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Aim To evaluate molecular mechanisms of tissue-protective 
effects of antioxidants selenomethionine (SeMet) and D-
pantethine (D-Pt) applied in combination with doxorubicin 
(Dx) in B16 melanoma-bearing-mice.

Methods Impact of the chemotherapy scheme on a sur-
vival of tumor-bearing animals, general nephro- and hepa-
totoxicity, blood cell profile in vivo, and ROS content in B16 
melanoma cells in vitro was compared with the action of Dx 
applied alone. Nephrotoxicity of the drugs was evaluated 
by measuring creatinine indicator assay, hepatotoxicity was 
studied by measuring the activity of ALT/AST enzymes, and 
myelotoxicity was assessed by light microscopic analysis of 
blood smears. Changes in ROS content in B16 melanoma 
cells under Dx, SeMet, and D-Pt action in vitro were measured 
by incubation with fluorescent dyes dihydrodichlorofluores-
ceindiacetate (DCFDA, H2O2-specific) and dihydroethidium 
(DHE, O2

--specific), and further analysis at FL1 (DCFDA) or 
FL2 channels (DHE) of FACScan flow cytometer. The impact 
of aforementioned compounds on functional status of mito-
chondria was measured by Rhodamine 123 assay and further 
analysis at FL1 channel of FACScan flow cytometer.

Results Selenomethionine (1200 µg/kg) and D-pantethine 
(500 mg/kg) in combination with Dx (10 mg/kg) significantly 
reduced tumor-induced neutrophilia, lymphocytopenia, and 
leukocytosis in comparison to Dx treatment alone. Moreover, 
SeMet and D-Pt decreased several side effects of Dx, namely 
an elevated creatinine level in blood and monocytosis, thus 
normalizing health conditions of B16 melanoma-bearing an-
imals.

Conclusions Our results showed that antioxidants selenom-
ethionine and D-pantethine possess significant nephropro-
tective and myeloprotective activity toward Dx action on 
murine B16 melanoma in vivo, but fail to boost a survival of 
B16 melanoma-bearing animals. The observed cytoprotec-
tive effects of studied antioxidants are not directly connected 
with their ROS scavenging.

Tissue-protective activity 
of selenomethionine and 
D-panthetine in B16 melanoma-
bearing mice under doxorubicin 
treatment is not connected with 
their ROS scavenging potential
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Golden chemotherapy standards (eg, anthracycline anti-
biotics, vinca alkaloids, inorganic platinum compounds) 
have been used for decades for treatment of advanced 
cancers (1). Despite different mechanisms of action (inhibi-
tion of DNA topoisomerase II, blockage of tubulin polym-
erization, DNA intercalation), their negative side effects are 
similar and include myelosuppression, nausea, mucositis, 
alopecia, renal damage, thus, leading to significant wors-
ening of health conditions of cancer patients (2). Doxoru-
bicin (Dx) is one of the most widely used chemotherapeu-
tics possessing broad spectrum of anticancer activity. Its 
therapeutic potential is realized through various pathways, 
including DNA intercalation, DNA topoisomerase II inhibi-
tion, and induction of the oxidative stress in target cells (3). 
Numerous data indicate that Dx-mediated ROS production 
is the leading reason of an acute myelotoxicity and neph-
rotoxicity of this drug (4,5). However, the most dangerous 
consequence of Dx-induced oxidative stress is a delayed 
cardiac failure found in 18% cancer patients who received 
more than 551 mg/m2 dose of this drug (6). Thus, novel ap-
proaches should be developed in order to enhance selec-
tivity of action of the chemotherapies and diminish their 
toxic effect toward normal tissues of the organism.

Dietary antioxidant supplementations might be promising 
candidates for this role, though their use for treatment of 
various diseases remains a controversial topic for last de-
cades. Initially popularized in mid-1970s by Nobel laureate 
Linus Pauling, antioxidants are now used by a majority of 
cancer patients, since it is considered that they decrease 
potential harmful effects of the chemotherapy and, thus, 
improve a quality of patients’ life (7). This tendency is con-
stantly growing even despite the results of numerous clini-
cal trials showing that the antioxidants had no real impact 
on a survival of cancer patients, or some of them (vitamins 
A and E) even worsened their prognosis (8,9).

In the above mentioned trials, selenium was found to be 
the only dietary supplement demonstrating the anti-tum-
origenic activity and, thus, it was considered to be a prom-
ising candidate for further application in chemotherapy 
(8). This might be of great importance for the regimens in-
cluding Dx, as its combination with the antioxidant (eg, se-
lenium) should improve therapeutic action of Dx and also 
lower drug-induced oxidative stress.

Up to now, there is little information regarding therapeu-
tic efficiency of the organo-selenium compounds in can-

cer treatment. The main aim of this work was to study in 
more detail the mechanisms of tissue-protective and 

therapeutic activity in vivo of selenomethionine in compar-
ison with D-pantethine – vitamin B5 precursor. Previously, 
we have shown that both SeMet and D-Pt decreased the 
oxidative stress in tissues of healthy rats treated with the 
anthracycline antibiotic - doxorubicin (Dx) (10). Those stud-
ies were repeated on mice bearing NK/Ly lymphoma and 
revealed that both antioxidants used in a combination 
with Dx not only decreased the lymphopenia and mono-
cytosis caused by Dx, but also led to an increase in animal 
survival time comparing to Dx treatment (11).

Since leukemias and lymphomas are considered to be the 
most sensitive tumors toward Dx action, the effect of using 
antioxidant supplementations can be hardly noticeable on 
the background of strong therapeutic effect of Dx alone. In 
order to see a more pronounced effect of the combined 
action of Dx and antioxidants, we addressed murine B16 
melanoma that is considered to be one of the most resis-
tant tumors regarding Dx action (12,13). In the present pa-
per, therapeutic efficiency of the antioxidants in mice bear-
ing B16 melanoma was studied, in particular, the impact of 
proposed regimen on animal survival, blood profile, hepa-
totoxicity, and nephrotoxicity. Additionally, identification 
of potential ROS-scavenging activity of SeMet and D-Pt in 
B16 melanoma cell line under Dx treatment in vitro was 
dissected by analysis of their influence on ROS production, 
namely, hydrogen peroxide and superoxide anions, and 
functional status of mitochondria.

Materials and methods

Materials

Seleno-L-methionine (≥98% (TLC)) and D-pantethine were 
purchased from Sigma (St. Louis, MO), and doxorubicin hy-
drochloride was obtained from Pfizer (New York, NY). An-
tioxidants were dissolved in sterile 0.9% sodium chloride 
solution prior to per os treatment of animals or addition to 
cell culture.

