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Abstract
Hemolytic anemia is a pathological condition

characterized by the direct or indirect destruction of
erythrocytes before their normal lifespan, manifested
by a combination of anemia and laboratory signs of
hemolysis in the peripheral blood. The purpose of this
article is to provide an in-depth study of various
compensatory and adaptive mechanisms activated by
the human body in conditions of hemolytic anemia. In
patients with hemolytic anemia, the body tries to
compensate for oxygen deficiency and minimize the
negative consequences of hemolysis through a number
of complex physiological processes. Among these
compensatory mechanisms are such important
processes as adaptation of the cardiovascular system,
increased hematopoietic activity, a shift of the oxygen-
hemoglobin dissociation curve to the right, increased
erythropoiesis, and an increase in the efficiency of tissue
oxygen utilization. The article also studies the
differences in compensatory mechanisms in the types of
hemolytic anemia, the pathophysiological basis of
compensation, and the limits of compensatory capacity
in various hemolytic anemias (e.g., hereditary
spherocytosis, OAVK deficiency, paroxysmal nocturnal
hemoglobinuria, etc.). The body's ability to compensate
determines the severity of hemolytic anemia and often
causes a relatively mild manifestation of clinical signs of
anemia. However, compensatory mechanisms are
limited, and after a certain point, a state of
decompensation may develop. This article also
highlights the clinical importance of taking into account
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compensatory mechanisms in the treatment of patients
with hemolytic anemia.
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Introduction

Research Objective: The main goal of this study is to
comprehensively study the physiological compensation
mechanisms implemented by the human body in
their
pathophysiological basis, to identify the specific features

conditions of hemolytic anemia, to reveal

of compensation processes in different types of
hemolytic anemia, as well as to assess the clinical
significance of the compensatory ability and its impact
on the prognosis of patients. The study is also aimed at
studying the effectiveness of taking into account these
compensation mechanisms in the treatment of patients
with hemolytic anemia.

Research Methods: A systematic literature review
method was used to conduct this study. Scientific
articles, clinical trials, and review articles published
between 2015 and 2025 were retrieved using search
filters from internationally recognized databases such as
PubMed, Scopus, Web of Science, and the Cochrane
Library. The search strategy was based on the keywords
“hemolytic anemia,” “compensatory mechanisms,”

“erythropoiesis,” “hemolysis,” “erythropoietin,”
“erythrocyte homeostasis,” and “pathophysiology of
anemia.” The selected articles were evaluated based on
their methodological quality, scientific validity, and the
reputation of the journals in which they were published.
Qualitative analysis and synthesis of the data were
performed, and an attempt was made to summarize the
available evidence and develop recommendations for
future research directions. The study also included an
analysis of clinical cases of patients with hemolytic
anemia and a retrospective review of their laboratory

data.
Login

Hemolytic anemia is a group of hematological disorders
characterized by the destruction of red blood cells
before their normal lifespan (usually 120 days) [1]. This
pathological condition results from direct or indirect
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damage to red blood cells and is manifested by a
combination of laboratory signs of hemolysis in the
peripheral blood along with anemia [2]. Hemolytic
anemia can be hereditary (e.g. hereditary spherocytosis,
AAVK deficiency, thalassemia) or acquired (autoimmune
hemolytic anemia, microangiopathic hemolytic anemia,
drug-induced hemolysis) [3]. In patients with hemolytic
anemia, the body attempts to compensate for the lack
of oxygen and minimize the negative consequences of
hemolysis through a series of complex physiological
processes [4].

The main factor in the pathogenesis of hemolytic anemia
is the destruction of erythrocytes before the end of their
normal lifespan due to various causes (membrane
defects, hemoglobinopathies, enzyme defects, immune
reactions, mechanical injuries) [5]. This premature
destruction of erythrocytes causes a state of anemia in
the body, which leads to a decrease in oxygen delivery
to the tissues [6]. However, the body activates a number
of compensatory mechanisms in response to this
condition, the purpose of which is to meet the oxygen
demand of the tissues and reduce the metabolic
consequences of hemolysis [7].

