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Abstract

Aplastic anemia (AA) represents a critical hematologic complication in individuals living with HIV, characterized by
bone marrow failure and pancytopenia. The complex interplay between HIV infection, immune dysregulation, and
antiretroviral therapy (ART) contributes to the pathogenesis of AA, with oxidative stress and inflammation emerging
as key players in disease progression. This review examines the role of oxidative stress and inflammation in the
context of HIV-associated AA, elucidating their impact on hematopoiesis and immune homeostasis.  Oxidative stress,
resulting from an imbalance between reactive oxygen species (ROS) production and antioxidant defenses, exerts
detrimental effects on bone marrow function in HIV-infected individuals with AA. Elevated ROS levels contribute to
oxidative damage of hematopoietic stem and progenitor cells, compromising their survival and differentiation
capacity. Concurrently, chronic inflammation associated with HIV infection exacerbates bone marrow dysfunction by
promoting immune dysregulation and immune-mediated destruction of hematopoietic cells. Pro-inflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), inhibit hematopoiesis and impair the
bone marrow microenvironment, further exacerbating pancytopenia. Therapeutic strategies targeting oxidative stress
and inflammation hold promise for improving outcomes in HIV-associated AA. Antioxidant therapies, including N-
acetylcysteine (NAC) and alpha-lipoic acid (ALA), aim to restore redox balance and mitigate oxidative damage in the
bone marrow. Similarly, anti-inflammatory agents such as corticosteroids and TNF-α inhibitors suppress pro-
inflammatory cytokine production, attenuating immune-mediated hematopoietic cell destruction. Additionally,
advancements in hematopoietic growth factors and stem cell transplantation offer alternative approaches to restore
hematopoietic function and alleviate pancytopenia in select patients.
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Introduction

Aplastic anemia (AA) represents a severe and
often life-threatening hematologic disorder
characterized by hypocellular bone marrow and
peripheral blood cytopenias, including anemia,
neutropenia, and thrombocytopenia.1 In the
context of HIV infection, AA poses a significant
clinical challenge due to the intricate interplay
between the virus, immune dysregulation, and
bone marrow function. While the incidence of AA
in HIV-infected individuals is relatively low
compared to other hematologic complications, its
impact on morbidity and mortality remains
substantial. Understanding the underlying
pathogenesis of AA in HIV is crucial for
developing effective therapeutic strategies to
mitigate its progression and improve patient
outcomes.2-3 HIV infection is associated with a
myriad of hematologic abnormalities, including
cytopenias, bone marrow suppression, and
dysregulated immune responses. The virus
directly affects bone marrow function by infecting
hematopoietic progenitor cells and bone marrow
stromal cells, leading to impaired hematopoiesis.
Additionally, chronic immune activation and
dysregulation, characteristic of HIV infection,
contribute to the pathogenesis of AA by
promoting inflammatory cytokine production and
autoimmune mechanisms. The use of
antiretroviral therapy (ART) further complicates
the clinical management of AA, as certain
antiretroviral drugs can induce hematologic
toxicity and exacerbate bone marrow
suppression.4-5

Oxidative stress, resulting from an imbalance
between reactive oxygen species (ROS)
production and antioxidant defenses, has emerged
as a key pathogenic mechanism in HIV-associated
AA. Elevated levels of ROS in HIV-infected
individuals contribute to oxidative damage of
hematopoietic stem and progenitor cells,
impairing their function and survival. Moreover,
chronic inflammation, driven by pro-
inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-α) and interleukin-6 (IL-6),
further exacerbates bone marrow dysfunction and
immune-mediated hematopoietic cell destruction.

The intricate interplay between oxidative stress,
inflammation, and bone marrow failure
underscores the need for targeted therapeutic
interventions to address these underlying
pathogenic mechanisms.6-7This review aims to
provide a comprehensive overview of the role of
oxidative stress and inflammation in the
pathogenesis of AA in the context of HIV
infection.

