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Modulation of oxidative stress/antioxidative defence in 
human serum treated by four different tyrosine kinase 
inhibitors
Marija Mihajlovica, Branka Ivkovicb, Biljana Jancic-Stojanovicc,  
Aleksandra Zeljkovica, Vesna Spasojevic-Kalimanovskaa,  
Jelena Kotur-Stevuljevica and Dragana Vujanovicd   

Recent findings implied the significance of reactive oxygen 
species (ROS) as a part of tyrosine kinase inhibitors (TKIs) 
pharmacological activity. Evidences also suggested that 
toxic effects of TKIs were related to ROS production. The 
results regarding benefits of vitamin E usage alongside 
with prescribed TKIs therapy are ambiguous. We aimed 
to examine oxidative stress and antioxidative defense in 
human serum treated with four different TKIs and their 
possible interactions with hydrosoluble vitamin E analog 
(Trolox). An in-vitro experiment with serum pool as a 
substitute model was performed. Different parameters 
of oxidative stress and antioxidative defense were 
measured in serum pool with and without addition of 
TKIs (axitinib, crizotinib, nilotinib, and imatinib), before 
and after addition of Trolox. Z score statistic was used 
for calculation of Prooxidative and Antioxidative scores. 
The highest oxidative potential was recorded for samples 
incubated with imatinib and nilotinib, while the lowest 
damaging scores were observed for crizotinib and axitinib 
(nilotinib vs. imatinib, P < 0.05; axitinib vs. imatinib, P < 0.01; 
crizotinib vs. imatinib, P < 0.001). The best capability for 
antioxidative protection was seen in samples with nilotinib, 

then with imatinib, while the lowest level was obtained in 
samples with crizotinib and axitinib (imatinib and axitinib 
vs. nilotinib, P < 0.05 for both; crizotinib vs. nilotinib, 
P < 0.01; axitinib vs. imatinib, P < 0.05, crizotinib vs. 
imatinib, P < 0.01). Our results demonstrated the opposite 
effects of Trolox in combination with imatinib and nilotinib. 
Usage of antioxidant in combination with TKIs should 
be carefully evaluated in each specific case. Anti-Cancer 
Drugs XXX: 000–000 Copyright © 2020 Wolters Kluwer 
Health, Inc. All rights reserved.
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Introduction
It has been demonstrated that carcinogenesis and metas-
tasis development are directly dependent on functioning 
of delicate system of protein tyrosine kinases (PTKs) and 
protein tyrosine phosphatases (PTPs) [1,2]. Studies have 
shown that changes of extracellular signaling, induced 
by different autocrine and paracrine mediators, DNA 
mutations, or genetic reciprocal translocation can lead to 
altered functioning of PTKs and thus affect constitutive 
signal transduction that underlies etiopathogenesis of 
different cancers [3]. Additionally, PTKs were stressed 
out as a major group of oncogenes responsible for the 
development of various malignant disorders [2]. Tyrosine 
kinase inhibitors (TKIs) act by competing ATP associa-
tion to tyrosine kinase catalytic site, thus disabling trans-
fer of γ-terminal phosphate group to targeted proteins 
and consequently inhibiting phosphorylation of many 
signaling molecules [4]. As a result, TKIs can stop vital 
processes in tumor cells through termination of signaling 
pathways [4]. Studies have shown that TKIs can interfere 

with cell cycle regulation, cellular division, proliferation, 
and differentiation [2]. Because PTKs have an important 
role in vasculogenesis and angiogenesis, the use of TKIs 
leads to the reduction of tumor mass, thereby reduc-
ing the possibility of malignant cells dissemination and 
development of metastases [4].

TKIs represent a highly effective group of medicines 
with beneficial effects in treatment of several aggres-
sive types of leukemia. Based on the US Food and Drug 
Administration approval report from 2013, TKIs have 
multiple targets and can be used in treatment of various 
cancers [5]. For example, axitinib, one of the TKIs repre-
sentatives, is an inhibitor of vascular endothelial growth 
factor’s receptor [5]. Due to its size, axitinib is capable to 
fit in the kinase domain and thereby to cause inhibition of 
signal transduction pathways, such as vascular endothe-
lial growth factor/vascular endothelial growth factor’s 
receptor (VEGF/VEGFR) 2 and 3, with consequent 
reduction of several important enzymes phosphorylation 
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[5,6]. Studies on renal cancer showed that hereditary 
background can significantly enhance the formation of 
hypoxia-inducible factor (HIF)-1α/ HIF-β complexes, 
which aggravate the disease by inducing transcription of 
different growth factors, predominantly VEGF and plate-
let-derived growth factor (PDGF) [6]. Therefore, axitinib 
is known as a therapy for advanced renal cell carcinoma, 
which is mostly used when the first line of systemic ther-
apy fails [5].

