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Abstract. Background/Aim: Recent studies provided
convincing evidence for the anticancer activity of combined
application of vitamin C and pro-vitamin K3 (menadione).
The molecular pathways underlying this process are still not
well established. The present study aimed to investigate the
effect of the combination of vitamin C plus pro-vitamin K3
on the redox status of leukemia and normal lymphocytes, as
well as their sensitizing effect for a variety of anticancer
drugs. Materials and Methods: Cytotoxicity of the substances
was analyzed by trypan blue staining and automated
counting of live and dead cells. Apoptosis was analyzed by
fluorescein isothiocyanate-annexin V test. Oxidative stress
was evaluated by the intracellular levels of reactive oxygen
and nitrogen species and protein—carbonyl products. Results:
Combined administration of 300 uM vitamin C plus 3 uM
pro-vitamin K3 reduced the viability of leukemia lymphocytes
by ~20%, but did not influence the viability of normal
lymphocytes. All combinations of anticancer drug plus
vitamins C and K3 were characterized by synergistic
cytotoxicity towards Jurkat cells, compared to cells treated
with drug alone for 24 h. In the case of barasertib and
everolimus, this synergistic cytotoxicity increased within
72 hours. It was accompanied by strong induction of
apoptosis, but a reduction of level of hydroperoxides and
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moderately increased protein—carbonyl products in leukemia
cells.
sensitive to combined administration of anticancer drug

Conclusion: Leukemia lymphocytes were more

(everolimus or barasertib) plus vitamins C and K3,
compared to normal lymphocytes. The combination of
vitamin C plus K3 seems to be a powerful redox system that
could specifically influence redox homeostasis of leukemia
cells and sensitize them to conventional chemotherapy.

It is widely accepted that the efficiency of conventional
chemotherapeutics, as well as their harmful side-effects, are
due to disruption of redox homeostasis and induction of
oxidative stress in normal cells and tissues (1, 2). In this
case, natural and synthetic antioxidants are used as
supplements to control the process. Many experimental
studies have shown a decrease of reactive oxygen species
(ROS) after administration of anticancer drugs combined
with antioxidants (3-5). However, other studies have reported
that many natural compounds recognized as antioxidants can
also exhibit pro-oxidant effects, depending on environmental
conditions (6-8). It is assumed that these natural compounds
do not affect the efficiency of chemotherapy, but induce
cancer progression due to induction of drug resistance. In our
previous studies, we found that certain redox modulators
(e.g. melatonin, 2-deoxy-D-glucose, 6-aminonicotinamide,
and docosahexaenoic acid) sensitize leukemia lymphocytes
to anticancer drugs (9-12). Some combinations (redox
modulator plus anticancer drug) are characterized by
synergistic cytotoxicity towards leukemia cells, but without
elevated ROS production. In addition, these redox
modulators did not significantly affect cell viability or the
level of ROS and did not induce apoptosis of normal
lymphocytes when combined with new-generation anticancer
drugs (e.g. everolimus and barasertib) (9-12).
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Some of the most interesting natural compounds are
vitamins C and K, and especially their combination. There
is convincing evidence for cell-cycle arrest and cell death
after combined administration of vitamin C and pro-vitamin
K3 (menadione) to different cancer cell lines (13-16). The
molecular pathways underlying this process are still not well
established. It is assumed that the interaction between
vitamin C and K3 leads to generation of superoxide radicals,
followed by production of hydrogen peroxide and induction
of oxidative stress in cancer cells (13-16). Zhang et al. also
showed that cancer cells derived from oral squamous
carcinoma (HSC-2, HSC-3) and promyelocytic leukemia
(HL-60) are more sensitive to combined administration of
vitamin C and K3, in comparison with normal cells (17).
Their study supports our assumption that the changes in
redox homeostasis of cancer cells by targeting specific
biochemical/metabolic pathways involved in oncogenesis
and cancer progression could be used as a new therapeutic
strategy (18).

The present study aimed to investigate the effect of
vitamin C and K3 on the redox status of leukemia and
normal lymphocytes, as well as their sensitizing effect to
variety of anticancer drugs — four conventional and 11 new-
generation drugs. We also discuss the molecular mechanisms
of action of vitamin C and K3 in combination, based on
regulation of metabolic processes, which are vital for cancer
cells, but not for normal cells.

