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Abstract In the past decades, the involvement of reactive oxygen species (ROS) in health and 

disease has been intensely studied. Apart from their antimicrobial role in phagocytosis, ROS 

are also involved in a multitude of cellular processes, such as cell cycle progression, cellular 

motility or amplification of signaling factors. Many diseases are characterized by an 

overproduction of ROS or by deficient antioxidant systems, thus leading to oxidative  

stress (OxS) onset. 

The involvement of OxS in several types of solid cancers (prostate cancer, breast cancer, 

colorectal cancer and melanoma) and hematological malignancies (acute lymphoblastic 

leukemia, myelodysplastic syndromes, acute and chronic myeloid leukemia) has been 

proved. Recent studies have hypothesized that ROS derived from tumors can promote cell 

survival, migration, metastasis, proliferation and even drug-resistance according to the origin 

of the cancer. However, the involvement of OxS in carcinogenesis is far from being 

completely understood. 
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Sources of ROS in normal hematopoietic 

cells 

ROS are a heterogeneous group of large reactivity 

spectrum molecules and free radicals derived from 

diatomic oxygen. In physiological systems, the formation 

of ROS starts with the univalent reduction of oxygen to 

produce superoxide radicals. ROS co-location at nitric 

oxide sites (NO •) can lead to the formation of a distinctive 

family of pro-oxidant molecules known as reactive nitrogen 

species (TRUONG & al [1]).  

 Mitochondrial ROS 

The mitochondrial electron transport chain is a system 

of redox-coupled proteins in the inner mitochondrial 

membrane. At this point, high-level energy electrons 

donated by nicotinamide adenine dinucleotide (NAD) are 

used to form adenosine 5 triphosphate (ATP). The proximal 

enzyme in the electron transport chain is NADH dehy-

drogenase (complex I). This complex accepts high-level 

energy donated by NADH and is the most common ROS 

formation site in mitochondria (SHADEL & al [2]).  

 NADPH oxidases 

NADPH oxidases (NOX) are a group of proteins 

which catalyze the univalent reduction of O2 to superoxide 

using NADPH as electron donor (MANEA & al [3]). 

The first discovered member of this complex was NOX2. 

NOX2 has a major role in destroying pathogens in mature 

phagocytes. Afterwards, based on the observation that 

certain non-phagocytic cells can produce significant 

quantities of superoxide in spite of a deficit of NOX2, other 

seven members of the NOX group were discovered, i.e. 

NOX1-5 and double oxidase (DUOX) 1 and 2 (LAMBETH 

& al [4]). It seems that several members of the NOX 

complex and their regulatory proteins are synthesized and 

function in the cell membrane of the CD34+ hematopoietic 

progenitor cells (HOLE & al [5]). 
 

ROS involvement in cellular signaling  

Several metabolic pathways are associated with ROS 

production, including polyamine metabolism, cytochrome 

P450 activity, and xanthine oxidase activity. It has been 

proven that the metabolism of arachidonic acid plays an 

important role in murine hematopoietic stem cells. It is also 

involved in the production of a significant quantity of 

intracellular ROS (KINDER & al [6]).  

Superoxide is mainly generated in hematopoietic 

cells. Its overproduction leads to the production of 

highly aggressive molecules, especially hydroxyl radicals 

that exhibit destructive effects on cells. Hydroxyl radicals 

can determine interchain breaks of the DNA or can  

react with guanine residues, thus forming 8-oxoguanine 

(SHOKOLENKO & al [7]). The markers of lipid 

peroxidation are isoprostanes and malonyl dialdehyde. 

Also, carbonylated proteins are used to measure oxida-

tive damage of proteins in hematological malignancies 

(MARROCCO & al [8]). 

If ROS are overproduced, more antioxidant enzymes 

are synthesized by almost all human cells (KURUTAS & 

al [9]) and, also plant cells (STEF & al [10]), in order to 

neutralize ROS and to operate in the key-points of ROS 

production networks. Superoxide dismutase (SOD) is the 

main enzyme responsible for eliminating ROS before it 

can partake in the synthesis of other ROS. It constitutes  

an important defense line against oxidative stress, being 

synthesized in the cytosol mitochondria, as well as in the 

extracellular space (LEI & al [11]). 

