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Abstract—Reversible protein binding with membrane components and the cytoskeleton is one of mecha-
nisms of cell metabolism control. This is a crucial mechanism for the regulation of metabolism in nuclear-
free cells, mammal erythrocytes, in which it is realized via hemoglobin modification to the membrane-bound
state. Hemoglobin can interact with the membrane in different ligands and redox statuses. Thus, this protein
can function as a sensor of redox and oxygen conditions. Depending on the oxygen conditions, deoxyHb
changes the energetic metabolism, morphology, and deformability of erytrocytes, as well as the release of vas-
cular tone regulators, NO and ATP. This is fulfilled via interaction with the main integral protein of erythro-
cyte membrane, the band 3 protein. The products of hemoglobin oxidative denaturation, irreversible hemi-
chromes, also carry out a signaling function. Accumulating over time or as result of oxidative stress, chemi-
chromes contain information on the redox conditions and the longevity of erythrocyte functioning. It has
been hypothesized that erythrocytes have a program that initiates intracellular hemolysis. The participation
of hemoglobin and its membrane-bound form (MBHb) in the realization of this program is discussed. The
role of NO donors in the regulation of erythrocyte stability is debated as well. The use of data on the MBHb
content in erythrocytes is proposed for clinical diagnostics.
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INTRODUCTION
The understanding of the functional properties of

erythrocyte hemoglobin (Hb) has expanded signifi-
cantly over the past two decades. It became clear that
Hb is not only an oxygen carrier but also a regulator of
its delivery to organs and tissues. Hb performs this
function in several ways: (1) the regulation of the
mechanical properties of the erythrocyte membrane;
(2) the synthesis and deposition of NO in the erythro-
cyte; (3) the release of ATP from the erythrocyte. In all
cases, the signal-regulatory action is mediated by
changes in the quaternary Hb structure (conforma-
tional R-T transitions), which are modulated by the
partial pressure of oxygen (pO2). The tetrameric orga-
nization of Hb and its allosteric properties make pos-
sible to fine-tune both the oxygen-binding properties
of Hb and its signaling functions. Note that Hb also
regulates the energy metabolism, volume, deformabil-
ity and life-span of the erythrocyte.

Since the mammalian erythrocyte is a highly spe-
cialized and reduced cell in which the nucleus, mito-
chondria, and protein synthesis apparatus are absent,
its main information platform is the plasma mem-

brane and the associated membrane cytoskeleton. The
Hb signal-regulatory function is based on its binding
to the membrane components.

The review summarizes modern ideas about the
means of Hb interaction with the membrane, as well as
the physiological significance of this process for eryth-
rocyte functioning and its participation in maintaining
homeostasis at the level of the entire organism.

Reversible binding of proteins on the membrane as a
way to regulate metabolism. One of the mechanisms of
cell metabolism regulation is the reversible transition of
proteins from the soluble to the membrane-bound state.
The so-called adsorption mechanism [1, 2] or, accord-
ing to the terminology proposed by A.S. Kaprelyants, is
topodynamic regulation [3]. The reversible adsorption
of enzymes allows of control their catalytic activity and
stability. The idea that reversible binding of enzymes to
subcellular structures has regulatory significance was
first expressed by A.I. Oparin in 1933 [4]. It was shown
in his works that a similar means of regulating enzyme
activity also works in gel-like structures (coacervates),
which indicates its evolutionary antiquity.
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As a rule, the binding of enzymes with membranes
leads to a decrease in their activity and is directly
dependent on the energy charge of the cell: a high level
at a low ATP concentration and vice versa. This may
allow the cell to reduce energy consumption for the
constant catalytic functioning of enzymes. The pro-
teins sorbtion–desorbtion process is highly sensitive to
low-intensity influences. Due to this process, the cell
can change its metabolism in seconds due to the pre-
viously bound enzymes, while the realization of the
response via changes in gene expression would take
much more time.

A question arises as to the origin of a factor that
triggers the transformation of the proteins from the
bound form to the free state. The modern hypothesis
suggests that the conformational changes in mem-
branes and proteins are such triggers. The connection
between protein conformation and the redox state of
its SH groups had been shown [5]. Thiol groups are the
most active protein groups; in soft physiologic condi-
tions, they can attend to the various chemical reac-
tions (oxidation, nitrosylation, glycylation, alkylation,
thiolation, etc.) [5, 6]. Many of these reactions are
reversible and are thus important for the cell metabo-
lism. Besides, the thiol-bisulfide balance is highly sen-
sitive to the influence of redox active compounds [7].

Conformational changes in the Hb molecule can
be induced by a change of the state of heme group after
association with the ligands, as well as by a change of
the state of the cysteine surface residues (Cysβ93).
Binding (blocking) of the active thyol groups changes
the electron density distribution on the heme; as a
result, Hb autooxidation increases unless it is accom-
panied by significant conformational changes [8]. For
example, the formation of superoxide anion radical

 occurs when low-spin oxygenated Hb (oxyHb) is
modificated into low-spin oxidized met-hydroxyHb
(FeIII–OH) or hemichrom (His–FeIII–His). Oxidized
Hb, especially its low-spin forms, has an increased
tendency to bind to the membrane [9]. Thus, various
redox-active compounds, which are formed exoge-
nously or endogenously during any metabolism viola-
tion, can affect the redistribution of the protein from
the soluble to the membrane-bound state.

It is known that erythrocytes have a multilevel
adaptation ability [10–12]. In contrast to nucleated
cells, the adaptive capacities of mammalian erythro-
cytes are limited by cytoplasmic mechanisms. They
include the reversible cooperative phase transitions of
proteins, their interaction with the membrane and
cytoskeleton, changes in membrane proteins and cyto-
skeleton proteins, and the violation of membrane per-
meability. Therefore, erythrocytes are a convenient
model for the study of the formation of the adaptive
response at the cytoplasm level. In the next chapter,
we will discuss the main means of forming a regulatory
signal in these cells due to Hb binding to the mem-
brane.
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Hemoglobin-membrane binding centers. The ability
of erythrocyte Hb to bind to the membrane was estab-
lished long ago, when researchers were trying to obtain
erythrocyte shadows by hypotonic lysis. The first
mention of the Hb association with erythrocyte mem-
branes can be found in the work of Hoffman [13], in
which it was called “structurally fixed hemoglobin.”
The term “membrane-bound hemoglobin” is well
established in the scientific literature (MBHb). Also
among the early MBHb studies are the works of
Anderson and Turner [14, 15], in which it was shown
that washed erythrocyte membranes contain about 3%
of the total cell Hb. Fung and Eisinger [16, 17] then
confirmed that Hb interacts with erythrocyte mem-
branes under physiological conditions.