Materials and Methods

Cells and treatment protocol. The experiments were performed on
leukemia lymphocytes (Jurkat), derived from patients with acute
lymphoblastic leukemia, as well as on normal lymphocytes isolated
from healthy blood donors using Lymphosepar-I (Immune-
Biological Laboratories Co., Fujioka, Japan). The cells were
cultured in RPMI-1640 medium (Sigma-Aldrich, Steinheim,
Germany), supplemented with 10% heat-inactivated fetal bovine
serum (Gibco, Auckland, New Zealand) and antibiotics (100 U/ml
penicillin and 100 pg/ml streptomycin) (Gibco) in a humidified
atmosphere at 37°C with 5% CO,. All cells were collected by
centrifugation (1,000 x g for 10 min) and replaced in a fresh
medium without antibiotics before treatment with anticancer drugs.

The drugs were dissolved in dimethyl sulfoxide (DMSO; suitable
for cell cultures; Sigma-Aldrich) or phosphate-buffered saline (PBS;
10 mM, pH 7.4). The final concentration of DMSO in the cell
suspension did not exceed 1%. At this concentration, DMSO did not
influence cell viability.

The cells (1x106 cells/ml) were incubated with vitamin C and
K3, drug, or drug plus vitamin C and K3 at the following
concentrations: 300 uM vitamin C (Sigma-Aldrich), 3 uM vitamin
K3 (Sigma-Aldrich), 0.25 uM palbociclib (Selleckchem, Houston,
TX, USA), 0.5 uM PI-103, 5 pM (Selleckchem), everolimus
(Selleckchem), 0.5 pM lonafarnib (Selleckchem), 0.1 uM ABT-737
(Selleckchem), 0.1 uM doxorubicin (Sigma-Aldrich), 0.5 uM
bleomycin (Nippon Kayaku Co., Tokyo, Japan), 0.1 pM AZD-7762
(Sigma-Aldrich), 0.01 pM MLN-2238 (Selleckchem), 0.025 uM
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MG-132 (Wako, Tokyo, Japan), 10 uM lomustine (Sigma-Aldrich),
2.5 uM cisplatin (Selleckchem), 0.025 uM BEZ-235 (Selleckchem),
0.01 uM bortezomib (Selleckchem), 0.05 uM or 0.01 uM barasertib
(Selleckchem). Drugs were applied to the cells at these
concentrations (single dose) and incubated for different time
intervals in a cell incubator. At each time interval, aliquots were
used for cell viability assay. The selected concentrations of drugs,
as well as of combinations (vitamin C plus K3), when applied
separately induced about 20% inhibition of the growth of leukemia
lymphocytes.

Cell viability assay. Cell viability was analyzed using trypan blue
staining and Countess™ Automated Cell Counter (Invitrogen,
Eugene, OR, USA) at very precise standardization of the
measurements. Three independent experiments (with two repetitive
measurements) for each experiment were performed for each
sample. Non-treated cells were used as controls. The data are
presented as the mean+SD.

Intracellular ROS assay. The amount of ROS was analyzed using
OxiSelect™ [n vitro ROS/RNS Assay Kit — Green Flourescence
(Cell Biolabs., Inc., San Diego, CA, USA). The method is based on
the use of fluorogenic probe 2’,7’-dichlorodihydrofluorescin (DCFH-
DiOxyQ). In the cytosol, the probe is deacetylated to the non-
fluorescent DCFH. DCFH reacts with ROS and reactive nitrogen
species (RNS) (predominantly H,O,, ROO*, NO, ONOO-) with
formation of fluorescent product 2’,7’-dichlorodihydrofluorescein
(DCF). The intensity of DCF fluorescence (A, =480 nm, h,,=530
nm) is proportional to the amount of ROS/RNS in the biological
sample.

The amount of ROS/RNS was calculated by calibration curve
based on DCF standard solution in PBS. The measurements were
performed on a Tecan Infinite F200 PRO (Tecan Austria GmbH,
Mannedorf, Austria) microplate reader.

Briefly, the cells (1x10% cells/ml) were collected by
centrifugation (1000 x g for 10 min) and lysed using 300 pl of 0.1%
sodium dodecylsulfate (SDS; dissolved in PBS) within 30 min on
ice. The lysates were adjusted to equal protein concentration (in the
range 1-10 mg/ml) using PBS. Protein concentration was analyzed
by Bradford assay. Each sample was subjected to ROS/RNS assay,
according to the manufacturer’s instruction.

Protein—carbonyl assay. The amount of protein—carbonyl products were
analyzed using OxiSelect™ Protein Carbonyl Spectrophotometric
Assay Kit (Cell Biolabs, Inc.). The most common products of protein
oxidation in biological samples are the protein—carbonyl derivatives of
proline, arginine, lysine and threonine, which are chemically stable and
serve as markers of oxidative stress. The analysis of these products is
based on derivatization of the carbonyl groups with
dinitrophenylhydrazine with formation of protein-hydrazone. The
amount of protein—hydrazone was detected spectrophotometrically at
375 nm.

