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Abstract
Oxidative stress is caused by the imbalance between the generation of free radicals/reactive oxygen species (ROS) and the
antioxidant defense systems, which can activate various transcription factors and affect their transcriptional pathways. Oxidative
stress plays an important role in the occurrence and development of leukemia and is closely related to the treatment and prognosis of
leukemia. The standard chemotherapy strategies for the pre-treatment of leukemia have many drawbacks. Hence, the usage of
antioxidants and oxidants in the treatment of leukemia is being explored and has been preliminarily applied. This article reviews the
research progress of oxidative stress and leukemia. In addition, the application of antioxidants treatment in leukemia has been
summarized.
Keywords: Reactive oxygen species; Oxidative stress; Leukemia; Antioxidant treatment
Introduction

Reactive oxygen species (ROS), such as superoxide ion
_O
�
2

� �
, hydroxyl radical _OH

� �
, and hydrogen peroxide

(H2O2), are important products of cell metabolism, which
participate in the processes of cell survival, proliferation,
apoptosis, and lifecycle, thus maintaining intracellular
homeostasis.[1] Most of the ROS are produced by the
mitochondrial respiratory chain inside the cells. Oxidative
stress is the change of cellular environment influenced by
some pathological factors, due to the imbalance between
free radicals and ROS production in the oxidation and
antioxidant defense system, which can cause cell apoptosis
and tissue damage, and may potentially affect the entire
organism.[2] Recent studies have shown that redox
disorders caused by ROS may promote the development
of leukemia, closely related to the treatment and prognosis
of leukemia.[3] However, there is still a lack of summary
about the functions of oxidative stress in leukemia.
Therefore, we summarized and discussed the relationship
between oxidative stress and three types of leukemia: acute
myeloid leukemia (AML), chronic myeloid leukemia
(CML), and acute lymphoblastic leukemia (ALL). It
deserves more researches in the development of oxidative
stress mechanisms, oxidative stress-related transcription
factors, and therapeutic approaches to combat leukemia.
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ROS and Oxidative Stress

ROS are a key factor that can regulate cell homeostasis and
metabolism and can also induce autophagy, control the
level of ROS in cells, and reduce its toxic effects.[4]

According to its source, ROS can be divided into
exogenous and endogenous ROS. Exogenous ROS is
mainly caused by exogenous substances, such as radiation
and drugs; whereas endogenous ROS is the products of
intracellular aerobic metabolism, among which the
mitochondrial electron transport system and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase com-
plex are the primary sources.[5] Meanwhile, to protect cells
from oxidative damage, aerobic organisms also have an
antioxidant defense system. The excessive production of
ROS intermediates, exceeding the functional capacity
of cellular antioxidants, may lead to the instability of
important macromolecules, which is the molecular basis of
inflammatory processes, cardiovascular diseases, cancer,
and other diseases.[6] In addition, ROS can activate
Nuclear Factor Kappa B (NF-kB), phosphatidylinositol-
3-kinase (PI3K), mitogen-activated protein kinase
(MAPK), and other tumor growth signaling pathways.
Oxidative stress is caused by the imbalance between free
radicals and ROS and the functions of oxidative stress are
shown in Figure 1. First, oxidative stress can regulate the
signaling pathways related to cell survival, proliferation,
and apoptosis, and then it can promote tumor cell survival,
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Figure 1: Oxidative stress imbalance. The imbalance between oxidants and antioxidants will lead to oxidative stress and initiate carcinogenesis eventually. ROS: Reactive oxygen species.

Chinese Medical Journal 2021;134(16) www.cmj.org
induce cell proliferation, and protect cells from apoptosis
further to promote cancers[7]; second, oxidative stress
metabolic disorder participates in inflammation processes,
thus promoting inflammation and affecting the immune
system[8,9]; third, oxidative stress can also trigger second-
ary messengers between cells, thus destroying essential
biomolecules (such as lipids, proteins, and DNA)[1] and
damaging important structures and functions of cells.[7] It
can stimulate ribosylation of poly adenosine diphosphate
(ADP) of chromosome proteins, further to induce kinases
activation, gene mutations, chromosome DNA degenera-
tion, mitochondrial membrane potential changes, pro-
apoptotic proteins activation and translocation, and anti-
apoptotic proteins down-regulation, thus promoting
carcinogenesis.[5] In conclusion, oxidative stress involves
the process of oncogenesis and progression in cancers.
Effect of Oxidative Stress on Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs) are adult stem cells in the
blood system, mainly found in the red bonemarrow, which
has the potential of long-term self-renewal and differenti-
ation into different types of mature blood cells. Mature
cells in the blood system often have a short lifespan, and
HSCs need to proliferate and differentiate into progenitor
cells of all kinds of blood cells, hematopoietic progenitor
cells (HPCs), to replenish each mature cell component of
the blood system in a timely manner, thus maintaining
long-term dynamic balance. There are remarkable differ-
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ences in metabolism and metabolic regulation among
HSCs, HPCs, and differentiated hematopoietic cells.[10]