While axitinib targets process of angiogenesis, the echi-
noderm microtubule-associated protein-like 4 (EML4)-
anaplastic lymphoma kinase (ALK) fusion oncogene, 
known as one of the causes of altered kinase activity in 
lung cancer, represents a target place for crizotinib [7]. 
Crizotinib is mostly used in treating ALK-positive non-
small-cell lung carcinoma patients [7]. It was found that 
the (EML4)-ALK chimeric protein has constitutively 
expressed tyrosine-kinase activity, which is induced by 
dimerization or oligomerization of ALK [7]. This activ-
ity, as well as mesenchymal epithelial transition growth 
factor (c-MET) inhibition, makes crizotinib an efficient 
proapoptotic agent and therapy of choice for this type 
of cancers [7]. A broader spectrum of kinases activity is 
targeted by nilotinib [BCR-Abl; PDGFR; stem cell fac-
tor receptor – KIT; colony stimulating factor receptor-1 
(CSF-1R); discoidin domain receptor (DDR1)], as well 
as by imatinib (BCR-Abl; DDR; KIT; PDGFR; CSF-1R) 
[8]. The abnormal fusion protein kinase BCR-Abl is over-
expressed in chronic myeloid leukemia (CML) due to 
chromosomal aberration known as the Philadelphia chro-
mosome [8]. This is the main target for both aforemen-
tioned medicines. Nilotinib is considered as beneficial in 
treatment of those CML patients who are either resist-
ant or intolerant to imatinib [8]. Additionally, although 
imatinib is registered for treatment of patients with gas-
trointestinal stromal tumors, nilotinib showed antiprolif-
erative activity in cells with KIT mutations, implying its 
usefulness in this condition as well [8]. The mechanisms 
of action of these two drugs are closely related, but minor 
changes in Abl binding suggest the advantage of nilotinib 
over imatinib [8].

Based on the aforementioned findings, TKIs were at first 
considered as highly promising therapy approach, but 
then significant resistance to these drugs was recorded 
[9]. Previous research studies conducted with an aim to 
overcome this therapeutic limitation, pointed toward a 
dual role of oxidative stress in cancer and its association 
with PTKs. Namely, higher production of reactive oxygen 
species (ROS) was shown in solid tumors, due to tissue 
hypoxia, higher metabolic status, and intensified cell cycle 
[10]. However, it has also been demonstrated that several 
cytostatic drugs increase the formation of ROS, thus lead-
ing to irreversible oxidative damage of malignant cells and 
consecutively to their death [11]. A research by Sun et al. 
[12] has shown the interrelation between c-Abl tyrosine 
kinase and apoptosis induced by oxidative stress, while Li 

and Pang [13] recorded that PTPs, due to cysteine residue 
in their structure, are susceptible to oxidative stress mod-
ifications and subsequent decrease of activity. Besides, 
Koptyra et al. [14] proposed a mechanism by which BCR/
Abl oncogenic tyrosine kinase self-mutagenesis, induced 
by ROS, could provoke resistance to TKIs. Additionally, it 
has been shown that activation of nuclear factor-κB signa-
ling pathway relies on tyrosine phosphorylation, which is 
a process that can be strongly influenced by redox imbal-
ance [15]. In summary, a great interest arose regarding the 
role of oxidative stress in tumorigenesis and cancer treat-
ment, because novel findings point to intriguing possibil-
ity that increased production of ROS could be a part of 
cytotoxic activity of the applied cytostatic therapy, rather 
than an adverse effect of these drugs.

A hypothesized dual role of ROS in cancer development 
and progression puts into question potential benefits of 
supplemental use of antioxidants during cancer treat-
ment. Previously, it has been assumed that the use of 
antioxidants in parallel with cytostatics can be beneficial 
for cancer patients, in terms of preventing drug-induced 
oxidative damage of healthy tissues [16]. However, in 
spite of significant efforts, there is no definitive conclu-
sion regarding this issue [16]. Recently, it has been sug-
gested that the administration of antioxidants during 
cancer therapy should be carefully weighed with respect 
to the cancer type, general condition of the patient, type 
of the prescribed anticancer therapy, and type and dosage 
of antioxidant [17].

In this study, we aimed to explore the influence of four 
TKIs: nilotinib, crizotinib, axitinib, and imatinib on dif-
ferent parameters of oxidative stress in human serum pool 
and to evaluate differences in the level of induced oxida-
tive stress. In addition, we sought to explore antioxidative 
capacity of a hydrosolubile vitamin E analog Trolox and 
changes in ROS levels in serum concomitantly incubated 
with specific TKIs and vitamin E analog.

Materials and methods
Materials
Serum pool was formed by collecting human serum sam-
ples obtained from healthy subjects who underwent regu-
lar medical check-up examinations and laboratory testing 
(Department of Clinical Chemistry, Faculty of Pharmacy, 
Belgrade, Serbia). After initial collection, samples were 
homogenized by stirring at the magnetic stirrer for 2 h, 
and then aliquoted and freezed at −80°C. The entire 
study protocol was designed according to the Helsinki 
Declaration and approved by the local ethical committee 
(The Ethics committee of Faculty of Pharmacy, approval 
number 2262/2).