Role of Oxidative Stress

Oxidative stress, characterized by an imbalance
between reactive oxygen species (ROS)
production and antioxidant defenses, plays a
critical role in the pathogenesis of aplastic anemia
(AA) among individuals living with HIV. This
oxidative imbalance arises from various sources,
including viral replication, immune activation,
and antiretroviral therapy (ART), culminating in
damage to hematopoietic stem and progenitor
cells and impairment of bone marrow function.6

Mechanisms of Oxidative Stress in HIV-
Associated AA

1. Viral Replication: HIV infection leads to
increased ROS production within infected
immune cells, such as macrophages and
lymphocytes, as part of the host immune
response. These elevated ROS levels contribute to
oxidative damage of hematopoietic cells within
the bone marrow, impairing their function and
survival.8-9

2. Immune Dysregulation: Chronic immune
activation and dysregulation in HIV-infected
individuals further exacerbate oxidative stress.
Pro-inflammatory cytokines, including tumor
necrosis factor-alpha (TNF-α) and interleukin-6
(IL-6), stimulate ROS production and disrupt
redox balance, leading to oxidative damage of
bone marrow cells.10-11

3. Antiretroviral Therapy (ART): While
ART is essential for suppressing viral replication
and restoring immune function in HIV-infected
individuals, certain antiretroviral drugs can induce
oxidative stress.13 Nucleoside reverse
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transcriptase inhibitors (NRTIs) like zidovudine
(AZT) and protease inhibitors have been
implicated in ROS generation and mitochondrial
dysfunction, contributing to hematologic toxicity
and bone marrow suppression.

Impact on Hematopoiesis

Oxidative stress exerts detrimental effects on
hematopoietic stem and progenitor cells,
compromising their ability to maintain
hematopoietic homeostasis. ROS-induced DNA
damage, lipid peroxidation, and protein oxidation
lead to apoptosis and senescence of hematopoietic
cells, resulting in bone marrow failure and
pancytopenia. Additionally, oxidative stress
disrupts the bone marrow microenvironment,
impairing hematopoietic stem cell niches and
niche-supporting cells, further exacerbating
hematopoietic dysfunction.12

Therapeutic Implications

Targeting oxidative stress holds promise as a
therapeutic strategy for managing AA in HIV-
infected individuals.13 Antioxidant therapies, such
as N-acetylcysteine (NAC), alpha-lipoic acid
(ALA), and vitamin E, aim to scavenge ROS and
restore redox balance in the bone marrow
microenvironment. By mitigating oxidative
damage to hematopoietic cells, these agents have
the potential to preserve hematopoietic function
and alleviate pancytopenia. Additionally,
strategies aimed at reducing viral replication and
immune activation may indirectly alleviate
oxidative stress and mitigate its detrimental
effects on bone marrow function.

Role of Inflammation

Inflammation is a pivotal component of the
pathogenesis of aplastic anemia (AA) in
individuals living with HIV, exerting multifaceted
effects on bone marrow function and
hematopoiesis.15 Chronic immune activation and
dysregulation, characteristic of HIV infection,
contribute to an inflammatory milieu that disrupts
hematopoietic homeostasis, promotes immune-

mediated destruction of hematopoietic cells, and
exacerbates bone marrow failure.

Mechanisms of Inflammation in HIV-
Associated AA

1. Cytokine Dysregulation: HIV infection
leads to the dysregulation of pro-inflammatory
cytokines, including tumor necrosis factor-alpha
(TNF-α), interleukin-6 (IL-6), and interferon-
gamma (IFN-γ). Elevated levels of these
cytokines promote immune activation and
stimulate inflammatory pathways within the bone
marrow, inhibiting hematopoiesis and impairing
the function of hematopoietic stem and progenitor
cells.12

2. Autoimmune Mechanisms: HIV-
associated immune dysregulation can trigger
autoimmune responses targeting hematopoietic
cells. Autoantibodies directed against
hematopoietic progenitors and mature blood cells
contribute to their destruction, further
exacerbating pancytopenia and bone marrow
failure.16

3. Microbial Translocation: HIV-induced
damage to the intestinal mucosa results in
microbial translocation, leading to the systemic
release of microbial products such as
lipopolysaccharide (LPS). These microbial
products activate innate immune pathways,
including Toll-like receptor (TLR) signaling, and
perpetuate chronic inflammation, exacerbating
bone marrow dysfunction.17-19

