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. The present study was designed to investigate if elevated copper level can be targeted to enhance

. the efficacy of a significant anticancer drug, imatinib (ITB). The antineoplastic activity of this drug was

. assessed in the HepG2, HEK-293, MCF-7 and MDA-MD-231 cells targeting elevated copper level as

: their common drug target. The cell lines were treated with the different doses of copper chloride (Cu
1) and disulfiram (DSF) alone as well as in their combinations with the drug for 24 h in standard culture
medium and conditions. The treated cells were subjected to various assays including MTT, PARP,
p-53, caspase-7, caspase-3, LDH and single cell electrophoresis. The study shows that DSF and Cu (ll)

. synergizes the anticancer activity of ITB to a significant extent in a dose-specific way as evidenced by

: the combinations treated groups. Furthermore, the same treatment strategy was employed in cancer-

. induced rats in which the combinations of ITB-DSF and ITB-Cu Il showed enhanced antineoplastic
activity as compared to ITB alone. However, DSF was more effective than Cu (Il) as an adjuvant to the
drug. Hence, restrained manipulation of copper level in tumor cells can orchestrate the redox and
molecular dispositions inside the cells favoring the induction of apoptosis.

Cancer is the second largest life-threatening disease in the world after cardiovascular diseases'. The disease arises
from genetic mutation either by inheritance or by acquiring during one’s lifetime. Such genetic mutations trig-
© ger proto-oncogenes into oncogenes consequently leading to cancer. Although our body is well-equipped with
: various types of antitumor machinery including tumor suppressor gene p-53, still many of the severe mutations
. persist in the cells turning them into cancerous ones. The latest data suggest that rate of cancer incidence in the
. world will increase the burden of the disease by many folds shortly?. The treatment modalities available for cancer
treatment today are based on chemotherapy, radiotherapy, adjuvant therapy, hormonal therapy, catalytic therapy
and gene therapy’=. The effect of these treatment modalities are either short-lived or accompanies with serious
side effects that further exacerbate the overall suffering of the patients®. One of the important hurdles in the way
: of cancer treatment is a lack of established common denominator of the disease that can be the possible drug
© targets. Many scientists have suggested various anticancer treatment strategies that might pave pathways for a
. fruitful breakthrough in future”®. Recently, plenty of researchers applauds elevated endogenous copper level as
one of the most prominent hallmarks in the cancerous cells®’.
Copper is believed to be one of the essential trace metals beside iron in our body. Its vital role in catalysis
. of various metabolic enzymes, nerve induction, and angiogenesis along with assisting all iron mediating bio-
. logical actions and boosting the immunity are well documented'®!!. Intriguingly, the level of copper mounts
© by many folds in most of the types of cancer irrespective of the origin'2 It is assumed that the increased copper
: level facilitates angiogenesis in the cancer cells'® that is one of the reasons for chemotherapy resistance in the
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cells. Besides, copper being an active transition element, can act as pro-oxidant or antioxidant depending on
the concurrent cellular redox status®. Tapping this dual nature of this metal for killing the cancer cells has been a
hotspot for oncological research for the last three decades'*""”. However, many investigators believe that elevated
copper level can attribute to the resistance against chemotherapy in the cancer cells's. Hence, the copper chelat-
ing agents can enhance the efficacy of the anticancer drugs under chemotherapy'*?. The clinically approved
copper chelating agents (Disulfiram and Tetrathiomolybdate) against many diseases including Wilson’s disease
and Alzheimer’s disease are under extensive oncological research nowadays. Furthermore, employing copper
chelators is a very promising anticancer strategy to enhance target specificity and efficacy of the contemporary
antineoplastic agents®..

Hypothesis

The level of endogenous copper if manipulated in such a way that can orchestrate the cellular redox status at the
optimum level; it can trigger many vital pro-apoptotic proteins facilitating the conditions for induction of pro-
grammed cell death. It can consequently compel the cancer cells to undergo apoptosis to a greater extent that is
considered as the most preferred way to kill the such cells.

The present investigation was aimed at testifying our hypothesis on the cancer cell lines followed by its con-
firmation in vivo. This study was designed to investigate the elevated level of copper as drug- target to enhance
the antineoplastic activity of ITB. At the same time, we wanted to confirm if supplementation of copper in excess
or their deprivation by administration of disulfiram (copper chelating agent) can improve the chemotherapeutic
potential of the drug®. For this, we tested our hypothesis on chemically induced hepatocarcinoma rat models
under in vivo studies.

Results

In vitro studies. MTT assay. Effect of test chemicals on cell viability in the cell lines: All the test chemi-
cals-ITB, Cu (II) and DSF were tested on MCF-7, MBA-MD-231, HepG2 and HEK-293 cell lines by MTT assay
(Fig. 1A). We found that the proposed compounds were not effective with the breast cancer cell lines, so both cell
lines were not included in further studies under the present investigation.

The ICs, is a reliable parameter to assess cell viability and extent of cytotoxicity after treatment of any test
compound in the cell line based study. In the present study, MTT assay of the test chemicals was conducted on
the cell lines-HEK-293 and HepG2 with their respective ICs, (Table 1). It was observed that I'TB, Cu (II) and DSF
were more effective in the liver cell line as compared to the kidney cell line.

Effect of Cu (II) and DSF on antineoplastic activity of ITB in HEK-293 cells: In the present study, group IT and
III showed a decrease in proliferation by 99.96% and 52.78% in comparison to the control, group I. Moreover, Cu
(II) exerted a significant effect on anticancer activity ITB in the kidney cells. Group VI demonstrated an increase
in the proliferation by 17.15% with respect to group IV while group VII and VIII showed a dip in the proliferation
by 33.82% and 15.15% respectively (Fig. 1B).

Furthermore, group IX and X exhibited a decline in the cellular proliferation by 24.92% and 17.30% with
respect to the control. In the case of combination groups, group XI and XIII showed an increase in cellular prolif-
eration by 0.98% and 82.35% respectively as compared to group IV although group XII demonstrated a decline in
cellular growth by 8.82% against ITB alone treated group IV (Fig. 1B).

Effect of Cu (II) and DSF on antineoplastic activity of ITB in HepG2 cells: The treatment of Cu (II) in
the HepG2 cells led to declining the cellular proliferation by 50.26% and 8.77% at the dose of 10 ul and 20 pl
as evidenced by group II and III respectively with respect to the control. ITB treated, group IV and V showed
an increase in cell death by 60.10% and 34.04% as compared to the control. Interestingly, group VI showed an
increase in cell proliferation by 77.33%; however, group VII and VIII demonstrated killing of the cells by 43.33%
and 4% respectively as compared to the group IV (Figs 1B and 2).

On the other hand, DSF treated group IX, and X exhibited a decrease in cell proliferation by 69.94% and
45.21% as compared to the control. However, group XI displayed an increase in the cell growth by 41.33% while
the group XII and XIII showed a decrease in the cellular proliferation by 52.66% and 5.33% respectively with
reference to group IV (Figs 1B and 2).

Effect on level of the total intracellular copper post-treatment with CuCl,, ITB, and DSE.  Copper treated groups IT
and ITT showed a dose-dependent increase in intracellular copper level by 64.28% and 123.15% while group IV and V
demonstrated the increased level of the metal by 15.27% and 5.42% respectively as compared to the control. However,
the groups-VI, VII, and VIII exhibited a dose-dependent increase of the metal by 22.16%, 30.78% and 46.55%. In
contrary, DSF treated groups-IX and X showed a decrease in the copper level by 36.20% and 43.59%. However, group
XI, XII and XIIT demonstrated a dose-dependent reduction of the metal with respect the control (Fig. 1C).

Effect of Cu (II) and DSF on the activity of p-53 (S1) in HepG2 cells treated with ITB. ITB treated groups- IV and
V revealed an increase in p-53 activity by 65.45% and 40% while group II and III showed elevation in its activ-
ity by 36.36% and 10.90% with reference to the control. Group VI exhibited a decline in its activity by 57.14%
while group VII and VIII showed 36.26% and 1.09% of the increase in the level of p-53 as compared to group IV
(Fig. 3A).