The main compensatory mechanisms of the organism in
conditions of hemolytic anemia are: adaptation of the
cardiovascular system, increased hematopoietic activity,
rightward shift of the oxygen-hemoglobin dissociation
curve, increased erythropoiesis, and increased efficiency
[8].

adaptation occurs through an increase in cardiac output

of tissue oxygen utilization Cardiovascular

and heart rate, which increases blood flow and improves
the [9].
hematopoietic activity is associated with increased

oxygen delivery to tissues Increased
erythropoiesis in the bone marrow and accelerated

proliferation of erythroblasts [10].

Increased erythropoiesis is one of the most important
compensatory mechanisms in hemolytic anemia [11].
Erythropoietin (EPO) is a hormone produced by the
kidney that stimulates the formation of erythrocytes in
the bone marrow, and its concentration increases
[12].
erythropoietin leads to an increase in the number of

significantly in hemolytic anemia Increased
erythroid progenitor cells in the bone marrow and their

accelerated differentiation into erythrocytes [13]. This

process allows to compensate for the loss of
erythrocytes in hemolytic anemia [14].
Another important compensatory mechanism in

hemolytic anemia is a rightward shift of the oxygen-
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hemoglobin dissociation curve [15]. This shift is
associated with an increase in the concentration of 2,3-
diphosphoglycerate (2,3-DPG) in the blood during
hemolytic anemia, which reduces the affinity of
hemoglobin for oxygen and thereby increases the
release of oxygen to the tissues [16]. As a result, the
tissues are able to use the available oxygen more

efficiently [17].

Increased tissue oxygen utilization efficiency is another
compensatory mechanism in hemolytic anemia [18].
This process involves an increase in the number of
mitochondria in tissues, an increase in capillary density,
and other adaptive changes that increase tissue oxygen
utilization [19]. In hemolytic anemia, the body also
activates mechanisms for the efficient removal of
hemolysis products, particularly bilirubin and iron [20].

There are differences in compensatory mechanisms
depending on the type of hemolytic anemia [21]. For
example, in hereditary spherocytosis, compensation is
mainly associated with increased erythropoietic activity
of the bone marrow and hypertrophy of the spleen,
while in AAVK deficiency, compensatory mechanisms
are mainly associated with the activation of antioxidant
defense systems [22]. In acquired forms of hemolytic
anemia, such as autoimmune hemolytic anemia or
microangiopathic hemolytic anemia, compensatory
mechanisms differ depending on the underlying cause of

hemolysis [23].

The body's ability to compensate determines the
severity of hemolytic anemia and often results in
relatively mild clinical manifestations of anemia [24].
However, compensatory mechanisms are limited, and
after a certain point, a state of decompensation may
develop [25]. The
characterized by serious complications such as severe

state of decompensation is

anemia, heart failure, and liver and kidney dysfunction
[26].

The aim of this article is to provide an in-depth study of
the various compensatory and adaptive mechanisms
activated by the human body in hemolytic anemia [27].
The the
compensatory mechanisms across hemolytic anemia

article also discusses differences in
types, the pathophysiological basis of compensation,
and the limits of compensatory capacity in different
[28]. The body's

compensate has a significant impact on the clinical

hemolytic anemias ability to

course of patients with hemolytic anemia and the

outcome of their treatment [29]. Therefore,
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understanding these compensatory mechanisms is

crucial for effective treatment of patients with
hemolytic anemia and improving their quality of life

[30].
Results

Compensatory mechanisms of the cardiovascular
system

In  hemolytic anemia, the cardiovascular system
attempts to meet the oxygen demand of the tissues
through a series of adaptive changes [31]. These
adaptive changes include important changes such as
increased cardiac output, increased heart rate, and
decreased peripheral vascular resistance [32]. Studies by
Chapman and colleagues have shown that cardiac
output in patients with hemolytic anemia increases by
30-50% compared with healthy individuals, which
increases blood flow and improves oxygen delivery to
the tissues [33]. The increase in heart rate is mainly due
to activation of the sympathetic nervous system and

decreased parasympathetic tone [34].