Cell culture and treatments

Murine B16 melanoma cells were kindly provided by Prof. 
Walter Berger (cell culture collection at Vienna Medical Uni-
versity, Institute of Cancer Research). Cells were cultured 
in RPMI medium supplemented with 10% fetal calf serum 
(Sigma-Aldrich, St. Louis, USA), 50 µg/mL streptomycin 
(Sigma-Aldrich, St. Louis, USA), 50 units/mL penicillin (Sig-
ma-Aldrich, St. Louis, USA) in 5% CO2-containing humidi-
fied atmosphere at 37°C. For experiments cells (2*105 per 
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well) were seeded into 24-well tissue culture plates (Grein-
er Bio-one, Germany). Short-term (24 h) cytotoxic effect of 
antitumor drugs was studied under the Evolution 300 Trino 
microscope (Delta Optical, Poland) after cell staining with 
Trypan blue (0.1%).

Flow cytometric assays

Rhodamine 123 (Rh123) accumulation assay was performed 
as previously described (14). Briefiy, 2*105B16 melanoma 
cells were incubated with studied compounds for the indi-
cated time points at 37°C. 1 hour before termination of in-
cubation, Rh123 (0.25 mg/mL) was added and cell-bound 
fluorescence was collected through a 530/30 nm band-pass  
lter (FL1 channel) of FACScan flow cytometer (BD Bioscienc-
es, San Jose, CA). ROS content in cells was measured by in-
cubating control or drug-treated cells with fluorescent dyes 
dihydrodichlorofluoresceindiacetate (DCFDA, detecting 
mainly H2O2) or dihydroethidium (DHE, superoxide-specific) 
in concentrations of 10 μM at 37°C for 30 min. After incuba-
tion with the dyes cells were washed with PBS and immedi-
ately analyzed at FL1 (DCFDA) or FL2 channel (DHE) of FACS-
can flow cytometer (BD Biosciences, San Jose, CA).

Animal studies

Studies of the biological activity of selenomethionine, D-
pantethine, and doxorubicin were conducted in 2016 at 
the animal facility of the Institute of Cell Biology, NAS of 
Ukraine (Lviv, Ukraine). 42 adult male С57/Bl6 mice with 
25-28 g weight were kept under standard vivarium condi-
tions with constant access to the full feed and drinking wa-
ter. Tumor inoculation was conducted by a subcutaneous 
injection of B16F10 cell suspension (106 cells per animal) 
diluted with sterile phosphate buffered saline (PBS) in right 
rear paw of mice. The viability and number of cells stained 
with 0.1% Trypan blue were checked by cell counting in 
the hemocytometric chamber. The vitality of melanoma 
cells used for transplantation was not less than 98%. Ani-
mals were divided into 7 groups with 6 mice in each group 
(Figure 1). Blood sampling for biochemical and cytomor-
phological studies was done at 20th day after tumor inocu-
lation (and the 10th day after chemotherapy start).

Mice from experimental groups were administered sele-
nomethionine (120 µg/kg, cumulative dose 1200 µg/kg) 
(groups 2, 5) or D-pantethine (50 mg/kg, cumulative dose 

Figure 1. Groups of study animals in the study.
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500 mg/kg) (groups 3, 6) per os every second day, starting 
from 10th till 30th day of tumor inoculation. Mice of zero 
group (healthy) and first group (B16 melanoma, untreated) 
received simultaneously the equivalent volume of 0.9% so-
dium chloride solution in a similar mode. Doxorubicin (1 
mg/kg, cumulative dose 10 mg/kg) was injected i.p. every 
second day starting from the 10th to the 30th day of tumor 
inoculation to the animals of groups 4-6. Treatment of ani-
mals with antioxidants in groups 5-6 took place 1 h before 
Dx injection. The chemotherapy scheme was developed, 
based on NCI recommendations (15) and our previous re-
sults (10,11).

All in vivo experiments were conducted in accordance with 
the international principles of the European Convention 
for protection of vertebrate animals under a control of the 
Bio-Ethics Committee of the above mentioned institution 
(Protocol N 4/2016 from 5.06.2016 of the BioEthics Com-
mittee at the Institute of Cell Biology, NAS of Ukraine).

Myelotoxicity studies

For blood sampling, amputation of a small part of mouse 
tail was done, pumping of ~ 50 µL of blood in a test tube, 
followed by immediate disinfection of a wound with 70% 
alcohol. For counting of red blood cells, 5 µL of blood were 
dissolved in 5 ml of isotonic NaCl solution (1:1000 dilution), 
while for leukocyte 5 µL of blood was dissolved in 95 µL of 
3% acetic acid solution (1:20 dilution). Erythrocytes were 
counted in 5 big squares (divided into 16 small ones) of the 
hemocytometric chamber, while leukocytes were count-
ed in 100 big squares, grouped by 4, under the Evolution 
300 Trino microscope (Delta Optical, Mińsk Mazowiecki, 
Poland). The number of erythrocytes and leukocytes was 
counted using standard formulas, described in (16).

For blood smear preparation, 3 µL of blood was put at the 
edge of a slide, and then spreaded for 1.5 cm using an-
other narrow polished slide, placed at a 45° angle. The ob-
tained smears were dried at room temperature, fixed with 
absolute methanol, and then rehydrated by subsequent 
washing in ethanol solutions with decreasing concentra-
tions (96%, 75%, 50%, 25%, and 12.5%). Finally, the smears 
were washed with distilled water, stained with Giemsa dye 
using standard protocol and air-dried, after which they 
were ready for leukogram analysis.

Counting of leukocytes was performed under Evolution 
300 Trino microscope (Delta Optical, Mińsk Mazow-

iecki, Poland) on 90 × oil immersion objective. Cell 

counting was always done using the same system – half 
of cell population was counted in the upper half part of 
the smear, and the other half was counted on the lower 
part of the smear. The percentage of certain types of white 
blood cells in each smear was determined after counting 
of at least 300 cells. The obtained values (due to differences 
of absolute numbers of cells in each counted smear) were 
normalized to 100%, and percent values of each leukocyte 
fraction were calculated as described in (17).