Furthermore, the cells treated with DSF at 5pl and 10 pl doses demonstrated an elevation in p-53 activity by
74.54% and 40% with respect to the control as shown by groups- IX and X. However, the group XI treated with a
combination of ITB and DSF showed a decrease in the activity by 48.35% while the groups- XII and XIII displayed
enhancement in its activity by 45.05% and 6.59% as compared to the group IV. The values of p-53 activity in group
VII and XII were near to the healthy liver cells, group XIV (Fig. 3A).
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Figure 1. (A) MTT assay of four cell lines- HepG2, HEK-293, MCF-7 and MDA-MB-231 after treatment with
copper chloride (CuCl,), imatinib (ITB) and disulfiram (DSF) for 24 h at two different doses. *Indicates values
statistically significant from the control after selecting P < 0.05 as the level of significance during statistical
analysis of the date. (B) MTT assay of two cell line- HepG2 and HEK-293 after treatment for 24 h with copper
chloride (CuCl,), imatinib (ITB), disulfiram (DSF) and the combinations of imatinib with Cu and DSE. The
values marked with *indicate statistically significant from the control while the values marked with #indicate
statistically significant from the group IV after selecting P < 0.05 as the level of significance during statistical
analysis of the date. (C) Showing the total intracellular copper level in the HepG2 cells treated with the test
chemicals. The values marked with *indicate statistically significant from the control (group I) while the
values marked with #indicate statistically significant from the group IV after selecting P < 0.05 as the level of
significance during statistical analysis of the date.

Effect of Cu (II) and DSF on PARP activity in HepG2 cells treated with ITB. 'The level of PARP after treatment
with Cu at 10 ul and 20 ul was increased by 30.52% and 16.17% as shown by group II and III. The ITB-treated
group IV and V showed an increase in its level by 57.42% and 20.62% in comparison to the control, group L.
However, the combination treated group VI demonstrated a decrease in its activity by 16.77% while group VII
and VIII exhibited upregulation of PARP activity by 30.92% and 5.03% with respect to group IV (Fig. 3B).
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Cu(II) 13.01+£0.42
HEK-293 ITB 12.52+£0.58
DSF Not observed
Cu(II) 10.524+0.38
HepG2 ITB 8.06+£0.51
DSF 10.05+0.76

Table 1. Showing ICs, of copper chloride (CuCl2), imatinib (ITB) and disulfiram (DSF) in HEK-293 and
HepG2 cells expressed in mean + SEM.

ITB+Cu ITB + DSF

Figure 2. Showing pictures of main groups of HepG2 cells after treatment with the test chemicals for 24 hours.
The groups showed in the figure are: Control negative (CN™); Control positive (CN*); Copper treated (Cu); ITB
treated; DSF treated; I'TB with copper (ITB + Cu); ITB with DSF (ITB + DSF). The groups were snapped from
the culture plate by inverted microscope (Nikon, Japan) at 40X.

Besides, DSF-treated groups- IX and X displayed the increase in the PARP level by 48.02% and 30.69% with
respect to the control. Among the combinations, group XI showed a decrease in its level by 10.48% while group
XII and XIII showed an increase in the level by 40.56% and 6.39% as compared to group IV. The values of PARP
activity in group VII and XII were comparable to that of group XIV.

Effect of Cu (II) and DSF on lactate dehydrogenase (LDH) activity in HepG2 cells treated with ITB. It is well
accepted among the oncologists that LDH is an important parameter to assess the extent of necrosis in cell
line-based studies. In the present investigation, group II and III showed an increase in LDH activity by 9.12%
and 25% while group IV and V demonstrated the enhancement of its activity by 3.57% and 6.35% with respect to
the control. The combination groups- VI, VII, and VIII displayed an increase in the activity by 5.36%, 1.53% and
10.34% with respect to group IV (Fig. 3C).
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Figure 3. (A) Showing relative values of p-53 in the different treatment groups of HepG2 cells. The values
marked with *indicate statistically significant from the control (group I) while the values marked with #indicate
statistically significant from the group IV after selecting P < 0.05 as the level of significance during statistical
analysis of the date. (B) Showing the level of Poly (ADP-ribose) polymerase (PARP) in the different groups

of treated HepG2 cells expressed in mU/10° cells. The values marked with *indicate statistically significant
from the control (group I) while the values marked with #indicate statistically significant from the group IV
after selecting P < 0.05 as the level of significance during statistical analysis of the date. (C) Showing activity
of Lactate Dehydrogenase (LDH) in the different groups of treated HepG2 cells expressed in mU per ml of the
cell supernatant. The values marked with *indicate statistically significant from the control (group I) while the
values marked with #indicate statistically significant from the group IV after selecting P < 0.05 as the level of
significance during statistical analysis of the date.

Also, DSF treated group IX, and X exhibited an increase in the activity of LDH by 0.79% and 5.95% as com-
pared to the control while the combination treated groups-XI, XII and XIIT showed an increase in its activity by
3.69%, 1.15% and 6.13% with respect to group IV. However, the group XIV showed very negligible activity of this
enzyme (Fig. 3C).

Effect of Cu (1) and DSF on caspase-7 activity in HepG2 cells treated with ITB.  In the present study, the activity of
caspase-7 was assessed for confirmation of apoptosis progression. Group II and III showed its enhanced activity
by 22.33% and 13.10% while group IV and V demonstrated an increase in the activity by 46.17% and 10.68%
as compared to the control, group 1. However, the combination treated groups-VI, VII and VIII exhibited an
increase in its activity by 30.96%, 51.49%, and 8.97% respectively with respect to group IV (Fig. 4A).
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Figure 4. (A) Showing relative activity of caspase-7 in the different groups of treated HepG2 cells. The values
marked with *indicate statistically significant from the control (group I) while the values marked with #indicate
statistically significant from the group IV after selecting P < 0.05 as the level of significance during statistical
analysis of the date. (B) Showing relative activity of caspase-3 in the different groups of treated HepG2 cells. The
values marked with *indicate statistically significant from the control (group I) while the values marked with
#indicate statistically significant from the group IV after selecting P < 0.05 as the level of significance during
statistical analysis of the date. (C) Showing the average comet tail-length (in um) in the different groups of
treated HepG2 cells. The values marked with *indicate statistically significant from the control (group I) while
the values marked with #indicate statistically significant from the group IV after selecting P < 0.05 as the level of
significance during statistical analysis of the date.

In parallel, DSF treated group IX and X displayed an increase in the activity by 30.58% and 16.99% with
respect to the control while the combination groups—XI, XII and XIII showed rise e in the activity by 36.54%,
58.80%, and 11.96% respectively as compared to group IV. The activity of both groups-VII and XII was quite
comparable to that of group XIV (Fig. 4A).

Effect of Cu (1) and DSF on caspase-3 activity in HepG2 cells treated with ITB. ~ After assessment of caspase-7, the
activity of caspase-3 was the logical aim of the study. In the present investigation, group II and III was observed
to have elevation in caspase-3 activity by 15.51% and 8.29% while group IV and V showed enhancement in its
activity by 39.31% and 8.82% as compared to the control, group I. Group VI, VII, and VIII exhibited an increase
in the activity by 21.96%, 41.31% and 9.57% with respect to group IV (Fig. 4B).

Moreover, DSF-treated groups- IX and X on the other hand, exhibited an increase in the activity by 25.36%
and 12.45% as compared to the control. Hitherto, the combination treated groups-XI, XII and XIII demonstrated
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groups of (including apoptosis and necrosis)
HepG2 cells

Control (Group

CuCl,
(Group II)

ITB
(Group IV)

DSF
(Group X)

ITB+ Cu
(Group VII)

ITB +DSF
(Group XII)

Figure 5. (A) Showing average picture of comet from major indicated groups. All pictures were taken at 100X
with digital camera (Andor Zyla, UK) attached to the fluorescent microscope (Leica DM2500, Germany). (B)
Showing the cells undergoing necrosis (red color), apoptosis (green color) for the major groups. The cells were
stained with Propidium iodide and Alexa 488 on poly L-lysine coated microscope slides that were analyzed by
confocal microscopy (Carl Zeiss, Germany) at 100X.

arise in the activity by 30.89%, 47.62% and 8.41% with respect to group IV. The activity of both groups-VII and
XII was quite close to that of group XIV (Fig. 4B).

Effect of Cu (I1) and DSF on comet assay of HepG2 cells treated with ITB. Comet assay is an important technique
for assessment of damage to nuclear DNA that can also be indicative of the mode of cell death. In the present
study, group IT and group III exhibited increase in tail length by 47.24% and 120.53% while group IV and group V
showed increase by 34.87% and 73.95% with respect to the control, group I. The combination groups- VI and VIII
demonstrated increase in the tail length by 35.67% and 39.44% while group VII showed 0.49% of the decrease in
the parameter. DSF treated groups- IX and X exhibited an increase in tail length by 43.70% and 87.42% while the
combination groups- XI, XII and XIII displayed an increase in the tail length by 33.71%, 4.74% and 38.46% as
compared to group IV respectively (Figs 4C and 5).

Confocal microscopy. The microscopy of the treated cells on slides revealed apoptotic cells in green color while
the necrotic cells were observed as in red color. The group VI and XII showed more cells undergoing apoptosis as
compared to the control (Fig. 5).
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Figure 6. Showing the FACS of treated cells of the significant groups undergoing pre-apoptosis, apoptosis, and
necrosis in quadrant A4, A2 and A1 as compared the respective control in quadrant A3.

