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Abstract—Hepatic encephalopathy (HE) is a neuropsychiatric syndrome that develops in patients with severe
liver dysfunction and/or portocaval shunting. Despite more than a century of research into the relationship
between liver damage and development of encephalopathy, pathogenetic mechanisms of hepatic encephalopa-
thy have not yet been fully elucidated. It is generally recognized, however, that the main trigger of neurologic
complications in hepatic encephalopathy is the neurotoxin ammonia/ammonium, concentration of which in the
blood increases to toxic levels (hyperammonemia), when detoxification function of the liver is impaired. Freely
penetrating into brain cells and affecting NMDA-receptor-mediated signaling, ammonia triggers a pathological
cascade leading to the sharp inhibition of aerobic glucose metabolism, oxidative stress, brain hypoperfusion,
nerve cell damage, and formation of neurological deficits. Brain hypoperfusion, in turn, could be due to the
impaired oxygen transport function of erythrocytes, because of the disturbed energy metabolism that occurs in
the membranes and inside erythrocytes and controls affinity of hemoglobin for oxygen, which determines the
degree of oxygenation of blood and tissues. In our recent study, this causal relationship was confirmed and novel
ammonium-induced pro-oxidant effect mediated by excessive activation of NMDA receptors leading to impaired
oxygen transport function of erythrocytes was revealed. For a more complete evaluation of “erythrocytic” factors
that diminish brain oxygenation and lead to encephalopathy, in this study, activity of the enzymes and concentra-
tion of metabolites of glycolysis and Rapoport-Lubering shunt, as well as morphological characteristics of eryth-
rocytes from the rats with acute hyperammoniemia were determined. To elucidate the role of NMDA receptors
in the above processes, MK-801, a non-competitive receptor antagonist, was used. Based on the obtained results
it can be concluded that it is necessary to consider ammonium-induced morphofunctional disorders of
erythrocytes and hemoglobinemia which can occur as a result of alterations in highly integrated networks
of metabolic pathways may act as an additional systemic “erythrocytic” pathogenetic factor to prevent the
onset and progression of cerebral hypoperfusion in hepatic encephalopathy accompanied by hyperammonemia.
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INTRODUCTION al circulation, clinical manifestations of which vary
from minimal disturbances of consciousness and be-
Hepatic encephalopathy (HE) is a neuropsychi- havior [1] to dementia and coma that usually leads to
atric syndrome that can develop as a result of acute  death [2]. Although there has been much research on
or chronic liver diseases and/or portocaval collater- the problem of central nervous system lesions, patho-
genetic mechanisms of brain dysfunction in HE re-

* To whom correspondence should be addressed. mains to be completely clarified.
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Multiple etiological factors associated with the de-
velopment of HE have been reported, which include
bacterial and fungal infections [3], systemic inflamma-
tion [4], amino acid imbalance and products of their
abnormal metabolism [5], some medications [6], differ-
ent toxins [7], and many others [8].

Ammonia/ammonium is universally recognized to
be a major neurotoxin that plays a pivotal role in the
pathogenesis of HE [9]. In the case of impaired liver
function associated with injury to hepatocytes and/or
a portosystemic shunt, ammonia accumulates in the
blood (hyperammonemia, HA) up to toxic levels and
easily enters the brain, where acute ammonia toxic-
ity mediated by hyperactivation of NMDA receptors
(NMDA-R) [10] have an adverse effect on many energy-
generating oxygen-dependent biochemical processes
[2, 11], which underlie activity of nerve cells and or-
ganism as a whole [12].

It should be noted, however, that the available data
that confirm presence of NMDA-R not only in the brain,
but also in some peripheral organs, such as the liver,
heart, pancreas, as well as erythrocytes [13], allow sug-
gesting that toxic effects of ammonia/ammonium in
HE, intensified by hyperactivation of NMDA-R in pe-
ripheral tissues, could be more generalized than pre-
viously thought.

Our recent findings that partially have confirmed
this assumption, bring new insights into the mecha-
nism of causal NMDA-R-dependent relationship be-
tween the liver dysfunction (“hepato”) and brain dam-
age (“encephalopathy”). Knowing that brain cells are
strictly dependent on glucose and ketones as essential
energy substrates [14] formed exclusively in the liv-
er due to gluconeogenesis and ketogenesis, our data
show that the ammonia-induced and hyperactivated
NMDA-R-mediated dysfunction of the mitochondrial
respiratory chain of rat liver mitochondria leads to the
rapid and abrupt inhibition of gluconeogenesis and ke-
togenesis. This, in turn, caused a significant drop in the
level of both energy substrates in the liver and blood
and preceded the initial stage of neurological disorders
(lethargy, drowsiness, incoordination of movements,
tremors and myoclonic convulsions) in animals with
acute HA. Complete inhibition of gluconeogenesis and
ketogenesis, resulting in pronounced hypoglycemia
and hypoketonemia, and, thus, causing the levels of
glucose and ketones to dramatically reduce in brains
of these animals was the terminal event preceding the
development of coma [15].

In addition, we were able to identify another, ex-
trahepatic, ammonium-induced pathological change,
namely, pro-oxidant — antioxidant imbalance in eryth-
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rocytes, which is directly related to the disruption of
their oxygen transport function. In particular, this
study showed that in animals with HA, most of the
ammonia/ammonium accumulates not in plasma, but
in erythrocytes, which makes these cells, devoid of
ammonia-detoxifying enzymes, more sensitive (than
other non-neuronal tissues) to the ammonia-induced
NMDA-R-mediated oxidative stress [16].

As is known, oxidative stress has detrimental ef-
fect on the oxygen transport capacity of erythrocytes
[17, 18], which is related to metabolic/energy processes
that occur in the membranes and within erythrocytes
[19] and regulate affinity of hemoglobin for oxygen,
which should be high for maximizing hemoglobin-
oxygen binding capacity in the lungs, but should be
low for unhindered release of oxygen by hemoglobin
and diffusion of oxygen into tissues [20, 21].