There are known several mechanisms that regulate 

H2O2 levels in eukaryote cells. The most frequent elements 

involved are catalase, glutathione and the peroxiredoxin 

system (ANU & al [12]). 

In appropriate quantities, ROS have positive effects 

on cell functions, acting as signaling molecules. Exogenous 

superoxide and H2O2 aid cell proliferation, e.g. multi-

plication of human fibroblasts or proliferation of amniotic 

cells (IKEBUCHI & al [13]). Moreover, G-CSF (granulo-

cyte colony stimulating factor) facilitates ROS production 

and cell cycle progression, whereas its blockade through 

ROS production suppresses proliferation and viability 

(ZHU & al [14]). H2O2 might act as a secondary messenger, 

since it is involved in multiple processes such as: cell 

transformation, senescence, apoptosis, and extracellular 

matrix remodeling (SIES [15]). 
 

ROS and normal hematopoiesis 

ROS role in normal hematopoiesis is still debatable. 

Several studies on murine models and human hemato-

poietic cells suggest that ROS are necessary for primitive 

hematopoietic cells (ABDOUH & al [16]). A recent 

hypothesis suggests that, in order to maintain CSH pools, 

the viral oncogene of the v-Akt murine thymoma uses the 

forkhead box-O (FOXO) transcription factors family as 

signaling molecules (YALCIN & al [17]). It has also been 

proved that both normal human CD34+ cells and leukemia 

cells deficient for the BMI1 protein family exhibit long-

term decreased replicative capacity, inferring that BMI1 

plays a role in the self-renewal of CSH and progenitor 

cells (ABDOUH & al [16]). It is relevant that the loss of 

self-renewal ability co-occurred with a reduced synthesis  

of FOXO3A and high intracellular ROS levels, while 

antioxidant treatment determined a partially reversible 

effect (JOSHI & al [18]). 

A similar effect was observed in Atm-deficient 

mice that rapidly developed bone marrow deficiency via 

increased ROS levels and decreased viability of CSH and 

progenitor cells populations. The conditioned removal of 

all FOXO isoforms in mice resulted in quick bone marrow 

failure by means of CSH depletion (accelerated apoptosis 

and ROS increase). Antioxidant treatment was sufficient to 

alleviate this phenotype, which suggests that increased 

ROS levels were important factors in the loss of the self-

renewal ability (TOTHOVA & al [19]). These studies 

imply that the overproduction or the excessive decrease of 

ROS levels lead to malfunctioning CSH. This sensitivity of 

CSH to increased levels of ROS may partially explain the 

observation that CSH aggregates tend to be located in the 

least hypoxic areas of the bone marrow (SUDA & al [20]).  
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Other CSH functions are influenced by ROS levels, 
for example the ROS-dependent synthesis of the vascular 
adhesion protein-1 in the endothelial cells of the bone 
marrow. This is necessary for the initial stages of bone 
marrow niche development and in bone marrow trans-
plantation (LEWANDOWSKI & al [21]). ROS may be 
necessary for the migration of hematopoietic progenitor 
cells. Murine bone marrow cells deficient for NOX2 
responded by chemotaxis, invasion and re-organization of 
actines to the interaction with the stromal cell-derived 
factor 1. This phenotype was associated with a reduced 
activity of Akt phosphorylation (USHIO & al [22]), while 
the treatment with antioxidants suppressed the response of 
these cells in mice treated with G-CSF (GOLAN & al [23]). 
 

ROS production and the consequences of 

OxS in myeloid disease 

In chronic myeloid leukemia (CML), the expression 
of the BCR-ABL gene seems to induce ROS production in 
hematopoietic cells (KIM & al [24]), while ROS are vital 
for the transformation induced by the BCR-ABL gene 
synthesis (RODRIGUES & al [25]).  