Flow cytometry. 'The FACS of the treated cells demonstrated that Cu and DSF both elevated the antineoplastic
activity of ITB as the cells undergoing apoptosis were significantly higher in group VI and group XII concerning
the control (Fig. 6).

In vivo studies.  Effect on toxic burden in serum samples. Alanine transaminase (ALT): The activity of this
enzyme was found to be increased by 451.11% in group II as compared to the control normal, group I. Group
III, IV and V showed a decrease in its activity by 25.41%, 46.57%, and 34.31% respectively with respect to group
I1. However, the combination groups-VI and VII demonstrated a decline in its activity by 48.18% and 52.23% as
compared to the group II (Fig. 7A)

Aspartate transaminase (AST): The effect of the treatment of the test chemicals showed a similar pattern as
of ALT. Group II exhibited an extensive enhancement in its activity by 522.58% as compared to group I. Group
IIL, IV and V displayed dip in its activity by 35.18%, 42.71%, and 39.45%; however, the groups-VI and VII demon-
strated a sharp decline in the activity by 47.99% and 51.31% respectively in comparison to group II (Fig. 7B).
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Figure 7. (A) Showing activity of ALT in the serum samples of different animal groups. *Indicates statistically
significant from group I while #indicates statistically significant from group II. (B) Showing activity of AST in
the serum samples of different animal groups. *Indicates statistically significant from group I while #indicates
statistically significant from group II. (C) Showing level of total bilirubin in the serum samples of different
animal groups. *Indicates statistically significant from group I while #indicates statistically significant from
group II. (D) Showing activity of GGT in the serum samples of different animal groups. *Indicates statistically
significant from group I while #indicates statistically significant from group II.

Total serum bilirubin.  Group II demonstrated an increase in its level by 590.09% as compared to group I. Group
IIL, IV and V exhibited a decrease in its level by 29.76%, 40.20% and 33.81% with reference to group II. However,
group VI and VII showed a decline in its level by 46.73% and 54.57% as compared to group II respectively
(Fig. 7C).

~- glutamyl transferase (GGT): Group II showed the enhanced level of this enzyme by 170.36% concerning
group L. Group III, IV and V demonstrated a decrease in its level by 8.02%, 24.85% and 20.04% as compared to
group II. Hitherto, group VI and VII displayed a decline in its activity by 28.14% and 36.45% respectively in com-
parison to group II (Fig. 7D).

Effect on the level of Bax-protein. The level of this pro-apoptotic protein was significantly perturbed after the
treatment in the animals. Group II showed a decrease in its level by 27.84% as compared to group 1. Group III,
IV and V exhibited an increase in its level by 40.45%, 60.78% and 49.58% with respect to the group II. However,
group VI and VII demonstrated the enhancement in its level by 77.12% and 99.77% as compared to group II
(Fig. 8A).

Effect on the level of BCL2L2 protein. 'The level of this anti-apoptotic protein was found elevated by 91.25%
in group II as compared to group I. Group III, IV and V showed a decrease in its level by 32.41%, 41.08%, and
36.40% respectively in comparison to group II. The combination groups-VI and VII demonstrated a decline in its
level by 42.47% and 46.56% (Fig. 8B).

Effect on caspase-3.  Group II showed a decrease in its activity by 35.42% as compared to group I, while group
III, IV and V demonstrated an increase in its activity by 18.63%, 34.93%, and 24.32% respectively with respect to
group II. However, group VI and VII exhibited enhanced activity by 40.45% and 59.54% in comparison to group
11 (Fig. 8C).

Effect on caspase-7.  Group II showed a decline in its activity by 57.45% with respect to the group I whereas
group III, IV and V exhibited an increase in its activity by 55%, 70%, and 56.25% respectively as compared to
group II. However, group VI and VII displayed an increase in its activity by 85% and 101.25% in comparison to
group II (Fig. 8D).
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Figure 8. (A) Showing relative level of Bax protein in the tissue samples of different animal groups. *Indicates
statistically significant from group I while #indicates statistically significant from group II. (B) Showing relative
level of BCL2L2 protein in the tissue samples of different animal groups. *Indicates statistically significant from
group I while #indicates statistically significant from group II. (C) Showing relative activity of caspase-3 in the tissue
samples of different animal groups. *Indicates statistically significant from group I while #indicates statistically
significant from group II. (D) Showing relative activity of caspase-7 in the tissue samples of different animal groups.
*Indicates statistically significant from group I while #indicates statistically significant from group IL

Effect on histopathology. The histopathology of liver tissue from the treated animals reflected marked differ-
ences among the various groups. The mild white tumor nodules/patches with the faded color of the liver in
DEN-PB-treated positive control (group II) was obvious signs of hepatocarcinoma in the treated rats (pictures
not shown). Control, a group I showed typical histology of the liver with the well-maintained contour of the
normal hepatocytes radiating towards the central vein. The control positive, group II showed severe histological
distortion in the hepatocytes with excessive vacuolation, disturbed sinusoids and inflammatory infiltration indi-
cating partial loss of tissue in the form of fibrosis and hemorrhagic necrosis. The other groups-IIT and V showed
moderate toxic insults in their liver histology although these features were less prevalent in group IV. The com-
bination groups- VI and VII exhibited improvement in their histological details including decreased vacuolation
and inflammatory features with less fibrosis and normal sinusoids; however, group VII showed better histological
recovery than group VI with respect to the control (Fig. 9).

Discussion
Cancer nowadays is treated by various treatment modalities including chemotherapy, radiotherapy, hormonal
therapy, immunotherapy and catalytic therapy. All these modes of treatment are either effective for a short dura-
tion or accompany severe side effects during extended treatment regimens®. Such treatment-related toxic insults
occur because there is no universal drug-target among the diverse types of cancer. Hence, the contemporary treat-
ment modalities exert their effect on the target without differentiating between cancerous and the non-cancerous
tissues leading to deleterious toxic insults. Every cell type has a set of specificity in their characteristics regarding
the mechanism of drug metabolism, immune response, sensitivity towards a drug/chemical and expression of
death receptors?%. That is why any conventional treatment is not equally effective against all forms of cancer'.
Therefore, finding common drug target for cancer treatment is one of the hot fields of research. However, the
elevated copper level in cancer cells is one of the most common cellular features among the most types of cancer
irrespective of their origin®>*. The present research work is an attempt to confirm if this common oncological
characteristic can be a potential target for enhancing the antineoplastic activity of the established drugs like ITB
in vitro as well as in vivo.

The cell line based in vitro studies in the present investigation vividly shows that Cu (II) and its chelating
agent, DSF exert their differential effects on the antineoplastic efficacy of ITB in cell lines including HEK-293 and
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Figure 9. Showing histomicrographs of liver samples of various groups indicated in parentheses. All the
sections were stained with Hematoxylin and Eosin and the pictures were snapped at 400X (Olympus, Japan).

HepG2 cells as evidenced by the MTT assay. Both the agents (Cu II and DSF) were able to check the proliferation
of HepG2 and HEK-293 cells. Although Cu (II) alone was also able to inhibit the proliferation of both cell lines
as compared to the control, interestingly, its combination with ITB at the moderate dose demonstrated enhanced
antineoplastic activity with reference to the ITB alone to a significant extent. However, the higher and lower dose
of Cu (II) didn’t show any stronger antineoplastic activity alone as well as in combinations with the drug. The same
pattern of improved antineoplastic activity was observed in case of ITB with a moderate dose of DSE. Additionally,
the study also reveals that ITB-DSF combination exerts stronger anticancer effect than the ITB-Cu II.

As the preliminary experiments on HepG2 cells showed a better effect of the combination of the drug with the
agents (Cu (II) and DSF), we furthered our study only in the same cell line. Firstly, we confirmed that exogenous
Cu (II) elevates its level in the treated cells while administration of the chelating agent, DSF significantly decreases
the level of the metal in the same. Moreover, the activity of PARP and p-53 was chosen as parameters to assess the
induction and progression of apoptotic cell death in the treated cells. The results vividly indicate that moderate
dose of both agents was able to increase PARP activity in combination with ITB. These values were quite com-
parable with the normal healthy liver cell line (control negative). However, ITB-DSF combination outperformed
ITB-Cu (II) in both the parameters.

The tumor suppressor protein, p-53 is considered as an important cancer marker in oncological studies as it is
responsible for genetic stability and suppression of tumorigenesis in the healthy cells”’. Moreover, Surget et al.?8
have documented that this protein is either mutated or diminished in most of the cancerous cells. In the present
study, the cells treated with ITB-DSF combination showed the elevated activity of p-53 (S15) as compared to
ITB- Cu (II) at their moderate dose. It is well-accepted among the oncologists that p-53 in the cancer cells dictate
the cellular machinery for induction of apoptosis if it senses the damage in nuclear DNA beyond repair?. In the
present study, the results also indicate that the moderate dose of Cu (II) and DSF stabilizes the protein that might
help in the induction of apoptosis in the cells significantly. However, lower and higher doses of the agents were
also able to trigger apoptosis moderately in the cells. The activity of PARP usually rises in the cells with massive
damage to their DNA including the cancerous cells®. Hence, the pattern of PARP activation in the treated cells
confirms the results of p-53 in the present investigation.