It is worthy of note that first reports on the re-
lationship between the energy/metabolic processes in
erythrocytes and ability of hemoglobin to bind, trans-
port, and deliver oxygen to tissues were published
more than 50 years ago [20, 22], but these scientific dis-
coveries, as well as the fact that erythrocytes should
be sufficiently “healthy” to perform their functions
[23], have been mostly ignored. For instance, increase
in the erythrocyte sedimentation rate (ESR, a hemato-
logical index that is necessarily determined in each
patient, regardless of complaints) is usually associat-
ed with the appearance of inflammatory processes in
the body [24], while decrease in the negative charge of
the erythrocyte membrane (which underlies increase
in ESR), leading to structural, biochemical disorders,
aggregation of erythrocytes, increase in blood viscos-
ity, “stagnation” in capillaries, which breaks microcir-
culatory blood flow and oxygen supply to tissues [25],
is usually disregarded.

And erythrocytes, which are one of the important
components in the integrated oxygen transport system
(apart from cardiovascular and respiratory systems),
due to the apparent “simplicity” of organization, are
still considered to be little bags of hemoglobin, which,
even under non-physiological conditions, easily bind
to oxygen and easily transport oxygen from the lungs
to tissues. This viewpoint regarding versatility and ca-
pacities of erythrocytes is supported in the situations,
when the degree of hypoxemia/hypoxia is detected by
estimates of SaO; (oxygen saturation: percentage of
oxygen-bound hemoglobin (Hb) in the arterial blood)
and PaO; (partial pressure of oxygen), which are usu-
ally measured in the clinical setting. In this case, de-
spite the fact that deviation from the norm of at least
one indicator of a highly integrated system of metabolic

Abbreviations: DPG, diphosphoglycerate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HA, hyperammonemia;
HE, hepatic encephalopathy; HK, hexokinase; LDH, lactate dehydrogenase; NMDA-R, NMDA receptors; PFK, phosphofruc-
tokinase; PK, pyruvate kinase; PPP, pentose phosphate pathway.
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pathways in erythrocytes, which controls allosteric reg-
ulation, structure and, in general, oxygen-binding prop-
erties of Hb [26], can increase the affinity of Hb for oxy-
gen and disrupt its transition to tissue. This can lead to
multiorgan hypoxia [27, 28], irreversible brain damage,
and persistent cognitive impairment [23, 29-31] even
with normal values of SaO, and PaO, [32], which is not
taken into account in medical practice. Hence, it should
be admitted that there is no tool used nowadays to di-
agnose metabolic indicators in erythrocytes associated
with impairment of their oxygen transport function
and with the development of encephalopathy arising
under the influence of ammonia/ammonium, concen-
tration of which in blood and brain in many pathologies
can multiply tenfold compared to the norm [33-35].

HE is not an exception. Despite the fact that the
ammonia-induced encephalopathy, on the one hand, is
accompanied by deviations from the norm of many he-
matological parameters [36] affecting oxygen delivery
to tissues, and, on the other hand, is accompanied by
multiorgan hypoxia [37], which includes reduced brain
oxygenation [38] inevitably leading to brain pathology
[39] and progression of persistent cognitive dysfunc-
tion, the causal relationship between energy metabolic
alterations in erythrocytes and disorder of their func-
tions has not been currently established.

To identify additional intracellular parameters
of the energy metabolism in erythrocytes, which are
necessary for more complete assessment of the effec-
tiveness of their oxygen transport function and time-
ly recognition of risk factors for the development of
ammonia-induced encephalopathy, activity of the reg-
ulatory enzymes and concentration of the metabolites
of glycolysis and Rapoport-Lubering shunt in erythro-
cytes of the rats with acute HA were measured. To ex-
amine involvement of NMDA-R, studies were conduct-
ed using MK-801, a non-competitive NMDA receptor
antagonist.

MATERIALS AND METHODS

Materials. The following reagents were used: am-
monium acetate, MK-801, NAD*, NADH, NADP*, NADPH,
Tris, TEA, ATP, ADP, EGTA, EDTA, phosphoenolpyruvate,
glucose, pyruvate, ouabain, saponin, myokinase, pyru-
vate kinase, lactate dehydrogenase, glucose-6-phos-
phate dehydrogenase, glyceraldehyde-3-phosphate de-
hydrogenase, alfa-cellulose, hemicrystalline cellulose
type 50 came from Sigma Chemical Company (USA).
A kit for determination of 2,3-DPG concentration was
obtained from Roche (Austria).

All other reagents (Russia) were of extra pure and
chemically pure grades.

Animals. Male Wistar rats (210 to 230 g) were used
in the experiments. The rats were housed in the vivar-
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ium at room temperature. The vivarium was main-
tained under natural lighting conditions. The rats had
access to food and water ad libitum. Rats were divided
into groups of 10 rats each. Rats from the Group 1 (am-
monium acetate) received a single intraperitoneal (i.p.)
injection of ammonium acetate at a sublethal dose of
7 mmol/kg, were next decapitated 15 min after i.p. in-
jection, usually after two seizure episodes [16].

The results of our previous study showed that
the effects of acute ammonia intoxication on energy
metabolism in the rat brain are clearly seen 15 min
after i.p. injection [40].

So, for this experiment, this time interval (15 min)
was used. Animals from the Group 2 (control) were
injected with the sublethal dose of 9% (m/V) NacCl
(7 mmol/kg; i.p.). Animals were decapitated 15 min af-
ter injection. Saline (physiological saline) was chosen
as the normal control since it was found in our earlier
experiments that injection of sodium acetate or physio-
logical saline had no negative influence on the param-
eters measured. Rats from the Group 3 (group MK-801)
were injected with MK-801 (i.p., 2.0 mg/kg), a dose
which was needed to completely block the receptors.
Rats from the Group 3 were decapitated 30 min after
injection. Rats from the Group 4 (MK-801 + ammonium
acetate) were injected with 2.0 mg/kg of MK-801 and
then, 15 min after injection with MK-801, ammonium
acetate injection at a dosage of 7 mmol/kg was admin-
istered. Decapitation was performed 15 min after am-
monium acetate injection.