Among them, oxidative stress is an important factor in
regulating the homeostasis of HSCs. Under a certain degree
of oxidative stress, HSCs can regulate and maintain the
balance of various components in the blood system.
However, high levels of ROS or continuous oxidative
stress can cause severe damage to HSCs, thus altering their
metabolic state and then incapacitating them.[5] ROS
causes changes in the hematopoietic microenvironment,
which in turn causes senescence or apoptosis of HSCs.
Because HSCs that survive in niches have lower ROS levels
than other general tissues, they are very sensitive to
changes in ROS levels and gene mutations.[10] Besides,
transcription factors such as forkhead box O3 (FOXO3)
and ataxia-telangiectasia mutated kinase (ATM) also play
an essential role in the regulation of ROS in HSCs. Studies
have found that different ROS levels have different effects
on HSCs: low levels of ROS can regulate the activity of
adhesion molecules in the hematopoietic microenviron-
ment and maintain HSCs in the quiescent phase; moderate
levels of ROS can change molecular structures of oxidative
stress-related molecules and regulate the cell cycle and
improve cell proliferation of HSCs, whereas high levels of
ROS can cause HSCs to age and change their metabolic
status.[11] HSCs in the mature and normal differentiation
stage will senesce under the stimulation of the high level of
ROS, resulting in metabolic changes and loss of function of
HSCs, and then develop to leukemia.
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Table 1: ROS-dependent transcription factors related to leukemia.

Transcription factors Function Reference

AKT and FOXO Important transcription factors that resist oxidative stress
Essential to the survival of HSCs
AKT activation destroying redox homeostasis
AKT inhibiting the activity of FOXO
AKT and FOXO making cells more prone to apoptosis under oxidative stress

[2,11]

Nrf2 Negatively regulated by Keap1
Controlling the expression of antioxidant and cytoprotective genes
Participating in chemotherapy resistance in leukemia
Protecting cells from ROS
Protecting tumors from oxidative stress when cells undergo malignant
transformation
Playing a direct role in cell growth control
Related to the apoptosis regulatory pathway
Regulating glutathione (GSH)
A future therapeutic target for AML with GSH disorders
Promoting cell survival by regulating antioxidant and apoptosis pathways
A therapeutic target for the prevention of some degenerative and malignant diseases

[12-14,65]

TRPM2 Maintaining the viability of cancer cells
Promoting tumorigenesis
Maintaining mitochondrial function, cell bioenergetics, ATP production, and
autophagy, reducing cell ROS level, and repairing DNA
Promoting the expression of transcription factors, including HIF-1/2a, CREB, and
Nrf2
Activating corresponding kinases and signaling pathways

[21]

STAT5 Inhibiting the expression of catalase and glutathione-1 (glutaredoxin)
Promoting ROS production
Promoting leukemia cell proliferation

[16]

p53 Helping the expression or activation of oncogenes
Regulating metabolic pathways
Resisting oxidative stress induced by oncogenes
Playing a vital role in genome stability by inducing cell cycle arrest and DNA
damage
Limiting cell growth by inducing cell senescence, apoptosis, or proliferation

[18,19]

AKT: AKT Serine/Threonine Kinase; AML: Acutemyeloid leukemia; FOXO: Forkhead box protein; GSH: Glutathione; HSCs:Hematopoietic stem cells;
Keap1: Kelch-like ECH-related protein 1;Nrf2: Nuclear factor E2-related factor 2; p53: Protein 53; PKB: Protein kinase B; ROS: Reactive oxygen species;
STAT5: Signal transducer and activator of transcription 5; TRPM2: Transient receptor potential melastatin 2.
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Oxidative Stress-Related Transcription Factors in Leukemia
Oxidative stress can activate various kinds of transcription
factors, including NF-kB, Nuclear respiratory factor 1
(Nrf1), Nuclear factor erythroid 2-related factor 2 (Nrf2),
Nuclear factor erythroid 2-related factor 2 (Nrf3),
activating protein-1 (AP-1), p53, Hypoxia Inducible
Factor 1 Subunit Alpha (HIF-1a), peroxisome prolifer-
ator-activated receptor gamma (PPAR-g), signal transduc-
er and activator of transcription 3 (STAT3), AKT Serine/
Threonine Kinase (AKT), Forkhead box protein (FOXO),
BTB and CNC homology 1 (Bach1), BTB and CNC
homology 2 (Bach2), etc.[8,12-19] Some members of this
family are identified as important regulating factors of
oxidative stress in erythropoiesis. Some of these transcrip-
tion factors are antioxidant stress factors, while others
protect tumor cells from oxidative stress. Activation of
oxidative stress-related transcription factors can influence
the expression of more than 500 different genes, including
growth factors, inflammatory cytokines, chemokines, cell
cycle regulators, anti-inflammatory molecules, etc.[20] The
relationship between ROS-dependent transcription factors
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and leukemia is shown Table 1. Transcription factors and
targeted redox-sensitive pathways may provide great hope
for cancer prevention and treatment.

