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Abstract

One of the biggest causes of death worldwide is cancer, which poses a serious threat to healthcare systems all over the world.
Triple-negative breast cancer (TNBC), in particular, presents substantial clinical challenges because it does not express Human Epi-
dermal Growth Factor Receptor 2 (HER2) or hormone receptors. Despite concerns about early recurrence and drug resistance, che-
motherapy, particularly anthracyclines like Doxorubicin (DOX), remains the mainstay of treatment for TNBC patients. This research
investigates the possibility of using natural products, especially piperine (PIP) and resveratrol (RES), to overcome DOX resistance.
PIP and RES have shown anticancer effects via various pathways, such as inducing apoptosis and controlling the cell cycle. In this
research, in vitro experiments showed that RES and PIP inhibit cell growth in a dose-dependent manner using triple-negative parent
mouse mammary breast cancer cells and DOX resistance cells (EMT-6/P and EMT-6/DOX). RES in EMT-6/P cells showed an IC50
value of 146.511 + 5.35 uM, and in EMT-6/DOX cells, it was 88.635 + 29.507 uM. In the same way, PIP was found to have IC50 val-
ues of 148.819 + 14.317 and 9.375 uM in the triplicate trials in EMT-6/P and EMT-6/DOX, respectively. Furthermore, on both cell
lines, the combination demonstrated very strong synergistic effects; noticeably lower doses were needed for the combined treatment
to reduce cell viability by 50%. The IC50 values for the combination treatments of RES and PIP were found to be < 2.289 pM and
<2.325 uM in EMT-6/P cells, respectively, with values < 0.348 pM and 0.243 + 0.142 uM in EMT-6/DOX cells. The in vivo experiment
conducted on Balb/C females indicated that mice bearing EMT-6/Dox cells and treated with the combination of RES and PIP had the
highest cure percentage; however, this treatment showed mild toxicity. The study clarifies the potential synergistic activity between
PIP and RES in combating DOX-resistant TNBC cells. These findings highlight the significance of investigating natural products
as supplemental therapies in cancer treatment and provide insights into new treatment approaches. While the combination shows
promise as a therapeutic option for treating breast cancer, especially in cases of DOX resistance, further investigation is needed.
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Introduction

Asamajor cause of death worldwide and a significant obsta-
cle to extending life expectancy globally, cancer is a severe
global health concern. According to data from the World
Health Organization (WHO), among individuals under 70
years old, cancer was either the primary or secondary cause
of death in 112 out of 183 countries in 2019 AD. Addition-
ally, it ranked third or fourth in 23 other countries (Sung et
al. 2021). As the most frequently diagnosed cancer and the
world’s fifth leading cause of cancer-related deaths, breast
cancer has surpassed lung cancer. In 2020 AD, breast can-
cer ranked as the highest in the majority of the world’s
countries for both incidence and mortality among women,
accounting for about 24.5% of all cancer cases and 15.5%
of cancer deaths (Lei et al. 2021). Jordan is a country in the
Eastern Mediterranean region (EMR). Of its 10.20 million
citizens, 12% of deaths in 2016 AD were related to cancer
(Mousa et al. 2021). Because TNBC lacks the expression
of the estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2),
it presents a substantial problem in clinical practice. Che-
motherapy is the cornerstone of the systemic treatment of
TNBC; anthracyclines are essential agents and the current
standard of care. DOX, an antibiotic based on anthracy-
clines, is currently one of the most effective medications
for treating TNBC. Medication resistance and DOX-in-
duced cardiotoxicity are the two main obstacles to DOX
therapy (Al-Malky et al. 2020). DOX cardiotoxicity may
manifest as either acute toxicity determined two or three
days after the drug is administered or chronic cardiotox-
icity discovered weeks or even months later. Arrhythmias,
cardiomyopathies, left ventricular dysfunction, and con-
gestive heart failure are possible examples of cardiotoxicity
(Renu et al. 2018). Apart from the early development of
drug resistance that results in treatment failure, physicians
have identified additional significant concerns regarding
the efficacy of DOX, such as the early recurrence of the
disease, which can have serious consequences for cancer
patients (Luo et al. 2022). Anticipating drug resistance,
which makes chemotherapy drugs ineffective, accounts for
90% of cancer-related deaths. A deeper understanding of
these mechanisms holds significant potential for clinical
applications and opens the door to the creation of novel
drugs that use cutting-edge targeting strategies (Talib et
al. 2021). Natural products offer accessible and affordable
sources of chemotherapeutic agents with multiple mech-
anisms of action that effectively impede the development
of drug resistance (Talib et al. 2021). RES, also known as
trans-3,4,5-trihydroxystilbene, is a naturally occurring
phytoalexin belonging to the stilbene class. RES exists in
two primary isomers, cis and trans, which often coexist
(refer to Fig. 1. for chemical structures). The trans isomer
exhibits greater biological activity compared to the cis form
(Talib et al. 2022). RES exerts its anticancer effects by influ-
encing multiple cell-signaling molecules involved in regu-
lating cell cycle progression, inflammation, proliferation,
apoptosis, invasion, metastasis, and angiogenesis in tumor