Plasma separation and purification of eryth-
rocytes. To separate plasma and prepare purified
erythrocytes, blood taken during decapitation (130 mM
of 3Na-citrate was used as an anticoagulant, pH 7.4)
was divided into two portions. Portion I was used to
remove formed elements from plasma. Blood separa-
tion was performed by centrifugation for 10 min at
1000g (4°C). Level of free hemoglobin was immediate-
ly measured in the obtained supernatant. In order to
prepare erythrocytes purified from leukocytes and
platelets, the second portion of the blood was filtered
through a column of alfa-cellulose/hemicrystalline
cellulose type 50 at a 1:1 ratio and equilibrated with
0.9% (w/v) NaCl [41]. Elution was performed (1:5) at
room temperature with a solution containing 10 mM
KH;PO4, pH 7.4, 150 mM NaCl. Erythrocytes were pre-
cipitated during centrifugation (10 min, 1000g at 4°C),
washed twice with a solution containing 10 mM KH;PO,,
pH 7.4, 140 mM NaCl, 5 mM KCl, 2.8 mM glucose, 0.5 mM
K-EDTA (10 min, 4°C, 1000g, 1500g, and 2000g), and re-
suspended in the same solution at a 1 : 5 ratio (v/v).

Preparation of lysates from erythrocytes for
determination of enzyme activity. Erythrocyte sam-
ples (1 ml) purified from platelets and leukocytes were
lysed in 2 ml of hypoosmotic lysis buffer (50 mM TEA,
PH 7.4/0.15 mM K-EGTA, 3 mM beta-mercaptoethanol)
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containing 0.2% saponin. Enzyme activity was deter-
mined within the first two hours following preparation
of lysates. Prior measurements, probes were stored
at 4°C.

Determination of enzyme activity in lysates
from erythrocytes. Activities of the Na*/K*-exchanging
ATPase (EC 3.6.3.9), hexokinase (HK, EC 2.7.1.1), phos-
phofructokinase (PFK, EC 2.7.1.11), pyruvate kinase
(PK, EC 2.7.1.40), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, EC 1.2.1.12), and lactate dehydroge-
nase (LDH, EC1.1.1.27) were determined spectrophoto-
metrically from the rates of NAD* or NADPH formation
monitored at 340 nm using the methods of enzymatic
analysis for erythrocytes. These methods were devel-
oped by the international committee on standardiza-
tion in hematology [41] and have been described in
our previous study [42].

Preparation of erythrocyte extracts for deter-
mination of concentration of metabolites. Purified
erythrocytes were mixed with a cooled mixture (-20°C)
of 6% HCl04/40% C,HsOH at a ratio of 1 to 10. The re-
sulting solution was centrifuged for 5 min at 4°C and
10,000g. The precipitate was removed, pH value in the
supernatant was adjusted to 5-6 using 30% (m/m) KOH
and dry KHCOs. The precipitate of potassium perchlo-
rate was removed by centrifugation using the same con-
ditions. The clear supernatant solution was immediately
used for determination of metabolite concentration.

Determination of concentrations of ATP, ADP,
AMP, lactate, pyruvate, and 2,3-diphosphoglycer-
ate in erythrocyte extracts. Concentrations of ad-
enine nucleotides, lactate, and pyruvate were mea-
sured by common spectrophotometry procedures [43]
described in our previous study [42]. Energy charge
(EC) was calculated using the Atkinson’s equation [44]:
EC = (ATP + 0.5ADP)/(ATP + ADP + AMP).

NAD*/NADH ratio was estimated by the method of
Williamson et al. [45], based on the equilibrium con-
stant of 1.11x10* for lactate dehydrogenase reaction.

Concentration of 2,3-diphosphoglycerate was mea-
sured spectrophotometrically using a commercial kit
(Roche, cat. # 10 148 334 001) containing a mixture of
enzymes (phosphoglycerate mutase, phosphoglycerate
kinase, glyceraldehyde-3-phosphate dehydrogenase,
triosephosphate isomerase, and glycerol-3-phosphate
dehydrogenase) according to the enclosed instruc-
tions.

Determination of hemoglobin concentration
in blood and plasma. Osmotic fragility and mor-
phology analysis of erythrocytes. Hb concentration
was measured with a Dymind DH 36 Vet hematolo-
gy analyzer (Dymind, China). Whole blood or plasma
stabilized with 3-Na*-citrate was used in this study.
The degree of hemolysis in erythrocytes was calcu-
lated using the formula: % hemolysis = [(1-Hct) x free
Hb (g/dl) x 100]/total Hb (g/dl) [46].
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A CELENAP® S Digital Imaging System (LogosBio),
lens x 40, was used for cell morphology analysis. Native
whole blood smears were prepared using the conven-
tional method on fat-free glass slides. The prepared
blood smears were air-dried at room temperature, they
were not additionally fixed or stained.

Osmotic fragility of erythrocytes was evaluated
by the degree of erythrocyte cell lysis after incuba-
tion with different concentrations of NaCl (from 0 to
154 mM (0.9%) NaCl). The degree of erythrocyte lysis
was estimated spectrophotometrically. For this pur-
pose, concentration of the released Hb was determined
from optical density at 540 nm after hemolysis was
stopped by the addition of an equal amount of NaCl
to the specimens at concentration needed for re-estab-
lishing of isotonicity. Concentration of NacCl, at which
minimal (primary) and 50% cell lysis occurred, was
used for quantitative assessment of osmotic fragility of
erythrocytes.

Statistical analysis was performed using Prizm V8
(GraphPad, USA). The data were expressed as a mean
and standard error of the mean. Normal distribution
of variables was confirmed by the Kolmogorov-Smirn-
ov test. Differences between the groups were analyzed
with the Student’s t-test, whereas ANOVA test with
a Bonferroni correction was used for multiple compar-
isons.

RESULTS AND DISCUSSION

Influence of ammonia/ammonium and MK-801
on activity of the regulatory enzymes of rat erythro-
cyte glycolysis. In the first part of our study [16], it was
shown that the ammonia content of rat erythrocytes
from the control group was 0.300 + 0.038 mmol/liter,
which is within the acceptable range of values corre-
sponding to physiological norm for the erythrocytes of
these animals [47].

After a single injection with MK-801, no differ-
ence in the concentration of ammonia was observed
between the experimental and control groups, while
after injection of 7 mmol/kg of ammonium acetate,
ammonia concentration in the animal erythrocytes in-
creased to 3.602 + 0.126 mM (p < 0.001). When MK-801
was injected in combination with ammonium acetate,
concentration of ammonia in erythrocytes was lower
(by 20%, p <0.05), but remained at a rather high level
(3.320 £ 0.06 mM) in comparison with that in control.
In this situation, erythrocytes lacking ammonia-detox-
ifying enzymes become more susceptible (than other
non-neuronal tissues) to ammonia-induced oxidative
stress [48].