Traditional Treatment and Antioxidant Treatment in Different
Types of Leukemia

Excessive production of ROS may lead to an imbalance of
homeostasis and damage to important cell components
when excessive oxidants fail to balance antioxidant
defense with DNA repair mechanisms. Chronic oxidative
stress can drive carcinogenesis by modifying the expression
of cancer-related genes that cause mutation and transfor-
mation.[21] Some patients with leukemia are found to be in
a state of chronic oxidative stress.[22] Leukemia, a life-
threatening disease caused by malignant clonal hemato-
poiesis of stem and progenitor cells, is one of the top 10
cancers affecting human beings.[9] It is characterized by the
accumulation of immature clonal hematopoietic cells in the
bone marrow and other hematopoietic tissues, thus
inhibiting normal hematopoietic function and infiltrating
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other tissues through enhanced self-renewal, resulting in
uncontrolled proliferation, impaired differentiation, and
cell apoptosis. According to the degreeof differentiation, the
natural course of the disease and the cells involved, leukemia
can be divided into ALL, AML, CML, chronic lymphoblas-
tic leukemia (CLL), and rare typesof leukemia.Next,wewill
summarize the traditional treatment and antioxidant
treatment strategies of these three kinds of leukemia.

Traditional treatment and antioxidant treatment for AML and
its subtypes

AML is a malignant tumor that originates from bone
marrow cells and develops rapidly if untreated. It is a kind
of heterogeneous hematological tumor characterized by
uncontrolled proliferation of clonal tumor HSCs, usually
leading to impaired normal hematopoietic function.[23]

Most AML is characterized by the expression of common
acute lymphoblastic leukemia antigen (CALLA).[7] The
subtypes of AML conclude promyelocytic leukemia
(PML), acute promyelocytic leukemia (APL), etc. It has
recently been reported that PML plays an important role in
regulating oxidation and participates in the post-transla-
tional modification of key regulatory factors, such as p53,
to be the key receptor of ROS.[24,25] AndAPL has become a
curable subtype of AML.[26]

Treatments for AML include intensive chemotherapy,
radiotherapy, stem cell transplantation, and immunother-
apy.[27] Under the current chemotherapy treatments, about
70% of adult AML patients have achieved complete
remission, while only about 20% of patients have achieved
long-term disease-free survival, for most of the deceased
patients have died of refractory or recurrent AML.[28]

Therefore, it is necessary to develop new treatments that
can prolong the disease-free survival of AML patients.

Arsenic trioxide (ATO) has been proved to be an effective
drug forAPL.While other studies show thatMoringaoleifera
leaf extract also has a protective effect on APL, and can
significantly increase cell viability at a particular concentra-
tion. This kind of protective effect on APL is caused by the
decrease of significant oxidative stress levels and the increase
of enzyme activity in the antioxidant enzyme system, which
can be observed in cells exposed to oxidative damage.[29]

Besides, histone methyltransferase inhibitor can also induce
substantial apoptosis of AML cell lines and primary AML
cells, indicating its anti-leukemic effects on AML.[30] ROS-
mediated interactions between c-Jun activation domain-
binding protein-1 (JAB1) and thioredoxin (TRX) play a
crucial role in the pathobiological and recurrence process of
acute myeloid leukemia-M5 (AML-M5). Therefore, target-
ing the ROS/JAB1/TRX pathway may be a potential
treatment strategy of AML-M5.[31,32] Oxidative stress can
induce the abnormal expression of many genes.[29] The
increase of oxidative stress levels plays an important role in
the occurrence and development of AML.[33] Meanwhile,
similar results also show a strong correlation between
oxidative stress and disease recurrence, suggesting a potential
prognostic value of AML patients.[34-36]

Recent researches find that histamine dihydrochloride
(HDC) and low-dose interleukin-2 (IL-2) immunotherapy
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can reduce the risk of recurrence of AML patients after
chemotherapy. HDC can suppress or inhibit the formation
of oxygen radicals in mononuclear and polymorphonu-
clear myeloid cells, by targeting NADPH oxidase—the key
enzyme in oxygen radical formation of myeloid cells.[37]