cells (Gupta et al. 2011). Between 1990 and 2021, there
were 30 research reports examining the impact of RES
on cancer cells that had developed resistance to various
drugs. These studies covered a range of cancer types along
with their resistance to multiple chemotherapeutic agents,
including bladder, breast, colon, gastric, leukemia, lung,
melanoma, oral, ovarian, and prostate cancer cells (Choi et
al. 2022). The King of Spices, Piper nigrum, and its main
ingredient, PIP, are well known for their therapeutic qual-
ities. This black pepper, which is a member of the Pipera-
ceae family, is popularly used as a spice in homes due to its
unique pungency (refer to Fig. 2 for chemical structure)
(Chopra et al. 2016; Turrini et al. 2020). PIP effects on
apoptotic signaling activation and cell cycle progression
inhibition have been reported to limit the growth and sur-
vival of various cancer cell types. In addition to these ef-
fects, PIP has been shown to influence redox homeostasis,
prevent cancer stem cell (CSC) self-renewal, and modify
autophagy and ER stress. PIP inhibits invasion, metastasis,
and angiogenesis by altering the activity of numerous en-
zymes and transcription factors (Rather and Bhagat 2018).
Interestingly, PIP has also shown antimutagenic properties
and has been effective in inhibiting the activity and expres-
sion of multidrug resistance transporters such as P-glyco-
protein and multidrug resistance proteins (Manayi et al.
2018). Moreover, PIP effectively increases the bioavailabil-
ity of several chemotherapeutic drugs due to its inhibitory
effect on P-gp activity, considered to be the first bioavail-
ability enhancer in history to receive scientific validation
(Rather and Bhagat 2018).
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Figure 1. Chemical structure of RES: (a) Trans RES and (b) Cis-
RES (Talib et al. 2022).
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Figure 2. PIP chemical structure (Chopra et al. 2016).

Materials and methods

Cell line and culture conditions

The European Collection of Cell Cultures (ECACC; Salis-
bury, United Kingdom) provided the parent (EMT-6/P)
and DOX-resistant (EMT-6/DOX) triple-negative mouse
mammary breast cancer cell lines that were used in this
research. The cells were cultured in minimum essen-
tial medium (MEM) (500 ml bottle) supplemented with
0.1% non-essential amino acids (0.5 ml), 10% fetal bovine
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serum (50 ml), 1% L glutamine (5 ml), 0.1% gentamycin
(0.5 ml), and 1% penicillin-streptomycin (5 ml) solution
as supplied. Incubation conditions for cultured cells in-
cluded 5% CO2, 95% humidity, and 37 °C.

Preparation of resveratrol and piperine
working solutions

The working solution was composed of pure RES (99.5%
Trans, CurEase) and PIP (Sigma, USA), which were dis-
solved immediately before use in dimethyl sulfoxide
(DMSO) (Extra PURE, Pharmpur, ph EUR, USP, and
Scharlab). The working solution was then diluted in MEM
to produce a working solution with concentrations of
2000 and 1200 puM for RES and PIP, respectively.

To prepare a working solution with a concentration
equal to the IC50 values obtained from a single treatment,
RES and PIP were directly dissolved in DMSO and 70%
ethanol and then diluted in the MEM right before use.
This solution was then applied to both cell lines for the
combination treatment.

Since DOX (Ebewe Pharma, Austria) is already pre-
pared as a medication on the market, as a stock solution
of 50 mg per 25 mL (2 mg/mL), 100 pg/ml equivalent to
183.99 uM was used as a working solution from the avail-
able stock as the positive control for both cell lines.