Hepatotoxicity studies

For measuring the aspartate aminotransferase activity, 10 
µL of blood serum was mixed with 100 µL of substrate 
solution (2 mM α-ketoglutaric acid; 0.2 M D,L-aspartate 
in 0.1 M phosphate buffer pH 7.4), while in control tube 
10 µL of distilled water were added instead of serum. The 
tubes were placed for 60 min at 37°C, and then 100 µL of 
1 mM solution of 2,4-dinitrophenylhydrazine was added 
to the samples and left for 20°C at room temperature. Af-
ter it 1 ml of 0.4 M sodium hydroxide solution was added 
to each sample for extra 10 min, and the optical density 
of the samples was measured using Thermo Spectronic 
spectrophotometer (Helios, Great Britain) at 540 nm wave-
length. For measuring the alanine aminotransferase activ-
ity, procedure was identical except substrate solution (2 
mM α-ketoglutaric acid; 0.2 M D,L-alanine in phosphate 
buffer pH 7.4).

Nephrotoxicity studies

Creatinine level in blood serum of experimental animals 
was measure spectrophotometrically using Popper meth-
od based on Jaffe reaction (18). Briefly, blood serum sam-
ples were diluted 1:20 in working reagent solution (0.75M 
NaOH and saturated picric acid, mixed 1:1), and their opti-
cal density was measured at Thermo Spectronic spectro-
photometer (Helios, Great Britain) at 510 nm wavelength 
after 30 (E

1) and 90 sec (E2) following sample addition to 
working reagent solution. The obtained results were com-
pared to etalon (creatinine solution, 440 µM) and the final 
creatinine content in blood serum samples was calculated 
using following formula.

All experiments were performed in triplicate and repeat-
ed 3 times. Statistical analysis of data was conducted in 
GraphPad Prisms Software (GraphPad Software, Inc) using 
Student’s t test. Statistical significance was set at P ≤ 0.05.
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Results

The adverse effects of many anticancer drugs are the main 
drawbacks that accompany their use. Thus, application of 

specific non-drug agents that reverse these effects can 
significantly improve the treatment action of traditional 
anticancer drugs. Previously, we have shown that dietary 
compounds selenomethionine and D-pantethine partial-

Figure 2. In vitro study of cytotoxic activities of SeMet, D-Pt and Dx and their combined treatment on B16 melanoma cells. Viability 
of Jurkat cells following exposure to the indicated concentrations of Dx in combination with SeMet or D-Pt was analyzed after 24 
hours by trypan blue exclusion. The effect of Dx on cell growth was plotted relative to the untreated control. Data given represent 
the mean±SD of three independent experiments done in triplicates. ***P < 0.001, unpaired t test.

Figure 3. Impact of SeMet and D-Pt on hydrogen peroxide production in B16 melanoma cells under Dx treatment. DCFDA fluores-
cence of B16 cells indicative for H2O2 generation was determined by flow cytometry at the indicated time points after addition of Dx 
to B16 cell culture without and with addition of 5 µM of SeMet and 25 µM of D-Pt. Data are given relative to the untreated control 
samples and represent the mean±SD of three independent experiments. *P < 0.05 relative to control, **P < 0.01 relative to control, 
***P < 0.0001 relative to control, unpaired t test. Significance levels indicated directly above bars refer to the comparison with the 
respective vehicle-treated controls.
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ly decreased hepatotoxicity and myelotoxicity of doxo-
rubicin in NK/Ly lymphoma-bearing mice (11). We sug-
gested that tissue-protective effect of these antioxidants 
might be explained either by their direct scavenging of 
Dx-induced ROS or by protecting mitochondria that are 
considered to be the major source of cell-produced ROS 
(19) during damaging effect of Dx. In order to confirm this 
hypothesis, in vitro studies of the combined action of Dx 
and antioxidants were performed. B16 murine melanoma 
was selected for several reasons: a) it is internally resistant 
to Dx action, thus, any enhancement of its cytotoxic ac-
tivity toward tumor cells by the antioxidants will be well 
seen. This is in contrast to other cellular models, which are 
very sensitive to Dx action, and a moderate effect of oth-
er compounds can be missed; b) B16 melanoma can be 
used both in vitro and in vivo on C57/Bl6 mice, allowing 
immediate verification of in vitro data using the same ani-
mal tumor model.

Such a combined in vitro-in vivo approach should be of 
great importance for identification of potential clinical 
markers of drug-induced oxidative stress and mitochon-
drial dysfunction, as well as their modulation by studied 
antioxidants.

Selenomethionine and D-pantethine do not protect 
B16 melanoma cells from Doxorubicin-induced 
mitochondrial damage and have a little modulatory 
action on the level of superoxide anions increased 
under Doxorubicin action

We have checked if the observed tissue-protective effects 
of D-Pt and SeMet can be explained by their ability to scav-
enge produced toxic reactive oxygen species (ROS). Thus, 
the impact of these antioxidants on the level of specific 
ROS (namely, hydrogen peroxide and superoxide anions) 
was studied in cultured B16 melanoma cells. For selecting 

Figure 4. Impact of SeMet and D-Pt on superoxide anions production in B16 melanoma cells under Dx treatment. DHE fluores-
cence of B16 cells indicative for O2

- generation was determined by flow cytometry at the indicated time points after addition of Dx 
to B16 cell cultures without and with addition of 5 µM of SeMet and 25 µM of D-Pt. Data are given relative to the untreated control 
samples and represent the mean±SD of three independent experiments. *P < 0.05 relative to control, **P < 0.01 relative to control, 
***P < 0.0001 relative to control, unpaired t test. Significance levels indicated directly above bars refer to the comparison with the 
respective vehicle-treated controls.
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optimal (eg, non-toxic) concentrations of SeMet and D-Pt, 
as well as for evaluation of LC50 dose (lethal concentration 
of drug killing 50% cells) of Dx, Trypan blue cytotoxicity as-
say was used (Figure 2). One can see that B16 melanoma 
is characterized by an internal resistance to Dx (LC50 5 µM, 
and LC75 25 µM). SeMet and D-Pt do not possess cytotoxic 
action toward B16 cells even used in high doses (50 µM), 
while in low concentrations (5-25 µM), SeMet partially (by 
10%-12%, P < 0.001) inhibited cytotoxic action of Dx to-
ward studied tumor cells (Figure 2).

Cytotoxic effect of Dx toward B16 cells was accompanied 
by a significant time-dependent increase in the level of 
both hydrogen peroxide (measured by DCFDA fluores-
cence assay) and superoxide anions production (measured 
by DHE assay) (Figures 3 and 4). In particular, H2O2 concen-
tration increased 2-fold already at 3 h after Dx addition to 
cell culture, and further enhanced up to 4-fold at 24 h time 
point (Figure 3). The same fluctuations were observed for 

Dx-induced O2- radicals whose level increased 2-fold at 3 
h, also reaching its peak at 24 h time point (Figure 4). These 
events tightly correlated with mitochondrial damage, 
measured by Rhodamine 123 accumulation assay (Figure 
5). Dx in LC50 dose (5 µM) led to disruption of 10% of cellu-
lar mitochondria at 3 h, 15% - at 6 h, 20% - at 12 h, while at 
24 h time point this number increased to 42%. Thus, Dx-in-
duced mitochondrial damage leads to time-dependent in-
crease of both hydrogen peroxide and superoxide anions 
production in Dx-treated cells.