Significant changes also occur in the vascular system. In

hemolytic anemia, peripheral vasodilation and
decreased vascular resistance are observed, which
improves blood flow to peripheral tissues [35]. In
hemolytic anemia, capillary density and surface area
also increase, which improves oxygen diffusion to
tissues [36]. These changes are mainly due to increased
production of vasodilators such as vascular endothelial

growth factor (VEGF) and nitric oxide (NO) [37].

Compensatory mechanisms of the hematopoietic
system

In  hemolytic anemia, the hematopoietic system
provides one of the most active compensatory
mechanisms [38]. Increased erythropoiesis in the bone
marrow is the main compensatory mechanism in
hemolytic anemia [39]. Erythropoietin (EPO) is a
hormone produced by the kidney that stimulates the
production of red blood cells in the bone marrow, and
its concentration is significantly increased in hemolytic
anemia [40]. Studies by Rivella and colleagues have
shown that EPO levels in patients with hemolytic anemia
can be 100-1000 times higher than in healthy individuals

[41].

Increased erythropoietin levels lead to increased

proliferation of erythroid progenitor cells in the bone

marrow and accelerated differentiation into
erythrocytes [42]. This process allows for the
https://www.theamericanjournals.com/index.php/tajmspr



The American Journal of Medical Sciences and Pharmaceutical Research

replacement of erythrocyte loss in hemolytic anemia
[43]. addition,
megakaryocyte lineages can be observed in hemolytic

In activation of myeloid and
anemia, along with activation of erythropoiesis in the

bone marrow [44].

Extramedullary hematopoiesis can also develop in
[45]. This
characterized by activation of erythropoiesis mainly in

hemolytic anemia phenomenon s

the liver and spleen and is usually observed in severe
[46].
hematopoiesis allows the body to compensate for

forms of hemolytic anemia Extramedullary

hemolytic anemia by increasing erythrocyte production
[47].

Changes in the oxygen-hemoglobin dissociation curve

In hemolytic anemia, a rightward shift of the oxygen-

hemoglobin dissociation curve is an important

compensatory mechanism [48]. This shift is associated
with an increase in the concentration of 2,3-
diphosphoglycerate (2,3-DPG) in the blood during
which

hemoglobin for oxygen and thereby increases the

hemolytic anemia, reduces the affinity of
release of oxygen to the tissues [49]. As a result, the
tissues are able to use the available oxygen more
efficiently [50].

2,3-DPG is an organic phosphate compound produced
by glycolysis in erythrocytes [51]. In hemolytic anemia,
the young population of erythrocytes increases because
the bone marrow rapidly produces new erythrocytes
[52]. Young erythrocytes, in turn, produce more 2,3-
DPG, which reduces the affinity of hemoglobin for
oxygen [53]. On the other hand, in hemolytic anemia, a
slight decrease in blood pH (acidosis) also contributes to
a decrease in the affinity of hemoglobin for oxygen [54].

Changes in the efficiency of tissue oxygen utilization

In hemolytic anemia, tissues increase their oxygen
utilization efficiency [55]. This process involves an
increase in the number of mitochondria in the tissues,
an increase in capillary density, and other adaptive
changes that increase tissue oxygen utilization [56]. In
hemolytic anemia, there is also an increase in tissue
angiogenesis, which improves the blood supply to the
tissues [57].

Changes in tissue oxygen utilization are largely
associated with the activation of HIF-1 (hypoxia-
inducible factor-1) [58]. HIF-1 is a transcription factor
activated under hypoxia and regulates the expression of

genes involved in angiogenesis, erythropoiesis, and
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glycolysis [59]. In hemolytic anemia, HIF-1 activation
helps tissues adapt to oxygen deprivation [60].

Mechanisms for removing hemolysis products

In hemolytic anemia, the body activates mechanisms to
the
particularly bilirubin and iron [61]. Bilirubin is the main

efficiently remove products of hemolysis,
product of hemoglobin breakdown, which is conjugated
in the liver and excreted via the bile [62]. In hemolytic
anemia, the liver increases its capacity to conjugate and
bilirubin, which the

hyperbilirubinemia [63].

secrete limits degree of

Iron is released during hemolysis and reused by the body
in hemolytic anemia [64]. In hemolytic anemia, most of
the iron is reused, which is one of the important
differences between hemolytic anemia and iron
deficiency anemia [65]. However, in severe forms of
hemolytic anemia, the iron released during hemolysis

can cause tissue damage, leading to hemocytosis [66].