In patients with CML, an increased level of OxS was 
observed (quantified by means of oxidative stress markers 
such as malondialdehyde and carbonyl proteins) in 
comparison with healthy controls. OxS levels increased and 
the plasma antioxidants decreased as the disease evolved. 
Although the origin of ROS in patients with CML is still 
uncertain, nowadays it is considered that the source is 
represented by NOX4 activity and by the mitochondrial 
production (IRWIN & al [26]). Regarding ROS and OxS 
involvement in acute myeloid leukemia (AML), increased 
levels of ROS and oxidative lesions of the DNA were found 
in a murine model of AML induced by a mutant expression 
of N-Ras and Bcl-2 genes (RASOOL & al [27]). In human 
subjects, however, ROS production in AML patients was 
significantly increased vs. controls (ER & al [28]).  

A series of oncogenes like KRAS, cMYC, BCR/ABL, 
NRF2 and NF-kB can alter the RedOx balance in malignant 
cells, including leukemic cells (AMINA & al [29]).  
In metabolic disorders, it seems that isocitrate dehydro-
genase mutations (IDH1 or IDH2), frequent in AML, 
fostering the conversion of isocitrate to 2-hydroxyglutarate 
instead of alpha-ketoglutarate (WARD & al [30]), generate 
an intracellular ROS increase.  

OxS is also involved in the pathogenesis of chronic 
lymphocytic leukemia (CLL). In initial stages, an increase 
of ROS levels and a decrease of the antioxidant capacity 
were seen. Administration of antioxidants in these stages, 
through immune status improvement, seems to reduce the 
risk for infectious complications (GĂMAN & al [31] [32]). 

The consequences of the increased levels of ROS in 
myeloid leukemia may be classified into two major 
categories – the non-specific oxidation effects of biomole-
cules and specific effects resulted from the hyperactivation 
of ROS-dependent signaling pathways (UDENSI & al 
[33]). Non-specific oxidative deterioration appears when 
increased levels of ROS persist and the antioxidant defense 
of the cell is surpassed. These conditions lead to lipid 
peroxidation, intracellular increase of pH, and DNA 

damage either by means of direct chemical reactions or 
activation of carcinogens. This environment is highly 
susceptible to oncogenesis and it helps the selection of 
clones able to survive and grow. It has been proved that 
such a situation may lead to disease progression in AML; 
patients with the duplication tandem of FMS-like tyrosine 
kinase 3 (Flt3-ITD) show an increased production of 
ROS and an increased number of double-stranded DNA 
lesions. This can partially explain the bad prognosis of 
patients with Flt3-ITD mutations (STANICKA & al [34]; 
SALLMYR & al [35]).  

In normal circumstances, most cells react to potential 

genotoxic stress by induction of cell cycle arrest and/or 

apoptosis in order to maintain genomic stability. This 

reaction is mediated by signaling pathways following 

stress activated protein kinases (SAPK); for example,  

c-Jun N-terminal kinase (JNK) and p38MAPK become 

phosphorylated as a result of genotoxic stress, and 

subsequently enable cell cycle arrest via members of the 

protein family INK4 and TP53. ROS such as H2O2 

generated by malignant cells can offer a proliferative 

advantage to the malignant population, but they can also 

diffuse freely into neighbour cells, blocking their normal 

proliferation through a paracrine mechanism. If such an 

environment persists in the bone marrow, the H2O2 excess 

generated by malignant cells could disturb normal 

hematopoiesis. This aspect is supported by proofs 

according to which cells within the non-malignant 

population from patients with myeloid leukemia show 

signs of OxS (COBBAUT & al [36]).  