Among the means of Hb binding to the membrane
are the following: deoxyHb binding on band 3 protein
due to electrostatic interactions [17–21], covalent
association with membrane components by disulfide
bonds [22, 23], and adsorption to membrane lipids
using hydrophobic interactions. Hb can also bind to
cytoskeleton proteins: spectrin [24, 25], glycophorin
[26–28], actin, and tubulin [29, 30].

Band 3 protein (Band3) is a member of the (SLC4)
family of carriers (transporters) of soluble compounds
[31]; it is the main integral membrane protein (25% of
all membrane proteins). The monomeric band 3 con-
sists of three domains: a membrane-penetrating
domain that exchanges Cl−/ ; the short C-termi-
nal cytoplasmic domain, and the long N-terminal
cytoplasmic domain. The C-terminal cytoplasmic
domain binds carbonic anhydrase II; the N-terminal
cytoplasmic domain (Cytoplasmic Domain of Band 3
protein, CDB3) binds glycolytic enzymes, Hb, and
hemichromes, forming a complex of the band 3 pro-
tein. One of the main functions of the N-terminal
domain is the binding of the cytoskeleton scaffold to the
membrane, which determines the morphology and sta-
bility of the erythrocyte. The complex of band 3 protein
coordinates the membrane-cytoskeletal structure with
the energy state and oxygen conditions inside the cell.
The structure of this protein determines the antigenic
determinants of the erythrocyte membrane; Band 3
polymorphic variants determine the Diego blood
group [32].

Band 3 is the center of the erythrocyte membrane
organization and the regulator of ionic homeostasis;
therefore, even minor modifications in its regulatory
sites lead to a change in the structure and function of
these cells. Phosphorylation of Band 3 tyrosines dis-
turbs the binding of Hb and cytoskeleton proteins [33].
It can be assumed that other modifications in the
binding site, e.g., tyrosine nitration, can lead to a dis-
turbance of the oxygen-dependent regulation of meta-
bolic f luxes in the erythrocyte. CDB3 contains reac-
tive cysteines involved in the detection of the redox
state inside the cell [34].

−
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Table 1. MBHb content in the erythrocyte shadows of healthy donors according to the estimates of various authors

* The MBHb content is presented as a percentage of the total amount of Hb in erythrocytes.

MBHb content, %* Detection method Reference

≤ 2 Spectrophotometric cyanmethemoglobin method (Drabkin method) [45]
~3 Spectrophotometric cyanmethemoglobin method (Drabkin method) [14]

7−10 Spectrophotometry at a wavelength of 536 nm [46]
3.6 '' [47]

4.04 ± 0.54 '' [48]
4.43 ± 2.2 '' [49]
5.54 ± 0.32 '' [50]
4.53 ± 1.05 Spectrophotometric evaluation of Hb complexes with pyridine (Riggs method) [51]

7−8 Activated chemiluminescence [52]
The Hb binding to the membrane can be reversible
and irreversible. It was shown with f luorescent probes
that deoxyHb reversibly binds to CDB3 with high
affinity (eight times of the affinity for oxyHb) [18, 35–
37]. The covalent binding of Hb to the components of
the membrane is irreversible due to the action of oxi-
dizing agents that cause the formation of free radicals
and ferryl and oxoferryl Hb forms (heme–Fe(IV)=O)
[38–41]. The higher the level of Hb oxidation (from
FeIII to FeV) is, the higher is the proportion of bound
Hb, and approximately 50% of Hb is bound by SH
groups [41]. In addition to Band 3, Hb is also capable
of forming a complex with a cytoskeletal node con-
sisted of spectrin, ankyrin, and protein of the 4.2 band.
Bound in this way, oxidized metHb retains its redox
properties and ability to interact with ligands [41].

The partially oxidized Hb interacts with the mem-
brane [42], which probably has physiological signifi-
cance, since in the near-membrane region it is
reduced by membrane-bound NADPH-dependent
metHb-reductase [43].

It is also known that Hb can form complexes with
lipids, such as cholesterol [44]. The content of Hb-
cholesterol adducts is higher in winter than in summer
(30 and 19% of total Hb, respectively), which reflects
the level of cholesterol in high-density lipoproteins
(HDL) in plasma.

Methods to determine the membrane-bound HB.
The literature contains contradictory information on
the MBHb content in erythrocytes, which is explained
by the different physiological state of erythrocytes and
the way in which shadows are prepared (pH, ion
strength, number of washes).

The MBHb concentration in erythrocytes is cur-
rently most often determined spectrophotometrically,
via assessment of the Hb associated with erythrocyte
shadows [14, 45–51]. We developed a simple spectro-
photometric method to determine the MBHb in blood
samples, which makes it possible to estimate the Hb
concentration in scattering media [51]. SDS-PAGE of
shadow proteins, followed by densitometry of the Hb
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band [53, 54], measurement of the Hb quenching of
the f luorescence of probes embedded in the mem-
brane, those specifically interacting with the band 3
protein [17, 21], and luminol-activated chemilumi-
nescence [20, 52] are also used. Among the advantages
of the latter method, it is worth noting the high sensi-
tivity (up to 0.01 pmol MBHb in the sample) and the
ability to carry out measurements in whole erythro-
cytes. Table 1 summarizes the information available
on this subject.

According to two-dimensional electrophoresis,
the Hb content in the erythrocyte membranes was
1.740 ± 0.074% of the total membrane proteins and
was the smallest compared to the content of the
remaining membrane proteins [54]. Similar values
(1.3 ± 0.3% of total membrane proteins) were
obtained in the study [41].

A quick and accurate method for the quantitative
determination of bound deoxyHb with CDB3 is based
on the measurement of Hb quenching of the f luores-
cence of a green fluorescent protein (eGFP) associ-
ated with the COOH-end of CDB3 [21]. An unusual
method of MBHb analysis via giant Raman spectros-
copy was proposed in another study [55]. For this,
erythrocytes were pre-immobilized on coatings in the
form of annular silver nanostructures. This approach
makes it possible to estimate the changes in the con-
formation and oxygen-binding properties of MBHb in
intact erythrocytes.