Surprisingly, no major ROS scavenging effects were ob-
served at the action of SeMet or D-Pt (Figures 3-5). On the 
contrary, SeMet (5 µM) increased hydrogen peroxide in 3 h 
after Dx addition to cultured cells (Figure 3). At later time 
points, (6 h, 12 h, 24 h), no significant difference in the ac-
tion of Dx and its combination with SeMet or D-Pt on the 
level of hydrogen peroxide was observed (Figure 3). D-Pt 
also had no effects on the level of superoxide anions under 

Figure 5. Impact of SeMet and D-Pt on Dx-mediated mitochondrial degradation. Cells were stained with Rho 123, pre-treated for 30 
min with NAC, then treated with either vehicle, LC50 (5 µM) and LC75 doses of Dx (10 µM) and analyzed by flow cytometry. Data depict 
means and SD of three independent experiments in duplicate. Values are given relatively to the vehicle-treated controls. *P < 0.05, 
**P < 0.01, ***P < 0.001, unpaired t test. Stars directly above the bars indicate differences to the respective vehicle controls.
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Dx treatment, while SeMet partially decreased it at 24 h in 
case of using high (10 µM) dose of Dx (Figure 4).

Finally, both studied supplements had no effect on func-
tional status of mitochondria in B16 cells damaged by Dx 
(Figure 5). Thus, SeMet and D-Pt possessed a little cytopro-
tective impact toward Dx cytotoxic action on the melano-
ma cells in vitro, and had no impact on mitochondrial dys-
function and subsequent oxidative stress induced by Dx 
in these cells.

Selenomethionine, in contrast to D-pantethine, causes 
partial inhibition of growth of B16 melanoma in mice 
and enhances a therapeutic action of Dx

In previous studies (11), we demonstrated that SeMet and 
D-Pt increased both survival and quality of life on mice bear-
ing NK/Ly lymphoma. In case of B16 melanoma, a direct 
comparison of animal survival time in different groups was 
not possible due to specificity of this solid tumor model in 
which rapid development of large necrotic nodules takes 
place. Thus, tumor-bearing mice had to be euthanized ac-
cording to ethical reasons before their death caused by 
tumor-induced intoxication and cachexia. In particular, 
animals of control group were euthanized at 22nd day af-

ter tumor inoculation when tumor volume reached 3 cm3 
(Figure 6A). D-Pt possessed a weak tumor-inhibitive action, 
and the implanted B16 melanoma in D-Pt-treated animals 
reached its maximum allowable size only at the 33rd day 
after its inoculation. On the contrary, SeMet alone signifi-
cantly inhibited B16 melanoma growth whose volume was 
only 1 cm3 at the 33rd day after tumor inoculation, thus, 
suggesting a major therapeutic effect of this dietary sup-
plement toward B16 melanoma (Figure 6A).

Despite high internal resistance of B16 melanoma to Dx ac-
tion revealed by us in vitro (Figure 2), it positively respond-
ed to Dx therapy in vivo (Figure 6B), and at the 33nd day 
after tumor inoculation, average size of tumor nodules was 
less than 900 mm3. A combination of Dx and D-Pt had not 
revealed a cumulative effect on B16 melanoma growth, 
suggesting little therapeutic importance of D-Pt in this 
model. On the contrary, a combination of Dx and SeMet 
possessed a strong synergistic effect on B16 melanoma 
progression and efficiently inhibited its growth at the 33rd 
day after tumor inoculation (average tumor volume was 
320 mm3, P < 0.05) (Figure 6B). At the 60th day after B16 
melanoma inoculation, these differences between Dx and 
Dx+SeMet groups were still visible, but not statistically sig-
nificant due to high variability of sizes and necrotization of 

Figure 6. Changes in tumor volume and body mass of animals with B16 melanoma treated with D-Pt and SeMet alone (A) or in 
combination with Dx (B). Tumor volume was measured every other day starting from 10th day after melanoma inoculation accord-
ing to materials and methods section. Animal weight was measured every other day, starting from 1st day of tumor inoculation.
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Figure 7. Changes in level of creatinine, activity of aspartate aminotransferase and alanine aminotransferase in B16 melanoma 
bearing animals treated with Dx and antioxidant compounds, at the 20th day after tumor inoculation. **P < 0.01 related to control, 
unpaired t test. ***P < 0.001 related to control, unpaired t test.

Figure 8. Comparison of number of erythrocytes and leukocytes in B16 melanoma-bearing animals, treated with Dx and antioxi-
dant compounds, at the 20th day after tumor inoculation. **P < 0.01 related to control, unpaired t test. ***P < 0.001 related to control, 
unpaired t test.
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tumor nodules. That was the reason for conducting eutha-
nization of tumor-bearing animals for the ethical reasons.

Selenomethionine and D-pantethine decrease 
nephrotoxicity and myelosuppressive effects of Dx in 
mice with B16 melanoma

We found that growth of B16 melanoma was accompa-
nied by a severe cachexia revealed as a relatively weak in-
crease in the total body weight, in contrast to big tumor 
volumes in control mice (Figure 6). In addition, B16 mel-
anoma-bearing animals were characterized by twice low-
er level of creatinine (P < 0.001) compared to healthy mice 
(Figure 7). It is known that creatinine level in blood is tight-
ly dependent on the fluctuations of muscle mass (20), thus, 
cachexia-derived loss of muscle mass might be the main 
reason for low creatinine found in blood of tumor-bearing 
animals. Dx therapy, despite inhibiting of tumor growth, 
was also found to be nephrotoxic, increasing 4-fold crea-
tinine level compared to such level in B16-bearing animals 
and 2-fold – compared to healthy control group. It should 
be noted that both SeMet and D-Pt efficiently lowered cre-
atinine level in blood of melanoma-bearing animals to the 
level observed in healthy animals ( ~ 140 µM). Thus, both 
studied antioxidants, despite their insignificant inhibitory 
effect on the growth of B16 melanoma, demonstrated an 
efficient protection against the nephrotoxic action of Dx.