Briefly, the cells (1x10% cells/ml) were collected by
centrifugation (1000 x g, 10 min) and lysed using 300 pl of 0.1%
SDS (dissolved in PBS) within 30 min on ice. The lysates were
adjusted to equal protein concentration (in the range 1-10 mg/ml)
using PBS. Protein concentration was analyzed by Bradford assay.
Each sample was subjected to protein—carbonyl assay, according to
the manufacturer’s instruction. Oxidized bovine serum albumin was
used as a standard.
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Apoptosis assay. Induction of apoptosis was analyzed by the
expression of phosphatidylserine (PSer) on the cell surface, using
fluorescein isothiocyanate (FITC)-Annexin V Apoptosis Detection
Kit (BioVision, Milpitas, CA, USA).

Briefly, the cells (1x10° cells/ml) were incubated with drug, vitamin
C plus K3, or their combination, under the conditions mentioned above.
At different time-points, the cells were collected by centrifugation
(1000 x g for 10 min), washed twice with PBS containing 2.5 mM
CaCl, (annexin V-binding buffer) and re-suspended in the same buffer.
One hundred microliters of the suspension were incubated with 5 pl of
FITC-annexin V for 10 min at room temperature in the dark. The cells
were washed three times with annexin V-binding buffer and were
finally re-suspended in 500 pl of the same buffer. FITC-annexin V
bound to PSer exposed on the cell surface was detected
spectrofluorimetrically at A.,=488 nm and ;=535 nm, using a Tecan
Infinite F200 PRO (Tecan Austria GmbH) microplate reader.

Results and Discussion

Effect of the combination of vitamin C and K3 on the viability
of leukemia and normal lymphocytes. The cells were incubated
with different concentrations of vitamin C and K3, keeping
the ratio at 100:1 (mol:mol). It has been shown that the
anticancer effect of the combinations of both vitamins is most
strongly expressed at this molar ratio (13-16). The aim of this
stage of the study was to select the optimal concentrations of
the combination of both vitamins, which induced ~20-30%
cytotoxicity in leukemia lymphocytes after 48-hour
incubation. This level of cytotoxicity enables assessment of
synergism, additivity or antagonism after combined
application of vitamin C and K3 with anticancer drugs.

The data in Figure 1 demonstrate that combined
administration of 300 uM vitamin C plus 3 uM vitamin K3
reduced the viability of leukemia lymphocytes by ~20%
(Figure 1A) but did not influence the viability of normal
lymphocytes (Figure 1B). A similar effect was also detected
for combined application of 400 uM vitamin C plus 4 uM
pro-vitamin K3. Above these concentrations, the
combination of both vitamins induced cytotoxicity not only
in leukemia lymphocytes, but also in normal lymphocytes.

Effect of vitamin C and K3 on the cytotoxicity of anticancer
drugs towards leukemia lymphocytes. The second stage of the
study aimed to clarify the effect of vitamin C and K3 (300 uM
vitamin C plus 3 uM pro-vitamin K3) on the cytotoxicity of
anticancer drugs towards Jurkat leukemia cells.

Cells were incubated with vitamin C plus K3 and anticancer
drug — separately and in combination, for different time
intervals (24, 48 and 72 h). The results are shown in Figure 2.
The calculations are described in detail in our previous article
(9). Briefly, to distinguish the synergistic cytotoxic effect from
antagonistic/additive effects, we calculated the effect of each
combination on cell proliferation as a percentage of the effect
of the respective drug applied alone. Then we compared this
effect to the effect of the combination (vitamin C plus K3),
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Figure 1. Effect of vitamin C and K3 on viability of Jurkat leukemia
lymphocytes (A) and normal lymphocytes (B) after different incubation
times. The data are the mean+SD of six independent experiments. The
arrows indicate the concentrations of vitamin C (300 uM) and K3 (3 uM)
selected for further experiments in combination with anticancer drugs.

when applied alone. The effect of vitamin C plus K3 is
indicated by the dashed line in Figure 2B. In the case of drug
plus vitamin C and K3, the data located to the left of the
dashed line represent synergistic cytotoxic effects, while the
data located to the right of the dashed line represent
antagonistic effects. All data matching the dashed line reflect
additive effects. The cytotoxicity of each drug applied alone
at the selected concentration ranged from ~10-20% after 24-h
incubation to ~20-30% after 48- and 72-h incubation. After
24-hour incubation, all combinations (anticancer drug plus
vitamin C and K3) were characterized by synergistic
cytotoxicity towards Jurkat cells compared to cells treated
with drug only (Figure 2B). However, this synergistic
cytotoxicity decreased or disappeared after 48- and 72-h
incubation. Only in the case of barasertib and everolimus we
observed a clear enhancement of the synergistic cytotoxicity
with vitamin C and K3 within 72 h.