MEMBRANE-ASSOCIATED HEMOGLOBIN 
AS A MEDIUM OF BIOLOGICAL SIGNALING

The reversible nature of Hb binding to the mem-
brane indicates the physiological role of this process.
Let us consider the physiological and pathophysiolog-
ical effects caused by the transition of Hb to the mem-
brane-bound state.

Allosteric regulation of CDB3. Hb binds to band 3
protein by embedding the anionic CDB3 segment in
the cationic central cavity formed by β-chains, which
l. 55  No. 2  2019
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is also the binding site of 2.3-diphosphoglycerate
(2.3-DPG), the allosteric Hb regulator. This interac-
tion makes it possible to consider the band 3 protein to
be a heterotropic allosteric effector that induces a
transition to the T-conformation or stabilizes the
T conformation for the deoxyHb [56]. Conversely, Hb
regulates the anion-transport properties of the band 3
protein, such as Na+/K+ − transport and K+–Cl− and
Na+–K+–2Cl− − cotransport [56].

Regulation of gas exchange. The close contact of
Hb and carbonic anhydrase with the participation of
CDB3 makes it possible to coordinate the absorption
of carbon dioxide and the release of oxygen in the cap-
illaries [57]. The protons released during bicarbonate
formation are localized in the region of the complex of
band 3, where they contribute to Hb deoxygenation
due to the Bohr effect.

Hb can affect gas exchange in another way, by
changing the structure of the membrane-associated
cytoskeleton (submembrane barrier) [58]. Increased
contact with the membrane cytoskeleton leads to a
reduction in the wells of the cytoskeletal frame, reduc-
ing gas diffusion. This mechanism seems quite likely
when the supply of NO to erythrocytes is regulated
[42, 59, 60].

Energy metabolism regulation. CDB3 is known to
bind glycolytic enzymes: aldolase, phosphofructoki-
nase, and glyceraldehyde-3-phosphate dehydrogenase
[61]. These enzymes, as well as pyruvate kinase and
lactate dehydrogenase, form a multienzyme complex
(metabolone) [62, 63]. The organization of enzymes
in the metabolone provides a more efficient regulation
of the glycolytic pathway. Glycolytic enzymes usially
have a low catalytic activity in the bound state [64].
Conformational changes in the Hb molecule during
deoxygenation lead to an increase in its affinity for
CDB3, the displacement of glycolysis enzymes from
the binding site, and their transition to a soluble active
state [19, 57, 65]. Thus, deoxyHb binding to CDB3
switches metabolism from the pentose phosphate path-
way to the glycolytic pathway in response to changes in
the cellular oxygen status [57, 64, 66, 67]. On the one
hand, it contributes to an increase in the level of intra-
cellular ATP and, simultaneously, 2.3-DPG. On the
other, it reduces the f low of glucose entering the pen-
tose-phosphate pathway. In this pathway, NADPH is
formed, which is necessary for the recovery of metHb
and antioxidant enzymes.

Organic phosphates (ATP and 2.3-DPG) are the
link that connects the cellular energy with the func-
tional activity of the Hb molecules contained in them.
They decrease HB affinity to oxygen due to specific
binding to this protein [68]. It is one of the ways of the
regulation of oxygen delivery in hypoxia conditions:
the lower рО2 is, the higher is the proportion of
deoxyHb, the higher the ATP and 2.3-DPG concen-
trations, and the higher is the О2 release by Hb. In this
case, the regulation of the oxygen-binding properties
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of Hb due to the allosteric mechanism can be very fast,
since a part of 2.3-BFG (approximately 30%) is in the
membrane-bound state [68]. Thus, deoxyHb and
2.3-DPG can compete for membrane binding sites.

The switching of the energy metabolism to the pre-
dominant synthesis of organic phosphates is of great
importance for membrane stabilization and the cre-
ation of a physiologically optimal erythrocyte form
[69], as well as for the regulation of local blood flow
under hypoxic conditions [70–72]. A 15% or more
reduction of the ATP content changes the nature of
the interaction of spectrin, actin, and other integral
proteins of the erythrocyte membrane. Another gly-
colysis metabolite, 2.3-DPG, reversibly binds to spec-
trin and therefore also affects the properties of the
membrane cytoskeleton. Increasing its concentration
increases the deformability of the membrane.

Regulation of capillary blood flow. Two comple-
mentary mechanisms of erythrocyte involvement in
the regulation of capillary blood flow (local intravas-
cular pressure) are described: a rapid decrease in blood
viscosity due to an increase in the deformability of
erythrocytes and a slow-but-steady increase in vessel
diameter due to the release of vascular tone regulators
(NO and ATP) into its lumen. The latter mechanism
has three means of implementation: the allosterically
controlled release of NO with the participation of SH
groups of β-subunits of Hb (SNO-Hb) [73, 74]; NO
formation in the reduction reaction of nitrite ions of
deoxyHb [75–77]; and local purineergic signaling
with ATP released from erythrocytes [72, 78, 79]. All
of the above mechanisms are implemented under con-
ditions of low pO2 and are modulated by the interac-
tion of Hb with the membrane and cytoskeleton com-
ponents.

The involvement of HB in NO export from erythro-
cytes is discussed. CDB3 is the acceptor of the NO
group from SNO-Hb in the membrane [80]. The inter-
action of Hb with CDB3 favors the transition of the
protein to the T conformation, which is accompanied
by the transfer of the NO group in the transnitrosylation
reaction from the cysteines of the Hb β-chains to the
vicinal cysteine residues (Cys201, Cys317) of CDB3
[80, 81]; therefore, the oxidation of CDB3 thiols leads
to disruption of molecular mechanism of intracellular
NO transfer [80]. CDB3-associated deoxyHb can also
reduce nitrite ions and thus generate NO on the inner
surface of the erythrocyte membrane [82].

In 1992, a work showed the participation of Hb in
the hypoxic emission of ATP from erythrocytes [78].
The suggested mechanism of this process included the
binding of desoxyHb with CDB3, which resulted in
G-protein activation and triggered the signal pathway
cascade. Its final step is accompanied with the release
of ATP through specific channels in the plasma mem-
brane [79]. This erythrocytic ATP binds to P2Y-
purine-ergic receptors on the surface of endothelial
cells and activates the synthesis of NO and other vaso-
STRY AND MICROBIOLOGY  Vol. 55  No. 2  2019
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dilating factors, thereby contributing to an increase in
the capillary blood flow rate and the efficiency of O2
delivery to tissues. The question that arises as to the
channels involved in selective ATP transport has not
yet been resolved. Presumably, these include pannexin
channels (Panx1) and mechanosensitive nonselective
cation channels (Piezo 1) [83]. The hypothesis of the
release of ATP from lysed erythrocytes was confirmed
experimentaly [70–72].