B16 melanoma-bearing animals were also shown to be suf-
fering from the tumor-induced hepatotoxicity, as revealed 
by a 3-fold increase in aspartate aminotransferase (AST) ac-
tivity in blood serum of animals (Figure 7). Dx therapy re-
versed it to the values observed in healthy animals, while 
the combination of Dx with SeMet or D-Pt had shown the 
effect identical to Dx action (Figure 7). There were no sig-
nificant changes found in the level of another enzyme – 
alanine aminotransferase, neither under tumor growth, 
nor under treatment with applied chemotherapies. Thus, 
no signs of the hepatotoxicity of Dx were observed in B16 
melanoma-bearing animals suggesting that SeMet and 
D-Pt do not possess visible protective effects here.

Previously, we found that SeMet and D-Pt possessed 
strong myeloprotective activities toward Dx action in mice 
with NK/Ly lymphoma (11). Here, the in-depth studies of 
blood profile of animals with B16 melanoma treated with 
the same combination of drugs were performed. Blood 
samples were taken from tumor-bearing animals at the 

10th day after chemotherapy start (the 20th day after 
tumor inoculation), and blood smears were prepared 

and compared with such smears, prepared from blood of 
healthy (control) animals (Figure 8 and Figure 9). As one can 
see (Figure 8), growth of B16 melanoma is accompanied by 
a severe erythropenia and leukocytosis, while treatment of 
animals with Dx leads to further decrease in the number 
of erythrocytes, although it partially reverses leukocytosis 
(P < 0.001). D-Pt reversed erythropenia in tumor-bearing 
animals, and also partially increased their number in blood 
under Dx action, while SeMet had no impact here (Figure 
8). Both antioxidants revealed a strong inhibitive impact on 
the leukocytosis, since combined treatment of mice with 
SeMet and Dx lowered the number of leukocytes almost 
to the level found in healthy animals, while a combination 
of Dx+D-Pt diminished this index even further – up to 60% 
of the control level (Figure 8).

Tumor-derived leukocytosis was characterized by two 
more important changes – 2-fold decrease in number of 
small lymphocytes with a simultaneous 3-fold increase in 
the level of segmented neutrophils and young neutrophils 
with ring-shaped nuclei (Figure 9). Treatment of animals 
with Dx led to partial normalization (150% of control level) 
of all above mentioned indices, while a combination of Dx 
and SeMet or, to lower impact, with D-Pt completely re-
versed the number of neutrophils and small lymphocytes 
in blood of mice to the appropriate indices found in con-
trol group of healthy animals.

Finally, Dx treatment led to a significant monocytosis in 
B16-melanoma bearing animals (Figure 9). Such phenome-
non was observed when another experimental model, NK/
Ly lymphoma, was studied (11). Co-treatment of animals 
with SeMet or D-Pt reversed this parameter to sub-control 
levels, thus, indicating their myeloprotective properties.

Summarizing, the observed reversal of leukocytosis, neu-
trophilia, lymphopenia and monocytosis in B16 melano-
ma-bearing mice under their co-treatment with Dx and 
antioxidants might decrease the intensity of inflammatory 
processes switched on by tumor growth that could pro-
vide better quality of animals’ life. This, in turn, might lead 
to lowering of cachexia effects in tumor-bearing animals, 
stabilization of their muscle mass, and normalization of 
creatinine levels.

Discussion

Use of antioxidants, especially vitamin C, as a supportive 
therapy for treatment of nearly all diseases – starting from 
flu and finishing with cancer, gained an extreme popularity 
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in the last decades. It is known that cancer patients often 
use without doctors control the dietary antioxidant supple-
ments during the conventional cancer treatment in hope 
to palliate side effects of the chemotherapeutic drugs and, 
thus, to improve their health conditions (7). General idea 
of such a massive use of dietary supplements at cancer 
treatment is based on the opinion that antioxidants help 
to protect and repair healthy cells that are damaged by the 

chemotherapy via quenching free radicals whose produc-
tion is induced by the anti-cancer drugs. However, there is 
still no high-level evidence of the benefits of the combined 
use of antioxidants with conventional anticancer therapies 
for safety of cancer patients (21,22). Moreover, it is known 
that cancer cells are characterized by an increased ROS 
level (23), and application of antioxidants might actually 
decrease the efficiency of chemotherapy and worsen the 

Figure 9. Changes in leukogram in B16 melanoma-bearing animals, treated with Dx and antioxidant compounds, at 20th day after 
tumor inoculation.*P < 0.05 related to control, unpaired t-test. **P < 0.01 related to control, unpaired t-test. ***P < 0.001 related to 
control, unpaired t-test.
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prognosis in cancer patient (24). Thus, more studies of mo-
lecular mechanisms of tissue-protecting action of the an-
tioxidants have to be performed in order to reveal positive 
effects of their application in clinical medicine.

We have shown (10) that the organic selenium derivative 
– selenomethionine (SeMet) and vitamin B5 precursor – D-
pantethine (D-Pt) are capable of diminishing several side ef-
fects of Dx action in healthy rats, namely, they abolished the 
oxidative stress in blood cells and protected from a decrease 
of CoA level in liver. We conducted studies using mice with 
NK/Ly lymphoma and showed that these dietary supple-
ments, besides lowering the myelotoxicity of Dx, also lead to 
a boost of survival time of tumor-bearing animals (11). One 
of the aims of present study was to verify those data using 
more aggressive solid tumor model – murine B16 melano-
ma. We also evaluated the potential molecular mechanisms 
of tissue-protective action of SeMet and D-Pt.

The dissection of ROS production at a systemic cancer ther-
apy is a critical issue, since ROS might not only be mode-of-
action for the anticancer drugs, but they also might be the 
main cause of dose-limiting adverse effects. In that respect, 
the use of anthracyclines (eg, Dx) is particularly problem-
atic. While the role of ROS in their in vitro and in vivo anti-
cancer effects is questionable (25,26), the contribution of 
superoxide in cardiotoxicity is the major side effect (27).

