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Abstract

Objectives: Multittargeted kinase inhibitor sunitinib is used for the treatment of some cancer types. It has been noted
that sunitinib can cause cutaneous reactions and their mechanisms have not been known yet. The study aimed to in-
vestigate mechanistic bases of sunitinib-induced cutaneous reactions using HaCaT cell line.

Methods: Cytotoxicity of sunitinib was evaluated with MTT assay following 72 h exposure. Reactive oxygen species
(ROS) generation and apoptotic/necrotic cell death were examined by flow cytometer, and mitochondrial membrane
potential (MMP) was assessed by microplate reader with fluorescent dyes. Changes in malondialdehyde, reduced and
oxidized glutathione levels were determined using ELISA kits. DNA damage was investigated with alkaline single gel
electrophoresis (Comet) assay.

Results: Half maximal inhibitory concentration of sunitinib was determined as 3.10 uM after 72 h exposure. Our findings
showed that sunitinib provokes ROS generation, glutathione and lipid oxidation especially at the highest concentration.
MMP hyperpolarization was observed at high doses. Apoptosis was triggered at the highest dose, while necrosis and
DNA damage were induced at all exposure groups upon sunitinib exposure.

Conclusion: Oxidative stress, cell death and DNA damage could be underlying causes of sunitinib-induced cutaneous
reactions. Nevertheless, further studies are needed to confirm our findings.
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vanced renal cell carcinoma (RCC), and some pancreatic

Sunitinib, multi-targeted small-molecule kinase inhibi-
neuroendocrine tumors.”?

tor, exerts anticancer effect by inhibiting of some kinas-
es including vascular endothelial growth factor receptors
(VEGFRs), platelet-derived growth factor receptors (PDG-
FRs), stem cell factor receptor (c-Kit), and FMS-like tyrosine

Although sunitinib is therapeutically effective, some adverse
effects which can be life-threatening have been reported
such as hepatotoxicity and cardiotoxicity.? Studies reported

kinase-3 (FLT3)." It is approved by the US Food and Drug
Administration (FDA) for the treatment of gastrointestinal
stromal tumor (GIST) following imatinib resistance, ad-

that sunitinib treatment can be associated with cutaneous
toxic effects®™ which include skin discoloration, stomatitis,
xerosis, rash, alopecia, subungual splinter haemorrhage. In
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addition to the most common and characteristic toxicity
is the Hand-Foot Skin Reaction (HFSR)*”! and high-grade
(Grade 3/4) mucocutaneous toxicities have been associated
with sunitinib in non clear cell renal cell carcinoma patients.
BIHFSR is a particular cutaneous reaction that is restricted to
the palms and soles.** Clinical signs of sunitinib — induced
HFSR include erythema, numbness, tingling, dysesthesia,
and the formation of hyperkeratotic lesions. These cuten-
aous adverse effects can negatively affect a patient’s quali-
ty of life and treatment adherence, and frequently result in
dose alteration or treatment discontinuation.?!

The molecular pathways underlying sunitinib-associated
cutaneous adverse effects have not yet been fully elucidat-
ed. Accordingly, this study aims to elucidate the underlying
mechanisms of cutaneous toxicity induced by sunitinib in the
human keratinocyte cell line (HaCaT) mainly focusing on oxi-
dative stress, apoptotic/necrotic cell death and genotoxicity.

Methods

Cell culture: The immortalized human keratinocyte cells
(HaCaT) were sustained in Dulbecco’s Modified Eagle Me-
dium (DMEM) enriched with 10% Fetal Bovine Serum (FBS)
and 1% Amphotericin-Penicillin-Streptomycin solution. The
culture medium was changed in every 2-3 days. The cells at
60-70% confluency, cells were harvested and subcultured.