Methods
Advanced oxidation protein products (AOPPs) were 
assessed by spectrophotometric analysis of formed com-
pounds after the influence of potassium iodine and glacial 
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acetic acid (pH adjusted medium of 7.4) on oxidatively 
changed proteins. According to Witko-Sarsat et al. [18] 
absorbance was measured at 340 nm. Chloramine T was 
used for calibration. Total oxidative status (TOS) levels 
were obtained by measuring ferrous ion oxidation in the 
reaction of ferrous ammonium sulfate and o-dianisidine 
dihydrochloride in glycerol solution with different oxi-
dants from serum samples. Measurement of ferrous ion 
oxidation (from the ferrous ion–o-dianisidine complex) 
was accomplished by forming colored complex between 
ferric ion and xylenol orange under acidic conditions of the 
reaction. Calibration was done by usage of hydrogen per-
oxide solutions in range of concentrations of 10–200 mol/L 
[19]. Paraoxonase 1 (PON1) activity was measured kinet-
ically by using paraoxon as substrate, according to Richter 
and Furlong’s instructions [20]. PON1 activity and 
paraoxon conversion to p-nitrophenol were quantified at 
405 nm. Ellman’s method was applied for total SH-groups 
(SHGs) evaluation [21]. According to the conditions in our 
laboratory, the method was modified by Kotur-Stevuljevic 
et al. [22]. The absorbance of formed p–nitrophenol in the 
reaction of thiol compounds with dinitrodithiobenzoic acid 
was measured at 412 nm and reduced glutathione (GSH) 
(conc. range 0.1–1.0 mM) was used as a standard. Total 
antioxidative status (TAS) measurement was done by 
Erel’s recommendations. Hydrogen peroxide under acidic 
conditions induces oxidation of 2, 2’-azino-bis 3-ethylben-
zothiazoline-6-sulphonic acid (ABTS) chromogene [23], 
thus forming a colored solution of ABTS+ radical cation. 
Antioxidants in the serum pool cause reagent discolora-
tion, which can be assessed as a decrease in absorbance at 
660 nm, thereby providing valuable information of serum’s 
total antioxidative capacity. Prooxidative–antioxidative 
balance was measured according to Hamidi Alamdari’s 
method. 3, 3′, 5, 5′-tetramethylbenzidine and its cation 
were used for simultaneously determination of prooxi-
dants and antioxidants. Calibration was done with hydro-
gen peroxide as a prooxidant, while uric acid was used for 
antioxidative standardization [24].

Statistic
According to the Shapiro–Wilk test for assessment of 
normality of data, our values followed skewed data dis-
tribution. Our results are presented as medians with 
interquartile range; therefore, the nonparametric assess-
ment was done by employing Kruskal–Wallis statistical 
analysis. For further evaluation of observed differences 
between groups, the Mann–Whitney test was applied. 
A comparison for paired samples was done by using the 
Wilkoxon statistical analysis. SPSS statistical package 
(v.22.0; IBM, Chicago, Illinois, USA) was employed for 
data analysis.

Summary scores
In order to estimate cumulative impact of different ROSs 
on serum biomolecules, we have used Z score statistics, 

which enables us to concomitantly evaluate parameters 
measured in different concentration ranges and with dif-
ferent units. Moreover, by using Z score statistics, we can 
simultaneously weight the influence of different prooxi-
dants and antioxidants. In general, Z score is assessed as 
difference between the value of the estimated parameter 
in the analyzed sample and the mean value of the same 
parameter in general population, divided by the popu-
lation SD. The Oxy score is calculated as the difference 
of the prooxidative score (mean Z score of the measured 
prooxidant parameters: AOPP, TOS, and PAB) and the 
antioxidative score (mean Z value of the measured anti-
oxidant parameters: TAS, SHG ,and PON1). A larger Oxy 
score indicates weaker antioxidative protection and prev-
alence of prooxidative processes.