Antiproliferative assay (MTT)

The overnight culture was performed for both cell lines,
EMT-6/P and EMT-6/DOX. The trypsinization technique
was used to collect the cells, and the trypan blue exclu-
sion method was used to count the cells that were growing
exponentially. Subsequently, the cells were incubated for
24 hours at 10,000 cells per well in 96-well tissue culture
flat-bottom microplates. Following seeding, both cell lines
were exposed for 48 hours to PIP (600-9.375 pM) and
RES (1000-7.8125 uM). Additionally, they were exposed
to DOX (183.99-5.75 uM) for 48 hours, with three repli-
cates for every concentration.

In combination treatment, PIP (74.4-2.325 uM) with
a fixed concentration of RES (146.510 uM) and RES
(73.25-2.289 pM) with a fixed dose of PIP (148.819 uM)
were applied to EMT-6/P cells. For the EMT-6/DOX cell
line, the cells were exposed to RES at varying concentra-
tions (44.318-0.348 uM), while PIP was kept at a constant
concentration (9.375 pM) and PIP at varying concentra-
tions (4.688-0.037 uM) with a fixed concentration of RES
(88.635 uM) for 48 hours, and three replicates were used
for each concentration as well.

Following the incubation period of 48 hours, 200 pL
were removed, followed by washing each well with 100 uL
of phosphate buffered saline (PBS). Then 100 uL of the
medium was added to every well along with 20 uL of the
MTT solution (the tetrazolium salt, 3-[4,5-dimethylthi-
azol-2-yl]-2,5-diphenyltetrazolium bromide (AK Scien-
tific, Union City, USA), that had been dissolved in PBS).
Using MTT, the antiproliferative activity was identified.

This test finds the reduction of MTT by mitochondrial de-
hydrogenase to a blue formazan product, indicating both
cell viability and normal mitochondrial function.

The microplate was then incubated for an additional 3
hours in a CO2 incubator, and then 100 uL of DMSO were
added and incubated for another hour. Using a microplate
reader (Biotek, Winooski, VT, USA), the absorbance was
then measured at 550 nm.

To prevent interference of DOX with MTT, after treating
the cells with DOX and allowing a 48-hour incubation pe-
riod, 200 uL of the solution will be removed from each well,
followed by washing with 100 pL of PBS. Then 200 pL of
PBS was added to each well, along with 20 pL of MTT. The
mixture was then incubated for 3 hours at 37 °C. Following
the incubation period, the violet formazan crystals were
solubilized by adding 200 pL of DMSO after the solution
had been carefully removed. After allowing the plates to
fully dissolve for five minutes on a horizontal shaker, the
absorbance was measured at 550 nm using a microplate
reader (Biotek, Winooski, VT, USA) (Luis et al. 2019).

Calculation of inhibitory concentration
(1Cs0)

The drug concentration required to kill or inhibit cells by
50% relative to untreated cells is referred to as “ICs,,” which
implies that the inhibitory substrate only exerts 50% of its
maximum inhibitory action at that concentration (Cald-
well et al. 2012). The Statistical Package for the Social Sci-
ences, IBM SPSS, version 27, was utilized in this research
to calculate and assess ICso values. The information was
subjected to a nonlinear regression test to ascertain the
ICs, values for both single and combination treatments.

Calculation of the combination index

The following formula was used to calculate the combina-
tion index (CI) for RES and PIP against EMT-6/P and EMT-
6/Dox cells to evaluate their interaction (Ichite et al. 2009).
D D D D
Cl=— + % +a——2
Dx, Dx, Dx Dx,

1

Where:

(Dx) 1 = ICs of RES alone.

(D) 1 =1ICs of RES in combination with PIP.

(Dx) 2 = ICs of PIP alone.

(D) 2 = ICs of PIP in combination with RES.

a = 0 for mutually exclusive interaction or 1 for mutually
non-exclusive interaction.

According to the literature review, RES and PIP each
have a unique strategy for combating cancer. As a result,
the mutually non-exclusive model was used to calculate
Clwitha=1.

An explanation of the CI results is provided below:

CI < 0.1 Very Strong Synergism, CI = 0.1-0.3 Strong
Synergism, CI = 0.3-0.7 Synergism, CI = 0.7-0.85
Moderate Synergism, CI = 0.85-0.90 Slight Synergism,
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CI = 0.9-1.10 Nearly Additive, CI = 1.10-1.20 Slight An-
tagonism, CI = 1.20-1.45 Moderate Antagonism, and
CI = 1.45-3.3 Antagonism (Chou 2006).