Cytotoxicity assays: The cytotoxic potential of sunitinib
on HaCat cells was determined using the 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) col-
orimetric assay. Since half-life of sunitinib was determined
to be between 40 to 60 hours,” all experiments were per-
formed after 72 h drug treatment. For cytotoxicity evalua-
tion, HaCaT cells were seeded into 96-well plates at a density
of 1 x 10* cells/well in 100 uL of complete culture medium.
Following cell attachment, cells were exposed to different
concentration of sunitinib (0.5-20 uM). After a 72 hour incu-
bation period, MTT solution was added to each well, and the
plates were incubated for an additional 3 hours at 37°C in
the dark. Subsequently, cell culture medium was discarded,
and the purple formazan crystals formed by viable cells were
dissolved in 100 pL of dimethyl sulfoxide (DMSO). The opti-
cal density (OD) was measured at 590 nm using a microplate
spectrophotometer (Agilent, USA). Cell viability was deter-
mined by considering 100% cell viability of untreated cells.

Intracellular reactive oxygen species (ROS) level determi-
nation: Intracellular ROS production was examined with flu-
orescent dye (2,7-dichlorodihydrofluorescein diacetate -H,D-
CFH-DA) fluorescent dye (Invitrogen, USA). The cells in 6-well
plates are incubated with sunitinib for 72 h. Following drug
treatment, cells were collected with trypsinization, rinsed with
PBS, and spinned at 1500 rpm for 10 min. The cell pellet was

resuspended in PBS containing DCFH-DA and incubated for
30 minutes at 37°C, at dark. Then, cells were washed again
with PBS to remove excess dye and redispersed in fresh PBS
for analysis. Changes in fluorescent signal was measured us-
ing a flow cytometer (Agilent, USA). Data were assessed using
NovoExpress software (Agilent, USA).

Measurement of Oxidative Stress Parameters using ELI-
SA kit:To examine the oxidative stress induced by sunitinib
on HaCaT cells, intracellular levels of reduced glutathione
(GSH), oxidized glutathione (GSSG), and malondialdehyde
(MDA) were measured using commercially available ELI-
SA kits (BT LAB, China). All procedures were performed
in accordance with the manufacturers’ protocols. Protein
concentration of each sample quantified using Bradford re-
agent (Biobasic, Canada). All results were normalized to the
total protein content of the respective sample.

Apoptotic/necrotic cell death evaluation: The mode of
sunitinib-induced cell death was quantified using Annexin
V-FITC/PI Apoptosis Detection Kit (BioLegend, USA). Fol-
lowing sunitinib treatment, cells were harvested, washed,
and stained with Annexin V-FITC and PI according to the
manufacturer’s protocol. Fluorescence signals were record-
ed by using a flow cytometry (Agilent, USA) and results
were assessed with NovoExpress software (Agilent, USA).

Mitochondrial membrane potential investigation:
Changes in the mitochondrial membrane potentia after
sunitinib exposure were evaluated using JC-1 (5,5,6,6"-tet-
rachloro-1,1/3,3'-tetraethylbenzimidazolylcarbocyanine
iodide) dye in a commercial kit (Cayman Chemical, USA)
following the manufacturer’s instructions. HaCaT cells were
seeded in black 96-well plates and incubated with suni-
tinib for 72 hours. Then, JC-1 staining solution was added
to each well and incubated at 37°C. After incubation, cells
were washed with assay buffer and fluoresecence signal
was recorded at at 535/590 nm (Ex/Em) for JC-aggregate
and 485/535 nm (Ex/Em) for JC-1 monomer using a fluores-
cence microplate reader (Agilent, USA) JC-agregate/mono-
mer ratio was normalized to protein level of the samples.

Genotoxicity analysis: DNA damage induced by sunitinib
was evaluated using the alkaline Single Cell Gel Electropho-
resis (Comet) assay. Following drug treatment, cells were
collected, washed, and suspended in 0.5% low melting
point agarose (LMA). The suspension was spread over was
normal melting agarose (NMA) pre-coated slides. The slides
were immersed in a cold alkaline lysis solution and incubat-
ed overnight at 4°C in the dark. After lysis procedure, slides
were electrophoresed and neutralized. Slides were imaged
after staining with ethidium bromide using a fluorescence
microscope (Olympus, Japan). Results were analyzed using
Comet Assay IV (Perceptive Instruments, UK). Genotoxicity
was quantified by measuring parameters DNA tail intensity.
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Statistical Analysis

All assays were performed, at least, in triplicates. The results
were expressed as the mean + Standard deviation (SD). Sta-
tistical analysis was done with GraphPad Prism 10 software
(GraphPad Prism software, USA). Statistical differences were
calculated a one-way analysis of variance (ANOVA) by the post
hocTukey test for normally distributed data and Kruskal-Wallis
test followed by Dunn’s test for non-normally distributed data.
p-values <0.05 were considered statistically significant.