Results
We have used four cytostatic drugs: imatinib, crizotinib, 
axitinib, and nilotinib as 80 mg/L dimethyl sulfoxide 
DMSO solutions, which were added to the serum pool. 
We compared prooxidative potential of these four sub-
stances in biological material by measuring several proox-
idants and antioxidants (Table 1). In order to counteract 
increased oxidative stress in pool samples, we added 
50 µmol/L of 2 mM Trolox and then measured the same 
parameters of oxidative stress and antioxidative defense. 
The obtained results are presented in Fig. 1. Regarding 
prooxidative influence of TKIs on proteins, measured 
as AOPP, imatinib and nilotinib showed the strongest 
effects, because we found significantly higher concen-
trations of AOPP after serum incubation with these two 
drugs when compared with others (Fig.  1a). Besides, 
the addition of Trolox did not cause any changes at the 
AOPP level in samples incubated with any of four TKIs 
(Fig.  1a). The similar pattern was seen in the case of 
TOS, with crizotinib and axitinib showing the lowest 
increase in this parameter (Fig.  1b). Moreover, Trolox 
addition at least in part suppresses damaging influence of 
imatinib and nilotinib, expressed through changes in the 
TOS level (Fig. 1b). Prooxidative–antioxidative balance 
measured as PAB showed the similar imprint as for TOS 
and AOPP, but with significantly higher imatinib proox-
idant activity (Fig. 1c). However, the PAB level was sig-
nificantly lowered after Trolox addition (Fig. 1c). On the 
other side, our results demonstrated that the interaction 
of nilotinib with vitamin E analog significantly increased 
prooxidative activity of this cytostatic drug (Fig.  1c). 
Regarding antioxidant levels, we found that incubation 
of serum with axitinib and nilotinib was associated with 
less prominent changes in total SHG content, when com-
pared with imatinib and crizotinib (Fig. 1d). Incubation 
with Trolox induced a significant increase in SHG only in 
a sample with imatinib, while we observed a decrease in 
the SHG level in combination of vitamin E analog with 
other three drugs (Fig. 1d). TAS was significantly higher 
in the presence of nilotinib, while the incubation with 
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Trolox was associated with an increase in this marker in 
the samples with all four drugs (Fig. 1e). We have noticed 
the most intriguing results for PON1 enzymatic activity. 
Namely, we observed higher PON1 activities in samples 
incubated with imatinib and nilotinib, when compared 
with crizotinib and especially to axitinib (Fig. 1f). This 
significant decrease in PON1 activity in the crizotinib 
and axitinib-incubated samples was significantly amelio-
rated following the addition of Trolox (Fig. 1f). Finally, in 
order to estimate which of the analyzed cytostatic drugs 
can induce the strongest prooxidative effects, we calcu-
lated three summary scores using the above-mentioned 
redox status parameters. Damaging score is an average 
of prooxidative damaging capability calculated by z-score 
statistics. The highest damaging potential was recorded 
in the sample incubated with imatinib, while the low-
est damaging scores were observed for crizotinib and 

axitinib (Fig. 2a). Regarding antioxidative protection, the 
best average capability was seen in the sample incubated 
with nilotinib, then with imatinib, while the lowest level 
was obtained in samples incubated with crizotinib and 
axitinib (Fig. 2b). Oxy score evaluation showed that the 
incubation with imatinib reached significantly highest 
Oxy score compared with other TKIs (Fig. 2). Moreover, 
the most prominent difference in Oxy score was recorded 
in comparison of imatinib and crizotinib (Fig. 2b). After 
Trolox addition, damaging score was shifted toward 
higher values in the nilotinib sample. On the other 
side, addition of this antioxidative vitamin significantly 
increased protective score of imatinib and crizotinib, but 
had no influence on either axitinib or nilotinib sample. 
Also, Trolox caused significant decrease in the Oxy score 
of the imatinib sample, while increase in the nilotinib 
sample.

F2

Table 1  Redox status parameters in serum pool after the 2-h incubation at 37°C with cytostatic drugs

Parameter Imatinib Crizotinib Axitinib Nilotinib P value

AOPP (µmol/L) 33.2 (30.9–33.7) 28.6 (27.2–30.9)a 28.7 (26.35–32.8)a 31.6 (28.7–33.4)b,c <0.05
TOS (µmol/L) 12.8 (11.8–12.9) 11.3 (10.9–11.8)a 10.5 (9.8–10.6)a,b 12.5 (11.1–13.5)b,c <0.05
PAB (U/L) 145 (143–153) 90 (78–102)aa 83 (82–86)aa 95 (79–108)a,b,c <0.01
PON (U/L) 402.5(362–420.5) 317.5 (296–340)aaa 250 (231–257)aaa,bbb 360 (350–385)bbb,ccc <0.001
SHG (mmol/L) 0.178 (0.165–0.196) 0.203 (0.166–0.228) 0.254 (0.200–0.272)b 0.278 (0.225–0.326)a,bb,c <0.01
TAS (µmol/L) 1289.5 (1254–1299.5) 1220 (1186–1242) 1205 (1190–1215) 1234.5 (1188–1320)b,c <0.05

P-Kruskall–Wallis ANOVA with post-hoc Mann–Whitney U test: a, significant difference vs. imatinib; b, vs. crizotinib; c, vs. axitinib (one letter – P < 0.05; two letters – 
P < 0.01; three letters – P < 0.001).
AOPP, advanced oxidation protein product; PAB, ; PON1, paraoxonase 1; SHG, SH group; TAS, total antioxidative status; TKI, tyrosine kinase inhibitor; TOS, total 
oxidative status.