It is known that oxidative stress occurs, when the
relationship between the oxygen transport function of
erythrocytes and glycolytic system of erythrocytes [49]
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Fig. 1. a-e) Activity of HK, PFK, PK, GAPDH, and LDH in the erythrocytes of rats from experiment groups (n = 10 rats in each
group). Rats received intraperitoneal injection of 7 mmol/kg of ammonium acetate (ammonium acetate group), single intra-
peritoneal injection of 2 mg/kg of MK-801 (MK-801 group), and intraperitoneal injection of MK-801 15 min before the injec-
tion of ammonium acetate (MK-801 + ammonium acetate group). Rats from the control group (control) were injected with
normal saline solution. Time of animal decapitation and methods for determining activity of the enzymes are presented in
the Materials and Methods section. Enzyme activity is expressed as pmol/(minxg Hb). Results are expressed as mean + SEM.
*** p < 0.001 as compared to the control group of animals; a, p < 0.05; aa, p < 0.01; aaa, p < 0.001, as compared to the “ammoni-
um acetate” group of animals. Differences between the groups were evaluated using ANOVA followed by Bonferroni corrections.

containing metabolites and enzymes that regulate af-
finity of hemoglobin for oxygen, is disturbed [20].

Therefore, in order to determine additional indi-
cators, which are necessary for assessment of the ca-
pability of erythrocytes to deliver oxygen to tissues,
the primary objective of our study was to evaluate
whether accumulation of ammonia/ammonium in
erythrocytes that retain NMDA-R has association with
the disorders of glycolysis, a main metabolic pathway
that is needed for maintenance of functional state and
viability of erythrocytes. For this purpose, activities of
the major regulatory enzymes such as HK, PFK, PK, as
well as GAPDH and LDH were measured.

The results on the activities of enzymes measured
in the rat erythrocytes from different groups under
study are summarized in Fig. 1.

Figure 1 shows that injection of ammonium ace-
tate induced decrease in the enzyme activities to dif-
ferent degrees in animal erythrocytes. For instance,
activities of HK, PFK, PK, and GAPDH decreased by
38% (p < 0.001), 26% (p < 0.001), 22% (p < 0.001), and
30% (GAPDH, p < 0.001), respectively, whereas activity
of LDH in the presence of ammonia intoxication re-
mained the same as measured in the erythrocytes from
the control group of animals (Fig. 1d). When MK-801
was injected, the values of measured activities of all

the enzymes under study lay within the limits typical
of the control values. When MK-801 was administered
in combination with ammonium acetate, restoration of
the activity of all enzymes under study to the levels ob-
served in the control group of animals was observed.
This indicates that the ammonium-induced inhibition
of enzymes in glycolysis is mediated by activation
of NMDA-R.

Additional evidence of the NMDA-R-dependent
inhibition of glycolytic flux was also provided by res-
toration to control values of the sharply reduced lac-
tate and pyruvate concentrations and increased NAD*/
NADH ratio in the erythrocytes of animals with HA
under the influence of MK-801 administered together
with ammonium acetate (Fig. 2).

These data partially explain the causes of inhi-
bition of the glycolytic flux mainly related to the dis-
order of metabolic control in erythrocytes of the rats
with HA leading to imbalance in the NAD*/NADH ra-
tio (Fig. 2c) due to deficiency of pyruvate (Fig. 2b) and
NADH, which are necessary for NAD* regeneration in
LDH reaction and glycolysis reestablishing at the stage
of GAPDH-reaction [50].

According to the generally accepted opinion, the
rate of glucose metabolism in erythrocytes is mainly
regulated by the adsorption mechanism [51], based on
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Fig. 2. Concentration of lactate (a), pyruvate (b) and calculated NAD*/NADH ratio (c) in the erythrocytes of animals from ex-
periment groups (n = 10 rats in each group). Regimes of drug administration, dosage, decapitation time are given in the legend
to Fig. 1. Methods for determination of pyruvate and lactate concentrations are given in the Materials and methods section.
Concentration of metabolites is presented as pmol/liter (uM). NAD*/NADH ratio was calculated according to the method [45]:
NAD'/NADH = [pyruvate]/[lactate]x1/K, where K is the equilibrium constant of the reaction with lactate dehydrogenase and
equal to 1.11x10% Data are expressed as mean = SEM. * p < 0.05, ** p < 0.01, *** p <0.001 as compared to the control group of
animals; a, p < 0.05; aa, p <0.01; aaa, p <0.001, as compared to the “ammonium acetate” group of animals. Differences between
the groups were evaluated using ANOVA followed by Bonferroni corrections.

reversible binding of glycolytic enzymes to the trans-
membrane band 3 protein (band 3). The essence of this
mechanism is that disconnection of enzymes from the
protein (activation of enzymes) or attachment to the
protein (inactive form of enzymes) [53] mediated by
posttranslational modifications of the band 3 protein
[52] allows the mature erythrocytes devoid of mito-
chondria to instantly adaptively respond to endoge-
nous or emerging factors in the bloodstream, and by
switching the glucose flow from glycolysis to pentose
phosphate pathway (PPP) (and in the opposite direc-
tion), to keep the state of energy metabolism and anti-
oxidant system of red blood cells within the physiolog-
ical norm [54].

As a consequence, decrease in the activity of gly-
colytic enzymes in the erythrocytes of rats with HA
may be an adaptive response that maintains the in-
tracellular antioxidant balance by inhibiting glycolytic
flux and activating PPP [55], which ensures synthesis
of NADPH necessary for preventing transition of fer-
roform (Fe?*) Hb to ferriform (Fe3*) in the presence of
reactive oxygen species accumulated in erythrocytes of
the animals with HA [56].

However, according to our recent studies, activ-
ity of glucose-6-phosphate dehydrogenase (G6PDH),
a key PPP enzyme in the erythrocytes of rats with HA,
significantly decreased compared with the control.
Together with the sharp drop in the ratios of NADPH/
NADP* and GSH/GSSG, this indicated inhibition of PPP,
which was one of the reasons for the triple accumu-
lation of hydrogen peroxide and oxidative stress [16],
which, in turn, excludes the possibility of considering
the decrease in activity of glycolytic enzymes in the
acute HA (Fig. 1) even in the form of a short-term as
an adaptive response of red blood cells.