Furthermore, we were interested to know if the cells undergoing apoptosis involve caspase-3 or 7 pathways in
the present work. Both the agents at their lower and moderate doses caused an increase in caspase-7 activity in
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the combination groups in a dose-dependent manner. However, the activity was found compromised when the
cells were treated with the highest dose of both agents. Also, the similar pattern was observed in caspase-3 activity
by the combination groups of ITB with Cu (II) and DSE Also, lactate dehydrogenase (LDH) was chosen to assess
the extent of necrosis in the treated cells in the present research work®. The combination of ITB with Cu (II) and
DSF at the lower and highest doses demonstrated enhanced activity of the necrotic marker while the moderate
dose of both the agents didn’t show any noticeable activity in the combination groups. Finally, the comet assay of
the treated cells further confirmed the pattern of the previously mentioned results. The assay is believed to distin-
guish the cells if they undergo apoptosis and necrosis after any treatment®"2. Finally, the results of flow cytometry
and confocal microscopy were found in agreement with the previously mentioned findings under present study.

It is noteworthy that Cu (II) exerts a different degree of antiproliferative effect on the HEK-293 and HepG2
cells as every cell line has a different level of sensitivity and behavior towards a particular agent/drug®.
Furthermore, the manner of transport and intracellular mechanism of action of a drug also differ from one cell
line to another that is also attributive in exerting its differential effect on the different cell lines**. Additionally,
the moderate amount of Cu (II) has been reported in elevation of the oxidative stress in the cells that might push
the target cells to undergo either apoptosis or the necrosis**=*’. The low dose of copper causes a lesser degree
of DNA damage in the target cells that can be repaired by the adaptive response in the cells that consequently
retrograde the antineoplastic activity of ITB as evidenced in the present study*®. However, the moderate dose of
Cu (II) acts as a pro-oxidant, and that can facilitate the cellular redox status in the target cells to the optimum
required for induction of the programmed cell death. Besides, this dose of the metal may aid to the endogenous
copper binding to the chromatins (in the packaged nuclear DNA with proteins) of the healthy cells stabilizing
their genome as well as prompting them for cell division*. However, the copper metabolism in the cancer cells
is vastly altered, so the stabilization of their nuclear DNA by supplemented Cu (II) might not be sufficient in the
present work. These conditions may further engage apoptotic proteins like p-53 and PARP either for repair of the
damaged DNA or induction of apoptosis. Also, all these features of Cu (II) at the moderate dose might enhance
the apoptosis-inducing propensity of ITB as shown by the combination groups in comparison to the drug alone.
However, the higher dose of copper in the treated cells elevates the oxidative stress over the threshold level that
can pronounce its pro-oxidant activity damaging the nuclear DNA beyond repair leading to aponecrosis and
necrosis. The current study proves these notions. The pro-oxidant nature of Cu (II) can generate various ROS
that can invade multiple cellular organelles and components including nuclear DNA and even p-53 gene®$40,
Additionally, the metal at a higher concentration can affect various genes including those involved in cell cycle,
tumorigenesis and cell death that are profoundly functional to the cellular redox status and energetics. In HepG2
cells, the copper can modulate the expression of genes like HNF-« and ATF3 that further can affect p-53 gene*!.
In the present study, ITB and copper might exert a different effect on all these target genes. The elevated Cu
(II)-induced ROS can either modify p-53 or can modulate it in the presence of ITB differently or, the cross-talk
among these genes affected by the drug with a higher concentration of the metal compound. This complex inter-
action between the drug and test chemical(s) might assist in the cell survival instead of apoptosis as evidenced by
the results of the present study. The combination groups exert their antineoplastic activity synergistically in the
present study. Nevertheless, the interaction between ITB and Cu (II) itself cannot be ruled out since there was a
prominent compromise in the antineoplastic activity of the drug with the higher dose of the metal compound.

In addition, these in vitro findings are well supported by the in vivo results under the present study. The chem-
ically induced hepatocarcinoma in the rats was confirmed by excessive elevation in their liver function markers
(ALT, AST, bilirubin, and GGT) and extensive tissue damage under histopathological assessment in the control pos-
itive group***. However, treatment of those rats with the standardized dose of Cu (II), DSF and I'TB showed mild
to moderate improvement in most of the parameters. Intriguingly, the combination of DSF and Cu (II) with ITB
demonstrated significant improvement as compared to control positive. Furthermore, the suppression of the level of
Bax (an anti-apoptotic protein) and overexpression of BCL2L2 (a pro-apoptotic protein) in the combination groups
further consolidated the biochemical analysis. Moreover, the heightened activity of caspase-3 and 7 also confirms
that combinations of the agents with the drug facilitate apoptosis induction in the target organ, liver. These results
were found in coherence with the histopathological evaluation of the same groups. These findings indicate that the
test agents (DSF and Cu II) enhance the antineoplastic activity of the drug, ITB to a significant extent. Hence, both
the in vitro and in vivo studies seem in agreement with the hypothesis proposed in the present investigation. The in
vivo study also revealed that ITB-DSF combination showed the better synergistic effect on the anticancer activity of
ITB as compared to the ITB-Cu (II) combination up to a significant level in most of the studied parameters.

It is important to note that the cancer induction by DEN-PB combination takes at least 20 weeks for full-blown
hepatocarcinoma'®. Cancer-induced by this combination of chemicals occurs in three stages: inflammatory stage
(2-6 weeks); tissue-fibrosis stage (812 weeks) and full-blown cancer (14-20 weeks)*. Hence, cancer induced in
the present study seems to be from the fibrosis stage rather than the full blown. Thus, the proposed combinations
of the drug with the agents might show the pronounced antineoplastic action in the present investigation that
needs to be tested in full-blown cancer models (study in progress). However, excessive elevation in liver function
markers along with total bilirubin and alpha-fetoprotein, a prominent tumor marker (data not shown) confirms
severe liver toxicity and damage akin to hepatocarcinoma in the present study.

Furthermore, DSF was included to confirm the role of elevated Cu (II) in the maintenance of cancer cells.
Intriguingly, DSF in the present study exhibits stronger adjuvant property than Cu (II) to the antineoplastic
efficacy of ITB. Lots of literature implies that DSF is a potential anticancer agent itself as it counters the elevated
level of Cu (II) towards the normal*. Hence, DSF perhaps sensitizes the cancer cells against the chemothera-
peutic agents by altering their cellular stress and compromising the stability of the nuclear chromatin DNA in
the absence of Cu (II). Recently, Duan et al.** have reported that DSF makes a complex with intracellular cop-
per leading to the destruction of cancer stem cells and clusters of cancer cells by scaling up the oxidative stress
level. The present research entails that adjuvant property of DSF towards the antineoplastic activity of ITB is a
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dose-dependent up to a certain level. Furthermore, Dastjerdi et al.*® have documented that DSF at moderate dose
exerts an inhibitory effect on NF-kB pathway, matrix metalloproteinases (MMP-2, MMP-9) and topoisomerase
I and II activities concomitant with inhibition of metastasis and angiogenesis. Also, it changes the intracellular
superoxide levels with decreased mitochondrial membrane polarization resulting into induction of apoptosis
as well as halting of proteasome activity as observed in cell lines based studies*’. All these cellular consequences
post-DSF treatment seems in control if the dose is moderate. On the contrary, a higher dose of DSF might exhaust
the endogenous copper and other essential divalent metals that might disrupt the balance between cellular ener-
getics and metabolism that can further dictate the cells either to undergo incomplete apoptosis, aponecrosis or
necrosis depending on the susceptibility of the cells and their concurrent microenvironment.