The clinical phase III study has demonstrated that post-
consolidation treatment with the combination of HDC and
IL-2 effectively reduces relapse of AML patients.[38] Also, a
randomized trial of HDC + IL-2 showed a statistically
significant benefit for leukemia-free survival (LFS) com-
pared with traditional treatments.[39] However, in view of
the better therapeutic effect of AML by using HDC/IL-2
immunotherapy, there are no clinical trials with a single
application of HDC to assess the effect of HDC compared
with traditional treatments in leukemia. Hence, if possible,
clinical trials of comparing HDC alone to traditional
treatments and comparing HDC alone to HDC/IL-2
immunotherapy for the treatment of leukemia are hoped
to be carried out in the future, further to explore the
specific effectiveness of HDC in leukemia. Although
antioxidant treatment is now approved for use for relapse
prevention of AMLwithin the EU and in Israel, it is still not
a standard treatment strategy in clinical practice. At
present, new clinical trials are proceeding for many kinds
of antioxidants expected to be absorbed and become a new
standard treatment strategy. It is worthy of exploring the
combination of antioxidants and traditional treatments
whether can enhance the therapeutic effect of traditional
treatments, at the same time, and reduce side effects,
further to establish a new standard treatment strategy of
leukemia.
Traditional treatment and antioxidant treatment for CML

CML is a common hematological malignancy that mainly
involves the myeloid system. The pathophysiological
features of CML stem from the uncontrolled enzymatic
activity of a fusion protein called Breakpoint Cluster
Region-Abelson (BCR-ABL),[40] which induces granulo-
cytes in peripheral blood further to increase in number and
differentiate immaturely. Ph chromosome or BCR-ABL
fusion genes can induce the accumulation of ROS in
leukemic cells by activating NADPH oxidase and
mitochondrial respiratory chain complex III (rac2/MRC-
CIII).[34] The level of oxidative stress in patients with acute
CML is significantly higher than that in patients with
chronic CML.[41] Furthermore, in patients with a high level
of ROS, the BCR-ABL gene is prone to mutation, resulting
in a poor prognosis for CML.[40]

Tyrosine kinase inhibitors (TKI) is a kind of traditional
treatment for CML, which triggers CML cells apoptosis by
the signal cascade unfolded protein response (UPR)
induced by endoplasmic reticulum (ER) stress.[41,42]

Besides, imatinib mesylate (Gleevec), a BCR-ABL inhibi-
tor, is also used as a first-line drug for the treatment of
CML.[23] BCR-ABL transformation is associated with
genomic instability, so that most patients who receive
continuous treatment using all-trans retinoic acid and
imatinib mesylate are easy to develop disease resistance.
Therefore, researchers are actively looking for new drugs
that can stimulate cell differentiation and induce apoptosis
of acute leukemia and multiple myeloma cells. ROS are
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expected to be the ideal targets for therapeutic interven-
tion, for high ROS levels are particularly relevant to BCR/
ABL kinase inhibitor resistance.[4,43]

Antioxidants that regulate the level of oxidative stress are
the primary defense line to regulate the overall state of
health. Ivermectin is a new anti-cancer drug targeted to
mitochondria, which can selectively kill CML cells by
inducing oxidative stress and mitochondrial dysfunction,
being a promising candidate drug for the treatment of
CML.[44] In addition, BCR-ABL-induced high-activity
glucose metabolism is essential for ROS production. Based
on it, new targeted therapies by identifying this kind of
molecular mechanisms can be developed.[40] Besides, AML
is propagated by subpopulations of leukemic stem cells
(LSCs). Many intrinsic factors can affect the survival of
human LSCs, including the regulators of cell cycle and
survival signaling pathways (such as NF-kB and AKT), the
regulators of oxidative stress pathways, and specific
molecular components promoting cell self-renewal. Regu-
lating the survival of LSCs is a critical step for improving
treatment regimens for leukemia.[45]Moreover, the plasma
lipid peroxidation and non-enzymatic antioxidant status
can reflect the oxidative stress status of patients with CML,
using as the indicators of disease progression and early
response to different treatment strategies.[46]
Traditional treatment and antioxidant treatment for ALL

ALL is a malignant neoplastic disease that arises from the
abnormal proliferation of B or T cells in the bone marrow.
ALL is the most common type of leukemia in children,
especially in 0 to 9 years old. The antioxidant defense
capacity of ALL patients is significantly higher than that of
healthy people.[2] Currently, the main treatment strategy of
ALL is systemic chemotherapy, while other treatment
strategies also include targeted therapy, biological immu-
notherapy, and HSC transplantation.