Fig. 1

Prooxidative effects of TKI on the redox status parameters, that is, prooxidants and their product’s and antioxidative protection elements: (a) AOPP, 
(b) TOS, (c) PAB, (d) SHG, (e) TAS, (f) PON1. Letters a, b, and c designate significant difference compared to imatinib, crizotinib and axitinib, 
respectively. Number of corresponding letters labels the achieved level of statistical significance, that is, one letter P < 0.05, two P < 0.01, three 
P < 0.001. Asterisks mean significant difference between the sample containing TKI compared with the same sample after the Trolox addition. 
*P < 0.05, **P < 0.01, ***P < 0.001. AOPP, advanced oxidation protein product; PAB, ; PON1, paraoxonase 1; SHG, SH group; TAS, total antioxi-
dative status; TKI, tyrosine kinase inhibitor; TOS, total oxidative status.
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Discussion
Given a variety of functions and importance of physio-
logical processes mediated by PTKs family of proteins, as 
well as enrollment of nonreceptor PTKs in cell division 
processes, cytokine receptor activation, and cytoskeleton 
rearrangements [25]. TKIs exhibit numerous mechanisms 
of anticancerous activity. In general, TKIs are inhibitors 
of different growth factors, including VEGF, PDGF, epi-
dermal growth factor, fibroblast growth factor, and others. 
In addition, they act as multitarget drugs and may lead to 
deterioration of function of IL2 T cell inducible kinase, 
or they can diminish the capability of malignant cells to 
evade the immune response [26,27]. Several TKIs can 
induce damages of DNA via ROS, making cancer cells 
more prone to the activity of natural killer cells [28].

Recently, it has been suggested that crizotinib could 
have an additional mechanism of acting, which comprises 
induction of O

2
•− production [29]. Such mechanism 

enables crizotinib to act by enhancing oxidative stress 
attack on the targeted cells. ROS-mediated apoptosis of 
melanoma cells, induced by imatinib, was also recorded 
[30]. Moreover, it has been documented that the alde-
hyde lactate dehydrogenase-mediated protection sys-
tem against ROS can diminish positive effects of several 
TKIs and lead to the development of TKIs resistance 

[29]. In contrast, Petrola et al. [31] have demonstrated 
that tyrosine kinase Abl-fused protein, as the main patho-
logical initiator of CML, leads to higher ROS production 
and thereby to the disease aggravation and induction of 
genetic instability and resistance to first generation of 
TKIs. These disagreements imply necessity to explore 
the association between TKIs use and ROS production 
and its clinical significance.

Our results showed that the four examined TKIs exhibit 
prooxidative actions and the highest prooxidative poten-
tial are related to imatinib and nilotinib treatment, 
because elevated levels of AOPP could not be sup-
pressed even after incubation with powerful antioxida-
tive agent, such as Trolox (Fig.  1a). Determination of 
TOS led to the same conclusion, although partial influ-
ence of Trolox on this marker was registered (Fig.  1b). 
To further explore this subject, we measured PAB lev-
els and the obtained results pointed again to prooxida-
tive effects of imatinib and nilotinib (Fig. 1c). Findings 
of Ciarcia et al. [32] are in concordance with our study. 
These authors showed that the highest oxidative poten-
tial is carried by the second-generation TKIs, especially 
nilotinib, because it has stronger effect on ROS formation 
than imatinib. Additionally, authors proposed a mech-
anism of this action, which comprises the activation of 

Fig. 2

Summary scores: damage (a), protective (b), and Oxy (c) for TKIs: imatinib, crizotinib, axitinib, and nilotinib – comparison of native serum pool and 
pool with addition of vitamin E. Dashed line represents the baseline level of the examined markers in native serum, without and with Trolox. Letters 
a, b, and c designate significant difference compared to imatinib, crizotinib, and axitinib, respectively. Number of corresponding letters labels the 
achieved level of statistical significance, that is, one letter P < 0.05, two P < 0.01, three P < 0.001. Asterisks mean significant difference between 
the sample containing TKI compared to the same sample after the Trolox addition. *P < 0.05, **P < 0.01, ***P < 0.001. TKI, tyrosine kinase inhibitor.
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Ca-mediated apoptosis by ROS species [32]. Surprisingly, 
determination of PAB after incubation of samples with 
Trolox indicated that vitamin E analog, in parallel with 
nilotinib treatment failed to induce lowering of ROS. 
Moreover, prooxidative activity was even strengthened 
in concomitant presence of nilotinib and Trolox (Fig. 1c). 
Such findings once more confirm the complexity of these 
interactions, emphasizing the need to correctly define 
possible useful or harmful effects of antioxidant supple-
mentation to a regular cytostatic therapy.

Determination of a chemical mechanism by which oxida-
tive reactivity of different TKIs is achieved is challeng-
ing process which has to include the analyses of involved 
chemical structures and their possible interactions. It is 
known that imanitinib’s adverse effects originated from 
its iminoquinone structure. Many efforts were made in 
order to reduce negative effects which are developed as 
result of imatinib’s molecular interactions with different 
organic compounds. Detrimental effects of imatinib’s 
iminoquinone core on DNA could be a consequence 
of imatinib’s capability to produce free radicals and to 
induce disbalance between origination of ROS and anti-
oxidative protection system. Importance of redox status 
in imatinib’s metabolism is emphasized by the fact that 
GSHs protective pathway enables elimination of imino-
quinone derivatives. Our results showed that after Trolox 
addition, imatinib’s prooxidative effects significantly 
declined. Based on these findings, we can assume that 
a competition of quinoid structures of vitamin E analog 
and imatinib can cause elimination of prooxidants after 
Trolox addition, due to its higher affinity for unpaired 
electrons of free radicals.