Increased ROS may have effects in myeloid 

malignancies through the abnormal change of signaling in 

ROS-dependent pathways, especially the pro-proliferation 

and/or pro-survival ones. In CML, the pro-proliferation 

expression of the Fyn molecule seems to depend on ROS 

induced by BCR-ABL (GAO & al [37]). In studies 

regarding AML, it has been proved that the expression  

of the fusion protein RUNX1-ETO in Drosophila 

melanogaster helps the proliferation of primitive hemato-

poietic cells in a ROS-dependent manner (SINENKO & al 

[38]). Studies that have assessed the effect of IL-3 in the 

M07e human leukemia cell line showed that the pro-

proliferative effect of this cytokine was mediated by the 

production of ROS through NOX2 activity. The survival 

advantage given by IL-3 was suppressed by NOX inhibi-

tors or by the specific reduction of NOX2 expression 

(MARALDI & al [39]).  
OxS is involved in the onset of cognitive deficiencies 

in patients with cancer treated with doxorubicin, metho-
trexate and cyclophosphamide, alongside other risk factors. 
Chemotherapy generates ROS in these patients' plasma, 
enabling the oxidation of apolipoprotein A1 (ApoA1). This 
enhances the synthesis of TNF-alpha which penetrates the 
blood-brain barrier, enabling apoptosis and neuronal death 
(GĂMAN & al [40]). A study carried out on children with 
ALL treated with specific chemotherapy revealed an 
association between the cognitive dysfunction generated  
by chemotherapy-induced OxS and the polymorphisms of 
3 OxS genes (NOS 53894T, SLCO2A1 and GSTP1) 
(COLE & al [41]). 
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Figure 1. OxS in normal hematopoietic cell vs. malignant hematopoietic cell. 

 

 

In normal haematopoietic cells, under the conditions 

of a balance between ROS and TAC, OxS is involved  

in multiple processes such as: cell transformation, cell 

migration, extracellular matrix remodeling, apoptosis, and 

senescence. It appears that FOXO transcription factors 

family and BMI1 protein family provide self-renewal of 

CSH and progenitor cells under a redox equilibrium. Also, 

synthesis of VCAM 1 in the endothelial cells of the BM is 

dependent on the level of ROS. In malignant hematopoietic 

cells, an increased level of OxS was observed (increased 

ROS production and decreased TAC). In CML, expression 

of the BCR-ABL gene appears to induce ROS production 

in malignant cells, while ROS are vital for the transfor-

mation induced by the BCR-ABL gene synthesis. OxS 

leads to lipid peroxidation, intracellular growth of pH and 

DNA damage, this environment being highly susceptible to 

oncogenesis and providing the selection of clones able to 

survive and grow. In normal circumstances, most cells react 

to genotoxic stress via cell cycle arrest in order to maintain 

genomic stability. This reaction is mediated by signaling 

pathways following SAPK; for example, JNK and 

p38MAPK become phosphorylated and enable cell cycle 

arrest. This pathway is blocked under the conditions of 

excessive OxS. In myeloid malignancies, increased ROS 

levels lead to extreme activation of pro-proliferation  

and / or pro-survival signaling pathways. In CML, the 

pro-proliferation expression of the Fyn molecule seems  

to depend on ROS induced by BCR-ABL. (ROS – reactive 

oxygen species, TAC – total antioxidant capacity,  

OxS - oxidative stress, VCAM 1 – vascular cell adhesion 

molecule 1, BM – bone marrow, CML – chronic myeloid 

leukemia, SAPK – stress-activated protein kinases).  

 

The involvement of oxidative stress in 

CML pathogenesis and in the therapy with 

tyrosine kinase inhibitors 

Genomic instability is one of the characteristic 

features of cancer (DIACONU & al [42]). It may also  

be responsible for the accumulation of mutations that 

generates malignant characteristics of the tumor cells, as 

well as the response to the specific therapy. The mecha-

nisms and consequences of genomic instability may be 

significantly different in cancer stem cells (CSC) and  

in cancer progenitor cells (CPC). Genetic abnormalities  

in CSC may have no consequences if they occur in 

hibernating CSC. If CSC start dividing or the abnormalities 

induce proliferation or when genetic abnormalities occur in 

circulating CSC, they can generate resistance to therapy 

and/or the production of more malignant clones. 