Calculation of the resistance index

When comparing resistant cell lines to sensitive ones, the
resistance index indicates the difference in concentration
needed to kill 50% of the cells. In this research, the resis-
tance index was calculated by comparing the ICs, values
of the resistant EMT-6/DOX and the sensitive EMT-6/P
cell lines using the following formula (Wang et al. 2010):

Resistance Index (RI) = (ICs of Resistant Cell Line/ICs,
of Parental Cell Line) *100%

In vivo experiment
Mice

The Institutional Review Board (IRB) in the Faculty of
Pharmacy, Applied Science Private University, approved
all the experimental protocols used in this research
(Approval Number: 2023-PHA-44) that were conducted
following accepted ethical standards.

Thirty-six Balb/C female mice, weighing between 21
and 25 g per mouse, at the age of four to six weeks, were
used in this research. The mice were housed in individ-
ual cages with bedding made of wooden shavings. The
conditions included constant air ventilation, a temperature

n=36

Doxorubicin resistance
(EMT-6/DOX)

of about 25 °C, a humidity of between 50 and 60 percent,
and alternating cycles of light and dark lasting 12 hours.

Tumor inoculation

Trypsinization was used to extract exponentially growing
EMT-6/P and EMT-6/Dox cells, which were then cleaned
and resuspended in MEM at a density of 1.5 x 1076 cells/
ml. After that, the trypan blue exclusion method was used
to determine viability. Each female Balb/C mouse had a
subcutaneous injection of 1.5 x 1075 cells in 0.1 ml medi-
um as a tumor induction dose, which was left to grow and
form new tumors for ten days.

Mice groups, treatment, and antitumor
activity

The average tumor volume for each group was roughly
matched, and tumors of similar sizes were selected. Each
mouse received an injection on the right side of EMT-6/
DOX and the left side of EMT-6/P. The treatment started
ten days after the tumor was injected. Due to their limit-
ed solubility in water, olive oil was utilized as a non-toxic
solvent compared to other synthetic solvents to yield the
treatment doses for RES and PIP (Koul and Kapil 1993;
Balata et al. 2016). Six groups (n = 6 for each group) of
36 tumor-bearing mice were used in this research (as
mentioned in Fig. 3). Treatment groups were assigned
randomly as follows: Group 1 received intraperitoneal in-
jections of RES at a dose of 50 mg/kg/day (Alobaedi et al.
2017). Group 2 received intraperitoneal injections of PIP
at a dose of 25 mg/kg/day (Talib 2017). Group 3 received

" Doxorubicin sensitive
(EMT-6/P)
n =6 for
each group

PIP 25 mg/
hﬁf‘h)‘ ’/,r

Figure 3. In vivo study details.
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DOX (3 mg/kg/day, diluted in PBS) (Aston et al. 2017).
RES and PIP were administered in combination for Group
4. DOX, RES, and PIP as a triplicate therapy were admin-
istered to Group 5. The doses of RES, PIP, and DOX in the
combination-treated groups were the same as those in the
single-treated groups. Group 6 was given intraperitoneally
0.1 mL of vehicle (olive oil) each day as a negative control.

Blood samples were collected to evaluate liver and kid-
ney function in the treated mice after the seven-day course
of treatment. A digital calliper, a non-invasive instrument,
was used to measure the tumor’s dimensions three times
during the treatment: on days 1, 3, and 8 (the sacrificing
day). The tumor volume was then computed using the fol-
lowing equation:

Tumor volume = A x B2 x 0.5

Where:

A = the length of the longest aspect of the tumor.

B = the length of the tumor aspect perpendicular to A.
The percent change in tumor volumes between the ini-

tial and final volumes was calculated using the following

equation:

% Tumor change = ((F - I) / I) x 100%

where I stands for the initial tumor volumes and F stands
for the final tumor volumes.

Atlast, cervical dislocation proved fatal to mice. To pre-
serve the morphology of the tumors, they were removed,
weighed, and then preserved in 10% formalin.

Evaluation of liver and kidney function

The following parameters were measured from serum lev-
els for each group, including the healthy mice group, using
commercial kits (DiaSys Diagnostic Systems GmbH, Ger-
many): alanine aminotransferase (ALT), alkaline phospha-
tase (AP), aspartate aminotransferase (AST), creatinine,
gamma-glutamyl transferase (GGT), uric acid, and urea.