Results

Cytotoxic Effect of Sunitinib

Following 72 h sunitinib treatment, half maximal inhibitory
concentration (IC, ) value was quantified to be 3.10 uM in
HaCaT cells. Cell viability showed a concentration-depen-
dent decrease (Fig. 1).
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Figure 1. Cell death-concentration curve of sunitinib in HaCaT cells
following 72 h exposure.

Oxidative Stress Evaluation

ROS production was induced in dose-dependent manner
(Fig. 2). At the highest concentration group, ROS produc-
tion demonstrated 3-fold increase compared to the control
group after 72 h exposure and the increase was found sta-
tistically significant (p<0.0001).

Changes in Antioxidant vs Oxidative Stress
Parameters

The levels of GSH, MDA and GSSG parameters dose-re-
sponsively elevated after 72 h sunitinib treatment (Fig. 3).
The elevation in GSH (5.1-fold), GSSG (5.7-fold) and MDA
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Figure 2. Changes in reactive oxygen species (ROS) production in
HaCaT cells following 72 h exposure. *p<0.05
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Figure 3. Changes in GSH, GSSG and MDA levels in HaCaT cells following 72 h sunitinib exposure. *p<0.05; GSH: Reduced glutathione; GSSG:

Oxidized glutathione; MDA: Malondialdehyde.
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Figure 4. Changes in mitochondrial membrane potential in HaCaT
cells following 72 h sunitinib exposure. *p<0.05

(5.1-fold) levels were statistical significance at the highest
exposure group (TuM).

Changes in Mitochondrial Membrane Potential

As shown in Figure 4 it was observed that there was a sig-
nificant increase in mitochondrial membrane potential at
0.25 pM and 1 pM concentrations following sunitinib ex-
posure (>18%; p<0.05). However, the change in the lowest
concentration was found insignificant (p>0.05).

Apoptotic and Necrotic Cell Death

Sunitinib significantly increased apoptotic cell death
only at the highest exposure concentration and apop-
totic cell ratio reached to 11.74% at 1 uM dose after 72
h treatment. Additionally, necrotic cell death ratio was
notably induced (>2.8 fold) at all exposure doses after 72
h treatment (Fig. 5).

DNA Damage

Our study showed that DNA tail intensity which shows DNA
damage was markedly elevated at all treatment groups fol-
lowing 72 h sunitinib exposure (>4.9 fold) (Fig. 6).
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Figure 5. Changes in apoptotic and necrotic cell death population in HaCaT cells following 72 h sunitinib exposure. *p<0.05.



15

EJMI
80— *
* *
T
> 607 %
‘n T
o)
= 40—
T_U
— 20—
0 T T
\
L9 qua N
S
19

Figure 6. Changes in DNA damage in HaCaT cells following 72 h
sunitinib exposure. *p<0.05; PC: Positive control (100 uM H,0,).

Discussion

Sunitinib is an effective multi-targeted tyrosine kinase in-
hibitor, but its clinical use can be limited by dermatologic
adverse reactions, especially that these effects’ cellular ba-
sics are still unclear. The present study was designed to elu-
cidate the toxicity mechanisms of sunitinib-induced der-
mal toxicity on human keratinocytes (HaCaT) focusing on
the roles of, oxidative stress, cell death, and genotoxicity.