On the other hand, involvement of NMDA-R in the
ammonium-induced inhibition of glycolysis, which has
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been discovered in our experiments, makes it possi-
ble to assume existence of a relationship between the
Ca?*-dependent signaling cascade triggered by hyperac-
tive NMDA-R, leading to increased formation of NO* in
erythrocytes [13], and NO"-mediated posttranslational
modification of the band 3 protein [52], which regu-
lates the rate of glucose metabolism [54].

Given this, it can be assumed that one of the caus-
es of the inhibition of regulatory glycolysis enzymes in
erythrocytes of animals with HA under oxidative stress
may be associated with the NO*-dependent inhibition
of phosphotyrosine kinase, which, in combination with
nitrosylation of tyrosine residues of the band 3 protein,
leads to irreversible inhibition of glycolysis [57]. It is
also possible that NO* and its derivatives can have a
direct inhibitory effect on glycolytic enzymes in eryth-
rocytes [58].

Although, if we take into account numerous caus-
es leading to inhibition of the glycolytic pathway (inhi-
bition of enzymes by reaction products [59] and post-
translational modifications [60], effect of pH, presence
of deoxy-Hb competing with glycolysis enzymes for
binding sites to the cytoplasmic domain of the band 3
protein [54], state of the glucose transporter [61], and
presence of hormones in the blood [62]) it becomes
obvious that in order to identify the mechanisms re-
sponsible for inhibition of glucose utilization in eryth-
rocytes under conditions of oxidative stress, which we
found in animals with HA, further detailed research is
required that takes into consideration the discovered
involvement of NMDA-R in the ammonium-induced in-
hibition of glycolytic enzymes.

Influence of ammonia/ammonium and MK-801
on the content of adenine nucleotides in rat eryth-
rocytes. A distinctive feature of anaerobic glycolysis in
erythrocytes is that it is the main pathway of ATP pro-
duction, which is used by cells to support numerous
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vital functions. Therefore, inhibition of glycolysis ob-
served in erythrocytes of the rats with HA (Figs. 1, 2)
was predicted to cause decrease in ATP concentration
and total adenine nucleotide pool.

Figure 3 represents the results obtained from de-
termination of ATP, ADP, AMP concentrations, total
content of adenine nucleotides (AN), ATP/ADP ratio,
and calculation of the energy charge (EC), which is a
metric indicating energetic status of the cell.

As shown in Fig. 3, intracellular ATP concentration
in the erythrocytes of rats with HA decreases (40%,
p <0.01) in comparison with the control as the level of
activity of glycolytic flux goes down. The increased ATP
hydrolysis contributed to elevations of ADP and AMP
concentrations by 69% (p <0.05) and 113% (p < 0.001),
respectively (Fig. 3, a-c), and to the 3-fold decrease in
the ATP/ADP ratio (Fig. 3e, p <0.01). The sum of AH
(Fig. 3d) and EC (Fig. 3f) became less than in the control
by 27% (p <0.05) and 20% (p < 0.001), respectively. Sin-
gle injection of MK-801 did not affect these parameters
(relative to the control), but after injection of MK-801
in combination with ammonium acetate injection, all
measured parameters of adenine nucleotide contents
were within the control range (Fig. 3, a-f). These find-
ings suggest that the increased ATP utilization, which is

not compensated by the slow glycolytic flux and leads
to a metabolic alteration in erythrocytes of animals
with HA, is mediated by the NMDA-R hyperactivation.

Influence of ammonia/ammonium and MK-801
on activity of Na',K'-ATPase in rat erythrocytes.
Most of the ATP energy generated in erythrocytes
during glycolysis is used to activate Na*,K*-ATPase [63],
main function of which is to maintain concentration
gradient of Na® and K' necessary for regulation of
aqueous homeostasis, cells volume and shape, and oth-
er numerous specialized vital functions of erythrocytes
[64]. To identify relationship between the NMDA-R-de-
pendent ammonium-induced ATP hydrolysis and func-
tional ability of Na*,K*-ATPase, we measured activity of
this enzyme in the erythrocytes of rats of all studied
groups. The data are presented in Fig. 4.

As shown in Fig. 4a, for erythrocytes of the ani-
mals injected with a sublethal dose of ammonium ace-
tate, activity of Na*,K*-ATPase is almost two times low-
er (p <0.05) than that in the control group of animals.
Neither the single injection of MK-801 nor the MK-801
injection in combination with ammonium acetate injec-
tion affected the enzyme activity. This indicates that the
ammonia-induced inhibition of Na*,K*-ATPase in eryth-
rocytes is not dependent on NMDA-R but exclusively
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Fig. 4. a, b) Activity of Na*,K*-ATPase in erythrocytes of the rats from experimental groups (n = 10 rats in each group). Regimes
of drug administration, dosage, decapitation time are given in the legend to Fig. 1. Methods for determination of the Na*,K'-
ATPase activity are given in the Materials and Methods section. The enzyme activity is expressed as pmol/min x g of Hb. Results
are expressed as mean + SEM. * p < 0.05 as compared to the animals from the control group. Differences between the groups
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association between the concentration of ammonia in erythrocytes and activity of Na*,K*-ATPase. Analysis was carried out
using GraphPad Prism V8 software. Negative correlation between the ammonia concentration and the Na*,K*-ATPase activity
in erythrocytes of rats with HA (r = - 0.899, p = 0.0004) was determined to be significant.

mediated by the effect of ammonia as evidenced by
the presence of a significant negative correlation be-
tween the concentration of ammonia accumulated in
erythrocytes of the animals with HA and Na*,K*-ATPase
activity (r =-0.899, p = 0.0004, Fig. 4b).

In biological fluids, ammonia exists in two forms:
in the form of NHs, an uncharged lipophilic form,
which ensures its rapid permeability through the
membrane of erythrocytes [65], and in a protonated
form, NH;* (ammonium ion), which is transported into
the cells slower (compared with the gaseous NHs) [66]
and with the help of specific transporters, localized on
the membrane of erythrocytes [67].