For decades, CML emerged as the very paradigm for 

understanding the multistep process of carcinogenesis, 

involving CSC and CPC that are responsible for the 

initiation and maintenance of the disease (MELO & al 

[43]). CML is initiated by a BCR-ABL tyrosine kinase that 

transforms hematopoietic stem cells (CSH) in leukemic 

stem cells (LSC), inducing the development of chronic 

stage CML. The symptomatology is explained by the 

uncontrolled spread of leukemic progenitor cells (LPC). 

Tyrosine kinase inhibitors (TKIs) such as imatinib, 

dasatinib and nilotinib, frequently lead to complete 

cytogenetic responses or major molecular responses, but 

LSC are intrinsically insensitive to TKIs despite the 

inhibition of the BCR-ABL1 kinase (CORBIN & al [44]). 

Cells in chronic stage CML may acquire epigenetic 

changes that provide resistance to TKIs and lead to blastic 
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transformation (PEROTTI & al [45]). Genomic instability 

is one of the distinctive features in a malignantly trans-

formed cell and it provides the basis for BCR-ABL1 

mutation development as a long-term effect of TKIs. The 

endogenous production of ROS is another mechanism of 

DNA damage. Leukemic cells that express BCR-ABL1 

kinase and other oncogenic tyrosine kinases (TEL-ABL1, 

TEL-JAK2, TEL-PDGFaR, JAK2V617F and FLT3-ITD) 

accumulate ROS and secondary products formed by the 

oxidation of DNA constituents, resulting in genomic 

instability (NOWICKI & al [46]). It important to establish 

whether this process starts in the LSC or LPC and to 

determine the molecular mechanisms involved. 

The activity of the BCR-ABL1 oncoprotein was 

linked to the production of ROS in a convincing manner. 

The BCR-ABL1 induced by ROS, combined with the 

reduced capacity to repair the DNA (mainly through 

RAD51 downregulation), seems to promote genomic 

instability and, in the end, the “auto-mutagenesis” process. 

Thus, the development of TKIs resistance becomes 

possible (KOPTYRA & al [47]). 

Beside the expression of BCR-ABL1, the strong 

activation of the transcription factor Stat5 is considered  

a distinctive signaling mechanism in CML cells. The 

importance of Stat5 in CML pathogenesis is marked out  

by the fact that Stat5 synthesis increases with disease 

progression and that the high levels of Stat5 significantly 

reduce the sensitivity to imatinib. A significant correlation 

between the level of Stat 5 synthesis and the frequency of 

BCR-ABL1 mutations in patients with CML was proved. 

Stat5 initiates the production of ROS and thus induces 

DNA damage. Simultaneously, Stat5 allows the cells to 

survive and induces the development of BCR-ABL1 

mutations through the positive regulation of anti-apoptotic 

genes (WARSCH & al [48]). 

It has also been discovered that the “most primitive” 

LSC in chronic stage CML, including dormant cells and 

LPC, contain high levels of ROS and DNA damage 

compared to their healthy counterparts (NIEBOROWSKA 

& al [49]). Hence, it has been considered that the genomic 

instability initiated by ROS in chronic stage CML may even 

start in the LSC and continue in the LPC. This aspect is 

sustained by the observations regarding the BCR-ABL1 

kinase mutations that cause resistance to TKIs, which were 

identified in the CD34+ CD38- and CD34+ CD38+ chronic 

stage CML cells (SOREL & al [50]). Leukemic cells can 

tolerate DNA damage due to their antiapoptotic protection 

and/or by modulating the response to BCR-ABL1-

mediated DNA damage (SKORSKI [51]).   

Genomic instability in LSC and LPC resistant to TKIs 

is a major concern because these cells are not eliminated 

through TKIs therapy. Patients with chronic stage CML had 

5 x 107 CD34+ cells with innate resistance to imatinib  

at the time of diagnosis. Even patients with complete 

cytogenetic or major molecular response, i.e. BCR-ABL1- 

through PCR after treatment with imatinib, may have BCR-

ABL1+ cells in the CD34+ CD38- compartment. Most of 

them belong to the TKIs-resistant and/or TKI - refractory 

LSC population. Genomic instability may be potentiated  

in these cells, mainly in patients treated with TKIs  

(CHU & al [52]). 