Along with hypoxia, the release of ATP from
erythrocytes can be caused by their mechanical
deformation during passage through capillaries,
acidification of the medium, and an excessive
amount of CO2 in the blood [84]. The release of ATP
from human erythrocytes is shown to increase in the
presence of nitrites, penetrating cAMP analogs, acti-
vators of the cAMP-mediated signaling system
(adrenaline, isoproterenol, prostacyclin PGI2, for-
skolin, papaverine), and dimethyl sulfoxide [84].

An increase in the synthesis and release of ATP in
the presence of nitrites is accompanied by a decrease
in blood pressure, as shown in vitro and in vivo exper-
iments [20]. This effect was observed in both nor-
moxic and hypoxic erythrocytes, which indicates its
independence from the nitrite reductase reaction. It
was also shown that the MBHb content increased in
erythrocytes treated with physiological concentrations
of NaNO2 (9.9 ± 0.2 μM as compared to 2.0 ± 0.6 μM
in the control). The combination of these facts
allowed the authors to propose the involvement of Hb
in the nitrite-dependent release of ATP [20]. The form
in which Hb binds to the membrane is still unknown.
Presumably, these include oxidized low-spin forms of
the protein, which are formed in the reaction of
deoxy- and oxyHb with metHb–NO2 and bis-histi-
dine–metHb [9]. The possibility of the formation,
with the participation of CDB3, of an intraerythrocyte
pool of membrane-bound ATP, which is released
under hypoxic conditions when the signalling pathway
for ATP release is activated, is discussed.

Induction of Hb redistribution from the mem-
brane-bound to soluble state by sodium nitrite was
also observed in our experiments with isolated eryth-
rocytes [51]; moreover, in concentrations an order of
magnitude higher than the concentration of nitrite
ions, nitrosothiols did not lead to the formation of
additional MBHb. This is consistent with the results of
another study [41], in which it was shown that the
incubation of erythrocytes with sodium nitrite led to a
tenfold increase in MBHb.

Regulation of erythrocyte deformability. The supply
of oxygen to tissues depends not only on the Hb prop-
erties but also on the rheological characteristics of the
erythrocyte membrane. The high deformability of
these cells plays an important role in ensuring micro-
circulation, since it allows cells to pass through vessels
with a diameter smaller than their own size [85]. It was
shown that the the involvement of theHb-CDB3 com-
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plex in cytoskeletal reorganization in the microvascu-
lature depends on the oxygen conditions [21, 86, 87].
The binding of deoxyHb to CDB3 in the immediate
vicinity of the binding sites of ankyrins connecting
Band3 and the cytoskeleton leads to the displacement
of ankyrin from the complex with Band3 [21, 86]. Due
to this, there is a weakening of membrane-cytoskeletal
interactions, which significantly increases erythrocyte
deformability during the period of deoxygenation.
Conversely, an increase in pO2 enhances the interac-
tion of ankyrins with Band3, which stabilizes the
erythrocyte membrane during their movement in the
turbulent f low from the lungs to the capillaries.

Stabilization of the cytoskeleton during periods of
prolonged deoxygenation (ischemia, hypoxia) can
lead to the intravascular formation of vesicles and
hemolysis. There is a point of view that this seemingly
unfavorable process may be physiologically justified.
This issue will be discussed below.

Induction of intracapillary oxidative stress. Various
forms of oxidized Hb (metHb, ferrylHb, oxoferrylHb)
and products of its oxidative denaturation (irreversible
hemichromes) and degradation (heme and divalent
iron) can firmly bind with the components of the
membrane and be a source of reactive oxygen species
(ROS) that initiate lipid peroxidation (LPO) [39–41,
52, 88–93]. Since the near-membrane region is prac-
tically unavailable for cytosolic antioxidant enzymes,
the precipitation of Hb to the erythrocyte membrane
can only enhance the process of free radical oxidation
of lipids and provoke hemolysis.

Under hypoxic conditions, oxyHb may also be a
source of ROS. If Hb gives the tissues about one third
of the bound O2 under normal conditions, then, with
lowered pO2, Hb reaches a state of half-saturation, in
which it is easily oxidized and loses stability. Deep aci-
dosis caused by hypoxia can also intensify the process
of autooxidation. Due to the high deoxyHb level in
hypoxic erythrocytes, the Hb content in the near-
membrane region increases, which reduces the contri-
bution of the hexose-monophosphate shunt to the cel-
lular energy and to the synthesis of NADPH. This may
exacerbate the negative effects of ROS.

The processes of ROS generation in erythrocytes
described above explain the induction of the inflam-
matory response under hypoxic conditions [94]. The
H2O2 formed by erythrocytes goes into the capillary
lumen, diffuses to the microvascular endothelium,
where it launches Ca2+-dependent leukocyte recruit-
ing. The possibility of such an in vivo scenario has
been demonstrated in rat lungs [94]. Thus, Hb triggers
the development of inflammatory disorders, such as
acute lung injury or cardiovascular diseases with low
cardiac output.

Redox signaling. An increase in the proportion of
membrane-bound oxidized forms of Hb does not
always have negative consequences for the cell; in
some cases, it can be a physiologically determined
l. 55  No. 2  2019
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process aimed at the removal of old, damaged, and
infected erythrocytes from the bloodstream. [95, 96].
Functionally defective erythrocytes have altered anti-
genic determinants, so that they are recognized by
phagocytes and macrophages and destroyed.

Several hypotheses have been proposed to explain
the role of Hb in the formation of the “death signal.”
According to one of them, the copolymerization of
hemichromes with CDB3 and/or spectrin contributes
to the aggregation of Band 3 and the exposure of the
aging antigen to which circulating antibodies (IgG)
bind, forming opsonization sites [96–99]. It is
assumed that erythrocytes are recognized by macro-
phages as old when the cluster size exceeds a certain
threshold value. Normally, approximately 0.1% of
erythrocytes contain aggregated Band 3 [100]. The
combined effect of membrane lipid peroxidation and
elevated levels of hemichromes is necessary for Band 3
aggregation [100].

Hemichromes bind to the cytoplasmic membrane
at high affinity (on CDB3) and low affinity (on the
spectrin) sites [97]. Binding to CDB3 has the follow-
ing stoichiometry: one dimer of the band 3 protein
account for 2.5 tetrameric hemichromes. With the
help of hemichromes, erythrocytes can “feel” oxida-
tive stress (redox state) [37, 96].