Recent studies have demonstrated that traditional chemo-
therapy, combined with antioxidant therapy, is of great
help to ALL patients.[47]Mycobacterium Michaeli snake
venom and a new L-amino acid oxidase (LAAO) selectively
induce apoptosis of T-ALL cells through the H2O2-
mediated signaling pathway.[48] Microtubule inhibitors
are the potential treatment for B-ALL. Bone marrow
mesenchymal stem cells can become tumor-associated
fibroblasts that survive B-ALL cells from ROS-induced
chemotherapy, while microtubule inhibitors can overcome
the rescue effect on B-ALL cells.[49] Besides, myelogenic
suppressor cells (MDSCs) are one of the main drivers of the
immune tolerance of tumor cells. The number of
granulocytic myeloid-derived suppressor cells (G-MDSC)
is closely associated with disease progression and clinical
treatment response. STAT3 signaling-mediated ROS
generation drives the activation of B-ALL-derivedMDSCs.
Therefore, targetingMDSCs is a promising strategy for the
treatment of B-ALL patients.[50] B-cell lymphoma protein-
2 (BCL-2) is one of the most studied proteins, playing a
vital role in regulating apoptosis and autophagy. It has
been found that BCL-2 protein is significantly increased
and the total antioxidant status is significantly decreased in
ALL patients, indicating the potential effectiveness of
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antioxidant therapy for ALL.[51] Hopefully, in the future,
there may be more effective antioxidant treatments for
ALL.

Traditional treatment and antioxidant treatment for CLL

CLL, characterized by clonal proliferation of highly
differentiated lymphocytes with immunodeficiency, mainly
occurs in the elderly. CLL mostly involves lymph nodes
and the spleen, causing bone marrow hyperplasia. Recent
studies suggest that ROS and oxidative stress can promote
the formation and development of CLL.[52] The level of
blood oxidation in CLL patients was significantly higher
than that of the control group, while the level of
antioxidant capacity was significantly lower than that of
the control group,[53] which indicates that oxidative stress
level of metabolic activity may reflect the progress stage of
the CLL.[54]

Traditional treatment for CLL is mostly palliative,
including chemotherapy, immunotherapy, and HSC
transplantation, with the main purpose of reducing tumor
load and improving symptoms. In recent years, antioxi-
dant adjuvant therapy has become a new treatment
strategy for CLL. In some CLL subclones, the increase of
oxidative stress caused may lead to a mutation rate
increase, leading to the disease progression. From a clinical
perspective, oxidants are tested in combination with other
p53 independent drugs, such as monoclonal antibodies, to
determine the most effective treatment for CLL patients
with ATMdeficiency.[52]Moreover, lenalidomide has been
shown to reverse the abnormal immunologic synapse
formation in CLL and modulate the microenvironment
through monocyte and Natural Killer (NK) cell activa-
tion.[55]
Significance of Oxidative Stress in the Treatment and
Prognosis of Patients with Leukemia

Oxidative stress plays an important role in the process of
immune escape, proliferation, differentiation, anti-apo-
ptosis, and drug resistance of leukemic cells by regulating
the expression of many genes.[56,57] At present, the general
treatment for leukemia is chemotherapy, which aims to
attack the DNA replication process in malignant tumor
cells for achieving complete remission. However, the
theory of chemotherapy is based on the concept of “whole
cell-killing,”[23] which does not distinguish malignant and
non-malignant cells. So, it may lead to serious side effects
and complications, such as severe infection and bleeding,
and recurrent attacks may lead to refractory or chemo-
therapy-resistant diseases. In terms of treatment, some
leukemias such as myeloid leukemia are still facing
tremendous challenges, and the prognosis of some patients
treated with chemotherapy is usually very poor.[58] This
piece of clinical evidence clearly shows the limitations of
chemotherapy in leukemia, so it is necessary to explore
new effective treatment strategies of leukemia based on the
pathogenesis and important targeted molecules. Recent
studies show that ROS plays a vital role in the process of
leukemia. The oncogenes regulating the production of
ROS and the expression of antioxidant can affect the
apoptosis pathway and control the progression of
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leukemia.[59] The antioxidant mechanism is to balance out
the adverse effects of oxidation and reduce the inhibition of
the tumor cell cycle by reducing ROS.[7] As research
continues to identify and describe the biomarkers of
oxidative stress biology, it will be ultimately possible to
determine an individual’s susceptibility to oxidative stress
and the treatment’s impact on clinical outcomes and
symptom severity.[4] The oxidative stress biomarkers make
it possible to focus on the individualized treatment of
diseases.[60] In the near future, targeted oxidative stress
therapy combined with chemotherapy or other strategies
may become a kind of useful clinical treatment for various
blood diseases.[61,62] However, at the present stage, the
application of antioxidants in leukemia is still in the
clinical trail stage. More studies and clinical trials should
be carried out as soon as possible for antioxidants able to
become the new standard treatment strategies of leukemia
in the near future. The next part only reviews the existing
Figure 2: ROS-related treatments of patients with leukemia. Oxidative stress treatment of
antioxidants (including enzymatic and non-enzymatic antioxidants), targeted oxidative stress ther
or other strategies may be a promising treatment for leukemia. AMPK: 50 adenosine-monoph
potential; D-ROM: Derived active oxygen metabolites; GPx3: Glutathione peroxidase 3; HO-1: H
species.
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research results of antioxidants application in leukemia,
not to guide the treatment for leukemia patients. Major
types of combination treatment are shown in Figure 2. The
specific mechanisms of oxidation in leukemia are shown in
Figure 3.
Application of vitamin antioxidants in leukemia