The skin is an organ that is constantly being attacked by xe-
nobiotics. Oxidative stress is one of the main mechanisms
of skin pathologies and aging.'® ' In the study, sunitinib
caused strong oxidative stress in HaCaT cells following 72
h exposure at the highest concentration. Additionally, it
induced lipid peroxidation and glutathione oxidation. The
cellular level of GSH has been shown to be a critical factor
in the resistance of HaCaT cells to oxidative stress.'> '3 For
that reason, increase in GSH could be an adaptive defense
mechanism against oxidative stress induced by sunitinib at
the same concentration. Besides, some in vitro studies high-
lighted that enhancement in ROS production also play role
in sunitinib-induced cardiotoxicity and hepatotoxicity.l'*'®

Mitochondrial membrane potential is critically important
for ATP synthesis through oxidative phosphorylation.!'”
Both depolarization and hyperpolarization of mitochondri-
al membrane potential can negatively affect ATP synthesis.
11819 Previous data has highlighted that sunitinib dissipated
mitochondrial membrane potential in cardiac and hepat-
ic cells.'"*'® Conversely, an elevation in the mitochondrial

membrane potential was detected at 0.25 and 1 uM dos-
es after 72 h of exposure. Mitochondrial hyperpolarization
can trigger excessive ROS production.'”?! The increase
in mitochondrial membrane potential may contribute to
enhanced ROS production, lipid peroxidation and gluta-
thione oxidation in HaCaT cells after sunitinib treatment.
Taking together, the observed mitochondrial membrane
alterations may underlie the oxidative stress pattern seen
in this study, highlighting mitochondria as a key player in
sunitinib-induced redox imbalance.

While the cell death is crucial for skin homeostasis, the
apoptotic and necrotic cell death can be underlying mech-
anisms of skin diseases.?" Previous studies show that the
persistence mitochondrial membrane potential hyperpo-
larization sensitizes T cells to necrotic cell death in systemic
lupus erythematosus patients.”? A study highlighted that
mitochondrial membrane potential hyperpolarization can
induce cell death via apoptosis or necrosis rather than ox-
idative stress.” The relationship between cell death and
hyperpolarized mitochondria could be associated with
increase in calcium overload in mitochondria.?*?*! Hyper-
polarization of mitochondrial membrane potential could
be an early event of apoptotic cell death.?® However, mi-
tochondria may show heterogenicity; while some mito-
chondria, especially in the prolonged exposure, can be de-
polarized others could be hyperpolarized in apoptotic cell
death.?”

Sunitinib induced both apoptotic and necrotic cell death
in different cell lines.?®3" An in vitro study showed that
sunitinib promoted keratinocyte apoptosis through STAT3
activity inhibition, which play important role in cutane-
ous homeostasis.?? Kuang et al. ®* reported apoptotic cell
death in HaCaT cells exposed to sunitinib (1.25 - 2.5 uM)
with 10 ng/ mL EGF for 24 and 48 hours. Our findings sug-
gest that sunitinib caused an increase in the necrotic cell
population at all exposure concentrations, but apoptotic
cell population significantly increased only at the highest
exposure concentration. The differences in cell death path-
ways among the different exposure groups could be due
to the variations in the severity of mitochondrial damages
and thus in the energy stores in the cells. This, combined
with the long exposure period (72 hours) in the study, may
explain the different responses observed across the cellular
subpopulations. Especially, the increase in the mitochon-
drial membrane potential appears to be the mechanism
underlying the apoptotic and necrotic cell death following
sunitinib treatment.

DNA damage was observed elicited at 0.1 uM, 0.25 uM

and 1 uM doses upon 72 h sunitinib exposure in the study.
Similarly, it was shown that sunitinib triggered DNA dam-
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age following 24 h exposure at 2 uM concentration in
renal carcinoma cells.*® Another study also found that
sunitinib caused an increase in DNA tail length at 10 uM
concentration after 24 h exposure in different renal can-
cer cell lines.? It is known that oxidative stress triggers
DNA damage.B® Sunitinib-induced oxidative insult may
promote oxidative DNA damage in HaCaT cells after 72 h
exposure. Furthermore, DNA damage may provoke apop-
totic and necrotic processes via activating different signal-
ing pathways.B” 38 Necrotic and apoptotic cell death seen
after sunitinib treatment could result from DNA damage
induced by sunitinib.