It is believed that antioxidants protect normal cells from 
ROS-producing drugs by using a direct scavenging of the 
reactive oxygen species (28). Here we demonstrated that 
neither SeMet, nor D-Pt possessed such activity toward the 
action of Dx – a typical ROS inducing drug (3). In vitro studies 
conducted on B16 melanoma cells have revealed these cells 
are internally resistant to Dx action, with LC50 = 5 µM (drug 
concentration that leads to killing 50% of tumor cells), and 
LC75 dose 10 µM. In such doses, Dx caused a significant (4-5-
fold) and time-dependent increase in the level of hydrogen 
peroxide and superoxide anions that were measured by the 
DCFDA and DHE assays, correspondingly (Figures 4 and 5). 
However, SeMet and D-Pt failed to modulate these effects of 
Dx at most of studied time points (3-12 h). A statistically sig-
nificant decrease (30%, P < 0.001) of superoxide anions un-
der SeMet addition was observed only in 24 h after the start 
of B16 melanoma cell treatment with high dose of Dx (10 
µM). D-Pt was capable of partial decreasing hydrogen per-
oxide levels, but only at 24 hour cell treatment with a lower 
dose of Dx (5 µM). These results allow one to suggest that 

in the case of B16 melanoma ROS scavenging capacity of 
SeMet and D-Pt do not play a decisive role in modu-

lating Dx toxicity. As mitochondria are considered to be one 
of the main cellular sources of ROS (19), we evaluated the 
impact of SeMet and D-Pt on Dx-induced mitochondrial 
damage using Rhodamine 123 assay. It was revealed that 
both dietary supplements lacked any mitochondria-protec-
tive activity toward B16 melanoma cells, and, thus, failed to 
protect them from Dx-induced oxidative stress.

It should be stressed that in vitro studies of ROS-scaveng-
ing activities of SeMet and D-Pt were done only on tumor 
cell line, while these compounds might differentially act 
toward normal cell lines, and this question needs to be fur-
ther investigated. Moreover, it was known that melanoma 
cells are usually characterized by the elevated basal ROS 
content compared to normal cells (29). Thus, absence of 
cyto- and ROS-protective effects of SeMet and D-Pt toward 
cultured B16 melanoma cells under Dx action might sug-
gest that these compounds do not interfere with Dx thera-
peutic action in vivo, which was in fact observed by us. This 
might be a huge benefit for using SeMet and D-Pt in clin-
ics. Both SeMet and D-Pt gradually increased quality of life 
of tumor-bearing animals by lowering the nephrotoxicity 
and monocytosis caused by Dx, as well as by a significant 
boost of the immune status of tumor-bearing animals, as 
revealed by a decreased neutrophilia and increased level 
of small lymphocytes in blood. It should be stressed that 
most of the observed positive effects of SeMet and D-Pt 
were found only at their usage in a combination with Dx. 
Normalization of creatinine level in blood of B16 melano-
ma-bearing animals that was decreased in control (non-
treated) group comparing to healthy animals, was the only 
detected positive impact of SeMet and D-Pt applied alone. 
Such a decrease in creatinine level in blood of tumor-bear-
ing mice might be explained by a severe cachexia (30) that 
was observed as a weak increase of animal body weight, in 
contrast to an intensive growth of tumor volume.

A systemic inflammation and disorders of lipid metabo-
lism are considered to be the main triggering factors at 
cancer cachexia (31). Therefore, one might hypothesize 
that a reduced manifestation of cancer cachexia in ani-
mals treated with SeMet or D-Pt is associated with their 
immunomodulatory action aimed at decreasing of the in-
flammation processes. This, in turn, could diminish muscle 
mass loss that is the main consequence of cachexia in tu-
mor-bearing organism.

However, the immunomodulatory action of SeMet and 
D-Pt cannot explain their nephroprotective properties un-
der Dx therapy, since it is known that Dx-induced neph-
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rotoxicity is caused mainly by ROS produced by this drug 
(5). Our findings demonstrated that the molecular mecha-
nisms of cell protection by SeMet and D-Pt against Dx ac-
tion seem to be more complicated than a simple scaveng-
ing of ROS whose production is induced by Dx in damaged 
mitochondria. The observed phenomenon could be ex-
plained by a potential involvement of cellular glutathione 
system, as shown by us earlier (10,11), however, it needs 
further elucidation.

It should be stressed that in most animal tumor model stud-
ies, measuring of only the acute toxicity of applied drugs 
was possible, and the experiments were usually terminat-
ed in 30-60 days, while Dx-induced cardiotoxicity is usually 
observed much later, up to a year after chemotherapy start 
in human cancer patients (32). Thus, the performed ex-
periments using murine B16 melanoma have limitations, 
since they cannot reveal the long-term outcomes of the 
proposed poly-chemotherapy scheme based on a combi-
nation of Dx, SeMet and/or D-Pt. This was the reason why 
we did not include the cardiotoxicity tests in our studies, 
as the analyzed periods of time – 22 days for control group 
and 60 days for drug-treated groups – were too short for 
the development of visible manifestations of heart failure 
in the experimental animals. For such studies, less aggres-
sive and slowly growing solid tumor models should be 
used, since they could allow animal observation during a 
longer period of 90-120 days.

The absence of cumulative therapeutic effects of 
Dx+SeMet/D-Pt co-treatment, comparing to single Dx in-
jections, might suggest a preferable use of Dx in a com-
bination with the studied antioxidants. Normalization of 
blood formula and the level of red blood cells, as well as 
stabilization of protein metabolism (according to the crea-
tinine level), are important factors increasing chances for a 
long-term survival of cancer patient due to an abolishing 
of negative impact of chemotherapy on the organism.

In conclusion, current study demonstrated a distinct tissue-
protective activity of SeMet and D-Pt toward acute toxicity 
of Dx on B16 murine melanoma. As revealed by the results 
of our in vitro assays on B16 melanoma cells, such effects 
of SeMet and D-Pt are not connected with a direct ROS 
scavenging and protection of mitochondria from damage, 
they rather suggest other mechanisms underlying the cy-
toprotective action of these antioxidants toward normal 
cells and tissues. Further in vivo studies addressed on re-
vealing of the molecular mechanisms of tissue-protecting 
activity of SeMet and D-Pt are in progress.

Acknowledgment The authors thank Cedars-Sinai Medical Center’s Inter-
national Research and Innovation in Medicine Program, the Association for 
Regional Cooperation in the Fields of Health, Science and Technology (RE-
COOP HST Association) for their support of our organization as participating 
in Cedars–Sinai Medical Center - RECOOP Research Centers (CRRC).

Funding This work was partially supported by joint Ukrainian-Belorus-
sian grant financed by State Fund of Fundamental Research of Ukraine 
(#F73/105-2016) and State Fund of Fundamental Research of Belarus, and 
by the individual grants from the West-Ukrainian Biomedical Research Cen-
ter awarded to RP, LL and YK.

Ethical approval received from the Ethics Committee of the Institute of Cell 
Biology NAS of Ukraine, Protocol N 4/2016 dated by June 5, 2016.