The sequence of events leading to the formation of
a signal of redox conditions inside the cell is consid-
ered as follows. The initial event is the reversible oxi-
dation of closely located cysteine residues (Cys201 and
Cys317) in Band 3 to form an intermolecular disulfide
bond (covalently cross-linked Band 3 dimer) [81]. The
formation of disulfide bonds also occurs under the
action of hemichromes. Such cross-linking causes
conformational changes in Band 3, which enables a
specific interaction with Syk-kinase that phosphory-
lates tyrosine residues in the cytoplasmic domain of
CDB3 [37, 101]. The Band 3 hyperphosphorylation
caused by hemochromes reduces its affinity to ankyrin
and promotes dissociation from the spectrin-actin
cytoskeleton [37, 101]. This leads to a violation of the
membrane structural integrity and, therefore, to intra-
vascular hemolysis. In contrast, reversible phosphory-
lation does not cause erythrocytes lysis.

Hemichromes also induce phosphorylation of ser-
ine residues of cytoskeleton proteins. This phenome-
non apparently plays a key role in the release of mem-
brane microparticles (extravesicles formation), which
are loaded with hemichromes [102]. Such particles are
contained in large quantities in the blood of thalas-
semia patients. [101]. In this case, the process of the
formation of vesicles is physiologically justified, since
it aims to remove damaged membrane fragments,
thereby preserving fully viable red blood cells [102].

Before the onset of physiological aging, erythro-
cytes can undergo damage that violates their integrity
and, thus, triggers their death program, eryptosis.
Erythrocytes exhibit the following apoptotic signs: cell
APPLIED BIOCHEMI
shrinkage, vesiculation, and redistribution of mem-
brane lipids, which leads to the exposure of phospha-
tidylserine on its surface [103]. Phosphatidylserine is
recognized by the macrophages that utilize such eryth-
rocytes. Several eryptosis mechanisms that can be
launched simultaneously are described. One of these
mechanisms can be realized with the participation of
oxidized forms of Hb, hemichromes, that specifically
bind to Band 3.

Enhanced eryptosis occurs in diabetes mellitus,
malignant neoplasms, heart and kidney failure, ane-
mia of various origins, hemolytic uremic syndrome,
sepsis, and mycoplasma infection [104]. Due to eryp-
tosis induction, red blood cells infected with malaria
plasmodium (Plasmodium falciparum) are quickly
removed from the bloodstream, thereby protecting the
entire body from the spread of infection [56, 104].

Even though eryptosis, in general, is a useful phys-
iological mechanism, its excessive activation may
cause extensive intravascular hemolysis. Eryptosis
stimulation of in malignant tumors is further aggra-
vated by cytostatic treatment, thus contributing to the
occurrence of anemia [105]. To reduce anemia in can-
cer patients, it is advisable to use eryptosis inhibitors,
one of which is nitric oxide [106]. The development of
various NO-donor compounds for the correction of
disorders in the microcirculation system is a promising
direction in pharmacology. Dinitrosyl iron complexes
(DNIC, see below) can act as such physiological car-
riers for NO groups.

Cell volume regulation. Several studies have investi-
gated the role of Hb in the regulation of cell volume.
Two mechanisms of such regulation are possible.
According to the first, Hb is involved in the detection
of volume via the effect of crowding (the nonspecific
effect of macromolecule crowding) [107]. The f luctu-
ations in cell volume result in the concentration or
dilution of the intracellular Hb solution, which can
affect the activity of protein kinases and phosphatases
involved in volume regulation. An alternative mecha-
nism is that Hb binding to the membrane activates the
K+–Cl--cotransporter involved in the regulation of
cell volume [108]. In hyper- and hypotonic environ-
ments, Hb reduces the transport of K+ and Cl–. Oxy-
genation stimulates ion transfer (via the activation of
the K+–Cl–-cotransporter) and causes swelling, while
deoxygenation causes wrinkling (through the activa-
tion of the Na+–K+–2Cl– and Na+/H+ channels)
[109]. Cell swelling, being an analog of shear stress,
leads to the discovery of mechano-sensitive cationic
channels permeable to Ca2+; this triggers Ca2+-depen-
dent signaling cascades that regulate cytoskeletal rear-
rangement, the proteins of which have Ca2+ binding
sites [110].

Regulation of the erythrocyte membrane charge.
Several mechanisms have been proposed to explain
Hb participation in the regulation of the erythrocyte
membrane electric field [111]. One of them is Hb
STRY AND MICROBIOLOGY  Vol. 55  No. 2  2019
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adsorption–desorption on the membrane. Deoxyhe-
moglobin forms a thick continuous layer on the mem-
brane. This thickness compensates for about half of
the membrane charges, thereby halving the trans-
membrane potential difference. The addition of oxy-
gen to Hb converts it to the R state, in which it is
desorbed from the membrane and the electrostatic
field in it increases. The second mechanism is the
release of protons due to the enhanced acidic proper-
ties of Hb during oxygenation and exit from the eryth-
rocyte, which increases the negative charge of the
cytoplasm and, consequently, the electric field in the
membrane. All of this leads to a decrease in membrane
permeability.

STABILIZING ACTION OF HEMOGLOBIN 
ON ERYTHROCYTE MEMBRANES

In the 1970s researchers have already revealed the
stabilizing influence of the near-membrane Hb layer
on erythrocytes, which manifested at a lowering
hemolysis level at mechanical impact [112, 113].
Experiments with erythrocyte shadows have shown
that the destruction of the lipoprotein structure of
erythrocyte membranes with a high Hb content was
happening to a much lesser degree in comparison with
membranes with small a Hb content. Research on the
molecular mechanisms of this effect showed that
oxyHb and metHb stabilize the membranes. At the
same time, the products of Hb oxidation and denatur-
ation (reversible, irreversible hemichromes, and
Heinz bodies), which accumulate under oxidative
stress or during erythrocyte aging, break the mem-
brane interaction with the cytoskeleton [114]. The
noticeable stabilization of the membrane cytoskeleton
is caused by the oxyHb and metHb contribution to the
self-organization of spectrin dimer to tetramer [114,
115]. The oxyHb/spectrin binding constant exceeds
the CDB3 constant by nearly 20 times.