In contrast, Teppo et al. [29] suggested that not every 
TKI is related with higher levels of ROS production. 
Namely, it has been shown that few TKIs can be asso-
ciated with higher levels of GSH, implying increased 
antioxidative defense [29]. Our findings are in disagree-
ment with that hypothesis, given the observed reduc-
tion of SHG caused primarily by imatinib and crizotinib 
(Table 1, Fig. 1d). Additionally, such depletion of SHG 
can lead to induction of ROS-dependent apoptosis of 
malignant cells, implying enrollment of TKIs in decreas-
ing tumor antioxidative defense. However, it should be 
noticed that ample of evidences indicate detrimental role 
of TKI-induced oxidative stress, not only on malignant 
cells, but also on healthy cells and tissues. Although the 
primary goal of cancer therapy is selective targeting, the 
toxic effects of TKIs on healthy cells are observed. Paech 
et al. [33] showed undesirable effects of different TKIs 
in different hepatocyte cell lines, implying that cytotox-
icity of these medicines is associated with ROS forma-
tion. Additionally, the authors [33] demonstrated potent 
adverse effects of TKIs, because the impairment of vital 
cells function such as mitochondrial oxygen consumma-
tion and glycolysis, were noted. Several studies showed 

the involvement of ROS in cardiotoxicity as well [34]. 
Although these effects are mainly associated with the 
dosage of administered drugs, the role of ROS in TKIs-
mediated effects was once more stressed out. Thus, all 
available evidences suggest that subtle differences in the 
level of induced oxidative stress and variable response to 
applied antioxidants might be important for characteriza-
tion of TKIs and direction of these drugs toward specific 
pathological condition and individual patients.

Our results also confirmed the antioxidative potential 
of Trolox because an elevation of TAS was observed 
after addition of vitamin E analog in samples contain-
ing all four drugs (Fig.  1e). According to these results, 
we can hypothesize that parallel use of vitamin E dur-
ing TKIs treatment ensures antioxidative protection for 
healthy cells. On contrary, a study by Pédeboscq et al. 
[35] demonstrated that vitamin E supplementation dur-
ing TKIs therapy can be considered as a fault, because it 
is preferable target will be TKIs, and therefore, it could 
decrease cytostatic and cytotoxic effects of TKIs. Taken 
altogether, the decision about vitamin E usage and ade-
quate dosage and timing during cytostatic therapy should 
be carefully contemplated, with an aim to ensure prooxi-
dative activity of cytostatic medication, but to avoid that 
damage of healthy tissues due to increased levels of ROS.

The most interesting results of our study are related to 
PON1 activity. PON1 is an enzyme carried by high-den-
sity lipoprotein (HDL) particles and it is considered as 
the most potent antioxidant within HDL, whose activ-
ity is directed toward prevention of lipoprotein oxidation 
[36]. Studies investigating PON1 genetic polymorphisms 
were already conducted in patients with chronic myeloid 
and chronic lymphocytic leukemia finding R risk allele 
(PON1Q192R polymorphism) and the MM (PON1L55M 
polymorphism) genotype more frequent and conse-
quently related to higher tendency for development of 
chronic lymphocytic leukemia [37]. Interestingly, our 
analysis showed the highest levels of PON1 activity in 
samples incubated with the most potent prooxidants 
(imatinib and nilotinib; Fig. 1f). We can hypothesize that 
these drugs may influence HDL particles functioning 
and PON1 antioxidative capacity, while another possibil-
ity is that the observed increase in PON1 activity occurs 
as a compensatory response to elevated ROS. These 
assumptions need further confirmations.

Finally, we were interested in comparison of over-
all effects of four examined drugs. In order to summa-
rize all prooxidative and antioxidative effects, we opted 
for calculation of adequate scores [38,39]. Our results 
(Fig. 2) suggest that imatinib might be the most prom-
ising agent when considering oxidative damaging as 
potential cytotoxic mechanism. Interestingly, nilotinib, 
being an alternative to imatinib, had comparable damage 
score (Fig. 2a), but its protective score was significantly 
higher than the one attributed to imatinib, which could 
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be important when deciding which drug should be used 
(Fig.  2b). Moreover, our results demonstrated opposite 
effects of Trolox in combination with imatinib and nilo-
tinib, once more emphasizing that the use of antioxidant 
in combination with cytostatic medicines should be care-
fully evaluated in each specific case.

Conclusion
Our study emphasized the significance of oxidative reac-
tivity of different TKIs, in relation to complexity of their 
structures. Although enhancement in ROS production can 
be interpreted as a part of their pharmacological activity, 
it could also deteriorate the delicate prooxidative/antiox-
idative balance in healthy cells. Future research studies 
should be directed toward the examination of these com-
plex interactions with particular reference to the role of 
vitamin E and its possible beneficial or harmful impact on 
activity of different TKIs. Our results suggest that addi-
tional investigations should be conducted in the field of 
TKIs drug structure – pharmacological action – reactivity 
in biological systems. Current findings should be further 
explored not only in serum pool as a substitute model 
but also in actual clinical settings. Also, the obtained 
results indicate the need for the estimation of malignant 
patients’ redox status before, during and after the ther-
apy in order to accurately assess the patients’ response 
to TKIs therapy and to adjust the therapeutic approach.