Conclusion

In conclusion, this study provides a novel insight into the
mechanisms underlying the sunitinib- induced dermal
toxicity in human keratinocytes. Our findings suggest
that the exposure to sunitinib induces oxidative stress,
disrupts mitochondrial membrane potential, lead to DNA
damage, and causes apoptotic or necrotic cell death. The
observed mitochondrial hyperpolarization appears to
play a critical role in redox imbalance and cell death pro-
cess. These results highlight that mitochondria as a target
in sunitinib- related dermal toxicity and suggest cellular
heterogenicity as factor influence the outcome of toxic re-
sponses. Further studies are needed to confirm the pres-
ent findings and to explain the molecular mechanism and
suggest protective strategies to overcome these adverse
effects in the clinical settings.

Disclosures

Acknowledgment: This study was supported by Scientific Re-
search Project Coordination Unit of Istanbul University-Cerrah-
pasa Project number: TSA-2024-37788.

Ethical committe approval: Ethics committee approval was not
required for this study as it did not involve human participants or
animal experiments.

Peer-review: Externally peer reviewed.

Author Contributions: Concept t — TB; Design TB, MA; Supervi-
sion - TB, MA; Materials - TB, MA; Fundings - TB; Data collection
&/or processing — TB, GK, MA; Analysis and/or interpretation - TB,
GK, MA; Literature search — TB, GK, MA; Writing - TB, GK, MA; Crit-
ical review - TB, GK, MA.

Conflicts of Interest: The authors declare that there are no con-
flicts of interest related to this study.

Funding: This research received no specific grant from any fund-
ing agency in the public, commercial, or not-for-profit sectors.

References

1. RiniBI. Sunitinib. Expert Opin Pharmacother 2007;8:2359-69.
[CrossRef]

2. FDA 2021. Highlights of Prescribing Information. Avail-
able at:  www.accessdata.fda.gov/drugsatfda_docs/la-
bel/2021/021938s039Ibledt.pdf (Accesed on Nov 30, 2025.

3. Lee W], Lee JL, Chang SE, Lee MW, Kang YK, Choi JH, et al. Cu-
taneous adverse effects in patients treated with the multitar-
geted kinase inhibitors sorafenib and sunitinib. Br J Dermatol
2009;161(5):1045-51. [CrossRef]

4. Chu D, Lacouture ME, Weiner E, Wu S. Risk of hand-foot skin
reaction with the multitargeted kinase inhibitor sunitinib in
patients with renal cell and non-renal cell carcinoma: a me-
ta-analysis. Clin Genitourin Cancer 2009;7(1):11-9. [CrossRef]

5. Lacouture ME, Reilly LM, Gerami P, Guitart J. Hand foot skin re-
action in cancer patients treated with the multikinase inhibi-
tors sorafenib and sunitinib. Ann Oncol 2008;19(11):1955-61.
[CrossRef]

6. Ara M, Pastushenko E. Antiangiogenic agents and the skin:
cutaneous adverse effects of sorafenib, sunitinib, and bevaci-
zumab. Actas Dermosifiliogr 2014;105(10):900—12. [English,
Spanish] [CrossRef]

7. Teo YL, Chong XJ, Chue XP, Chau NM, Tan MH, Kanesvaran R,
et al. Role of sunitinib and SU12662 on dermatological tox-
icities in metastatic renal cell carcinoma patients: in vitro, in
vivo, and outcomes investigation. Cancer Chemother Phar-
macol 2014;73(2):381-8. [CrossRef]

8. Abdel-Rahman O, Fouad M. Efficacy and toxicity of suni-
tinib for non clear cell renal cell carcinoma (RCC): a sys-
tematic review of the literature. Crit Rev Oncol Hematol
2015;94(2):238-50.

9. FDA 2014. Highlights of Prescribing Information. Avail-

able at: www.accessdata.fda.gov/drugsatfda_docs/la-

bel/2014/021938s027Ibl.pdf Accesed on 30.11.2025 [CrossRef]

Baek J, Lee MG. Oxidative stress and antioxidant strategies in

dermatology. Redox Rep 2016;21(4):164-9.