Vitamin antioxidants have the functions of scavenging free
radicals and reducing DNA damage, further reducing
oxidative stress. It has been reported that vitamin D3 and
vitamin C have potential effects in improving the pharma-
cological effects of ATO. Vitamin D3 can enhance the
antitumor effect of ATO on HL-60 human acute myeloge-
nous leukemia cells. In the future, vitamin C/vitamin D3/
ATO combination therapy may become a kind of good
treatment strategy for patients with APL. Combination of
leukemia includes vitamin antioxidants, natural plant-derived antioxidants, endogenous
apy, induced autophagy therapy, etc. Antioxidant therapy in combination with chemotherapy
osphate (AMP)-activated protein kinase; ATO: Arsenic trioxide; BAP: Biological antioxidant
eme oxygenase-1; MDA: Malondialdehyde; PC: Phosphatidylcholine; ROS: Reactive oxygen
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Figure 3: The mechanism map to summarize the mechanism of ROS in leukemia. ROS plays an important role in the process of ER stress, mitochondrial dysfunction, inflammatory
response, autophagy, etc. BCL-2: B-cell lymphoma protein-2; ER: Endoplasmic reticulum; GSH: Glutathione; JAK: Janus kinase; Keap: Kelch-like ECH-associated protein; MAPK: Mitogen-
activated protein kinase; Nrf2: Nuclear factor, erythroid 2 like 2; ROS: Reactive oxygen species; SOD: Superoxide dismutase; STAT: Signal transducer and activator of transcription; UPR:
Unfolded protein response.
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vitamin C and other oxidative antioxidants such as vitamin
E can also effectively protect the body from the damage of
ROS and free radicals.Meanwhile, patients with CMLwho
received vitamin A combined with standard chemotherapy
can prolong clinical progression-free survival and overall
survival.[7] In a word, vitamin antioxidants combined with
traditional chemotherapy are expected to be a new
treatment strategy in leukemia.
Application of natural compound antioxidants in leukemia

Antioxidants extracted from natural ingredients and
biological products can neutralize free radicals produced
by cell metabolism and induce tumor cell apoptosis.
Natural compounds with the advantage of low toxicity can
be discovered as effective anticancer drugs for the
treatment of hematological malignancies, especially for
elderly and immunocompromised patients.[8] Recent
studies suggest that natural compound antioxidants, such
as Butterolide, Toona sinensis, gallic acid, curcumin,
resveratrol, cinnamaldehyde, and artesunate all reveal
their anti-leukemia effects, and therefore they are used in
cancer chemotherapy to reverse, inhibit, or prevent cancer
1903
progression.[2] For example, M. oleifera leaf extract can
significantly improve cell viability, having the best effect at
the concentration of 800 mg/mL.[29] Piperlongumine, a
kind of plant-derived compound existing in some piper
plants, is a kind of new potential antitumor drug.
Tetrandrine, a natural product isolated from a Chinese
plant Stephania tetrandra, can induce autophagy of
leukemia cells. Low dose of tetrandrine can inhibit cell
proliferation, but has no significant effect on cell viability;
while high dose of tetrandrine can significantly increase the
apoptosis of leukemia cells for the treatment of leukemia.
Tetrandrine, whether used alone or in combination with
other autophagy inhibitors, may be a therapeutic strategy
for leukemia, with the underlying molecular mechanism by
stimulation of ROS-dependent Notch1 and Akt signaling
pathway.[63] Certainly, more natural compound antiox-
idants are hopeful of applying in clinical treatment for
leukemia in the future.
Application of intracellular antioxidants in leukemia

Intracellular antioxidants are composed of various sub-
stances, including glutathione and heme oxygenase-1
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(HO-1). Glutathione is an important antioxidant that can
improve the symptoms of adult cancer patients.[64] HO-1,
a cytoprotective protein in the heme oxygenase (HO)
family, potentially plays a key role in oxidative stress and
inhibits apoptosis of AML cells by activating the JNK/c-
Jun signaling pathway.[5]HO-1 gene can be transcribed by
Nrf2, usually occurring after oxidative stress and cell
injury. HO-1 can reduce oxidative stress and inflamma-
tion, protect cells from apoptosis, and alter cell cycle, thus
improving the prognosis of patients with leukemia.[65] In
addition, the glucose pathway has the potential of targeted
therapy for leukemia. The potential of regulating the target
pathway of ROS and investigating new drugs with higher
specificity can facilitate treating leukemia associated with
activated ABL. The glucose pathway has significant effects
on cell growth, viability, tyrosine phosphorylation, and
intracellular ROS. Since the enhancement of glucose
metabolism is a common feature of active hematopoietic
cells, the therapeutic effect can be enhanced by combining
intracellular antioxidants with standard therapy (such as
imatinib mesylate).[66]