Alternatively, elevation of Cu (II) in the cancer cells may be one of the cellular response strategies to handle the
burden of tumorigenesis that might be required for increasing angiogenesis as well as enhancing the stability of
nuclear chromatin as a means of chemo-resistance. In the same league, the elevated copper level might instruct
the cellular machinery to scan through the nuclear DNA for any damage. As per the status of the nuclear integrity,
the cell either halts cell cycle progression until the repair of the damaged DNA. Nevertheless, if the cell senses that
the DNA damage incurred is beyond repair or highly uneconomic (regarding NADH/ATP), then it might acti-
vate programmed cell death via activation of caspase-7 and 3. In that case, other critical pro-apoptotic markers
including p-53 and PARP also assist in the execution of programmed cell death. The present study also reveals
that the moderate dose of DSF and Cu alone as well as in the combination groups with ITB is the best-suited treat-
ment regimen to engage these significant facilitators of apoptosis. However, higher and lower from the threshold
dose might under-activate or over-activate the same factors that might consequently either hinder apoptosis
progression or end up as incomplete apoptosis or even aponecrosis. Nevertheless, these extreme doses of the Cu
(II) And DSF might trigger necrosis that might be attributive in enhancing cell proliferation even at the higher
dose of both the agents alone and also with the drug. Similar findings reported on chelating agents including
DSF further confirms our results**-*!. Interestingly, DSF in the present study synergizes the antineoplastic effect
of ITB by countering the excess endogenous copper in the cancer cells that possibly reverse all the prevailing
chemo- resisting macro- and micro-environment. As a consequence, the tumor cells recruit cellular and immune
responses that might pave the pathways for apoptosis induction. It is also possible that higher copper dose might
disrupt/destruct the copper transporters that are also drug carriers across the cells from their milieu leading to
compromised drug delivery into the cells. On the contrary, the moderate dose of DSF might chelate extracellular
copper keeping the drug transporter protein(s) for efficient drug delivery across the target cells. All these factors
might weigh in favor of DSF in increasing the antineoplastic activity of ITB as compared to Cu (II).

Materials and Methods

Chemicals and reagents.  All the test chemicals- Copper chloride (CuCl), Imatinib (ITB) and Disulfiram
(DSF) were purchased from Sigma-Aldrich, St. Louis, MO, USA. The reagents for cell culture including DMEM,
RPMI-1640, antibiotic-antimycotic solution, trypsin solution, fetal bovine serum (FBS), phosphate buffered
saline (PBS) were purchased from either Gibco, USA or, Sigma-Aldrich, St. Louis, MO, USA.

Methods. The present study was conducted on four cell lines - MCF-7, MDA-MB 231 (both breast cancer cell
lines), HEK 293 (Kidney cancer cell line) and HepG2 (Liver cancer cell lines). All the cell lines were purchased
from American type cell culture (ATCC, USA). In this study, the cell lines were treated with three test chemicals-
copper chloride (CuCl, or Cu II), imatinib (ITB) and disulfiram (DSF). For the detailed study in the present work,
HepG2 cells were divided into following thirteen groups:

Group I: Control positive (HepG2 without any treatment)
Group II: CuCl, (7.43 mM).

Group III: CuCl, (14.86 mM).

Group IV: ITB (1.69 mM).

Group V: ITB (3.38 mM).

Group VIL: ITB (1.69 mM) + CuCl, (3.71 mM).
Group VII: ITB (1.69 mM) + CuCl, (7.43 mM).
Group VIIL: ITB (1.69 mM) + CuCl, (14.86 mM).
Group IX: DSF (1.18 mM).

Group X: DSF (3.37mM).

Group XI: ITB (1.69 mM) + DSF (1.18 mM).

Group XII: ITB (1.69 mM) + DSF (3.37 mM).

Group XIII: ITB (1.69 mM) 4 DSF (6.74 mM).
Group XIV: Control negative (healthy liver cell line).

All the cell lines were cultured separately in complete media containing DMEM and RPMI-1640 medium
including 10% fetal bovine serum (FBS, Sigma-Aldrich, USA), 100 IU/ml penicillin and 100 mg/ml streptomycin
(Gibco, USA). The cells were provided a humidified CO, incubator set at CO,: air ratio as 5%: 95% at 37 °C by
the standard growing method. The cultured cells were observed and snapped under inverted Microscope (Nikon,
Japan) for assessment of their morphology and cellular integrity. The medium was changed after every 2-3 days.
All these cell lines based experiments were conducted under a sterile condition under Biosafety Cabinet (Labmed,
Korea). After incubation for 5-6 days, the cells were observed under the microscope if they have reached 90% of
confluence. Once, they were grown enough; they were sub-cultured (every 2-3 days) after detaching with 0.25%
trypsin/27 mm EDTA (5min, 37°C).

SCIENTIFICREPORTS | (2018) 8:1682 | DOI:10.1038/s41598-018-19410-1 13



www.nature.com/scientificreports/

Preparation of test chemicals (drugs). All the test chemicals- Copper chloride (Cu II), Imatinib (ITB) and
Disulfiram (DSF) were purchased from Sigma-Aldrich, USA.

All of the chemicals for their treatment with cell lines were dissolved in PBS to prepare in 10 ml stock solution
(concentration of 1 ug/ul) for each. Then, the test compounds were treated at following four different volume from
the stock (11.2 ul, 25 pl, 50 pl and 100 pl) with 100 pl of the cell suspension (~50,000 cells) pre-seeded in Elisa plate
(Corning, USA).

MTT assay. The assay was conducted by commercially available kit (Vybrant MTT Cell Proliferation Kit) in all
four cell lines. All the test chemicals were pippeted on pre-seeded cell lines (90% confluence) in Elisa plates and were
incubated in CO, incubator programmed as 5% CO,: 95% air at 37 °C for 48 h. After this, MTT (50 ul) was added to
each well and were allowed to incubate for three h. After completion of incubation, the solubilization solution (50 pl)
was added and waited for 15 minutes. Finally, the plates were read at 630 nm in Elisa plate reader (Anthos 2020, UK).

Measurement of intracellular copper. HepG2 Cells (1 x 10°) were plated with serum-free media in tis-
sue culture Petri dishes (Nunc, Thermo Fischer Scientific, USA). After their full-blown growth on the day, the
media was replaced by 1% FCS medium supplemented with the test chemicals as per the treatment groups. After
24h of treatment, the cell medium was stored separately followed by washing of the cell monolayer with HBSS
(calcium-free). Furthermore, the monolayer was treated with trypsin/EDTA for the living cells as well as scraped
to get the fixed cells. The total cells were dissolved in PBS and centrifuged at 800 x g*'. The pellet was taken as
the sample for copper measurement by commercially available kit (Sigma- Aldrich, USA) for respective groups.

p-53 assay. This assay was conducted by the commercial kit (Cat. No. CBEL-p53-1, Ray Biotech, USA) in
HepG2 cell line. For this assay, the procedure booklet with the kit was employed step by step with few modifica-
tions. Almost 30,000 cells were seeded in each well which was allowed to grow in the medium for overnight. The
treatment chemicals were added according to manufacturer’s instructions. After that, 100 pl of Fixing Solution
was added to each well and incubated for 20 minutes at room temperature. Further, 200 pl of prepared Quenching
Buffer (1X) was allowed to incubate for 20 minutes at room temperature. Then, 200 ul of prepared Blocking Buffer
(1X) was added and incubated for 1 hour at 37°C. 50 ul of prepared 1X primary antibody was pipetted into each
well and incubated for 2 hours at room temperature. 50 ul of prepared HRP Conjugated secondary antibody (1X)
was added and incubated for 1 hour at room temperature. Followed by, 100 ul TMB Substrate was added and
incubated 30 minutes at room temperature. Lastly, 50 ul Stop Solution was pipetted into each well. Then the Elisa
plate was read at 450 nm immediately.

PARP assay. This assay was conducted only in HepG2 cell line by commercially available kit (Cat. No. 4684—
096-K, Trevigen, USA). The protocol associated with the kit was employed for the assay with slight modifica-
tions. On Day 0, treated actively growing cells were seeded in fresh medium/well in a 96 well flat-bottom plate
for adherent cells with separate aside triplicate wells as controls (non-treated). Then on Day 1, 1l of 10 mM
Etoposide was added followed by addition of treatment agents in triplicate wells for 50 uM final concentration
that was incubated at 37°C/5% CO, for 6-h time points. Further, 1 ul of 10 mM Etoposide in triplicate wells were
set up for the 4h, 2h and remaining time points. Rest all the steps under the protocol were followed and the plate
was read at 450 nm (Biochrom, Anthos2020, UK).

Assay of Lactate Dehydrogenase (LDH). Recently, LDH has been reported to be a reliable marker for
necrosis®. The assay was conducted by commercially available kit (Cat. No. ab102526, Abcam, UK) by Elisa using
microplate reader (Biochrom, Anthos2020, UK).

Assay of Caspase-7. This assay was conducted with the commercially available kit (Cat. No. ab157404,
Abcam, UK,) on the HepG2 cell lysate after the treatment with the test compounds. The instructions booklet with
the kit was followed for the assay using a fluorescent microplate reader (Bio-Rad, USA).

Assay of Caspase-3. The assay was conducted on treated HepG2 cells by commercially available kit (Cat.
No. # SC-4263, Santa Biotechnology, INC., USA) following the manufacturer’s instructions using a fluorescent
microplate reader (Bio-Rad, USA).