Amin Hussen NH, Abdulla SK, Naza Mohammed A, Van Ab-

dulgader A, Aso Hameed H, Qadir EE. Role of antioxidants in

skin aging and the molecular mechanism of ROS: A compre-
hensive review. Aspects Mol Med 2025;5:100063. [CrossRef]

NzengueY, Steiman R, Garrel C, Lefebvre E, Guiraud P. Oxida-

tive stress and DNA damage induced by cadmium in the hu-

man keratinocyte HaCaT cell line: Role of glutathione in the
resistance to cadmium. Toxicology 2008;243(1-2):193-206.

[CrossRef]

Wu CM, Cheng YL, Dai YH, Chen MF, Wang CC. a-Tocoph-

erol protects keratinocytes against ultraviolet A irradia-

tion by suppressing glutathione depletion, lipid peroxida-
tion and reactive oxygen species generation. Biomed Rep
2014;2(3):419-23. [CrossRef]

Guo L, Tang T, Fang D, Gong H, Zhang B, Zhou Y, et al. An In-

sight on the Pathways Involved in Crizotinib and Sunitinib

Induced Hepatotoxicity in HepG2 Cells and Animal Model.

Front Oncol 2022;12:749954. [CrossRef]

10.

11.

12.

13.

14.


http://www.accessdata.fda.gov/drugsatfda_docs/label/2021/021938s039lbledt.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2021/021938s039lbledt.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2014/021938s027lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2014/021938s027lbl.pdf
https://doi.org/10.1016/j.amolm.2025.100063
https://doi.org/10.1016/j.tox.2007.10.005
https://doi.org/10.3389/fonc.2022.749954

EJMI

17

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Tang T, Yang Y, Guo L, Xia S, Zhang B, Yan M. Sunitinib in-
duced hepatotoxicity in L02 cells via ROS-MAPKs signaling
pathway. Front Pharmacol 2022;13:1002142. [CrossRef]

Li D, Song C, Song C, Tian X, Zhang H, Zhang J, et al. Sunitinib
induces cardiotoxicity through modulating oxidative stress
and Nrf2-dependent ferroptosis in vitro and in vivo. Chem
Biol Interact 2024;388:110829. [CrossRef]

Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner
IB, Jankauskas SS, et al. Mitochondrial membrane poten-
tial. Anal Biochem 2018;552:50-9. [CrossRef]

Paech F, Mingard C, Grlinig D, Abegg VF, Bouitbir J, Krahen-
blhl S. Mechanisms of mitochondrial toxicity of the kinase
inhibitors ponatinib, regorafenib and sorafenib in human
hepatic HepG2 cells. Toxicology. 2018;395:34-44. [CrossRef]
Christie CF, Fang D, Hunt EG, Morris ME, Rovini A, Heslop KA,
et al. Statin-dependent modulation of mitochondrial me-
tabolism in cancer cells is independent of cholesterol con-
tent. FASEB J 2019;33:8186. [CrossRef]

Gergely P, Niland B, Gonchoroff N, Pullmann R, Phillips
PE, Perl A. Persistent mitochondrial hyperpolaization, in-
creased reactive oxygen intermediate production, and cy-
toplasmic alkalinization characterize altered IL-10 signaling
in patients with systemic lupus erythematosus. J Immu-
nol 2002;169(2):1092—101. [CrossRef]

Anderton H, Alqudah, S. Cell death in skin function, inflam-
mation, and disease. Biochem J 2022;479(15):1621-51.
[CrossRef]

Perl A, Gergely P, Nagy G, Koncz A, Banki K. Mitochondrial hy-
perpolarization: a checkpoint of T-cell life, death and autoim-
munity. Trends Immunol 2004;25(7):360—7. [CrossRef]

Leal AMDS, de Queiroz JDF, de Medeiros SRB, Lima TKDS,
Agnez-Lima LF. (2015). Violacein induces cell death by trig-
gering mitochondrial membrane hyperpolarization in vitro.
BMC Microbiol 2015;15(1):115.