Acknowledgements
This work was supported by a grant from the Ministry 
of Education, Science and Technological Development, 
Republic of Serbia (Project No. 175035).

Conflicts of interest
There are no conflicts of interest.

References
1	 Motiwala T, Jacob ST. Role of protein tyrosine phosphatases in cancer. 

Prog Nucleic Acid Res Mol Biol 2006; 81:297–329.
2	 Arora A, Scholar EM. Role of tyrosine kinase inhibitors in cancer therapy. J 

Pharmacol Exp Ther 2005; 315:971–979.
3	 Paul MK, Mukhopadhyay AK. Tyrosine kinase - role and significance in 

cancer. Int J Med Sci 2004; 1:101–115.
4	 Jiao Q, Bi L, Ren Y, Song S, Wang Q, Wang YS. Advances in studies of 

tyrosine kinase inhibitors and their acquired resistance. Mol Cancer 2018; 
17:36.

5	 Jeong W, Doroshow JH, Kummar S. United States Food and Drug 
Administration approved oral kinase inhibitors for the treatment of 
malignancies. Curr Probl Cancer 2013; 37:110–144.

6	 Gross-Goupil M, François L, Quivy A, Ravaud A. Axitinib: a review of its 
safety and efficacy in the treatment of adults with advanced renal cell 
carcinoma. Clin Med Insights Oncol 2013; 7:269–277.

7	 Sahu A, Prabhash K, Noronha V, Joshi A, Desai S. Crizotinib: a 
comprehensive review. South Asian J Cancer 2013; 2:91–97.

8	 Blay JY, von Mehren M. Nilotinib: a novel, selective tyrosine kinase inhibitor. 
Semin Oncol 2011; 38 (Suppl 1):S3–S9.

9	 Aveic S, Tonini GP. Resistance to receptor tyrosine kinase inhibitors in 
solid tumors: can we improve the cancer fighting strategy by blocking 
autophagy? Cancer Cell Int 2016; 16:62.

10	 Costa A, Scholer-Dahirel A, Mechta-Grigoriou F. The role of reactive oxygen 
species and metabolism on cancer cells and their microenvironment. Semin 
Cancer Biol 2014; 25:23–32.

11	 Wang J, YI J. Cancer cell killing via ROS: to increase or decrease that is the 
question. Cancer Biol Ther 2008; 7:1875–1884.

12	 Sun X, Majumder P, Shioya H, Wu F, Kumar S, Weichselbaum R, et al. 
Activation of the cytoplasmic c-abl tyrosine kinase by reactive oxygen 
species. J Biol Chem 2000; 275:17237–17240.

13	 Li J, Pang Q. Oxidative stress-associated protein tyrosine kinases 
and phosphatases in fanconi anemia. Antioxid Redox Signal 2014; 
20:2290–2301.

14	 Koptyra M, Falinski R, Nowicki MO, Stoklosa T, Majsterek I,  
Nieborowska-Skorska M, et al. BCR/ABL kinase induces self-mutagenesis 
via reactive oxygen species to encode imatinib resistance. Blood 2006; 
108:319–327.

15	 Cullen S, Ponnappan S, Ponnappan U. Redox-regulated pathway of 
tyrosine phosphorylation underlies NF-κb induction by an atypical pathway 
independent of the 26S proteasome. Biomolecules 2015; 5:95–112.

16	 Yasueda A, Urushima H, Ito T. Efficacy and interaction of antioxidant 
supplements as adjuvant therapy in cancer treatment: a systematic review. 
Integr Cancer Ther 2016; 15:17–39.

17	 Salehi B, Martorell M, Arbiser J, Sureda A, Martins N, Maurya P et al. 
Antioxidants: positive or negative actors? Biomolecules 2018; 8:E124.

18	 Witko-Sarsat V, Friedlander M, Capeillère-Blandin C, Nguyen-Khoa T, 
Nguyen AT, Zingraff J, et al. Advanced oxidation protein products as a novel 
marker of oxidative stress in uremia. Kidney Int 1996; 49:1304–1313.

19	 Erel O. A new automated colorimetric method for measuring total oxidant 
status. Clin Biochem 2005; 38:1103–1111.

20	 Richter RJ, Furlong CE. Determination of paraoxonase (PON1) status 
requires more than genotyping. Pharmacogenetics 1999; 9:745–753.

21	 Ellman GI. Tissue sulfhydril groups. Arch Biochem Biophys 1959; 
82:70–77.

22	 Kotur-Stevuljevic J, Bogavac-Stanojevic N, Jelic-Ivanovic Z, Stefanovic A, 
Gojkovic T, Joksic J, et al. Oxidative stress and paraoxonase 1 status in 
acute ischemic stroke patients. Atherosclerosis 2015; 241:192–198.

23	 Erel O. A novel automated direct measurement method for total antioxidant 
capacity using a new generation, more stable ABTS radical cation. Clin 
Biochem 2004; 37:277–285.