The destructive effect of oxidized Hb forms is
caused by the appearance of hemin. Hemin has been
shown to be a potent hemolytic agent that nonspecifi-
cally disrupts protein–protein and protein–lipid
interactions [116, 117]. Hemin weakens intermolecular
interactions within the spectrin–protein 4.1–actin
complex in the erythrocyte [114]. Hemichromes are
the source of hemin. As the oxidative stress increases,
the hemichromes form stable aggregates, Heinz bod-
ies. They are attached to the erythrocyte membrane
and can be detected in the form of violet inclusions
after intravital methyl-violet staining. This process is
accompanied by an increase in permeability for potas-
sium ions, lipid peroxidation, the cross-linking of
membrane proteins, and a decrease in cell deformabil-
ity [114]. Lipid peroxidation induced both by Hb itself
and its decay products (iron and heme group) can also
contribute to the process of erythrocyte destruction
[88, 91].
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Thus, Hb has a multidirectional effect on cell resis-
tance: when the oxidation is insignificant and revers-
ible, the influence is stabilizing, while the influence is
destabilizing in case of deep oxidation (Fig. 1). As Hb
oxidizes, the stabilizing effect on the cytoskeleton
gradually disappears, and the negative effect increases.
The curve of the dependence of erythrocyte stability
on the level of oxidative stress shown in the figure is a
graphic expression of the hormesis effect [118].
Hormesis is described by a U-shaped or an inverted
U-shaped curve that shows the change in the direction
of the biological effect with an increasing chemical
dose [118, 119]. Such a two-phase curve describes the
compensatory–adaptive response of the living system.

We observed a phase change in the MBHb level
during the treatment of isolated human erythrocytes
with increasing doses of various redox active sub-
stances (methylglyoxal, hypochlorite, tert-butyl per-
oxide, sodium nitrite) [51, 120]. It must be noted that
the increased MBHb levels correlated with increased
resistance to oxidative hemolysis. Figure 2 represents
two curves characterizing the change in the MBHb
level and the erythrocyte hemolytic stability depend-
ing on the hypochlorite concentration (NaOCl).
There is a correlation between the two parameters. A
range that corresponds to an increase in cell resistance
(also called the hormesis zone) can be selected on the
graph. Such dependences were obtained for other sub-
stances as well.

The stabilizing effect of low oxidant doses observed
in the experiment can be associated with the formation
of protein–protein cross-links, the formation of a
near-membrane protein layer, and cytoskeleton reor-
ganization. For example, the reduction of the cyto-
skeletal framework (“submembrane reticulum”) during
ATP depletion causes the repair of “defective zones”
or channels of ion leakage that are formed in the mem-
brane by oxidizers [121].

ENDOGENOUS NITROGEN OXIDE 
DONORS AS REGULATORS 

OF ERYTHROCYTES STABILITY

One of the universal regulators of various biochem-
ical and physiological processes are NO metabolites,
nitrosothiols, and DNIC, which include three com-
ponents: the NO group, ferrous iron, and ligands. Var-
ious endogenous substances, such as phosphates, thi-
ols, imidazolate anions, and carnosine dipeptides, can
act as DNIC ligands [122–125]. The formation of low
molecular weight DNIC with glutathione ligands
(DNIC-GS) in erythrocytes is the most likely.

In a few studies, it has been shown that DNIC-GS
exert a protective effect on erythrocytes in various
pathological situations [106, 126, 127]. The following
mechanisms underlie the cytoprotective effect of these
complexes: (1) the inhibition of lipid peroxidation
reactions, (2) protection against oxidation of SH
l. 55  No. 2  2019
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Fig. 1. Effect of Hb and its oxidation products on the mechanical stability of erythrocyte membranes.
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groups of erythrocyte membrane proteins, (3) targeted
transfer of NO or [Fe–NO2]-fragment to plasma
membrane and cytoskeletal proteins, and (4) the recov-
ery of oxoferryl Hb. Earlier, we showed the formation of
DNIC associated with the SH group of a cysteine resi-
due of the Hb β-chain [124]. These complexes pro-
tected the Hb thiol groups from oxidation under condi-
tions of induced oxidative stress. DNIC-GS also pre-
vented the formation of oxoferrylMb [128].
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Fig. 2. Relationship between the amount of Hb released
into the solution (1) and the MBHb level (2) under the
action of increasing concentrations of NaOCl on a suspen-
sion of isolated erythrocytes. Each point is the mean of
three experiments. SHb (Soluble Hb), Hb released into the
solution as a result of hemolysis, % of the total Hb content
in erythrocytes.
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The effect of low physiological doses of DNIC-GS
on the resistance of isolated erythrocyte suspensions to
NaOCl-induced hemolysis was studied [120]. The
hemolysis level in the erythrocytes pretreated with
dinitrosyl complexes was lower than in the control
sample for the entire range of used oxidant concentra-
tions (Fig. 3). Figure 3 shows that DNIC-GS reduced
the level of autohemolysis caused by experimental
manipulations. Since old and damaged erythrocytes are
first to be subjected to lysis, it is likely that DNIC-GS
have a stabilizing effect on these cells. For comparison,
the cytoprotective effect of the following substances
formed during the dissociation of DNIC or their oxida-
tive decomposition was studied: nitrosoglutathione
(GSNO), reduced glutathione (GSH), ferrous iron,
and nitrite ions. Pretreatment of the erythrocyte sus-
pensions with the listed substances taken in concentra-
tions equivalent to their content in DNIC resulted in
the inhibition of erythrocyte oxidative hemolysis. It was
reduced by 42% with GSH, by 35% with nitrite, and by
20% with GSNO. Ferrous iron had almost no effect on
cell resistance. The degree of DNIC-GS inhibition
under similar conditions was 55%.

The stabilizing effect of DNIC-GS can partly be
explained by the transfer of the [Fe–NO2] fragment to
the SH groups of membrane receptors, which revers-
ibly blocks their activity and thus decreases the cellular
sensitivity to external influences. It is necessary to
consider that protein modification can also cause
structural changes in the membrane, increasing its
rigidity.

The peculiarity of DNIC as bioregulators is that
the difference between the biologically active dose and
a damaging one for these compounds is much greater
STRY AND MICROBIOLOGY  Vol. 55  No. 2  2019
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Fig. 3. Hypochlorite-induced erythrocyte hemolysis.
1, Control points; 2, pretreated with DNIC–GS. Each
point is the mean of three experiments. The horizontal
dotted line is the level of autohemolysis in the control. SHb
(Soluble Hb), Hb released into the solution as a result of
hemolysis, % of the total Hb content in erythrocytes.
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than that of the nonphysiological stimuli. In our
experiments [129], 400 μM DNIC-GS still had a sta-
bilizing effect on the cells, while hypochlorite at the
same concentration caused hemolysis (Fig. 4).