Statistical analysis

The statistical analyses were carried out using IBM SPSS
(Statistical Package for the Social Sciences) version 27.
Nonlinear regression was used to analyze IC50 values,
which were reported as mean values with a standard error
of mean (SEM). To assess treatment toxicity for the in vivo
part, comparisons were conducted for each treated group
with the placebo and healthy mouse groups. The indepen-
dent sample T-test for normally distributed variables was
used to determine statistically significant differences. When
normality was not assumed, the comparison was conduct-
ed using the Mann-Whitney U test, considering that nor-
mality was checked by the Shapiro-Wilk test. The statisti-
cally significant difference between groups was indicated
by a significance level of p < 0.05. Six mice were used for
in vivo experiments in each group, and n = 3 was used for
all statistical tests to assess treatment toxicity. To determine

the statistical significance of the percentage change in tu-
mor volume between groups, IBM SPSS was used as well.
The Kruskal-Wallis H test was chosen because the assump-
tions for one-way ANOVA were not met. Upon finding a
significant difference in the Kruskal-Wallis test, further in-
vestigations were conducted using the Mann-Whitney U
test and the independent samples t-test, with n = 6 for all
tests. To control the increased risk of Type I errors (false
positives) associated with multiple comparisons, the Bon-
ferroni correction method was applied. This adjustment in-
volved dividing the original significance level (0.05) by the
number of comparisons (6), resulting in a new significance
level of 0.0083. This correction helps maintain the overall
Type I error rate at 0.05, despite multiple comparisons.

Results

In vitro results

The inhibition of cell growth and proliferation in the EMT-
6/P and EMT-6/Dox cell lines in response to different
concentrations of RES and PIP is shown in Figs 4, 5. The
RES in EMT-6/P cells showed an IC50 value of 146.511
+ 5.35 uM, while in EMT-6/Dox cells, it was 88.635 +
29.507 uM. This inhibition showed a dose-dependent re-
lationship. In the same way, PIP was found to have IC50
values of 148.819 + 14.317 uM and 9.375 puM (as the sur-
vival percentage for both the average and single trials was
around 50% at a concentration of 9.375 uM) in EMT-6/P
and EMT-6/DOX, respectively.

Single treatment of RES in EMT-6/P and EMT-6/DOX
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Figure 4. Anti-proliferation effect of RES in single treatment
against EMT-6/P and EMT-6/DOX cell lines.

Single treatment of PIP in EMT-6/P and EMT-6/DOX
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Figure 5. Anti-proliferation effect of PIP in single treatment
against EMT-6/P and EMT-6/DOX cell lines.
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The EMT6/P and EMT6/Dox cell lines were used to
study the relationship between RES and PIP. Various PIP
concentrations and fixed RES concentrations were tested
on both cell lines, and vice versa. Figs 6-9 show the inhi-
bition of cell growth and proliferation, which also follow
a dose-dependent relationship. Furthermore, noticeably
lower doses were needed for the combined treatment to
reduce cell viability by 50%. Comparing EMT-6/P cells to
EMT-6/DOX cells, it was found that the latter were more
sensitive to combination therapy at lower dosages. The
combination treatment’s 50% inhibitory concentrations
(ICso) for RES and PIP were found to be < 2.289 uM (as
the survival percentage for both the average and single tri-
als was below 50% at a concentration of 2.289 uM) and
< 2.325 pM (as the survival percentage for both the av-
erage and single trials was below 50% at a concentration
of 2.325 uM) in EMT-6/P cells, respectively, with values
< 0.348 pM (as the survival percentage for both the av-
erage and single trials was below 50% at a concentration
of 0.348 uM) and 0.243 + 0.142 uM in EMT-6/DOX cells.
In addition, the sensitivity of DOX was also assessed on
both cell lines, as shown in Fig. 10, with a result of IC50 >

Combination of PIP with 146.510 uM RES in EMT-6/P cells

26
25
24
23
22
21

18.6 2.325
Concentration ( um)

% of Survival (%)

Figure 6. The anti-proliferative effects of different concentra-
tions of PIP in combination with 146.510 uM RES against the
EMT-6/P cell line.