Declaration of authorship RP contributed to the conception of the study 
and interpretation of data and drafted the manuscript. NS was involved in 
studies of combined action of doxorubicin and antioxidants on B16 mela-
noma on mice. YK was involved in the analysis of blood formula of animals 
and ALT/AST measurements. LL was involved in ROS studies on B16 mela-
noma in vitro. AM contributed to the conception of the study and interpre-
tation of data obtained during in vivo studies. RS contributed to the concep-
tion of the study, interpretation of data, and manuscript revision.

Competing interests All authors have completed the Unified Competing 
Interest form at www.icmje.org/coi_disclosure.pdf (available on request 
from the corresponding author) and declare: no support from any organi-
zation for the submitted work; no financial relationships with any organiza-
tions that might have an interest in the submitted work in the previous 3 
years; no other relationships or activities that could appear to have influ-
enced the submitted work.

References

1	D eVita VT, Lawrence TS, Rosenberg SA. Cancer: principles & 

practice of oncology: primer of the molecular biology of cancer. 

Lippincott Williams & Wilkins; 2012.

2	 Nicolson GL. Lipid replacement/antioxidant therapy as an adjunct 

supplement to reduce the adverse effects of cancer therapy and 

restore mitochondrial function. Pathol Oncol Res. 2005;11:139-44. 

Medline:16195767 doi:10.1007/BF02893390

3	 Minotti G, Menna P, Salvatorelli E, Cairo G, Gianni L. Anthracyclines: 

molecular advances and pharmacologic developments in 

antitumor activity and cardiotoxicity. Pharmacol Rev. 2004;56:185-

229. Medline:15169927 doi:10.1124/pr.56.2.6

4	 Pourtier-Manzanedo A, Didier A, Froidevaux S, Loor F. 

Lymphotoxicity and myelotoxicity of doxorubicin and SDZ PSC 

833 combined chemotherapies for normal mice. Toxicology. 

1995;99:207-17. Medline:7610467 doi:10.1016/0300-

483X(95)03056-L

5	 Lahoti TS, Patel D, Thekkemadom V, Beckett R, Ray SD. 

Doxorubicin-induced in vivo nephrotoxicity involves oxidative 

stress-mediated multiple pro-and anti-apoptotic signaling 

pathways. Curr Neurovasc Res. 2012;9:282-95. Medline:22873725 

doi:10.2174/156720212803530636

6	 Lefrak EA, Piťha J, Rosenheim S, Gottlieb JA. A clinicopathologic 

analysis of adriamycin cardiotoxicity. Cancer. 1973;32:302-14. 

Medline:4353012 doi:10.1002/1097-0142(197308)32:2<302::AID-

CNCR2820320205>3.0.CO;2-2

7	 Miller PE, Vasey JJ, Short PF, Hartman TJ, editors. Description of 

dietary supplement use in adult cancer survivors. NIH Public 

Access.Oncology nursing forum; 2009.

www.icmje.org/coi_disclosure.pdf 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16195767&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16195767&dopt=Abstract
http://dx.doi.org/10.1007/BF02893390
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15169927&dopt=Abstract
http://dx.doi.org/10.1124/pr.56.2.6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7610467&dopt=Abstract
http://dx.doi.org/10.1016/0300-483X(95)03056-L
http://dx.doi.org/10.1016/0300-483X(95)03056-L
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22873725&dopt=Abstract
http://dx.doi.org/10.2174/156720212803530636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4353012&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4353012&dopt=Abstract
http://dx.doi.org/10.1002/1097-0142(197308)32:2%3c302::AID-CNCR2820320205%3e3.0.CO;2-2
http://dx.doi.org/10.1002/1097-0142(197308)32:2%3c302::AID-CNCR2820320205%3e3.0.CO;2-2


RECOOP for Common Mechanisms of Diseases 184 Croat Med J. 2017;58:171-84

www.cmj.hr

8	 Bjelakovic G, Nikolova D, Simonetti RG, Gluud C. Antioxidant 

supplements for prevention of gastrointestinal cancers: a 

systematic review and meta-analysis. Lancet. 2004;364:1219-28. 

Medline:15464182 doi:10.1016/S0140-6736(04)17138-9

9	T he alpha-tocopherol, beta-carotene lung cancer prevention 

study: design, methods, participant characteristics, and 

compliance. Ann Epidemiol. 1994;4:1-10. Medline:8205268 

doi:10.1016/1047-2797(94)90036-1

10	 Panchuk R, Skorokhyd N, Chumak V, Lehka L, Omelyanchik S, 

Gurinovich V, et al. Specific antioxidant compounds differentially 

modulate cytotoxic activity of doxorubicin and cisplatin: in vitro 

and in vivo study. Croat Med J. 2014;55:206-17. Medline:24891279 

doi:10.3325/cmj.2014.55.206

11	 Panchuk RR, Skorokhyd NR, Kozak YS, Lehka LV, Chumak VV, 

Omelyanchik SN, et al. Antioxidants selenomethionine and 

D-pantethine decrease the negative side effects of doxorubicin 

in NL/Ly lymphoma-bearing mice. Croat Med J. 2016;57:180. 

Medline:27106359 doi:10.3325/cmj.2016.57.180

12	D eng C, Zhang Q, Fu Y, Sun X, Gong T, Zhang Z. Coadministration 

of oligomeric hyaluronic acid modified liposomes with tumor 

penetrating peptide-iRGD enhances the antitumor efficacy 

of doxorubicin against melanoma. ACS Appl Mater Interfaces. 

2017;9:1280-92. Medline:28009503 doi:10.1021/acsami.6b13738

13	 Vorobiof DA, Rapoport BL, Mahomed R, Karime M. Phase II 

study of pegylated liposomal doxorubicin in patients with 

metastatic malignant melanoma failing standard chemotherapy 

treatment. Melanoma Res. 2003;13:201-3. Medline:12690306 

doi:10.1097/00008390-200304000-00015

14	H effeter P, Pongratz M, Steiner E, Chiba P, Jakupec MA, Elbling L, et 

al. Intrinsic and acquired forms of resistance against the anticancer 

ruthenium compound KP1019 [indazolium trans-[tetrachlorobis 

(1H-indazole) ruthenate (III)](FFC14A). J Pharmacol Exp Ther. 

2005;312:281-9. Medline:15331656 doi:10.1124/jpet.104.073395

15	 Geran RI. Protocols for screening chemical agents and natural 

products against animal tumors and other biological systems. 

Cancer Chemother Rep. 1972;3:51-61.

16	 Ronin VS, Starobinets GM, Utevsky NL. Textbook for classes on the 

methods of clinical laboratory investigations. 4th ed. Moscow: 

Medicine; 1989. 335 p.