Some enzymes are also associated with oxidative stress,
participating in the treatment and prognosis of leukemia.
50 adenosine-monophosphate (AMP)-activated protein
kinase (AMPK), a metabolic checkpoint kinase, confers
metabolic stress resistance to leukemia-initiating cells and
promotes the development of leukemia. Targeting AMPK
can inhibit myeloid leukemia by interfering with glucose
metabolism and reveal the different metabolic needs of
leukemia residing in the bone marrow and the spleen.[67]

The expression of glutathione peroxidase 3 (GPx3), a
scavenger of ROS, is positively correlated with the
frequency of LSCs. Compared with leukemia with low
LSC frequency, leukemia with high LSC frequency
expresses high levels of GPx3 and low levels of ROS. In
human primary AML samples, the expression level of
GPx3 is directly related to poor prognosis, revealing
potential targets for LSC eradication.[68]

Therapeutic drugs based on oxidative stress for treatment
of leukemia

The main target of leukemia drugs is a small number of
mitochondria within HSCs. Disturbance and attenuation of
respiratory function further enhance the initial pro-oxidative
state of cells and can easily lead to serious oxidative stress
status, creating the necessary conditions for the induction of
leukemia. Respiratory function degradation is thought to be
the leading cause of the changes of oxidative stress-related
genes in cells and the development of diseases. ROS, reactive
nitrogen species (RNS), and peroxides, acting as signaling
molecules, can significantly influence the expressionof redox-
sensitive transcription factors, enzymes, oncogenes, and
other effectors. Furthermore, it can influence the process and
direction of proliferation, differentiation, and apoptosis of
leukemia cells, leading to leukemia occurrence.[57]

ATO, a pro-oxidant leukemia drug, is the first choice for
the treatment of newly diagnosed and relapsed APL,[27]

which has attracted extensive attention over the past
decades for its remarkable therapeutic efficacy on APL.
ATO has an excellent inhibitory effect on signal
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transduction pathways and transcription factors in APL
cells.[69] It exerts cytotoxic effects by increasing oxidative
stress and inhibiting the normal functions of the glutathi-
one/glutathione system.[20] ATO may also suppress APL
by inhibiting thioredoxin, inducing ROS production, or
activating NOX.[70] However, ATO resistance remains a
significant obstacle for treating APL. Recent studies have
shown that the PI3K pathway is involved in ATO
resistance, so the effect of PI3K inhibitors on reversing
ATO resistance has been explored. Among the selective
PI3K small molecule inhibitors, PAN-PI3K inhibitors have
shown a wide range of anticancer activities in many kinds
of tumors with a range of molecular changes. Some
approaches, such as JAK2/STAT3, can reduce the
antitumor activity of ATO by reducing the content of
ROS and then protect cells from apoptosis. The combina-
tion of ATO and ruxolitinib (a JAK2 inhibitor) can reduce
the metabolic activity, proliferation, and survival rate of
AML cells. Due to the increase of ROS and the decrease of
glutathione (GSH), the cell cycle of AML cells is arrested in
G1/S cells. It follows that the synergistic antitumor effect of
ATO and ruxolitinib in AML cells is mediated by the
increase of ROS and DNA damage. Besides, targeting
catalase, a new CML treatment method, may significantly
improve the effectiveness of ATO in the treatment of
CML.[65] In conclusion, the combination therapy of AML
is more effective than the single targeted therapy,
contributing to the treatment of AML patients.[36]

There are still some oxidative stress-related drugs using in
clinical practice. Another kind of drug, isothiocyanate,
works by depleting the glutathione pool, effectively killing
fludarabine-resistant CLL cells and imatinib-resistant
CML cells, without attacking healthy hematopoietic
cells.[7] Cytarabine is an important antimetabolite for
the treatment of acute leukemia. It can activate some tumor
suppressor genes, such as NF-kB and p53 by increasing the
production of ROS, leading to apoptosis of leukemic
cells.[5] Piprartin can inhibit the proliferation and survival
of different kinds of leukemia cells. It can inhibit the
proliferation of B-cell acute lymphocytic leukemia cells
without affecting normal B-cells, which is achieved by
increasing ROS-induced apoptosis.[71] Flavonoids, com-
posed of some chemical subunits, are a class of widely
distributed phytochromes. Acacetin (5,7-dihydroxy-40-
methoxy flavone) is a kind of flavonoid with anti-
inflammatory, anti-peroxidation, anti-plasmodium, anti-
mutation, and anti-cancer effects. Acacetin has also been
shown to play an anti-proliferative role in CLL by inducing
cell apoptosis and preventing cell cycle progression. It can
selectively kill B lymphocytes in CLL by targeting the
formation of cancerous mitochondria and ROS, thus
having a good therapeutic effect on CLL.[5] Certainly,
more therapeutic drugs based on oxidative stress for the
treatment of leukemia are waiting to study.
Targeted to ROS level therapy