Effect of vitamin C and K3 on everolimus- and barasertib-
induced cytotoxicity, apoptosis, production of ROS and
protein—carbonyl products in leukemia and normal
lymphocytes. The third stage of our study aimed to
investigate whether the strong synergistic cytotoxicity of
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Figure 2. A: Effect of vitamin C and K3 (Vit. C&K3) and anticancer drugs alone and in combination on cell proliferation of Jurkat cells after
incubation for 24-, 48- and 72-h. Incubation conditions: 1x106 cells/ml, redox-modulators (300 uM vitamin C plus 3 uM pro-vitamin K3)
with/without or drug (at concentrations given in the Materials and Methods), at 37°C in a humidified atmosphere. Data are the mean+SD of six
independent experiments. B: Effect of each combination (drug plus Vit. C&K3) on cell proliferation as a percentage of the effect of drug when
applied alone. The dashed line indicates the effect of Vit. C&K3 on cell proliferation activity of cancer cells as a percentage that of the control

(untreated cells). *In this experiment, the concentration of barasertib was 50 nM.
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Figure 3. Effects of vitamin C and K3 (Vit. C&K3; 300 uM and 1 uM, respectively), everolimus (5 uM) and their combination on cell viability,
induction of apoptosis, level of reactive oxygen species (ROS) and level of protein—carbonyl products in Jurkat leukemia cells (A) and normal
lymphocytes (B), after 24- and 48-hour incubation at 370C in humidified atmosphere. The data are the mean+SD from three independent experiments.
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Figure 4. Effects of vitamin C and K3 (Vit. C&K3; 300 uM and 1 uM, respectively), barasertib (0.01 uM) and their combination on cell viability,
induction of apoptosis, level of reactive oxygen species (ROS) and level of protein—carbonyl products in Jurkat leukemia cells (A) and normal
lymphocytes (B), after 24- and 48-h incubation at 37°C in humidified atmosphere. The data are the mean+SD from three independent experiments.
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vitamin C and K3 in combination with barasertib or
everolimus towards leukemia lymphocytes was accompanied
by induction of oxidative stress. To estimate the possible
side-effects, we analyzed the effects of these combinations
on the viability and redox status of normal lymphocytes.

Everolimus is an inhibitor of the mammalian target of
rapamycin (mTOR) pathway, which has a fundamental role
in the regulation of cell viability, translational initiation, and
cell-cycle progression. Recent studies have reported that
everolimus has anticancer effects (19-22). The drug
sensitizes cancer cells to other anticancer drugs, as well as
preventing the development of multidrug resistance through
altering the balance between pro-apoptotic and anti-apoptotic
factors (20, 21).

Barasertib belongs to a new class of pyrazoloquinazolines,
selective inhibitors of aurora B kinase (23). Currently, the
aurora kinases are the subject of considerable interest as
targets for the development of new anticancer agents. Little
is known about the molecular mechanisms of action of
barasertib, except that it inhibits aurora B kinase, provokes
cell-cycle arrest and apoptosis, as well as enhancing the
response to chemotherapy (24).

Some researchers have shown that the anticancer effect
of everolimus and barasertib was not mediated by increased
production of ROS (25), but others suggest the involvement
of ROS in this process (26-28). In our previous studies, we
established that everolimus and barasertib in combination
with redox modulators induced apoptosis of leukemia
lymphocytes via ROS-independent (in the case of 2-deoxy-
D-glucose, 6-aminonicotinamide, and melatonin) or ROS-
dependent mechanisms (in the case of docosahexaenoic
acid) (9-12).

In this study, everolimus and barasertib were used at very
low concentrations that had no significant effect on cell
viability when the drug was applied alone to both cell types.