The results are consistent with the previously
established facts of the positive effect of DNIC on
erythrocyte metabolism [127].

HYPOTHESIS: 
HEMOGLOBIN AS A COMPONENT

OF PROGRAMMED HEMOLYSIS

As noted above, erythrocytes exhibit hypoxia-
induced reactions aimed at the regulation of blood
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Fig. 4. Degree of erythrocyte autohemolysis inhibition (%) by i
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f low. The view that considers the importance of intra-
vascular hemolysis of single erythrocytes as an ATP
source is being revised throughout the article for the
regulation of local purinergic blood flow [70–72, 84].
According to this concept, the intravascular hemolysis
of aging cells can be physiologically justified in condi-
tions of hypoxia and during prolonged physical exer-
tion. Calculations showed that even a small fraction of
aging erythrocytes contains a sufficient quantity of
ATP to have a regulatory effect on blood flow [72].

A positive correlation was found between the
degree of erythrocytes hemolysis (with shear stress,
hypoxia, and hypotonic shock) and the plasma ATP
content [70, 71]. A question arises as to whether there
are molecular mechanisms that destabilize the mem-
brane in these situations. Many facts indicate that such
intravascular hemolysis is not a random process [72];
there is a special program to weaken the membrane
and to form the lytic micropores in it. The decrease in
the ATP level, which supports the cytoskeleton struc-

ture, and/or an increase in the intracellular Ca2+ con-
centration are discussed as possible triggering mecha-
nisms for hemolysis [72]. A possible factor in the vio-
lation of membrane stability can also be the weakening
of the membrane-cytoskeletal interactions during pro-
longed deoxygenation, which increases the suscepti-
bility of the membrane to rupture [72]. It should be
emphasized that predominantly aging erythrocytes
with multiple microdefects in the membrane are sub-
ject to hemolysis [130].

Since we are talking about hemolysis induced pri-
marily by hypoxia, it is quite natural to assume that Hb
participates in this process. It is well known that Hb is
not only a pO2 sensor but also an ROS source. Figure 5

schematically depicts a sequence of events leading to
hemolysis under conditions of prolonged hypoxia.
The very first stages are caused by Hb autooxidation
and result in the formation of ROS and oxidized Hb
l. 55  No. 2  2019
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Fig. 5. Scheme of Hb participation in programmed hemolysis. HO-1, hemoxygenase; GSH, reduced glutathione. DNIC with
glutathione ligands includes NO, formed as a result of stimulation of purinergic receptors of the endothelium and/or macrophage
activation, e.g., during inflammation. The arrows indicate process enhancement (activation), blant ends, and inhibition.
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forms [9]. As noted above, the excessive accumulation
of these forms destabilizes the membrane (Fig. 1). We
believe that the presence of a special hemolysis pro-
gram initiated by Hb as a result of a change in its redox
state due to a change in pO2 or the redox conditions is

quite likely. This is more possible, because a positive
correlation is found between the hemolysis level and
the MBHb content [71].

As described in the previous section, DNIC-GS
have a stabilizing effect on a erythrocyte population
predisposed to lysis. Therefore, it is possible that these
complexes are part of the mechanism that regulates
erythrocyte death in the bloodstream (Fig. 5). The
ability of DNIC to participate in the regulation of pro-
grammed hemolysis is indicated by the fact that the
level of these NO metabolites in the bloodstream is an
integral indicator of oxygen and redox conditions. The
molecular mechanism of the regulatory action of
DNIC-GS is currently being studied in our laboratory.

All of the above led to the assumption that minor
intravascular hemolysis can be considered a physio-
logically determined adaptive response of the body to
moderate oxidative stress and hypoxia. The beneficial
physiologic effects of Hb-decomposition products

(hemin, CO, Fe2+, and biliverdin) also indicate the
benefits of hemolysis [131–133]. We emphasize that
these products can only be beneficial at low concen-
trations.

It is known that hypoxia is a universal nonspecific
syndrome in many pathological conditions. It may be
associated with the development of anemia, which
results from both a disturbance of iron homeostasis
and the development of chronic inflammatory condi-
APPLIED BIOCHEMI
tions. In the case of iron deficiency anemia, an
increased MBHb level can be explained by the need
for enhanced oxygen release by Hb (due to the release
of membrane-bound 2.3-BPG) and the need for
increased blood supply to the capillaries (due to the
action of extracellular NO and ATP). In this case, the
Hb binding is reversible. In anemia caused by chronic
diseases and inflammation, increased MBHb levels
are caused by the formation of oxidized and denatured
Hb forms, which irreversibly bind to the membrane
and cause vesicle formation, erythrocyte transforma-
tion, and destruction. Thus, the control of the oxygen-
binding Hb properties, the rheological characteristics
of erythrocytes, and the duration of its life is an adap-
tive regulatory mechanism.

USE OF MEMBRANE-BOUND HEMOGLOBIN 
IN CLINICAL AND BIOCHEMICAL 

DIAGNOSTICS

Erythrocytes are highly sensitive indicators of the
metabolic state of the blood system that are capable of
perceiving and accumulating damage; the reactivity of
erythrocytes can be used as a criterion to assess the
severity of the organism stress and the effectiveness of
pharmacotherapy. It changes under the influence of
physical exertion, hypoxia, endotoxins, and pharma-
cological drugs. There are various ways to assess eryth-
rocyte reactivity: the suspension resistance to oxida-
tive or osmotic hemolysis, the sorption ability, and
electrophoretic mobility of erythrocytes [134], the
reactivity of plasma membranes and their lipid com-
position, and the ability to bind alcian blue dye by gly-
STRY AND MICROBIOLOGY  Vol. 55  No. 2  2019
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cocalyx components [111]. The study [135] reported
the existence of several adaptive variants of erythro-
cytes with different cell membrane reactivities.