Comet Assay (Single cell gel electrophoresis). This assay is considered one of the reliable genotoxicity
measuring techniques to assess damage in nuclear DNA in the target cells. In the present study, this experiment was
performed with the method developed by Singh et al.>* with few adjustments®*>>3. They full grown HepG2 cells were
subjected to the test chemicals for three hours in different Petri-dishes (60 x 15 mm, Greiner) in the suitable media
and conditions as mentioned in Methods 2.2. Rest all steps were followed by the method explained by Shaker et al.
and Olive et al.>»*. The migration patterns of nuclear DNA of 100 cells for each group was assessed by an upright
fluorescent microscope (Leica DM2500, Germany) attached with a digital CCD camera (Andor Zyla 5.5, UK). The
measurement of tail length with imaging was conducted by Komet 5.5 image analysis software (Andor, UK).

Confocal microscopy. The treated cells were stained with Propidium iodide, and Alexa Fluor 488 on poly
L-lysine coated microscope slides followed by placing with coverslips. The slides were analyzed by confocal
microscopy (Carl Zeiss, Germany) with a Zeiss LSM 5 EXCITER confocal laser-scanning module and the images
were saved (100X) after analyzing with the instrument’s software.

Assessment of cell events of the treated cells by flow cytometry (FACS). The evaluation of apop-
tosis and necrosis was conducted in the important treatment groups by Tali Apoptosis kit- Annexin V Alexa
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Fluor 488™ (Thermo Fisher Scientific, USA). The whole experiment was done as per the provided kit manual.
The samples were analyzed in a flow cytometer (Beckman Coulter, FC500, Brea, CA) using forward scatter and
side scatter with a flow rate of the machine maintained set on 30 ul/s.

Invivo studies.  After getting good results in vitro studies, we wanted to check our hypothesis in vivo.

Animal husbandry. ~ Seventy male Swiss Albino rats (120 £20g, 3-4 months old) were purchased from Central
Animal House (Department of Pharmacy, King Saud University, Riyadh). All the rodents were allowed to accli-
matize for ten days in standard conditions in the Departmental Animal house (Department of Zoology, King Saud
University, Riyadh). They were reared under ethically approved conditions of optimum temperature (22 + 3 °C)
and appropriate humidity with 12 h day: night cycle on a standard pellet diet and fresh water ad labium in suffi-
ciently large cages. All rearing and treatment procedure involving animals were conducted under Institutional
ethical rules cleared by Institutional Ethical committee of King Saud University, Riyadh.

Treatment with the test chemicals. 'The experimental animals were randomly divided into seven groups (n = 10).
The group I was kept as a control negative (CN-) treated with 1 ml of saline. Remaining all the groups (II to VII)
were treated with diethylnitrosamine (100 mg/kg body weight once a week for a month) and phenobarbital at the
dose of 0.05% (w/v) in the drinking water in all groups (except the CN-) for two months. Both the chemicals were
chosen as a pair of carcinogen (tumor inducer) and a promoter for induction and development of hepatocellular
carcinoma in the rats**%°. After two months, group III, IV and V were treated with copper chloride (Cu), imatinib
(ITB) and disulfiram (DSF) at the standardized dose of 25, 35 and 50 mg/kg. Moreover, group VI was adminis-
tered with ITB and Cu while group VII was injected with ITB and DSF at their respective doses. All these groups
(III to VII) were put on freshwater ad labium during the remaining treatment. Dosing of the test chemicals was
based on the treatment strategy of Hassan et al. (2012)%.

Confirmation of cancer induction. The rats were monitored for their body weight and any obvious visible alter-
ation throughout the treatment. After completion of the first month of cancer induction, blood was withdrawn
from a retro-orbital region of two members of each group to check liver function tests [aspartate transaminase
(AST), alanine transaminase (ALT), ~-glutamyl transferase (GGT)] in serum samples to confirm the occurrence
of hepatocarcinoma®*. Furthermore, liver specimens were removed from two rats in each of group for histo-
pathological analysis®. Furthermore, Alfa-fetoprotein (AFP), an important tumor marker for confirmation of
tumorigenesis, was assessed by a commercial kit (data not shown).

Sample collection. During the treatment with test chemicals, 8 rats died among the cancer-induced animals.
Remaining rats were sacrificed on a single day, and their liver was washed in PBS (pH 7.4) and stored at —80°C
(Eppendorf, UK). Besides, blood was withdrawn in vacuum tubes (with anticoagulant), and the serum was stored
at —80°C (Eppendorf, UK) after centrifugation at 1200 x g ((Eppendorf, UK).

The liver of the all groups were divided into two parts: the first part for histopathology while second part for
biochemical and molecular studies.

Biochemical studies. 'The organ from each animal was homogenized (Ika, USA) in potassium phosphate buffer
(0.1 M, pH 7.36) followed by their centrifugation at 3000 x g for 10 min (Eppendorf, Germany). The serum was
collected from the blood as well. Thus the samples with proper labeling were stored at —80 °C till their biochem-
ical analysis.

Assessment of target organ toxicity in serum. Measurement of aspartate transaminase (AST) and
alanine transaminase (ALT) was conducted by the commercial kits under manufacturer’s instructions (QCA,
Spain). Moreover, measurement of conjugated bilirubin and ~-glutamyl transpeptidase (GGT) were conducted
by the commercial kits (BioVision, USA) under manufacturer’s instructions.

Assessment of apoptotic markers in liver samples.  The level of apoptotic markers including Bax and BCL2L2 in
the samples was measured by commercial kits following the manufacturer’s instructions (Thermo Fisher scientific
company, USA).

Assessment of mode of cell death. The evaluation of mode of cell events in the target tissues was conducted by
measurement of the activity of caspase-3 and caspase-7 by the commercial kits (Thermo Fisher scientific com-
pany, USA) as per the kit protocol.

Histopathology of the target organs. 'The liver samples of treated groups of the rats were be stored in 8% forma-
lin for immersion fixation for their histopathology studies. For their paraffin embedding, 10 x 5 x 3 mm sized
tissue blocks of the organ were prepared. Their sections of 7 micrometers (um) thickness were cut with rotary
microtome followed by staining with Hematoxylin and Eosin stain. The sections were observed under a light
microscope, and their photomicrographs were captured at the magnification of 400 X (Olympus, Japan).

Statistical analysis. All the experimental data were represented as Mean &= SEM analyzed by GraphPad
Prism 5 software. The data analysis was conducted by one-way ANOVA with Tukey’s post-hoc selecting
p-value < 0.05 provided with the software. The number of asterisk mark* and #indicates the extent of statisti-
cally different from the respective positive control (group I) and ITB treated (group IV) values in vitro studies.
However,* and #indicates significantly different from negative control (group I) and positive control (group II) in
vivo studies. Minor fluctuations were found on repetition of the experiments as indicated in the statistical analysis.
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Ethical clearance. All the study design and experiments based on animals were strictly conducted going
by the guidelines for the care and use of experimental animals by the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA) and the National Institutes of Health (NIH). All animal-based
experiments were approved by the Animal Ethics Committee of the Zoology Department in the College of
Science at King Saud University, Riyadh, KSA.

Conclusion

The present investigation demonstrates that level of copper in cancer cells is critical in determining the efficacy of
chemotherapy. Any agent/adjuvant that can bring the endogenous copper level to a threshold level orchestrating
the cellular and molecular predilection for apoptosis induction, can qualify to be an effective anticancer drug. In
the present work, cupric chloride and disulfiram enhance the antineoplastic activity of imatinib to a significant
extent in vitro as well as in vivo. However, further studies are necessary for understanding the exact mechanism
and effects of the proposed adjuvants with ITB.

References

1. Sudhakar, A. History of Cancer, Ancient and Modern Treatment Methods. J. Cancer Sci. Ther. 1(2), 1-4, https://doi.
0rg/10.4172/1948-5956.100000e2 (2009).

2. Al- Rikabi, A. & Husain, S. Increasing prevalence of breast cancer among Saudi patients attending tertiary referred hospitals: a
retrospective epidemiologic study. Croat. Med. J. 53, 239-243 (2012).

3. Shakil, S. e al. Molecular and enzoinformatics perspectives of targeting Polo-like kinase 1 in cancer therapy. Semin. Cancer Biol. pii:
$1044-579X (17)30132-30133. https://doi.org/10.1016/j.semcancer.2017.11.004 (2017).

4. Jabir, N.R., Ahmad, S., Tabrez, S. An insight on the association of glycation with hepatocellular carcinoma. Semin. Cancer Biol. pii:
$1044-579X(17)30021-30024. https://doi.org/10.1016/j.semcancer.2017.06.005 (2017).

5. Paz, M. E C.]. et al. Assessment of chemotherapy on various biochemical markers in breast cancer patients. J. Cell Biochem. https://
doi.org/10.1002/jcb.26487 (2017).