24	 Alamdari DH, Paletas K, Pegiou T, Sarigianni M, Befani C, Koliakos G. A 
novel assay for the evaluation of the prooxidant-antioxidant balance, before 
and after antioxidant vitamin administration in type II diabetes patients. Clin 
Biochem 2007; 40:248–254.

25	 Hubbard SR, Till JH. Protein tyrosine kinase structure and function. Annu 
Rev Biochem 2000; 69:373–398.

26	 Santoni M, Amantini C, Morelli MB, Liberati S, Farfariello V, Nabissi M, et 
al. Pazopanib and sunitinib trigger autophagic and non-autophagic death of 
bladder tumour cells. Br J Cancer 2013; 109:1040–1050.

27	 Tan HY, Wang N, Lam W, Guo W, Feng Y, Cheng YC. Targeting tumour 
microenvironment by tyrosine kinase inhibitor. Mol Cancer 2018; 17:43.

28	 Morelli MB, Amantini C, Santoni M, Soriani A, Nabissi M, Cardinali C, et 
al. Axitinib induces DNA damage response leading to senescence, mitotic 
catastrophe, and increased NK cell recognition in human renal carcinoma 
cells. Oncotarget 2015; 6:36245–36259.

29	 Teppo HR, Soini Y, Karihtala P. Reactive oxygen species-mediated 
mechanisms of action of targeted cancer therapy. Oxid Med Cell Longev 
2017; 2017:1485283.

30	 Chang SP, Shen SC, Lee WR, Yang LL, Chen YC. Imatinib mesylate 
induction of ROS-dependent apoptosis in melanoma B16F0 cells. J 
Dermatol Sci 2011; 62:183–191.

31	 Petrola MJ, de Castro AJ, Pitombeira MH, Barbosa MC, Quixadá AT,  
Duarte FB, Gonçalves RP. Serum concentrations of nitrite and 
malondialdehyde as markers of oxidative stress in chronic myeloid leukemia 
patients treated with tyrosine kinase inhibitors. Rev Bras Hematol Hemoter 
2012; 34:352–355.

32	 Ciarcia R, Damiano S, Puzio MV, Montagnaro S, Pagnini F, Pacilio C, et al. 
Comparison of dasatinib, nilotinib, and imatinib in the treatment of chronic 
myeloid leukemia. J Cell Physiol 2016; 231:680–687.

33	 Paech F, Bouitbir J, Krähenbühl S. Hepatocellular toxicity associated with 
tyrosine kinase inhibitors: mitochondrial damage and inhibition of glycolysis. 
Front Pharmacol 2017; 8:367.

34	 Doherty KR, Wappel RL, Talbert DR, Trusk PB, Moran DM, Kramer JW, et 
al. Multi-parameter in vitro toxicity testing of crizotinib, sunitinib, erlotinib, 
and nilotinib in human cardiomyocytes. Toxicol Appl Pharmacol 2013; 
272:245–255.

35	 Pédeboscq S, Rey C, Petit M, Harpey C, De Giorgi F, Ichas F,  
Lartigue L. Non-antioxidant properties of α-tocopherol reduce the 
anticancer activity of several protein kinase inhibitors in vitro. PLoS One 
2012; 7:e36811.



Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

﻿ 02/27/20 4 Color Fig(s):0 18:51 Art: ACD-5847

8  Anti-Cancer Drugs  2020, Vol XXX No XXX

36	 Garelnabi M, Litvinov D, Mahini H. Antioxidant and anti-inflammatory role of 
paraoxonase 1: implication in arteriosclerosis diseases. N Am J Med Sci 
2012; 4:523–532.

37	 Tomatir AG, Pehlivan S, Sahin HH, Balci SO, Budeyri S, Pehlivan M. 
Q192R and L55M polymorphisms of paraoxonase 1 gene in chronic 
myelogenous leukemia and chronic lymphocytic leukemia. Anticancer Res 
2015; 35:4807–4812.

38	 Veglia F, Cavalca V, Tremoli E. OXY-SCORE: a global index to improve 
evaluation of oxidative stress by combining pro- and antioxidant markers. 
Methods Mol Biol 2010; 594:197–213.

39	 Veglia F, Werba JP, Tremoli E, Squellerio I, Sisillo E, Parolari A, et al. 
Assessment of oxidative stress in coronary artery bypass surgery: 
comparison between the global index OXY-SCORE and individual 
biomarkers. Biomarkers 2009; 14:465–472.



QUERY NO. Details Required Author’s Response

Q1 �Please check and confirm whether the 
inserted short title is appropriate.

Q2 �For indexing purposes, please confirm 
that author names have been correctly 
identified as given names (blue) and 
surnames (red). Color in the byline 
will not appear on the final published 
version.

Q3 �Please provide epansion for BCR-Abl, 
conc, and PAB.

AUTHOR QUERY FORM

LIPPINCOTT
WILLIAMS AND WILKINS

JOURNAL NAME: CAD

ARTICLE NO: ACD-5847

QUERIES AND / OR REMARKS