Considering the fact that the transport of NH,*
into animal erythrocytes can lead to the decrease in in-
tracellular concentration of K* and increase in the con-
centration of Na* and Cl- [68], we can assume that one
of the reasons for the ammonium-induced drop of the
activity of Na',K*-ATPase is sharp decrease in the con-
centration of ATP, which becomes not sufficient for the
increased energy requirement necessary for function-
al activity of the enzyme focused on maintaining ionic
gradient, which is significantly distorted by the intense
transport of both forms of ammonia into erythrocytes
of the animals with HA. It is likely that the NH4*-depen-
dent acidification of the intracellular environment of
erythrocytes (inhibition of glycolysis), which replaces
alkalization caused by the primary transport of NHs
into cells [67], plays an important role in inhibiting
glycolysis, reducing ATP level, and inhibiting Na*,K*-
ATPase in erythrocytes of the animals with HA [69].

It is also well known that the enzyme activity is
largely inhibited under conditions of oxidative stress
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[70] that is partially explained by numerous free rad-
ical modifications leading to conformational chang-
es and impaired function of the Na*,K*-ATPase [71],
which is in agreement with the data showing that the
non-specific inhibition of Na*,K*-ATPase under condi-
tions of oxidative stress is typical not only for the red
blood cells of the patients with liver diseases [72], but
also for the patients with many other pathologies [73].

Interestingly, despite the fact that there are mul-
tiple mechanisms of inhibition of Na*,K*-ATPase and
they may vary depending on specific conditions [64],
blockade of the Na*/K*-pump in erythrocytes, observed
in many pathologies, usually leads to the change in
their shape, deterioration of the ability to deform, and
intense lysis of erythrocytes in the bloodstream [74].

In this regard, it should be noted that, although
it is generally recognized that the main cause of HE is
HA, and the fact that ammonium salts increase the vol-
ume of red blood cells and cause their lysis has been
known for more than a century [75], presence of intra-
vascular hemolysis in the patients with HE is explained
mainly by high pressure in the portal vein (portal hy-
pertension), bleeding from the varicose veins of gas-
trointestinal tract [76], injury to the vein when taking
blood for analysis [77], and many other reasons [78],
whereas the role of ammonia/ammonium in the lysis
of red blood cells in vivo is practically not considered
in the routine clinical practice. To identify the missing
link, in the next stage of our research we focused on
the exploring the effect of HA on morphology of circu-
lating erythrocytes, on their osmotic resistance, degree
of lysis, and associated concentration of free hemoglo-
bin in the blood plasma of animals.
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Influence of HA and MK-801 on morphology,
concentration of hemoglobin, and degree of eryth-
rocyte lysis in rats. Microscopic examination of blood
smears showed that the population of erythrocytes
of animals with HA is characterized by some non-ho-
mogeneity arising from the transformation of disco-
cytes-normocytes (Fig. 5a) into stomatocytes — cells that
are practically unable not only to maintain strength
of their membranes, but also to deform in the blood-
stream [79]. MK-801 administered as a single injection
did not noticeably change morphology of normal cells,
and when combined with ammonium acetate only
partially contributed to restoration of the disk shape
of stomatocytes; as a result, as can be seen, most of
the cells in the bloodstream of animals with HA in the
presence of MK-801 remained in the shape of swollen
stomatocytes [Fig. 5d (2)].

The obtained results indicated that the ammoni-
um-induced morphological changes and transition of
the normal erythrocytes into stomatocytes in the blood-
stream of animals with HA did not depend on NMDA-R,
but was mainly associated with the action of ammonia/
ammonium accumulated in animal erythrocytes.

According to the literature, there are multiple
causes of the appearance of stomatocytes in the blood-
stream of animals and humans [80]. It is generally as-
sumed that transformation of normal discocytes into
stomatocytes is associated with reduced transport of K*
to erythrocytes [81] and increased entry of Na*, lead-
ing to abnormally high-water content in the cells and

their lysis in the bloodstream [82]. Considering that
the concentration of ammonia/ammonium in animals
with HA increased more than tenfold as compared to
the control [16], and that its transport to erythrocytes,
as mentioned above, is associated with the decrease in
intracellular K* concentration and increase in Na* con-
centration [68], it could be suggested that one of the
reasons for formation of stomatocytes, swollen pre-
lysis cells, in the bloodstream of animals with HA may
be associated with the ammonium-induced disorder
of the Na* and K* concentration gradient, contribut-
ing to the increased entry of water, which, as has been
found, does not depend on activation of NMDA-R.
The ammonium-induced disorders such as excessive
NH;* and CIl- cotransport, decreased pH [83], confor-
mational changes in integral membrane proteins, [84],
inhibition of Na*,K*-ATPase activity [64], decreased
ATP concentration [85], and oxidative stress [16, 86],
directly or indirectly causing increased entry of wa-
ter into erythrocytes, may also be associated with for-
mation of stomatocytes in the bloodstream of animals
with HA.

The obtained results are in agreement with the
numerous literature data showing that the appearance
of erythrocytes with atypical shape, in particular, sto-
matocytes, is observed in the general population of
erythrocytes of the patients with various liver diseases
[78, 87]. In this regard, it should be noted, however, that
despite the fact that stomatocytes are cells that easily
lyse in the bloodstream [88], the question of the role
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Table 1. Effect of ammonium acetate and MK-801 on the value of hematocrit, concentration of total and free Hb,
osmotic resistance, and degree of erythrocyte lysis (% hemolysis)

Parameter Control

Ammonium acetate

MK-801 MK-801 + ammonium acetate

Hb concentration

in blood, g/100 ml 13.35 01753

11.49 + 0.1339***

12.81 + 0.1833 12.43 + 0.2930%*

Hematocrit, % 52.24 + 1.391 43.30 + 2.253%** 52.00 + 0.8876 46.03 + 0.8048*
Plasma free Hb 0.096 + 0.008 0.55 + 0.11%** 0.084 + 0.009 0.12 + 0.013%**
concentration, g/100 ml
Hemolysis, % 0.32 + 0.02 2.2 + 0.12%%* 0.30 + 0.02 0.64 + 0.043aa.%*
Osmotic resistance
i 0
NaCl concentration (%), 0.41 + 0.007 0.49 + 0.011* 0.42 + 0.02 0.44 + 0.016

resulting in 50% lysis

Note. Injection of preparations, dosage, time of animal decapitation (n = 10 rats in each group) are given in the legend to Fig. 1.
Hb concentration, osmotic resistance, and percent hemolysis were determined as described in the Materials and Methods

section. Results are expressed as mean + SEM.