6. Sarwar, T. et al. Redox cycling of endogenous copper by ferulic acid leads to cellular DNA breakage and consequent cell death: A
putative cancer chemotherapy mechanism. Toxicol Appl Pharmacol 289(2), 251-261, https://doi.org/10.1016/j.taap.2015.09.018 (2015).

7. Jabir, N. R, Firoz, C. K., Bhushan, A., Tabrez, S. & Kamal, M. A. Use of azoles containing natural products in cancer prevention and
treatment: An overview. Anticancer Agents Med. Chem. 16, 39, https://doi.org/10.2174/18715206166661605201128 (2016).

8. Tabrez, S. et al. Cancer chemoprevention by polyphenols and their potential application as nanomedicine. J. Environ. Sci. Health C
Environ. Carcinog. Ecotoxicol. Rev. 31(1), 67-98, https://doi.org/10.1080/10590501.2013.763577 (2013).

9. Zubair, H. et al. Redox cycling of endogenous copper by thymoquinone leads to ROS-mediated DNA breakage and consequent cell
death: putative anticancer mechanism of antioxidants. Cell Death Dis 4, 660, https://doi.org/10.1038/cddis.2013.172 (2013).

10. Araya, M. et al. Supplementing copper at the upper level of the adult dietary recommended intake induces detectable but transient
changes in healthy adults. J. Nutr. 135, 2367-2371 (2005).

11. Turski, M. L. & Thiele, D. J. New roles for copper metabolism in cell proliferation, signalling, and disease. J. Biol. Chem. 284(2),
717-721 (2009).

12. Rizvi, A., Hasan, S. S. & Naseem, I. Selective cytotoxic action and DNA damage by calcitriol-Cu(II) interaction: putative mechanism
of cancer prevention. PLoS One 8(9), €76191, https://doi.org/10.1371/journal.pone.0076191 (2013).

13. Khan, H. Y,, Zubair, H., Ullah, M. E, Ahmad, A. & Hadji, S. M. Oral administration of copper to rats leads to increased lymphocyte
cellular DNA degradation by dietary polyphenols: implications for a cancer preventive mechanism. Biometals 24(6), 1169-1178,
https://doi.org/10.1007/s10534-011-9475-9 (2011).

14. Zhang, X. et al. Induction of tumor cell apoptosis by taurine Schiff base copper complex is associated with the inhibition of
proteasomal activity. Int. J. Mol. Med. 22(5), 677-682 (2008).

15. Zhang, H., Cai, H., Lu, X., Muzik, O. & Peng, E. Positron Emission Tomography of Human Hepatocellular Carcinoma Xenografts in
Mice Using Copper (II)-64 Chloride as a Tracer. Acad. Radiol. 18(12), 1561-1568 (2011).

16. Chibber, S., Farhan, M., Hassan, I. & Naseem, I. White light-mediated Cu (II)-5-FU interaction augments the chemotherapeutic
potential of 5-FU: an in vitro study. Tumour Biol. 32, 881-892 (2011).

17. Tisato, F, Marzano, C., Porchia, M., Pellei, M. & Santini, C. Copper in diseases and treatments, and copper-based anticancer
strategies. Med. Res. Rev. 30(4), 708-49 (2010).

18. Rizvi, A., Farhan, M., Naseem, I. & Hadi, S. M. Calcitriol-copper interaction leads to non enzymatic, reactive oxygen species
mediated DNA breakage and modulation of cellular redox scavengers in hepatocellular carcinoma. Apoptosis 21(9), 997-1007,
https://doi.org/10.1007/s10495-016-1261-1262 (2016).

19. Kilari, D., Guancial, E. & Kim, E. S. Role of copper transporters in platinum resistance. World J. Clin. Oncol. 7(1), 106113 (2016).

20. Calderon-Aparicio, A., Strasberg-Rieber, M. & Rieber, M. Disulfiram anti-cancer efficacy without copper overload is enhanced by
extracellular H,O, generation: antagonism by Tetrathiomolybdate. Oncotarget 6(30), 29771-29781 (2015).

21. Tardito, S. & Marchio, L. Copper compounds in anticancer strategies. Curr Med Chem 16(11), 1325-48 (2009).

22. Brewer, G. J. The use of copper-lowering therapy with tetrathiomolybdate in medicine. Expert Opin. Investig. Drugs 18(1), 89-97,
https://doi.org/10.1517/13543780802621859 (2009).

23. Hassan, L., Chibber, S., Khan, A. A. & Naseem, I. Ameliorative effect of riboflavin on the cisplatin induced nephrotoxicity and
hepatotoxicity under photoillumination. Food and Chemical Toxicology 48, 2052-2058 (2010).

24. Ashkenazi, A. & Dixit, V. M. Apoptosis control by death and decoy receptors. Curr. Opin. Cell Biol. 11(2), 255-60 (1999).

25. Khan, H. Y,, Zubair, H., Ullah, M. E, Ahmad, A. & Hadi, S. M. A prooxidant mechanism for the anticancer and chemopreventive
properties of plant polyphenols. Curr. Drug Targets 13(14), 1738-49 (2012).

26. Gupte, A. & Mumper, R. J. Elevated copper and oxidative stress in cancer cells as a target for cancer treatment. Cancer Treat. Rev.
35(1), 32-46, https://doi.org/10.1016/j.ctrv.2008.07.004 (2009).

27. Wang, W. & El-Deiry, W. S. Restoration of p53 to limit tumor growth. Curr. Opin. Oncol. 20(1), 90-96 (2008).

28. Surget, S., Khoury, M. P. & Bourdon, J. C. Uncovering the role of p53 splice variants in human malignancy: a clinical perspective.
Onco. Targets Ther. 7, 57-68 (2014).

29. Shi, Y. et al. PARP inhibitor reduces proliferation and increases apoptosis in breast cancer cells. Chin. J. Cancer Res. 26(2), 142-7,
https://doi.org/10.3978/j.issn.1000-9604.2014.02.13 (2014).

30. Chan, F. K., Moriwaki, K. & De Rosa, M. J. Detection of necrosis by release of lactate dehydrogenase activity. Methods Mol. Biol. 979,
65-70 (2013).

31. Shaker, G. H. & Melake, N. A. Use of the single cell gel electrophoresis (comet assay) for comparing the apoptotic effect of
conventional antibodies versus nanobodies. Saudi Pharm. J. 20(3), 221-227 (2012).

32. Hassan, I, Chibber, S., Khan, A. A. & Naseem, . Riboflavin ameliorates cisplatin-induced toxicities under photoillumination. PLoS
One 7(5), €36273, https://doi.org/10.1371/journal.pone.0036273 (2012).

SCIENTIFICREPORTS| (2018) 8:1682 | DOI:10.1038/541598-018-19410-1 16


http://dx.doi.org/10.4172/1948-5956.100000e2
http://dx.doi.org/10.4172/1948-5956.100000e2
http://dx.doi.org/10.1016/j.semcancer.2017.11.004
http://dx.doi.org/10.1016/j.semcancer.2017.06.005
http://dx.doi.org/10.1002/jcb.26487
http://dx.doi.org/10.1002/jcb.26487
http://dx.doi.org/10.1016/j.taap.2015.09.018
http://dx.doi.org/10.2174/18715206166661605201128
http://dx.doi.org/10.1080/10590501.2013.763577
http://dx.doi.org/10.1038/cddis.2013.172
http://dx.doi.org/10.1371/journal.pone.0076191
http://dx.doi.org/10.1007/s10534-011-9475-9
http://dx.doi.org/10.1007/s10495-016-1261-1262
http://dx.doi.org/10.1517/13543780802621859
http://dx.doi.org/10.1016/j.ctrv.2008.07.004
http://dx.doi.org/10.3978/j.issn.1000-9604.2014.02.13
http://dx.doi.org/10.1371/journal.pone.0036273

www.nature.com/scientificreports/

33. Sprowl, J. A. et al. Associations between ABCC2 polymorphisms and cisplatin disposition and efficacy. Clin. Pharmacol. Ther. 91(6),
1022-6, https://doi.org/10.1038/clpt.2011.330 (2012).

34. Li, Q & Shu, Y. Pharmacological Modulation of Cytotoxicity and Cellular Uptake of Anti-cancer Drugs by PDES5 Inhibitors in Lung
Cancer Cells. Pharm. Res 31(1), https://doi.org/10.1007/s11095-013-1134-0 (2014).

35. Davies, K. J. Oxidative stress, antioxidant defenses, and damage removal, repair, and replacement systems. IUBMB Life 50(4-5),
279-89 (2000).

36. Danial, N. N. & Korsmeyer, S. J. Cell death: critical control points. Cell 116(2), 205-219 (2004).

37. Hassan, I, Naseem, 1., Aman, S. & Alhazza, I. M. Age affects the mitigating efficacy of riboflavin against cisplatin-induced toxicity
in vivo. Nutr. Cancer 68(8), 1381-1393 (2016).