17	 Wilkinson K, Fikes J, Wojcik S. Improved mouse blood smears 

using the DiffSpin slide spinner. Vet Clin Pathol. 2001;30:197-200. 

Medline:12024302

18	 Roscoe MH. The estimation of creatinine in serum. J Clin Pathol. 

1953;6:201-7. Medline:13084764 doi:10.1136/jcp.6.3.201

19	 Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive 

oxygen species (ROS) and ROS-induced ROS release. Physiol 

Rev. 2014;94:909-50. Medline:24987008 doi:10.1152/

physrev.00026.2013

20	 Baxmann AC, Ahmed MS, Marques NC, Menon VB, Pereira AB, 

Kirsztajn GM, et al. Influence of muscle mass and physical activity 

on serum and urinary creatinine and serum cystatin C. Clin J Am 

Soc Nephrol. 2008;3:348-54. Medline:18235143 doi:10.2215/

CJN.02870707

21	 Block KI, Koch AC, Mead MN, Tothy PK, Newman RA, Gyllenhaal 

C. Impact of antioxidant supplementation on chemotherapeutic 

toxicity: a systematic review of the evidence from randomized 

controlled trials. Int J Cancer. 2008;123:1227-39. Medline:18623084 

doi:10.1002/ijc.23754

22	D ’Andrea GM. Use of antioxidants during chemotherapy and 

radiotherapy should be avoided. CA Cancer J Clin. 2005;55:319-21. 

Medline:16166076 doi:10.3322/canjclin.55.5.319

23	 Panieri E, Santoro M. ROS homeostasis and metabolism: a 

dangerous liason in cancer cells. Cell Death Dis. 2016;7:e2253. 

Medline:27277675 doi:10.1038/cddis.2016.105

24	 Biesalski HK, Frank J. Antioxidants in cancer therapy: Is there a 

rationale to recommend antioxidants during cancer therapy? 

Biofactors. 2003;17:229-40. Medline:12897444 doi:10.1002/

biof.5520170122

25	D i X, Shiu RP, Newsham IF, Gewirtz DA. Apoptosis, autophagy, 

accelerated senescence and reactive oxygen in the response of 

human breast tumor cells to adriamycin. Biochem Pharmacol. 

2009;77:1139-50. Medline:19185564 doi:10.1016/j.bcp.2008.12.016

26	H oke EM, Maylock CA, Shacter E. Desferal inhibits breast 

tumor growth and does not interfere with the tumoricidal 

activity of doxorubicin. Free Radic Biol Med. 2005;39:403-11. 

Medline:15993339 doi:10.1016/j.freeradbiomed.2005.03.029

27	 Angsutararux P, Luanpitpong S, Issaragrisil S. Chemotherapy-

induced cardiotoxicity: overview of the roles of oxidative stress. 

Oxid Med Cell Longev. 2015;2015:795602.

28	 Young IS, Woodside J. Antioxidants in health and disease. J 

Clin Pathol. 2001;54:176-86. Medline:11253127 doi:10.1136/

jcp.54.3.176

29	 Corazao-Rozas P, Guerreschi P, Jendoubi M, André F, Jonneaux A, 

Scalbert C, et al. Mitochondrial oxidative stress is the Achille’s heel 

of melanoma cells resistant to Braf-mutant inhibitor. Oncotarget. 

2013;4:1986-98. Medline:24161908 doi:10.18632/oncotarget.1420

30	D rescher C, Konishi M, Ebner N, Springer J. Loss of muscle mass: 

current developments in cachexia and sarcopenia focused 

on biomarkers and treatment. J Cachexia Sarcopenia Muscle. 

2015;6:303-11. Medline:26676067 doi:10.1002/jcsm.12082

31	 Porporato PE. Understanding cachexia as a cancer metabolism 

syndrome. Oncogenesis. 2016;5:e200. Medline:26900952 

doi:10.1038/oncsis.2016.3

32	 Jiji RS, Kramer CM, Salerno M. Non-invasive imaging and 

monitoring cardiotoxicity of cancer therapeutic drugs. J Nucl 

Cardiol. 2012;19:377-88. Medline:22351492 doi:10.1007/s12350-

012-9512-2

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15464182&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15464182&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(04)17138-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8205268&dopt=Abstract
http://dx.doi.org/10.1016/1047-2797(94)90036-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24891279&dopt=Abstract
http://dx.doi.org/10.3325/cmj.2014.55.206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27106359&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27106359&dopt=Abstract
http://dx.doi.org/10.3325/cmj.2016.57.180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28009503&dopt=Abstract
http://dx.doi.org/10.1021/acsami.6b13738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12690306&dopt=Abstract
http://dx.doi.org/10.1097/00008390-200304000-00015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15331656&dopt=Abstract
http://dx.doi.org/10.1124/jpet.104.073395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12024302&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12024302&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=13084764&dopt=Abstract
http://dx.doi.org/10.1136/jcp.6.3.201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24987008&dopt=Abstract
http://dx.doi.org/10.1152/physrev.00026.2013
http://dx.doi.org/10.1152/physrev.00026.2013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18235143&dopt=Abstract
http://dx.doi.org/10.2215/CJN.02870707
http://dx.doi.org/10.2215/CJN.02870707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18623084&dopt=Abstract
http://dx.doi.org/10.1002/ijc.23754
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16166076&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16166076&dopt=Abstract
http://dx.doi.org/10.3322/canjclin.55.5.319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27277675&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27277675&dopt=Abstract
http://dx.doi.org/10.1038/cddis.2016.105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12897444&dopt=Abstract
http://dx.doi.org/10.1002/biof.5520170122
http://dx.doi.org/10.1002/biof.5520170122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19185564&dopt=Abstract
http://dx.doi.org/10.1016/j.bcp.2008.12.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15993339&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15993339&dopt=Abstract
http://dx.doi.org/10.1016/j.freeradbiomed.2005.03.029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11253127&dopt=Abstract
http://dx.doi.org/10.1136/jcp.54.3.176
http://dx.doi.org/10.1136/jcp.54.3.176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24161908&dopt=Abstract
http://dx.doi.org/10.18632/oncotarget.1420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26676067&dopt=Abstract
http://dx.doi.org/10.1002/jcsm.12082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26900952&dopt=Abstract
http://dx.doi.org/10.1038/oncsis.2016.3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22351492&dopt=Abstract
http://dx.doi.org/10.1007/s12350-012-9512-2
http://dx.doi.org/10.1007/s12350-012-9512-2

