (about 2,/3) and the Gibbs—Donnan
effect (about 1,/3). The Gibbs—Donnan effect is
the ability of negatively charged albumin to attract
positively charged molecules such as sodium, thus
causing the movement of water from the extravas-
cular to the intravascular space [36, 37]. However,
in the last decade, experimental and clinical data
have shown that a number of important functions of
albumin are also due to the non-oncotic properties
of the molecule and are related to the conforma-
tional structure. Albumin plays an important role in
the binding, transport and detoxification of many
endogenous and exogenous substances, modulates
the inflammatory and immune response, stabilizes
the endothelium, participates in the regulation of
blood clotting and platelet function [38].

Antioxidant function of albumin. Antioxidant
properties associated with ligand-binding
ability

Albumin exhibits specific antioxidant functions
due to its ability to bind multiple ligands and free
radical inactivation, which depends on its struc-
tural configuration [39]. Transition metal ions
(mainly copper and iron) act as a ligands in the
direct or indirect oxidative reactions [40]. When
interacting with hydrogen peroxide (H,0O,), they
initiate Fenton reaction, catalyzing the forma-
tion of reactive oxygen species (ROS) [41]. Free
transition metals binding to albumin significantly
limits their ability to participate in the Fenton
reaction. Thus, albumin acts as a radical accep-
tor by a free thiol group on the Cys-34 residue
[41—44]. M.Khosravifarsani et al. and co-au-
thors confirm these data, suggesting that the anti-
oxidant activity of albumin is associated with the
simple reduction of sulfhydryl groups on Cys-34
as a in attempt to neutralize increased number of
OH radicals produced by the Fenton system [45].
Other aspects of the antioxidant activity of albu-
min are due to its ability to bind bilirubin, homo-
cysteine and lipids [39].
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Fig. 4. Serum albumin molecule modifications in redox reactions. Under physiological conditions, 2/3 of the
albumin molecules are in the reduced form with a free residue of Cys-34 (Als-SH) — mercaptalbumin. In oxidative
stress, Cys-34 is oxidized to form sulfenic acid (Alb-SOH). Sulfenic acid can be oxidized to the final products —
sulfinic (Alb-SO,H) or sulfonic (Alb-SO,H) acids, or converted into disulfide (Alb-SSR), followed by a return to

the reduced form — mercaptalbumin (Als-SH)

Antioxidant properties of albumin are
associated with inactivation of free
radicals

Under physiological conditions, most of the
albumin molecules (2/3) are in a reduced form
with free thiol in the residue of Cys-34 (Alb-
SH — human mercaptalbumin), which is capable
of capturing several reactive oxygen and nitrogen
forms such as hydrogen peroxide (H,0,), peroxyni-
trite (ONOO-), superoxide or hypochlorous acid
(HOCI), performing the function of neutralization of
free radicals [39, 40].

Under oxidative stress caused by interaction
with peroxynitrite or hydrogen peroxide, thi-
ol Cys34 passes into an open conformation and
oxidizes itself, which leads to the formation of
sulfenic acid (Alb-SOH). Sulfenic acid is a cen-
tral intermediate in redox reactions. The final re-
sult of the oxidative process depends on whether
the sulfenic acid is further oxidized or reduced
to Alb-SH. Sulfenic acid can be oxidized to the
final products — sulfinic (Alb-SO,H) or sulfonic
(AlIb-SO,H) acids. Sulfenic acid can also be con-
verted to disulfide (AIb-SSR) by reactions with
low molecular weight thiol (RSH, glutathione or
free cysteine), which allows albumin to return to
the reduced form of Alb-SH [46].

Participation of Alb in formation of disulfides
supports the important function of Alb-SH as an
extracellular redox regulator [39] (Fig. 4).

Alb as an inflammatory and immunological
modulator is in focus of interest for researches.
Some studies show that albumin is able to influ-
ence the redox state and bioavailability of many
molecules involved in the processes of immune and
inflammatory response. Examples of inflammatory
activation are the binding of bacterial products
(for example, lipopolysaccharide) [47, 48] or pros-
taglandin E2 (PGE 2) [49]. However, more recent
data show that after capture by immune cells in
early endosomes, albumin also reduces cytokine
production by blocking the transmission of TLR3
and TLR4 signals [50]. In addition, albumin can
actively participate in the immune response: one
example is its ability to specifically bind the
Clostridium difficile toxin in domain II in an ex-
perimental model of zebra embryos, so that albu-
min prevents the toxin entering the host cells.

Also, in this study, a correlation was obtained
between hypoalbuminemia and the severity of the
course of clostridial infection [51]. Finally, albu-
min regulates capillary permeability by binding the
endothelial extracellular matrix, thereby modulat-
ing transcapillary fluid exchange. Hypothetically
it binds to the subendothelium and interstitial
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layers, modifying their permeability [52]. It is
reported that Alb has a neuroprotective func-
tion and regulates brain blood circulation. Thus,
based on the experimental model of ischemia and
Alzheimer’s disease, it can be assumed that the
introduction of Alb has a neuroprotective function
due to the antioxidant properties. Albumin also
inhibits polymerization and increases the clear-
ance of amyloid [53].