* p <0.05, ** p < 0.01, *** p < 0.001 as compared to the control group of animals.
a, p < 0.05; aaa, p < 0.001, as compared to the “ammonium acetate” group of animals.

of ammonia/ammonium accumulated in erythrocytes
in the cell hemolysis in vivo in pathologies with con-
comitant HA, as noted above, currently remains open.
Since concentration of free hemoglobin in blood plas-
ma is one of the main indicators of intravascular
hemolysis [89], we measured concentration of this
indicator and, taking into consideration other hema-
tological parameters, calculated the degree of erythro-
cyte lysis (% hemolysis) [90], and determined osmotic
resistance of the erythrocytes of animals of all stud-
ied groups based on the degree of resistance to the
reduced NaCl concentration. The data are presented
in Table 1.

The above data show that the Hct value, con-
centration of total and free Hb, osmotic resistance
of erythrocytes in the rats from the control group lie
within the permissible range of values that correspond
to physiologically normal parameters for these ani-
mals [91].

In the animals with HA, there was a significant and
almost equivalent decrease in the content of total Hb
and Hct by 14% and 17% (*** p <0.001) and (* p < 0.05),
respectively, which, in combination with the observa-
tion of red-colored plasma, indicated the ongoing intra-
vascular lysis of erythrocytes and hemoglobin release
into plasma. Indeed, direct measurements showed that
the content of free Hb in the plasma and the degree of
lysis of erythrocytes of the animals with HA also in-
creased almost equally (6-7 times, *** p <0.001), when
compared with the control (Table 1). High osmotic fra-
gility of the erythrocytes of animals with HA due to
ammonia/ammonium accumulated in erythrocytes was
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confirmed by the data showing that the initial lysis of
cells (6%) was recorded in the solution with sufficient-
ly high concentration of NaCl equal to 0.7%, whereas
minimal lysis of erythrocytes in the control groups of
animals (1.6%) was observed in the presence of 0.58%
NaCl solution. 50%-Lysis of the erythrocytes of animals
with HA also occurred at a higher concentration of
NacCl (0.49 £ 0.011%, * p <0.05), when compared with
the control group (0.41 + 0.0073%) (Table 1).

Single injection of MK-801 did not affect the mea-
sured values, and they corresponded to the control
values (Table 1). MK-801, injected in combination with
the ammonium acetate injection, partially restored the
ammonium-induced disorder of hematological param-
eters, but their values remained significantly higher
compared with the control. It can be seen that with the
content of total Hb and Hct reduced by 7% (* p < 0.05)
and 12% (* p <0.05) relatively to the control, respec-
tively, and increased concentration of free Hb (25%,
**% p <0.001), the degree of intravascular hemolysis
of erythrocytes of the animals with HA in the pres-
ence of MK-801 remained twofold higher (0.64 + 0.04,
**p<0.01) as compared to the control (0.32 +0.02,
*** p <0.001). The obtained data indicate that morpho-
logical changes, as well as impaired regulation of the
cell volume, osmotic resistance, and increased entry of
water [92] contributing to intravascular hemolysis of
erythrocytes and accumulation of free hemoglobin in
the blood plasma of the animals with HA are the result
of toxic effect of ammonia/ammonium (partially asso-
ciated with hyperactive NMDA-R), which is intensively
transported in vivo into erythrocytes of the rats with HA.
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It is possible that the oxidized forms of Hb, formed un-
der conditions of oxidative stress [93] in the erythro-
cytes of animals with HA [16] may also participate in
destabilization of the membranes and subsequent lysis
of erythrocytes. Together, according to the literature
data, the detected disorders could lead to the increase
of blood viscosity, deterioration of blood flow in the mi-
crocirculatory bloodstream [94], impaired binding and
release of oxygen by hemoglobin and, consequently, to
hypoperfusion [95] underlying multiple organ damage
[89] including neurological disorders and cognitive dis-
orders [96, 97], which, moreover, could progress under
the toxic effects of extracellular Hb [98].

In general, the obtained results made it possible
to conclude that the morphofunctional disorders of
erythrocytes and hemoglobinemia caused by the am-
monium-induced disorder of a highly integrated sys-
tem of metabolic pathways should be considered as an
additional systemic pathogenetic factor associated with
erythrocytes leading to progression of multiple organ
hypoxia [99] in the case of HE.

Changes in concentration of 2,3-diphosphoglyc-
erate in the erythrocytes of hyperammonemic rats.
The effect of MK-801. Another erythrocyte marker of
impaired tissue oxygenation is 2,3-diphosphoglycerate
(2,3-DPG), which is formed in the Rapoport-Lubering
shunt, a bypass stage of glycolysis. By reducing affin-
ity of Hb to oxygen [100], 2,3-DPG provides an easier
release of oxygen from the complex with Hb and its
transfer to tissues. To assess further oxygen transport
function of erythrocytes, the next step was to find out
how concentration of 2,3-DPG in the erythrocytes of
animals with HA, characterized by the reduced rate
of glycolytic flux (Figs. 1 and 2), changes, and what is

the role of MK-801 in maintaining normal intracellular
concentrations of this metabolite.

The obtained data are summarized in Fig. 6. It can
be seen that concentration of 2,3-DPG in the erythro-
cytes of the rats with HA decreased significantly (20%,
**% p <0.001), when compared to the control. Single
injection of MK-801 did not affect the steady-state con-
centration of this metabolite, and MK-801 injection in
combination with ammonium acetate injection did not
restore the concentration of 2,3-DPG to the control val-
ue, and it remained low, as that in the erythrocytes of
animals with HA (Fig. 6).

The obtained results indicated that the decrease in
concentration of 2,3-DPG in the erythrocytes of the rats
with HA occurs independent on the signaling cascade
triggered by hyperactive NMDA-R, and is exclusively as-
sociated with the action of ammonia/ammonium accu-
mulated in the cells, which was additionally confirmed
by the significant negative correlation (r =-0.854,
p = 0.0016) between these parameters (Fig. 6b).