Inflammation disrupts the delicate balance of
hematopoietic homeostasis, impairing the
function of hematopoietic stem and progenitor
cells and compromising bone marrow function.20

Pro-inflammatory cytokines inhibit hematopoiesis
by inducing apoptosis of hematopoietic progenitor
cells, suppressing their proliferation, and
disrupting the bone marrow microenvironment.
Additionally, immune-mediated destruction of
hematopoietic cells exacerbates pancytopenia,
contributing to the clinical manifestations of AA
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in HIV-infected individuals. Targeting
inflammation represents a promising therapeutic
approach for managing AA in individuals living
with HIV. Anti-inflammatory agents, such as
corticosteroids, TNF-α inhibitors, and IL-6
receptor antagonists, aim to suppress pro-
inflammatory cytokine production and mitigate
immune-mediated damage to hematopoietic cells.
These agents have the potential to alleviate bone
marrow dysfunction, reduce the severity of
pancytopenia, and improve hematologic
parameters in HIV-associated AA.

Impact on Hematopoiesis

Oxidative stress and inflammation exert profound
effects on hematopoiesis in individuals with
aplastic anemia (AA) and HIV infection,
disrupting the delicate balance of bone marrow
function and compromising the production of
blood cells. These pathogenic mechanisms
contribute to bone marrow failure, pancytopenia,
and immune dysregulation, exacerbating the
clinical manifestations of AA and HIV. Oxidative
stress leads to damage to hematopoietic stem cells
(HSCs), compromising their self-renewal capacity
and differentiation potential. ROS-induced DNA
damage and mitochondrial dysfunction impair
HSC function, contributing to the depletion of
hematopoietic progenitors and the development of
pancytopenia. Elevated levels of ROS induce
apoptosis and senescence of hematopoietic
progenitor cells, leading to their premature
depletion and impaired hematopoiesis. ROS-
mediated activation of pro-apoptotic pathways
and DNA damage response pathways further
exacerbates bone marrow dysfunction. Oxidative
stress disrupts the bone marrow
microenvironment, impairing the function of
niche-supporting cells and hematopoietic stem
cell niches. ROS-mediated damage to stromal
cells and endothelial cells alters cytokine
production and adhesion molecule expression,
further compromising hematopoietic
homeostasis.12-13, 21-22

Inflammation

Pro-inflammatory cytokines, such as TNF-α, IL-6,
and IFN-γ, inhibit hematopoiesis by inducing
apoptosis of hematopoietic progenitor cells and
suppressing their proliferation.23 Dysregulated
cytokine signaling disrupts the balance between
hematopoietic stem cell self-renewal and
differentiation, leading to bone marrow failure
and pancytopenia. Inflammatory processes
contribute to autoimmune mechanisms targeting
hematopoietic cells, leading to their immune-
mediated destruction within the bone marrow.
Autoantibodies directed against hematopoietic
progenitors and mature blood cells further
exacerbate pancytopenia and compromise
hematopoietic function. Chronic inflammation
resulting from microbial translocation perpetuates
immune activation and dysregulation,
exacerbating bone marrow dysfunction. Microbial
products, such as LPS, activate innate immune
pathways and stimulate inflammatory responses,
further impairing hematopoiesis in individuals
with HIV-associated AA.24 Oxidative stress and
inflammation collectively disrupt hematopoietic
homeostasis, impairing the function of
hematopoietic stem and progenitor cells and
compromising bone marrow function in
individuals with AA and HIV infection.25 These
pathogenic mechanisms contribute to the
development of pancytopenia, immune
dysregulation, and bone marrow failure,
exacerbating the clinical manifestations of both
conditions.