Lemasters JJ, Theruvath TP, Zhong Z, Nieminen AL. Mitochon-
drial calcium and the permeability transition in cell death. Bio-
chim Biophys Acta 2009;1787(11):1395-401. [CrossRef]

Slater PG, Dominguez-Romero ME, Villarreal M, Eisner V, Lar-
rain J. Mitochondrial function in spinal cord injury and re-
generation. Cell Mol Life Sci 2022;79(5):239. [CrossRef]
Giovannini C, Matarrese P, Scazzocchio B, Sanchez M, Masella R,
Malorni W. Mitochondria hyperpolarization is an early event in
oxidized low-density lipoprotein-induced apoptosis in Caco-2
intestinal cells. FEBS Lett 2002;523(1-3):200—6. [CrossRef]

Lugli E, Troiano L, Ferraresi R, Roat E, Prada N, Nasi M, et
al. Characterization of cells with different mitochondrial

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

membrane potential during apoptosis. Cytometry Part A
2005;68(1):28—35. [CrossRef]

Xin H, Zhang C, Herrmann A, Du Y, Figlin R, Yu H. Sunitinib
inhibition of Stat3 induces renal cell carcinoma tumor cell
apoptosis and reduces immunosuppressive cells. Cancer Res
2009;69(6):2506—13. [CrossRef]

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. Bri J Can-
cer 2013;109(4):1040-50. [CrossRef]

Korashy HM, Maayah ZH, Al Anazi FE, Alsaad AM, Alanazi 10,
Belali OM, et al. Sunitinib inhibits breast cancer cell prolifera-
tion by inducing apoptosis, cell-cycle arrest and DNA repair
while inhibiting NF-kB signaling pathways. Anticancer Res
2017;37(9):4899-9009. [CrossRef]

Fukada S, Ohta K, Sakuma M, Akagi M, Kato H, Naruse T,
et al. Sunitinib promotes apoptosis via p38 MAPK activa-
tion and STAT3 downregulation in oral keratinocytes. Oral
Dis 2024;30(2):639—-49. [CrossRef]

Yamamoto K, Mizumoto A, Nishimura K, Uda A, Mukai A,
Yamashita K, et al. Association of toxicity of sorafenib and
sunitinib for human keratinocytes with inhibition of signal
transduction and activator of transcription 3 (STAT3). PLoS
One 2014;9(7):102110. [CrossRef]

Kuang YH, Lu Y, Liu YK, Liao LQ, Zhou XC, et al. Topical suni-
tinib ointment alleviates Psoriasis-like inflammation by in-
hibiting the proliferation and apoptosis of keratinocytes. Eur
J Pharmacol 2018;824:57—63. [CrossRef]

Zhang ZY, Xu JH, Zhang JL, Lin YX, Ou-Yang J. CD276 enhanc-
es sunitinib resistance in clear cell renal cell carcinoma by
promoting DNA damage repair and activation of FAK-MAPK
signaling pathway. BMC Cancer 2024;24(1):650. [CrossRef]
Hwang HJ, Hong SH, Moon HS, Yoon YE, Park SY. Ginse-
noside Rh2 sensitizes the anti-cancer effects of sunitinib
by inducing cell cycle arrest in renal cell carcinoma. Sci
Rep 2022;12(1):19752. [CrossRef]

Barzilai A, Yamamoto KI. DNA damage responses to oxidative
stres. DNA Repair 2004;3(8-9):1109-15.

Huang Q, Shen HM. To die or to live: the dual role of poly
(ADP-ribose) polymerase-1 in autophagy and necro-
sis under oxidative stress and DNA damage. Autopha-
gy 2009;5(2):273-6. [CrossRef]

Roos WP, Kaina B. DNA damage-induced cell death: from spe-
cific DNA lesions to the DNA damage response and apopto-
sis. Cancer Lett 2013;332(2):237-48. [CrossRef]


https://doi.org/10.3389/fphar.2022.1002142
https://doi.org/10.1016/j.cbi.2023.110829