Considering that the activity of the diphospho-
glycerate mutase enzyme, which catalyzes formation
of 2,3-DPG from 1,3-dysphosphoglycerate (1,3-DPG), is
sharply inhibited with the decrease in intracellular pH
[101], it could be assumed that the role of ammonia/
ammonium in inhibition of DPGM, like other glyco-
lytic enzymes (Fig. 1), is not direct, but is associated,
as already mentioned above, with acidification of the
intracellular environment of erythrocytes, caused by
the transport of NH,* into the cells [67]. The increased
concentration of ADP observed in the erythrocytes of
the rats with HA (Fig. 3b), redirecting 1,3-DPG to the
reaction catalyzed by phosphoglycerate kinase, may
also be an indirect rate-limiting factor in the synthesis
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of 2,3-DPG [102]. The NO-radical (NO®), excessively
formed during oxidative stress [103] due to catalytic
action of endothelial [104] and erythrocyte NO-synthase
[105], could also suppress the synthesis of 2,3-DPG,
since it inhibits GAPDH, which catalyzes formation of
1,3-DPG [106].

It should also be noted that similarity between
the characteristics of erythrocytes of the animals with
HA, which were revealed in our study, and character-
istics of erythrocytes of the patients with enzymopa-
thies [107], diabetic neuropathy [108], endotoxin shock
[109], Down syndrome [110], patients with sporadic
Alzheimer’s disease, as well as in elderly people [111]
related [112] or unrelated to HA [113], made it possi-
ble to conclude that there are additional and currently
unknown regulators of 2,3-DPG synthesis.

In fact, in addition to 2,3-DPG, other factors such
as pH, pCO2, pO;, Cl-, ATP, Mg?*, and Pi [114], conforma-
tion and structure of Hb, temperature, etc., could affect
affinity of Hb to oxygen [115]. However, it is generally
recognized that 2,3-DPG is the primary biological indi-
cator of tissue hypoxia [116], combining metabolism of
erythrocytes with the systemic oxygen-dependent met-
abolic homeostasis, which underlies vital activity of all
tissues and organs of the body.

High susceptibility of the rat erythrocytes to the
damaging effects of ammonia/ammonium, which was
revealed in this work, indicates that the changes of
morphological characteristics, indicators of energy
metabolism, and antioxidant status of erythrocytes
[16] is the most important missing warning signs of an
impairment of tissue oxygenation, which could result
in neurological disorders in HE [117] with concomi-
tant HA.

CONCLUSION

Based on our results, we concluded that by consid-
ering vital activity of the cells of the central nervous
system in isolation from the integrated oxygen trans-
port system, we overlook the fact that the brain has
the highest level of oxidative metabolism [118] and,
with limited oxygen supply [39], requires a constant
supply oxygenated blood [119, 120].

Erythrocytes are the only cells in the integrated
system of oxygen transport (in addition to cardiovas-
cular system and respiratory system) that transport
oxygen to the tissues and maintain the necessary lev-
el of oxidative metabolism in tissues. This study has
revealed the order of events that show how the am-
monia-induced impairments of energetic/metabolic
processes, which control morphological, rheological
features of erythrocytes [20, 22], could lead to disrup-
tion of their oxygen-transporting function and enceph-
alopathy (Fig. 7).
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The obtained data demonstrate that the very
first steps of deleterious toxic effects of ammonia/
ammonium on erythrocytes are associated with their
intracellular transport (both forms) resulting in dis-
ruption of ion homeostasis (Na* and K"), inhibition of
glycolysis, decreased ATP concentration, which lead
to deficiency in energy supply necessary for the activ-
ity of Na',K*-ATPase that facilitates restoration of the
ion gradient considerably disturbed by the increased
transport of ammonia/ammonium into erythrocytes of
the rats with HA.

The results of our study show that the Na*,K'-
pump blockade in the erythrocytes of the rats with
HA does not depend on functional activity of NMDA-R,
while morphology changes, transformation of normal
erythrocytes in stomatocytes, disruption of the red cell
volume regulation, osmotic resistance, increased ly-
sis of erythrocytes, accumulation of free hemoglobin
in blood plasma are the result of toxic effects of am-
monia/ammonium, in part due to hyperactivation of
NMDA-R. In contrast, the ammonia-induced decrease
of the activity of glycolytic enzymes, intracellular ATP
concentration, energy charge, and other indices of AH
(not including 2,3-DPG) are, most likely, closely asso-
ciated with the Ca?-NO-dependent signaling cascade
triggered by hyperactivation of NMDA-R.

The Na',K'-pump blockade induced by ATP de-
ficiency underlies changes in the erythrocyte shape
(formation of stomatocytes), impaired erythrocyte’s
deformability, increased blood viscosity, and deteriora-
tion of microcirculatory blood flow [74].

Decrease in the ATP- and 2,3-DPG-concentrations
leads to the disorders that affect binding of oxygen by
hemoglobin and release of oxygen from hemoglobin
resulting in hypoperfusion [95], which is a hallmark
of multiorgan damage [89] including neurological dis-
orders and cognitive impairment [23, 96, 97], that may
progress under the effects of oxidative stress [16] and
toxic effects of extracellular Hb, accumulation of which
results in the development of anomalies incompatible
with life [89, 121].

Taking into account importance of causal rela-
tionship “HE-HA-acquired erythrocyte dysfunction-
brain injury”, it has been suggested that the evidence
demonstrating changes in biochemical parameters of
erythrocytes should be considered as additional risk
factors for the development of hypoxia and neurolog-
ical deficits, as well as cognitive impairment caused
by hypoxia.

This additional information is especially import-
ant for treatment of the patients with abnormal in-
tracellular processes in erythrocytes considerably
deviating from the norm, particularly in elderly [31],
who may have these neurological dysfunctions present
even at normal values of SaO, and PaO; [32]. Develop-
ment of the science-based novel medical technologies
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for reestablishing intracellular metabolism in erythro-
cytes [122] as well as for decreasing ammonia/ammoni-
um concentration in systemic circulation [123-125] may
open new horizons in creating innovative medicines on
the case-to-case basis. This has great significance for
the use of new therapeutic strategies oriented to the
improvement of oxygen transport to tissues thereby de-
creasing organ insufficiency and neurological dysfunc-
tion in the patients with diseases accompanied by HA.

Based on the obtained results, this paper presents
a scheme of the order of events demonstrating how the
initial cascade of ammonia-induced alterations in the

energy metabolism processes that regulate morpho-
logical, rheological parameters of erythrocytes [20, 22],
may result in the impairment of oxygen transport
function, hypoperfusion, brain’s energy crisis, and en-
cephalopathy (Fig. 7).
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