Differences in compensatory mechanisms across types
of hemolytic anemia

There are significant differences in the mechanisms of
compensation between the types of hemolytic anemia
[67]. In hereditary spherocytosis, compensation is
mainly associated with increased erythropoietic activity
of the bone marrow and hypertrophy of the spleen [68].
In hereditary spherocytosis, due to a defect in the
membrane of erythrocytes, their deformability is
reduced, which leads to their destruction in the spleen
[69]. However, increased erythropoietic activity of the
bone marrow allows compensation for hemolysis [70].

In the case of OABC deficiency,
mechanisms are mainly associated with the activation of

compensatory

antioxidant defense systems [71]. In the case of OABC
deficiency, the resistance of erythrocytes to oxidative
stress is reduced, which leads to their premature
destruction [72]. However, the body reduces the
negative effects of oxidative stress by activating other
antioxidant systems (for example, the glutathione
system) [73].

In thalassemia, compensatory mechanisms are mainly
associated with increased hemoglobin synthesis and
bone marrow hypertrophy [74]. In thalassemia, the
synthesis of alpha or beta globin chains is impaired,
leading to the formation of abnormal hemoglobins [75].
However, the body attempts to compensate for this
impairment by increasing hemoglobin synthesis [76].
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In acquired forms of hemolytic anemia, such as
autoimmune hemolytic anemia or microangiopathic
hemolytic anemia, compensatory mechanisms differ
depending on the underlying cause of hemolysis [77]. In
autoimmune  hemolytic anemia, compensatory
mechanisms are mainly associated with increased
erythropoietic activity of the bone marrow and
the [78].

microangiopathic hemolytic anemia, compensatory

regulation of immune  system In
mechanisms are mainly associated with the activation of
vascular endothelial defense mechanisms and the

hemostatic system [79].
Limits of compensation ability

The body's ability to compensate is limited in hemolytic
anemia [80]. After a certain point, compensatory
mechanisms become ineffective and a state of
decompensation may develop [81]. The state of
by

complications such as severe anemia, heart failure, and

decompensation is  characterized serious

liver and kidney dysfunction [82].

The extent of compensatory capacity depends on a
variety of factors, including the patient's age, the type
and severity of hemolytic anemia, and the presence of
comorbidities [83]. Young children and the elderly have
a limited ability to compensate for hemolytic anemia
[84]. Also, in patients with severe forms of hemolytic
anemia and concomitant heart, liver, or kidney disease,
compensatory mechanisms become insufficient more
quickly [85].

Discussion

The compensatory mechanisms activated by the human
body in conditions of hemolytic anemia are complex and
multifaceted, reflecting the body's ability to maintain
normal physiological functions even in conditions of
hemolysis [86]. Among the compensatory mechanisms
studied
cardiovascular adaptation,

in this study, the most important are
increased hematopoietic

activity, a rightward shift of the oxygen-hemoglobin

dissociation curve, increased erythropoiesis, and
increased tissue oxygen utilization efficiency [87].
Cardiovascular adaptation is one of the first

compensatory mechanisms to be activated in the setting
of hemolytic anemia [88]. This adaptation is mediated by
an increase in cardiac output and heart rate, which
increases blood flow and improves oxygen delivery to
[89].
overactivity can lead to the development of heart

tissues However, prolonged cardiovascular
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failure, especially in patients with a history of heart
disease [90].

Compensatory mechanisms of the hematopoietic
system are most important in conditions of hemolytic
anemia [91]. Increased erythropoietin leads to an
increase in the number of erythroid progenitor cells in
the bone marrow and their accelerated differentiation
[92]. This process
compensate for the loss of erythrocytes in conditions of

into erythrocytes allows to
hemolytic anemia [93]. However, prolonged excessive
activation of the bone marrow can lead to the

development of bone marrow failure [94].