Combination of RES with 148.819 uM PIP on
EMT-6/P cells
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w

Figure 7. The anti-proliferative effects of different concentra-
tions of RES in combination with 148.819 uM PIP against the
EMT-6/P cell line.

183.99 uM (as the survival percentage for both the average
and single trials ranged from 90% to 113% at a concen-
tration of 183.99 uM) for EMT-6/Dox cells and 68.58 +
9.50 uM for EMT-6/P cells. All results are summarized in
Table 1, including IC50 values, combination index, and re-
sistance index for RES, PIP, their combinations, and DOX.

Combination of PIP and 88.635 uM RES in EMT-6/Dox
cells

30
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0

4.688 2.344 1.172 0.586 0.293 0.146 0.073
Concentration (uM)

% of survival (%)
S
8

0.037

Figure 8. The anti-proliferative effects of different concentra-
tions of PIP in combination with 88.635 uM RES against the
EMT-6/DOX cell line.

Combination of RES and 9.375 uM PIP in EMT-

6/DOX cells
45
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44318 22.159 11.079 5.54 2.77 1.39 0.695 0.348

Concentration ( uM)

Figure 9. The anti-proliferative effects of different concen-
trations of RES in combination with 9.375 uM PIP against the
EMT-6/Dox cell line.

Single treatment of DOX on EMT-6/P and EMT-6/DOX
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Figure 10. The sensitivity of EMT-6/P and EMT-6/DOX cell
lines to DOX at various doses was evaluated using the anti-pro-
liferative assay (MTT).

Table 1. The IC50 values of RES, PIP, their combination, and DOX on EMT-6/P and EMT-6/DOX cell lines, along with the combi-

nation index (CI), Interpretation, and resistance index.

Cell line ICso of RES  ICs of PIP ICsoof  ICso of RES combined ICs, of PIP combined CI Interpretation
(uM) (uM) DOX (uM) with PIP (uM) with RES (uM)
EMT-6/P 146.511 148.819 68.58 <2.289 <2325 <0.031 very strong synergism
EMT-6/Dox 88.635 9.375 >183.99 <0.348 0.243 <0.029 very strong synergism
Resistance Index 60.5 6.3 > 268 <152 <10.4
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In vivo results

Following 10 days of tumor inoculation and 7 days of
mice treatment, the mice were sacrificed, and the tumor
size was assessed. The volume change (in mm?®) and the
percentage change in tumor volume for each group were
calculated as mentioned in Table 2. In EMT-6/P, the tripli-
cate therapy involving RES, PIP, and DOX, along with in-
dividual treatments of PIP and DOX, achieved the highest
cure percentage (66.67%) among all treated groups. This
was followed by the group treated with a combination of
RES and PIP, as well as the group treated with RES as a
single treatment, both showing a 50% cure percentage.
Additionally, Fig. 11 illustrates the reduction in average
tumor volume during the treatment period for all groups
except the control group. The statistically significant dif-
ferences in the percentage change in tumor volume in
mice bearing EMT-6/P cells were assessed by using IBM
SPSS. The Kruskal-Wallis H test was chosen because the
assumptions for one-way ANOVA were not met with n
= 6. The test resulted in a P value of 0.062, indicating no
significant difference between the groups when compared
to a significance level of p-value < 0.05.

Therefore, the same treatment approaches were used
for EMT-6/DOX, as Table 3 illustrates. The combination
therapy involving RES and PIP achieved the highest cure
percentage (66.67%) among all treated groups. This was fol-
lowed by the group treated with a triplicate therapy of RES,
PIP, and DOX, as well as the group treated with PIP as a sin-
gle treatment and DOX as a single treatment, all showing
a 50% cure percentage. Additionally, Fig. 12 illustrates the
change in average tumor volume during the treatment pe-
riod for all groups. The combination treatment of RES and
PIP showed the largest change in average tumor volume.

To determine the statistical significance of the percent-
age change in tumor volume in EMT-6/DOX cells between
groups by using IBM SPSS. The Kruskal-Wallis H test was
chosen because the assumptions for one-way ANOVA
were not met with n = 6 for each group. The test resulted
in a P value of 0.003, indicating a significant difference
between the groups when compared to a significance level

Change in Average tumor volume in EMT-6/P cells
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Figure 11. Change in average tumor volume in EMT-6/P cells
during treatment days.
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Figure 12. Change in average tumor volume in the EMT-6/
DOX cells during treatment days.