Idle state LSC seem to have higher levels of ROS and 

oxidized DNA than the population of proliferative cells, 

mainly consisting in LPC. Nevertheless, the accumulation 

of damaged DNA induced by ROS in LPC, mostly in 

cells that contain TKIs resistance mutations, should not 

be underestimated. Genomic instability combined with 

epigenetic changes can lead to the transformation into a 

more aggressive clone, as it was reported in blastic stage 

CML (JAMIESON & al [53]).  

MRC-cIII is considered the main ROS source, causing 

oxidative damage of the DNA in LSC and LPC 

(NIEBOROWSKA & al [49]). This effect probably derives 

from an altered electron transfer between the MRC I-III and 

II-III complexes which enables electron flows and ROS 

production (HAN & al [54]). The continuous increase in 

ROS levels may depolarize the mitochondrial membrane, 

leading to the production/release of the pro-apoptotic  

c-cytochrome. Leukemic cells can compensate the deficit 

of mitochondrial ATP by increasing glucose absorption and 

enhancing aerobic glycolysis, while the pro-apoptotic  

c-cytochrome can be counteracted by the antiapoptotic 

activity of BCR-ABL1 (BARNES & al [55]). 

PI3K seems to enable the production of ROS in BCR-

ABL1+ leukemic cells (KIM & al [56]). Rac was found not 

only to interact with p210 BCR-ABL1, but also to create  

a positive feedback loop with PI3K (HARNOIS & al [57]), 

having a major role in producing ROS in CML. Specifically, 

a Rac2-GTP-dependent mechanism changes the electron 

flow through MRC, resulting in an overproduction of O2 

via MRC-cIII, which consequently leads to DNA damage 

and genomic instability in LSC and LPC. Moreover, cells 

from chronic stage CML, i.e. CD34+CD38-, can spread in 

the presence of imatinib and acquire mutations of the BCR-

ABL1 kinase which can lead to resistance to TKIs and 

additional chromosome abnormalities (JIANG & al [58]). 

Consequently, the Rac2-MRC-cIII pathway can enable 

ROS-induced DNA oxidation and genomic instability not 

only in LSC treated with imatinib and/or in LPC that 

contain mutant BCR-ABL1 resistant to TKIs, but also in 

LSC and/or LPC that show a significant inhibition of 

BCR-ABL1 kinase (CORBIN & al [59]).  

Another mechanism of resistance development to 

TKIs therapy in CML proven in various studies, but still 

not sufficiently approached, is the BCR-ABL-independent 

mechanism, linked to an increase in OxS levels 

(MITCHELL & al [60]). 
 

New perspectives in the treatment of CML 

Large scale studies proved that ROS were vital for the 

normal functioning of cells; likewise, they proved that a 

high level of OxS might lead to important cell changes that 

generate cell lesions, malignant transformation, apoptosis 

etc. It is certain that the limit between the physiological 

level of OxS and the pathological one is yet unknown, and 

for this very reason future research endeavors are needed. 

Taking into consideration the challenges encountered 

in the management of this disease, CML remains a research 
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topic of great importance in the field of hematology and 

pathophysiology.  New therapeutic strategies which should 

target exclusively malignant cells, are necessary for this 

challenging clinical entity in which drug efficiency seems 

to fade due to the development of TKIs resistance. 

Up to the present moment, the antioxidant and pro-

oxidant actions of various standard therapies against 

leukemia are known, but it remains an important challenge 

the way in which the RedOx state of cells is influenced 

during treatment. Also, it is important to prove whether 

certain additional therapies based on OxS modulation 

are efficient to prevent genomic instability and disease 

progression.   

Furthermore, the effects of several chemotherapeutic 

agents are known to be totally or partially based on 

oxidation-dependent mechanisms. It would be interesting 

to unravel whether the efficiency of such agents depends  

on the basal ROS production in malignant cells population 

or on exogenous sources of ROS. 
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