The existence of a direct correlation between the
oxidative stress level and the amount of MBHb
allowed the use of this indicator to assess oxidative
damage to erythrocytes [23, 136, 137]. An increase in
MBHb was observed in metabolic syndrome [138,
139], coronary atherosclerosis [49], myocardial
infarction [140], ischemia [49, 139–142], hyperten-
sion [139], psoriasis [143], chronic renal failure [144],
chronic obstructive pulmonary disease [50], atypi-
cal/severe alcohol delirium [145], and diabetes melli-
tus [146]. Elevated MBHb levels were also detected in
the erythrocytes of patients with thalassemia and vari-
ous hemoglobinopathies [147–149]. Elevated MBHb
levels were noted not only in pathological but also in
certain physiological processes, among which are
pregnancy [150], heavy muscular strains [41, 151], and
natural erythrocyte aging [97]. The greatest degree of
Hb binding to membranes occurred in aging cells with
low levels of antioxidant enzymes. There is a direct
correlation between the severity of the pathology and
the MBHb level in all situations.

The MBHb level can be another reasonably simple
criterion for erythrocyte reactivity. Let us give some
examples illustrating the potential use of MBHb in
clinical diagnostics. In the works of Pivovarov et al.
[47, 139], it was proposed to use data on the MBHb
content to calculate the coefficient of erythrocyte
resistance to functional load (tissue hypoxia). A direct
correlation was observed between the MBHb level and
the severity of coronary heart disease (CHD) [49,
139]. Also, significant differences were revealed in the
change in the MBHb content after functional load:
there was a decrease in MBHb in healthy donors (from
3.6 to 0.9%), and, conversely, an increase (from 8.2 to
10.9%) in patients [47]. Thus, the MBHb level is an
additional characteristic of CHD severity that makes it
possible to assess the stress degree of the body’s adaptive
systems to ischemia in a patient with angina. It was pro-
posed that the data be assessed on the MBHb level and
integral index of the structural and functional state of
erythrocyte membranes in patients with chronic
obstructive pulmonary disease be calculated [50].

A positive correlation between the MBHb level and
the intensity of oxidative stress in erythrocytes was
described. In patients, an elevated level of MBHb pos-
itively correlated with an increase in leukocytes, lipid
peroxidation, and the osmotic fragility of erythrocytes.
In patients with chronic renal failure, an increase in
MBHb correlated with an increase in C-reactive pro-
tein [144].

With a simple method to detect MBHb in blood
samples [51], the range of normal values for MBHb
was set at 3.3–4.9% [152]. The MBHb level was mea-
sured in patients of the National Medical Research
Centre of oncology. The patient sample included a
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group of patients with malignant tumors of various
localization (n = 125). Among the surveyed cancer
patients, a discrepancy in the MBHb level was
observed in 61%, while it was 38% in the control group
(n = 26). The differences were significant (t = 1.7; p <
0.05). Among patients with diagnosed anemia (ane-
mia of chronic diseases, iron deficiency anemia,
microangiopathic hemolytic anemia) (n = 23), 74%
had a discrepancy with the norm; in the control group
(n = 23), it was 35% (t = 2.05; p < 0.05). Data on the
MBHb content in the group of cancer patients were
included in the developed pilot version of a digital
expert system for anemia diagnosis in cancer diseases
[153]. Such a system, along with the use of artificial
neural networks [154], is recognized as one of the most
promising areas of hematological diagnosis [155].

Despite the numerous studies of membrane-bound
Hb, this indicator has not yet become commonly used
in diagnostic practice. The main reasons for this lie in
the absence of a standardized method to determine
MBHb and an approved understanding of the normal
range. It is also necessary to study the dynamics of
MBHb changes under normal conditions and in
pathology. The use of MBHb definition is most effec-
tive to assess the functional state of athletes [41, 111]
and to improve the diagnosis and treatment of CHD
[47, 49, 55, 139, 142].

CONCLUSIONS

Despite the long history of Hb studies, its signaling
function has not been obvious for a long time,
although the gas-sensory properties of Hb-like pro-
teins have long been discussed in the scientific litera-
ture. If the signaling function is supplementary for
erythrocyte Hb, participation in the redox signaling
pathways is the main purpose for some members of the
superfamily [156]; the properties of these Hbs are
modulated via the modification (usually by oxidation)
of surface cysteines.

The problem of oxygen-dependent regulation of
erythrocyte metabolism has been discussed for over
two decades. In this time, a vast array of experimental
data has been accumulated; they confirm the key role
of Hb in this process. In a recent paper [157], experi-
ments on mice provided direct evidence that the
deoxyHb-Band 3 complex is a trigger for various intra-
cellular processes that adapt the erythrocyte properties
to the oxygen conditions inside the body.

In summary, one can safely conclude that Hb is a
real gas and redox sensor protein that perceives
changes in the external and internal environment,
generates information signals, transmits them to met-
abolic structures, and thereby performs self-regulation
of intracellular metabolic processes. With its help, the
interactions between such parameters as oxygen bind-
ing, ATP synthesis, pH regulation, deformability, and
cell redox state are carried out. The Hb signaling func-
l. 55  No. 2  2019
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tion is realized through its reversible binding to the

membrane. Mutual equilibrium transitions are possi-

ble between soluble and bound Hb due to the small

difference in the free energies of these two forms. This

ancient mechanism of self-regulation of living systems

is the main one in erythrocytes, since they lack a

nuclear apparatus, and a change in metabolism

through the synthesis of new proteins is impossible.

With the help of protein–membrane interactions,

even processes such as programmed cell death (in the

case of an erythrocyte, eryptosis), the cellular clock

defining a cell’s lifespan [96], and its circadian

rhythms [158] are regulated. The study of these pro-

cesses confirms the involvement of the cytoplasm in

the metabolism regulation.

The erythrocyte is an example of a well-developed

mechanism for the formation of an adaptive response

using proteins and membrane structures. A question

arises here regarding the end of the adaptive response

and the beginning of pathology. The reversible incor-

poration of Hb into the membrane is aimed at optimi-

zation of the irreversible delivery of oxygen to tissues

with cellular repair and the elimination of old and

damaged cells. The near-membrane protein layer

formed by Hb oxidation products may be a factor sup-

porting the integrity of the native membrane. It is pos-

sible that such erythrocytes acquire greater stability,

sacrificing functionality. Conversely, a high MBHb

level leads to the violation of several erythrocyte char-

acteristics: the charge balance, the membrane barrier

properties, and the rheological properties. However,

even membrane destabilization and the subsequent

lysis of single cells can be physiologically justified,

e.g., in conditions of hypoxia. Therefore, it is neces-

sary to consider that the shifts in the MBHb level

observed in various disease states do not always have a

pathological orientation and may reflect compensa-

tory–adaptive processes that are implemented in order

to protect the body and/or cell in the changed condi-

tions. The data on the range of MBHb changes corre-

sponding to the adaptation zones can increase the

informational significance of this indicator for diag-

nostics.
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