Table 2. In the EMT-6/P cell line (n = 6), the effects of RES, PIP, their combinations, and DOX on changes in tumor volume, per-
centages of change in tumor volume, and average tumor weight are investigated.

Treatment group Aw. initial tumor Aw. final tumor %Change in tumor  Mice with no detectable Av. tumor weight
EMT-6/P volume (mm?) volume (mm?) volume (%) tumor (Cure %) (mg)
RES 202.23 171.40 -15.25 50 109.28
PIP 231.05 90.32 -60.91 66.67 109.98
DOX 322.07 84.76 -73.68 66.67 69.13
RES and PIP 236.43 93.63 -60.40 50 107.92
RES, PIP, and DOX 234.20 76.67 -67.30 66.67 81.65
Control 255.72 488.04 90.85 16.67 514.07

Abbreviations: Av. = average, mm® = cubic millimeter.

Table 3. EMT-6/DOX cell line (n = 6), the effects of RES, PIP, their combinations, and DOX on changes in tumor volume, percent-
ages of change in tumor volume, and average tumor weight are investigated.

Treatment group Aw. initial tumor Aw. final tumor

%Change in tumor

Mice with no detectable  Av. tumor weight

EMT-6/DOX volume (mm?) volume (mm?) volume (%) tumor (Cure %) (mg)
RES 202.49 251.18 24.05 16.67 219.68
PIP 264.84 119.69 -54.81 50 110.73
DOX 369.96 131.22 -64.53 50 121.10
RES and PIP 275.37 58.42 -78.79 66.67 74.30
RES, PIP, and DOX 298.30 113.64 -61.90 50 181.13
Control 286.94 444.14 54.78 0 351.60

Abbreviations: Av. = average, mm® = cubic millimeter.
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of p-value < 0.05. Upon finding a significant difference
with the Kruskal-Wallis test, further investigations were
conducted using the Mann-Whitney U test and the inde-
pendent samples t-test, with n = 6 for all tests. To control
for the increased risk of Type I errors (false positives) as-
sociated with multiple comparisons, the Bonferroni cor-
rection method was applied. This adjustment involved di-
viding the original significance level (0.05) by the number
of comparisons (6), resulting in a new significance level of
0.0083. This correction helps maintain the overall Type I
error rate at 0.05, despite multiple comparisons. From the
six comparisons, the following were considered significant
when compared to the new significance level of 0.0083:
a single-treated group with PIP compared to a control
group with p value = 0.006, a combination treatment of
RES and PIP compared to a control group with p value =
0.003, and a single-treated group with DOX compared to
a control group with p value = < 0.001, and no significant
differences were found for the following comparisons:
combination-treated group with PIP and RES compared
to the triple treated group with RES, PIP, and DOX with
p value = 0.475, and the single treated group with DOX
compared to the combination-treated group with RES,
PIP with p value = 0.475, and the single treated group with
PIP compared to the combination-treated group with RES
and PIP with p value = 0.284.

Evaluation of liver and kidney function

To evaluate liver toxicity in each treatment group, including
the negative control group (placebo) and a group of healthy
mice. The levels of alanine aminotransferase (ALT), alka-
line phosphatase (AP), aspartate aminotransferase (AST),
and gamma-glutamyltransferase (GGT) were measured. In
addition to that, kidney toxicity was also evaluated by mea-
suring the levels of urea, creatinine, and uric acid.

All treatment groups, the negative control group, and
a group of healthy mice showed consistent results for the
serum GGT levels, which were less than 3 U/L.

When comparing each treatment group to the nega-
tive control group, no significant differences were found
in ALT, creatinine, urea, and AP levels. Significant differ-
ences in AST levels were found in the following treated
groups: the DOX single-treated group and the RES and
PIP combination-treated group. Significant differences in
uric acid levels were found in all treated groups. These sig-
nificant differences are considered mild toxicity.

When each treated group was compared with healthy
mice in the second comparison, no significant differences
were found in the levels of ALT and AP. The following sig-
nificant differences were found:

Significant differences in uric acid and creatinine levels
were found in all treated groups.

Significant differences were observed in the levels of urea
in the following treated groups: The RES and PIP combi-
nation, the triple combination of RES, PIP, and Dox, in ad-
dition to the single treated group with DOX. Also, signif-
icant differences were observed in the levels of AST in the

following treated groups: The RES and PIP combination, the
triple combination of RES, PIP, and DOX, the single treat-
ed group with DOX, and the single treated group with RES.
These significant differences are considered mild toxicity.