38. Cai, X, Pan, N. & Zou, G. Copper-1,10-Phenanthroline-Induced Apoptosis in Liver Carcinoma Bel-7402 Cells Associates with Copper
Overload, Reactive Oxygen Species Production, Glutathione Depletion and Oxidative DNA Damage. BioMetals 20, 1-11 (2007).

39. Govindaraju, M. et al. Copper interactions with DNA of chromatin and its role in neurodegenerative disorders. J. Pharmaceut.
Analysis 3(5), 354-359 (2013).

40. Chibber, S., Hassan, L, Farhan, M. & Naseem, I. In vitro pro-oxidant action of Methotrexate in presence of white light. J. Photochem.
Photobiol. B: Biol. 104, 387-393 (2011).

41. Song, M. O. & Freedman, J. H. Role of hepatocyte nuclear factor 4« in controlling copper response transcription. Biochim. Biophys.
Acta 1813(1), 102-108 (2011).

42. Imamoto, R. et al. Null anticarcinogenic effect of silymarin on diethylnitrosamine-induced hepatocarcinogenesis in rats. Exp. Ther.
Med. 7(1), 31-38 (2014).

43. Ding, Y. E, Wu, Z. H., Wei, Y. ], Shu, L. & Peng, Y. R. Hepatic inflammation-fibrosis-cancer axis in the rat hepatocellular carcinoma
induced by diethylnitrosamine. J. Cancer Res. Clin. Oncol. 143(5), 821-834, https://doi.org/10.1007/s00432-017-2364-z (2017).

44. Wiggins, H. L. et al. Disulfiram-induced cytotoxicity and endo-lysosomal sequestration of zinc in breast cancer cells. Biochem.
Pharmacol. 93(3), 332-342 (2015).

45. Duan, L. et al. Inhibitory effect of Disulfiram/copper complex on non-small cell lung cancer cells. Biochem Biophys Res Commun
446(4), 1010-1016 (2014).

46. Dastjerdi, M. N. et al. Effects of disulfiram on apoptosis in PANC-1 human pancreatic cancer cell line. Res. Pharm. Sci 9(4), 287-294
(2014).

47. Lin, J. et al. Disulfiram is a DNA demethylating agent and inhibits prostate cancer cell growth. Prostate 71(4), 333-343 (2011).

48. Makarov, M. S. & Chentsov, Y. S. Stabilization of non-histone proteins by copper ions does not alter chromatin properties of
polythene chromosomes of Chironomus plumosus. Biochem. (Moscow) Suppl. Ser. A. 5,70-76 (2011).

49. Wickstrom, M. et al. Pharmacological profiling of disulfiram using human tumor cell lines and human tumor cells from patients.
Biochem. Pharmacol. 73(1), 25-33 (2007).

50. Ishida, S., McCormick, E, Smith-McCune, K. & Hanahan, D. Enhancing tumor-specific uptake of the anticancer drug cisplatin with
a copper chelator. Cancer Cell 17(6), 574-583 (2010).

51. Aston, N. S., Watt, N., Morton, L. E., Tanner, M. S. & Evans, G. S. Copper toxicity affects proliferation and viability of human
hepatoma cells (HepG2 line). Hum. Exp. Toxicol. 19(6), 367-76 (2000).

52. Singh, N. P., McCoy, M. T., Tice, R. R. & Schneider, E. L. A simple technique for quantification of low levels of DNA damage in
individual cells. Exp. Cell. Res. 175, 184-191 (1988).

53. Olive, P. L., Frazer, G. & Bandth, J. P. Radiation-induced apoptosis measured in TK6 human B lymphoblast cells using the comet
assay. Radiat. Res. 136(1), 130-136 (1993).

54. Sun, H,, Yu, L., Wei, H,, Liu, G. A novel antihepatitis drug, bicyclol, prevents liver carcinogenesis in diethylnitrosamine-initiated and
phenobarbital-promoted mice tumor model. J. Biomed. Biotechnol. 584728, https://doi.org/10.1155/2012/584728 (2012).

55. Williams, G. M. et al. Diethylnitrosamine exposure-responses for DNA damage, centrilobular cytotoxicity, cell proliferation and
carcinogenesis in rat liver exhibit some non-linearities. Carcinogenesis 17(10), 2253-2258 (1996).

Acknowledgements
The authors would like to extend their sincere thanks to King Abdulaziz City for Science and Technology,
Kingdom of Saudi Arabia for funding this project (KACST Project Number AT-019-35).

Author Contributions

LH., H.E,, S.A. and LM.A. conceived the research idea while L.H., S.A., A.AK., HE., W.Q. and LM.A. designed
the experiments. L.H., A.A.K,, H.E,, S.A., W.Q,, ].A. and A.R. performed the experiments as per their expertise.
LH., A.AK,QW,HE, S.A. and LM.A. analyzed the results of the experiments. I.H., H.E. and S.A. drafted the
manuscript. All the authors have approved final version of the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:1682 | DOI:10.1038/s41598-018-19410-1 17


http://dx.doi.org/10.1038/clpt.2011.330
http://dx.doi.org/10.1007/s11095-013-1134-0
http://dx.doi.org/10.1007/s00432-017-2364-z
http://dx.doi.org/10.1155/2012/584728
http://creativecommons.org/licenses/by/4.0/

	Restrained management of copper level enhances the antineoplastic activity of imatinib in vitro and in vivo

	Hypothesis

	Results

	In vitro studies. 
	MTT assay. 
	Effect on level of the total intracellular copper post-treatment with CuCl2, ITB, and DSF. 
	Effect of Cu (II) and DSF on the activity of p-53 (S1) in HepG2 cells treated with ITB. 
	Effect of Cu (II) and DSF on PARP activity in HepG2 cells treated with ITB. 
	Effect of Cu (II) and DSF on lactate dehydrogenase (LDH) activity in HepG2 cells treated with ITB. 
	Effect of Cu (II) and DSF on caspase-7 activity in HepG2 cells treated with ITB. 
	Effect of Cu (II) and DSF on caspase-3 activity in HepG2 cells treated with ITB. 
	Effect of Cu (II) and DSF on comet assay of HepG2 cells treated with ITB. 
	Confocal microscopy. 
	Flow cytometry. 

	In vivo studies. 
	Effect on toxic burden in serum samples. 
	Total serum bilirubin. 
	Effect on the level of Bax-protein. 
	Effect on the level of BCL2L2 protein. 
	Effect on caspase-3. 
	Effect on caspase-7. 
	Effect on histopathology. 


	Discussion

	Materials and Methods

	Chemicals and reagents. 
	Methods. 
	Preparation of test chemicals (drugs). 

	MTT assay. 
	Measurement of intracellular copper. 
	p-53 assay. 
	PARP assay. 
	Assay of Lactate Dehydrogenase (LDH). 
	Assay of Caspase-7. 
	Assay of Caspase-3. 
	Comet Assay (Single cell gel electrophoresis). 
	Confocal microscopy. 
	Assessment of cell events of the treated cells by flow cytometry (FACS). 
	In vivo studies. 
	Animal husbandry. 
	Treatment with the test chemicals. 
	Confirmation of cancer induction. 
	Sample collection. 
	Biochemical studies. 

	Assessment of target organ toxicity in serum. 
	Assessment of apoptotic markers in liver samples. 
	Assessment of mode of cell death. 
	Histopathology of the target organs. 

	Statistical analysis. 
	Ethical clearance. 

	Conclusion

	Acknowledgements

	Figure 1 (A) MTT assay of four cell lines- HepG2, HEK-293, MCF-7 and MDA-MB-231 after treatment with copper chloride (CuCl2), imatinib (ITB) and disulfiram (DSF) for 24 h at two different doses.
	Figure 2 Showing pictures of main groups of HepG2 cells after treatment with the test chemicals for 24 hours.
	Figure 3 (A) Showing relative values of p-53 in the different treatment groups of HepG2 cells.
	Figure 4 (A) Showing relative activity of caspase-7 in the different groups of treated HepG2 cells.
	Figure 5 (A) Showing average picture of comet from major indicated groups.
	Figure 6 Showing the FACS of treated cells of the significant groups undergoing pre-apoptosis, apoptosis, and necrosis in quadrant A4, A2 and A1 as compared the respective control in quadrant A3.
	Figure 7 (A) Showing activity of ALT in the serum samples of different animal groups.
	Figure 8 (A) Showing relative level of Bax protein in the tissue samples of different animal groups.
	Figure 9 Showing histomicrographs of liver samples of various groups indicated in parentheses.
	Table 1 Showing IC50 of copper chloride (CuCl2), imatinib (ITB) and disulfiram (DSF) in HEK-293 and HepG2 cells expressed in mean ± SEM.