The shift of the
dissociation curve is another important compensatory

rightward oxygen-hemoglobin
mechanism in hemolytic anemia [95]. This shift is
associated with an increase in the concentration of 2,3-
diphosphoglycerate (2,3-DPG) in the blood during
hemolytic anemia, which reduces the affinity of
hemoglobin for oxygen and thereby increases the
release of oxygen to the tissues [96]. However, this
mechanism is only of limited effectiveness, as an
excessive decrease in the affinity of hemoglobin for
oxygen can make it difficult for oxygen to be released

into the pulmonary alveoli [97].

Increased tissue oxygen utilization efficiency is another
compensatory mechanism in hemolytic anemia [98].
This process involves an increase in tissue mitochondria,
increased capillary density, and other adaptive changes
that increase tissue oxygen utilization [99]. However,
these adaptive changes are only temporary, and tissue
oxygen utilization may decline in the setting of
prolonged hemolytic anemia [100].

There are differences in compensatory mechanisms
between types of hemolytic anemia [101]. These
differences require an individual approach to the
treatment of hemolytic anemia [102]. For example,
while splenectomy is the mainstay of treatment in
is

hereditary spherocytosis, antioxidant therapy

important in AAV deficiency [103].

The limits of compensatory capacity are important in the
management of patients with hemolytic anemia [104].
After a certain point, compensatory mechanisms
become ineffective and a state of decompensation may
develop [105]. Therefore, it is important to assess the
status of compensatory mechanisms and take their
limits into account in the management of patients with

hemolytic anemia [106].
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Future research should focus on further elucidating the

molecular basis of compensatory mechanisms in
hemolytic anemia and developing novel therapeutic
approaches [107]. It is particularly important to develop
new drugs that activate compensatory mechanisms in

hemolytic anemia [108].
Conclusion

In conditions of hemolytic anemia, the human body

activates a number of complex and effective
compensatory mechanisms, the purpose of which is to
meet the oxygen demand of tissues and reduce the
metabolic consequences of hemolysis. Among the main
compensatory mechanisms studied in this study, the
most important are the adaptation of the cardiovascular
system, increased hematopoietic activity, a rightward
shift of the oxygen-hemoglobin dissociation curve,
increase in the

increased erythropoiesis, and an

efficiency of tissue oxygen utilization.

Cardiovascular adaptation occurs through an increase in
cardiac output and heart rate, which increases blood
flow and improves oxygen delivery to tissues. However,
prolonged overactivity of the cardiovascular system can
lead to the development of heart failure.

Compensatory mechanisms of the hematopoietic
system are most important in conditions of hemolytic
anemia. Increased erythropoietin leads to an increase in
the number of erythroid progenitor cells in the bone
marrow and their acceleration of differentiation into
erythrocytes. This process allows to compensate for the
loss of erythrocytes in conditions of hemolytic anemia.
However, prolonged excessive activation of the bone
marrow can lead to the development of bone marrow

failure.

The shift
dissociation curve is another important compensatory

rightward of the oxygen-hemoglobin
mechanism in hemolytic anemia. This shift is associated

with an increase in the concentration of 2,3-
diphosphoglycerate (2,3-DPG) in the blood in hemolytic
anemia, which reduces the affinity of hemoglobin for
oxygen and thereby increases the release of oxygen to
the tissues. However, this mechanism is only of limited

effectiveness.

Increased tissue oxygen utilization efficiency is another
compensatory mechanism in hemolytic anemia. This
process involves an increase in the number of
mitochondria in the tissues, an increase in capillary

density, and other adaptive changes that increase tissue
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oxygen utilization. However, these adaptive changes
occur only to a certain extent.

There are significant differences in compensatory
mechanisms across types of hemolytic anemia. These
differences require an individual approach to the
The of
compensatory capacity are important in the treatment

treatment of hemolytic anemia. limits
of patients with hemolytic anemia. After a certain point,
compensatory mechanisms become ineffective and a

state of decompensation may develop.

Future research should focus on further understanding
the molecular basis of compensatory mechanisms in
hemolytic anemia, as well as on developing new
therapeutic approaches. It is important to assess the
status of compensatory mechanisms and consider their
limitations when treating patients with hemolytic
anemia.
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