Discussion

One of the most common primary treatment approach-
es for TNBC is chemotherapy. Chemoresistance, or the
emergence of tumor resistance to chemotherapy, is a ma-
jor obstacle to cancer treatment (Gupta et al. 2011). The
use of combination approaches in cancer therapy offers
the advantage of targeting different pathways in a syner-
gistic or additive manner (Talib et al. 2022). Various ap-
proaches have been examined to overcome drug resistance
in cancer, with natural products emerging as a promising
strategy. The specific targets of each natural product have
been identified, and their mechanisms of action have
been thoroughly investigated through experimental and
clinical studies (Talib et al. 2021). As RES exhibits potent
anti-cancer properties through various mechanisms, the
most extensively documented mechanism of action for
its anti-cancer properties is its capacity to trigger apop-
tosis in cancer cells through multiple pathways associated
with the control of cell death and survival (Udenigwe et
al. 2008). Additionally, numerous mechanisms have been
proposed to explain piperine’s chemopreventive effect.
PIP effects on apoptotic signaling activation and cell cy-
cle progression inhibition have been reported to limit the
growth and survival of various cancer cell types (Rather
and Bhagat 2018). In this research, RES and PIP showed
inhibition of cell growth and proliferation, and this inhi-
bition follows a dose-dependent relationship in EMT-6/P
and EMT-6/Dox cell lines. These results align with previ-
ous studies on both compounds. In this research, EMT-6/
DOX cells were more sensitive to RES and PIP than the
sensitive cell line. This could be explained, as a previous
in vitro study showed that treatment with a combination
of RES and DOX on DOX-resistant breast cancer cells
markedly increased the cellular accumulation of DOX by
downregulating the expression levels of the ATP-binding
cassette (ABC) transporter genes, MDRI, and MRPI,
which is considered one of the mechanisms for develop-
ing treatment resistance (Kim et al. 2014). Additionally,
the higher sensitivity of PIP in resistance cells can be ex-
plained by in vitro studies that have demonstrated PIP’s
ability to re-sensitize P-gp, MRP1, and BCRP as one of
the mechanisms for developing treatment resistance in
multidrug-resistant cancer cells (Li et al. 2011). Moreover,
when used in combination, PIP and RES demonstrated
strong synergistic effects in both cell lines, suggesting the
potential for overcoming DOX resistance. Regarding in
vivo experiments, one of the previous studies revealed that
upon administering RES intraperitoneally to rats, analysis
of rat hepatocytes detected two prominent peaks identi-
fied as resveratrol-3-glucuronide and resveratrol-3-sulfate
71 (Wenzel and Somoza 2005). The metabolism of RES
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could account for the lower cure percentage observed in
the single RES-treated group compared to the combina-
tion-treated group in this research, as well as the discrep-
ancy between in vitro and in vivo results regarding RES
treatment. In addition, as mentioned in the literature,
combining RES with PIP leads to the inhibition of var-
ious ABC transporters, including resveratrol-excreting
ABCB1, MRP2, and ABCG2, which has been demonstrat-
ed to increase the bioavailability of RES (Schaafsma et al.
2016). Considering that breast cancer cells develop resis-
tance to DOX through multiple pathways, including the
up-regulation of multiple transporter genes (AbuHam-
mad and Zihlif 2013), it is notable that both RES and PIP
specifically target the resistance mechanisms involved in
resistance proteins and plasma membrane transporters,
as previously mentioned. The combination of RES and
PIP significantly inhibits the growth of tumors in both
animal and cell culture models, demonstrating enhanced
anti-cancer effects. To determine the precise synergistic
activity of both compounds at the cellular level and to
evaluate their effect on cancer metastasis, more research
is necessary. However, these results indicate that RES and
PIP could be promising candidates for combination can-
cer therapies, with the potential to provide better efficacy
and fewer side effects than conventional therapies.
Notably, this study stands out as the first of its kind to in-
vestigate the potential synergy between PIP and RES in the
DOX resistance cell line. By examining the combined impact
of these agents, this research aims to shed light on a previous-
ly unexplored aspect of their interaction, opening the door to
possible breakthroughs in cancer treatment approaches.

Conclusion

Chemotherapy is still an essential part of treating TNBC.
The combination of RES and PIP demonstrates promise
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