Post-translational modifications

The long half-life of serum albumin causes
its high sensitivity to various posttranslation-
al modifications, in particular to glycosylation.
Serum albumin has 85 glycosylation sites, in-
cluding 59 lysine residues and 24 arginine resi-
dues [54]. Glycosylation of albumin, like other
proteins, begins with the addition of glucose to
the N-terminal albumin residue (lysine or arginine
residues). As a result of this interaction, a stable
form (the Amadori form) is formed through an
unstable intermediate compound called the Schiff
base. Glycosylation of serum albumin changes its
two- and three-dimensional structure, especially
by the spiral formation of beta-leaf. A change in
the conformational status of albumin leads to a
decrease in antioxidant activity due to a decrease
in the number of thiol groups and a change in
the binding properties of albumin. The transport
function is also reduced due to the difficulty for
ligands to recognize and bind to albumin [55—57].
Glycosylation of albumin (gAlb) can have various
effects on its ability to bind drugs. At the same
time, binding affinity is usually reduced, for ex-
ample, for sulfonylurea, salicylate and ibuprofen
[58—60].

However, in some cases, the affinity of albumin
remains unchanged for some other drugs, such as
diazepam and naproxen [61]. After albumin glyco-
sylation, gAlb acquires a pathological phenotype
due to is functional impairment. It causes irre-
versible damage to organs and tissues and target
organs with the development of complications of
diabetes mellitus. For example, gAlb contributes
to kidney damage by increasing the production of
pro-oxidant molecules by epithelial and mesangial
cells. As for cardiovascular conditions, gAlb pre-
dominantly reacts through the receptors activa-
tion of the end glycosylation products (RAGE
receptor). It accelerates oxidation and plays an
important role in platelet activation and aggrega-
tion, as well as stimulates the expression of adhe-
sion molecules that contribute to the formation of
atherosclerotic plaques [62]. gAlb also promotes
insulin resistance by stimulating the production
of intracellular reactive oxygen species, which, in

turn, inhibit the transmembrane transport of glu-
cose in muscle cells and adipocytes [63].

Glycosylated hemoglobin (HbA1c) serves as a
reference essay for long-term monitoring of glu-
cose levels. However, the use of HbAlc as a di-
agnostic marker of diabetes is not recommended
for a number of conditions, such as hemoglob-
inopathies, pregnancy or chronic kidney disease.
Quantitative determination of serum glycosylat-
ed albumin (gAlb) can serve as an alternative in
these situations [63]. The results of recent stud-
ies show that posttranslational modifications of
human serum albumin (HSA), such as oxidation,
glycosylation, truncation, dimerization and car-
bamylation, are associated with certain types of
diseases.

For example, a group of scientists led by
Marco Domenicali conducted a study aimed at
identifying structural changes in Alb that occur
in cirrhosis and determining their relationship
with specific clinical complications and patient
survival [64]. One hundred and sixty-eight pa-
tients with liver cirrhosis were included in the
study; 35 patients with stable condition and 133
patients with complications due to decompensa-
tion of cirrhosis; as well as 94 healthy partici-
pants of the control group. Using high-affinity
liquid chromatography/ mass spectrometry with
electrospray ionization, in addition to its own
isoform of Alb, it was possible to identify seven
isoforms with one or two modifications: trunca-
tion of the last two amino acid residues in the
N-terminal part (HSA-DA); truncation of the
last amino acid residue in the C-terminal part
(HSA -L); cysteinylation of the Cys34 residue
(HSA1CYS); sulfinylation of the Cys-34 residue
(HSA1SO,H); and glycosylation (HSA1GLYC).
In addition, two additional isoforms of HSA were
obtained from a combination of a cysteinylated
with an N-terminal truncated form (HSA1CYS-
DA) or a glycosylated form (HSA1CYS1GLYC)
[64]. Tt was found that patients with liver
cirrhosis have significant post-transcriptional
changes in the Alb, affecting several molecular
sites and increasing in parallel with the severity
of the disease.

At the same time, these changes were rare-
ly recorded in healthy individuals. There were
significant depletion of native, non-modified
isoforms in cirrhosis. The native Alb and most
of the modified isoforms correlated both with
Child-Pugh score and with the outcomes of the
end-stage liver disease model. In hospitalized
patients, oxidized and N-terminal truncated
isoforms were independently associated with
ascites, renal failure, and bacterial infection.
Finally, native Alb and cysteinylated/shortened

12
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isoforms at the N-terminus were predictors of
one-year survival with greater prognostic accu-
racy than the total serum Alb concentration. The
data obtained formed the basis of the concept of
“effective albumin concentration”, which implies
that the global function of Alb is associated not
only with its concentration in serum, but also
with the preservation of its structural integrity
[64].

At the same time, a small sample of patients
and a large number of different modifications
of albumin identified by researchers do not al-
low us to obtain reliable data on changes in the
functional usefulness of albumin in various dis-
eases; this requires further scientific research in
this area.

It is noteworthy that the high level of hu-
mam non-mercaptalbumin (non-mercaptalbumin
is an irreversibly oxidized form of albumin) is
able to change the function of immune cells in
patients with cirrhosis compared to healthy peo-
ple [65]. In this group of patients, inflammation
develops due to the production of proinflam-
matory cytokines (IL-6, IL-1, TNF-a and IL-8),
and the subsequent cytokine storm is initiated
by activated leukocytes. Further, Alb increases
the level of inflammatory eicosanoids (prosta-
glandin E2, PG F2a, thromboxane B2 and leu-
kotriene B4). The effect of Alb on immune cells
during cytokine storm is caused by phosphory-
lation of p38 mitogen-activated protein kinase
with subsequent activation of transcription fac-
tors, which ultimately leads to hyperproduction
of proinflammatory cytokines [65].
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The culmination of systemic inflammation is
the development of bacterial peritonitis, com-
plicated by decompensation of liver functions.
In the laboratory parameters of this group of
patients, more obvious signs of systemic inflam-
mation are determined (high levels of C-reactive
protein (CRP) in plasma; soluble inflammatory
mediators (pro-inflammatory and anti-inflam-
matory cytokines and chemokines)) and also,
indicators of oxidative stress (the irreversible
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