ROS is a double-edged sword in the treatment of tumors.
Low levels of ROS can promote the growth of tumor cells.
Whereas high levels of ROS can not only cause tumor cell
death but also cause oxidative damage to organelles,
proteins, and DNA, resulting in genomic instability and
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abnormal cell functions.[28] Therefore, it has become a
major task to monitor the concentration of ROS in
chemotherapy for controlling the dose of chemotherapeu-
tic drugs, so that the best antitumor effect can be achieved
at a certain intracellular ROS concentration. Some
laboratory tests have developed suitable tools for rapidly
measuring oxidative stress assessment of blood, especially
by these two kinds of photometric analysis: derived active
oxygen metabolites (D-ROM) test and biological antioxi-
dant potential (BAP) test. These two kinds of analysis tools
have been proved with significant predictive value, and
they have been routinely used to measure oxidative stress
and evaluate its role in the pathogenesis of leukemia.[1]

Certainly, the appearance of some new markers of
oxidative stress damage benefit patients with leukemia.
It is worth mentioning that new markers such as
glutathione hemoglobin are highly sensitive and specific,
and can provide early warning signals of oxidative
damage. It can ameliorate or delay the development of
oxidative stress state so as to prevent cancers. Malondial-
dehyde (MDA) and phosphatidylcholine (PC) levels are
used as biomarkers for assessing oxidative stress in patients
with cancer and certain hematological malignancies, for
the levels of MDA and PC in plasma are stable and easy to
measure. The elevation of their levels may suggest cancer
progression. Therefore, ROS indicators, such as glutathi-
one, MDA, and PC, may be regarded as biomarkers of
oxidative stress and disease progression in leukemia
patients.[42]
The treatment scheme of regulating cell ROS and autophagy

The balance between ROS and autophagy plays an
essential role in maintaining cell homeostasis and in the
occurrence and development of leukemia.[58] Autophagy, a
common cellular activity which is related to cell prolifera-
tion and differentiation, has two sides in tumor cells. On
one hand, autophagy may have a protective effect in the
early stages of cancer development. It can remove protein
aggregates and damaged organelles, reduce oxidative
stress and local inflammation, and maintain chromosome
instability, thus inhibiting tumor development.[21] On the
other hand, autophagy can improve the tolerance of tumor
cells to stress in adverse environments and maintain tumor
cell survival, thus promoting tumor development. Nowa-
days, many kinds of chemotherapy drugs applied in the
clinical treatment of leukemia can induce leukemic cells
autophagy and promote programmed death of leukemic
cells by increasing the production of ROS. Specifically, the
elevation of ROS levels induces autophagy through
various signaling pathways, which in turn reduces ROS-
induced damage of cells and tissues. ROS and autophagy
can coordinate with each other to maintain intracellular
homeostasis in leukemia.

To sum up, these results deepen the researcher’s
understanding of promising treatments related to oxidative
stress in the field of leukemia.[72-74] Perhaps, within a few
years, direct intervention with oxidative stress mediators
or their molecular targets will be better understood, either
alone or in combination with other drugs. It will be
effective in the clinical treatment of various hematological
diseases and benefit leukemia patients in the future.
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However, there are still some limitations of antioxidants to
become a real part of the treatment of leukemia. At present,
the study and clinical trials of them in the clinical practice
are still in the primary stage. Large-scale multicenter trials
of different kinds of antioxidants compared with the
traditional treatment in different types of leukemia should
be carried out to screen out the effective antioxidant
application for every type of leukemia. Expanded samples
in the clinical may contribute to a more realistic result,
guiding clinical application in the future. Certainly, it is
better to compare the effectiveness of different kinds of
antioxidants in the same type of leukemia, aiming to
establish a kind of new treatment strategy for leukemia
patients.
Conclusion

Recent studies have shown that oxidative stress caused by the
imbalancebetween thegenerationof free radicals/ROSand the
antioxidant defense systems can activate various transcription
factors, further affecting their transcriptional pathways.
Oxidative stress plays an important role in the occurrence,
development, treatment, and prognosis of leukemia. At
present, the standard chemotherapy strategies for the pre-
treatment of leukemia still havemany limitations. Hence, new
treatment strategies of using antioxidants and oxidants in the
treatment of leukemia still need to be explored and have been
preliminarilyapplied in clinicalpractice.Thearticle reviews the
latest research progress of oxidative stress in leukemia. In
addition, non-invasive treatment with combined oxidative
stress is proposed as well. However, the specificmechanism of
oxidative stress in the pathogenesis and development of
leukemia is still not fully understood. The value of antioxidant
therapy in leukemia lacks reliablemulticenter clinical trials and
prospective studies, whichmay be the focus of future research.
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