Therapeutic Strategies

Managing aplastic anemia (AA) in individuals
with HIV requires a multifaceted approach that
addresses the underlying pathogenic mechanisms,
including oxidative stress and inflammation.
Several therapeutic strategies targeting these
mechanisms hold promise for mitigating bone
marrow dysfunction, preserving hematopoietic
function, and improving patient outcomes.
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Antioxidant Therapies

1. N-Acetylcysteine (NAC): NAC is a
precursor of glutathione, a potent antioxidant
involved in ROS scavenging. By replenishing
intracellular glutathione levels, NAC mitigates
oxidative stress and protects hematopoietic cells
from ROS-induced damage. Clinical studies have
shown potential benefits of NAC in reducing
oxidative stress and improving hematologic
parameters in AA with HIV.26

2. Alpha-Lipoic Acid (ALA): ALA is a
powerful antioxidant that scavenges free radicals
and regenerates other antioxidants, including
glutathione and vitamins C and E. ALA has
demonstrated cytoprotective effects against
oxidative stress-induced damage in various
tissues, including the bone marrow. Its potential
role in mitigating oxidative stress and preserving
hematopoietic function warrants further
investigation in the context of HIV-associated
AA.

Anti-Inflammatory Agents

1. Corticosteroids: Corticosteroids exert
immunosuppressive and anti-inflammatory effects
by inhibiting the production of pro-inflammatory
cytokines and modulating immune responses. In
the treatment of AA with HIV, corticosteroids
may help suppress immune-mediated destruction
of hematopoietic cells and alleviate bone marrow
inflammation. However, their long-term use is
associated with adverse effects, necessitating
careful monitoring.15

2. Tumor Necrosis Factor-Alpha (TNF-α)
Inhibitors: TNF-α is a key pro-inflammatory
cytokine implicated in the pathogenesis of AA
and HIV-associated immune dysregulation. TNF-
α inhibitors, such as infliximab and adalimumab,
block TNF-α signaling and attenuate
inflammatory responses. These agents have
shown efficacy in certain autoimmune disorders
and may hold potential for mitigating
inflammation and improving hematopoiesis in
HIV-associated AA.16

Immunomodulatory Therapies

1. Thymoglobulin: Thymoglobulin is a
polyclonal antibody preparation targeting T
lymphocytes, which play a central role in the
pathogenesis of AA and HIV-associated immune
dysregulation.27 By depleting T cells and
modulating immune responses, thymoglobulin
may alleviate immune-mediated destruction of
hematopoietic cells and restore hematopoietic
function in AA with HIV. However, its use is
associated with risks of infection and
immunosuppression.

2. Regulatory T Cell (Treg) Therapy:
Tregs play a crucial role in immune tolerance and
regulation. Augmenting Treg function or numbers
may help restore immune homeostasis and
mitigate autoimmune responses in AA with HIV.
Strategies to expand and infuse ex vivo-generated
Tregs are under investigation as potential
therapeutic interventions for immune-mediated
hematologic disorders.28-29

Conclusion

The management of aplastic anemia (AA) in
individuals with HIV requires a comprehensive
approach that addresses the underlying pathogenic
mechanisms, including oxidative stress and
inflammation. The intricate interplay between
these factors contributes to bone marrow
dysfunction, pancytopenia, and immune
dysregulation, exacerbating the clinical
manifestations of both conditions. Therapeutic
strategies targeting oxidative stress and
inflammation offer promising avenues for
preserving hematopoietic function and improving
patient outcomes. Antioxidant therapies such as
N-acetylcysteine (NAC) and alpha-lipoic acid
(ALA) aim to mitigate oxidative stress and protect
hematopoietic cells from ROS-induced damage.
Meanwhile, anti-inflammatory agents like
corticosteroids and tumor necrosis factor-alpha
(TNF-α) inhibitors suppress immune-mediated
destruction of hematopoietic cells and alleviate
bone marrow inflammation. Immunomodulatory
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therapies such as thymoglobulin and regulatory T
cell (Treg) therapy offer additional strategies to
restore immune homeostasis and mitigate
autoimmune responses. While these therapeutic
interventions hold promise, further research is
needed to elucidate their efficacy, safety, and
optimal use in the context of HIV-associated AA.
Clinical studies are warranted to evaluate the
long-term outcomes and potential adverse effects
of these therapies in affected individuals.
Additionally, a multidisciplinary approach
involving hematologists, infectious disease
specialists, and immunologists is essential for
guiding treatment decisions and optimizing
patient care.
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