The data in Figure 3 show that everolimus, at 5 uM
exhibited a slight cytotoxic effect (~10% after 48-hour
incubation) towards leukemia lymphocytes, but not towards
normal lymphocytes. In Jurkat cells, the cytotoxicity of
everolimus applied alone was accompanied by induction of
apoptosis, but only a relatively slight (insignificant) increase
of the level of ROS, and without change in the level of
protein—carbonyl products (Figure 3A). Vitamin C and K3
increased the cytotoxicity of everolimus by up to 30% after
24-hour and ~50% after 48-hour incubation with leukemia
lymphocytes (Figure 3A). In Jurkat cells, the combination
exhibited a very strong induction of apoptosis (~8-fold that
of the control after 48-hour incubation). This effect was
accompanied by a decrease of ROS even below the level of
the control (Figure 3A). However, the combination of
everolimus with vitamin C and K3 also affected the viability
of normal lymphocytes — by up to 15% after 24-hour and
~25% after 48-hour incubation (Figure 3B). This effect was
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accompanied by induction of apoptosis (~2- to 3-fold that of
the control), reduction of ROS (~30-35%), but enhancement
of protein—carbonyl products (~30-50%) (Figure 3B).

Our data indicate that the high levels of ROS (e.g.
hydroperoxides analyzed by DCF test) are not obligatory for
induction of apoptosis in leukemia lymphocytes treated with
everolimus plus vitamin C and K3. Nevertheless, an elevated
level of protein—carbonyl products indicates induction of
oxidative stress in both cell types. This can explain, at least
partially, the side-effect of this combination on normal
lymphocytes. It seems that vitamin C and K3 are mainly
responsible for altering the redox homeostasis of normal
lymphocytes: protein—carbonyl products increased even
when the combination of both vitamins was applied in the
absence of everolimus.

On the other hand, recent studies have reported that
everolimus sensitizes malignant pleural mesothelioma and
osteosarcoma cells to sorafenib by triggering ROS-induced
apoptosis mediated through adenosine monophosphate-
activated protein kinase (26, 27). It was also found that the
level of oxidized glutathione increased and the levels of
reduced glutathione and NADPH decreased in mice with
ischemia-reperfusion injury treated with everolimus (29).
Dando et al. have shown that everolimus induces nuclear
translocation of the cytosolic glycolytic enzyme
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in
pancreatic adenocarcinoma cells (30). GAPDH is a redox-
sensitive protein and its activity is regulated by reducers and
oxidizers. This mechanism is being discussed as a reason for
synergistic cytotoxicity between everolimus and genipin (an
inhibitor of the mitochondrial uncoupling protein 2).

In the case of barasertib, the cells were treated with a very
low concentration of the drug (10 nM). At this concentration,
barasertib did not affect the viability of either cell type
during 24- and 48-hour incubation (Figure 4). However, the
combination of barasertib plus vitamin C and K3 induced a
strong cytotoxic effect on leukemia cells (~45-50%), which
was accompanied by a strong induction of apoptosis (6-fold
that of the control after 48 h) and a relatively moderate
enhancement of ROS and protein—carbonyl levels, as
detected after 24- and 48-hour incubation (Figure 4A).
Unfortunately, the combination of barasertib plus vitamin C
and K3 exhibited cytotoxicity towards normal lymphocytes
(~10% after 24-hour and ~45% after 48-h incubation)
(Figure 4B). This cytotoxic effect was accompanied by
induction of apoptosis and enhancement of protein—carbonyl
products.

The data suggest that the extremely strong induction of
apoptosis and synergistic cytotoxicity of the anticancer drug
(everolimus or barasertib) plus vitamin C and K3 does not
require a strong production of ROS, in particularly
hydroperoxides. However, the enhancement of protein—
carbonyl products indicates an induction of oxidative stress.
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Presumably, other types of ROS (e.g. hydroxyl radicals
produced in Fenton reactions) are involved in the synergistic
cytotoxic effects of these triple combinations.

Other molecular mechanisms may also underlie these
effects. For example, Chen et al. have shown that vitamin C
and K3 reduce the activities of matrix metalloproteinases 2
and 9, and urokinase plasminogen activator and thus inhibit
tumor growth and exhibit anti-mestatatic potential in Lewis
lung carcinoma (31). Tremante et al. have reported that sub-
apoptotic doses of vitamin C and K3 sensitize human
melanoma cells to natural killer cell lysis (32). This study
suggests that reducing the dose of both vitamins could
improve their ability to sensitize to everolimus and barasertib
— abolishing cytotoxicity against normal lymphocytes and
increasing the specificity of sensitization of leukemia
lymphocytes. However, this assumption needs further
verification.

Clearly, Jurkat leukemia lymphocytes are more sensitive
to combined administration of anticancer drug (everolimus
or barasertib) plus vitamin C and K3 as compared to normal
cells. The combination of vitamin C plus K3 seems to be a
powerful redox system that could specifically influence
redox homeostasis of cancer cells and sensitize them to
conventional chemotherapy.
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