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Abstract

Background: Recent studies suggest that numerous naturally occurring agents have the potential to kill cancer cells via mitochondrial
dysfunction. Solanum nigrum is a herb widely used in alternative medical systems. This study aimed to investigate the cytotoxic effect of
Solanum nigrum water extract (SNWE) against Michigan Cancer Foundation-7 (MCF-7) and MD Anderson-Metastatic Breast Cancer-
231 (MDA-MB-231) cells. Methods: We used an MTT reduction assay for cytotoxicity analysis. To explore the mode of action, the
cellular adenosine triphosphate (ATP) levels and mitochondrial membrane potential were analyzed using a colorimetric ATP assay and
Rhodamine-123 fluorescent staining, respectively, during SNWE treatment for 72 h. Results: The cytotoxic effect was significant in
both cell lines, with IC50 values of 4.26 µg/mL and 5.30 µg/mL in MCF-7 and MDA-MB-231 cells, respectively. The 24, 48, and 72 h
treatments of 100 µg/mL SNWE showed 0.85 ± 0.07, 0.38 ± 0.1, and 0.20 ± 0.1 nM ATP in MCF-7 cells and 0.94 ± 0.07, 0.84 ± 0.2
and 0.46± 0.2 nM in MDA-MB-231 cells, respectively. The SNWE treatment altered the mitochondrial membrane potential (∆Ψm) in
a concentration-dependent manner in both the breast cancer cell lines, to 29.6 ± 4.1% in MCF-7 and 28.7 ± 4.17% in MDA-MB-231
cells, when compared with healthy mitochondria (100% ∆Ψm). Conclusions: The cytotoxic effects of Solanum nigrum against breast
cancer cells are associated with energy metabolism. Additional studies are warranted to test the anticancer effect of Solanum nigrum
using an animal model of breast cancer.

Keywords: Solanum nigrum; mitocans; mitochondrial dysfunction; mitochondrial membrane potential; energy metabolism; breast can-
cer

1. Introduction

Targeting mitochondria is emerging as a successful
therapeutic approach for cancer because of the involvement
of mitochondria in redox signaling, cellular metabolism,
and cellular homeostasis [1]. The mitochondria are the site
of adenosine triphosphate (ATP) synthesis from glucose and
fatty acids through a series of biochemical reactions known
as oxidative phosphorylation. The essential requirement
for oxidative phosphorylation is the electron transport chain
(ETC) that is associatedwith the production of reactive oxy-
gen species (ROS), as well as adenosine triphosphate (ATP)
synthesis [2]. Thus, an efficient redox balance during cellu-
lar ATP synthesis is necessary for cellular proliferation and
viability. However, dysfunction of mitochondria has a sig-
nificant negative impact on overall ROS generation and cel-
lular energymetabolism, which ultimately adversely affects
the fate of cells. Nevertheless, in cancer cells, the shifting
of energy metabolism from the usual oxidative phosphory-
lation to active glycolysis impedes mitochondrial activity,

leading to increased levels of ROS generation, which can
ultimately be linked to numerous oncogenic signals [2].

Mitochondrial membrane potential (abbreviated to
∆Ψm) is a global indicator of mitochondrial function. The
electrochemical gradient resulting from the imbalance of
H+ outside and inside the inter-membrane space causes the
development of mitochondrial membrane potential [3]. In a
normal cell, mitochondrial membrane potential ranges be-
tween –108 and –159 mV, while optimum membrane po-
tential for maximum ATP production fluctuates between –
130 and –140 mV in almost all living creatures. Alteration
by approximately 10% in the mitochondria membranes po-
tentials results in, approximately, a 90% depletion in ATP
synthesis and an increase in the generation of potentially
toxic ROS by a similar magnitude [4]. Cancer cells are
>50% more hyperpolarized across the inner mitochondrial
membrane (ΨIM) than normal cells [5]. Furthermore, the
invasiveness of cancer is associated with the increased hy-
perpolarization of ΨIM [6–8]. In cancerous cells, an in-
creased mitochondrial membrane potential compared to cy-
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Fig. 1. Preparation of Solanum nigrum water extract (SNWE). The leaves of Solanum nigrum plants were air-dried for one week to
remove the moisture content. The dried leaves were soaked in distilled water and incubated in a boiling water bath for 1 h. The mixture
was then filtered throughWhatman filter paper and syringe filters and incubated in a shaker incubator for 24 h at 60 °C. The final aqueous
extract of Solanum nigrum was dissolved in 0.1% dimethyl sulfoxide (DMSO) for experimental use.

tosol also makes mitochondria a potential selective target
as mitochondria allow selective agents to pass across the
double membrane. The outer membrane of the mitochon-
dria is associated with signals related to cell survival and
death [9]. The porosity of the mitochondrial membrane in-
creases during the activation of proapoptotic proteins in the
state of oxidative stress, enabling the extensive escape of
cytochrome c to the cytosol and thereby leading to cellular
damage [10].

Many recent reports showed that herbal extracts and
active isolated compounds can cause the disruption of mito-
chondrial membrane potential in different cancer cell lines
[11–13]. Solanum nigrum (black nightshade) is a com-
monly used medicinal herb in alternative systems of herbal
medicine. The crude extract from Solanum nigrum has
shown anticancer potential in different types of cancer in-
cluding breast cancer, cervical cancer, endometrial can-
cer, colorectal cancer, and human melanoma [14–17]. The
Solanum nigrum water extract from leaves is significantly

2

https://www.imrpress.com


Fig. 2. Effect of SNWE on cytotoxicity in MCF-7 and MDA-MB-231 cells. Cells (10,000 cells/well) were treated with increasing
concentrations of SNWE ranging from 0.20–100 µg/mL for 72 h, and then assessed for cell viability usingMTT assay. Data are presented
as mean ± standard error of the mean (SEM). *p < 0.05, **p < 0.01 and ***p < 0.001 versus control group.

cytotoxic in breast cancer cell lines due to apoptosis and
epithelial-mesenchymal transition [18]. The leaf extract
of Solanum nigrum possesses antioxidant [19] and anti-
inflammatory [20] properties that can efficiently cope with
oxidative stress and inflammation, the primary hallmarks
of cancer. Furthermore, the leaf extract of Solanum ni-
grum also proved capable of promoting mitochondrial fis-
sion and, hence, reducing the normal function of mitochon-
dria in breast cancer cell lines [18]. These reports suggest
that Solanum nigrum works mechanistically by targeting
mitochondria membrane potential and hampering ATP gen-
eration in breast cancer. We, therefore, attempted to inves-
tigate the effect of Solanum nigrum on mitochondria mem-
brane potential and ATP generation in breast cancer cells.

2. Materials and Methods
2.1 Preparation of Solanum nigrum Water Extract

The Solanum nigrum plants were collected from re-
gions in South India and air-dried for 7 days to remove the
moisture content (Fig. 1). The leaf of Solanum nigrum was
powdered, and 50 g of the powdered plant material was
immersed in 250 mL of distilled water. The mixture was
transferred into a 500 mL conical flask, plugged with ster-
ile cotton, and then incubated in a boiling water bath for 60
minutes. Next, the solution was filtered through Whatman
filter paper and syringe filters (Fig. 1). The solution was
then incubated in a shaking incubator for 24 h at 60 °C. Fi-
nally, a clear Solanum nigrum water extract (SNWE) was

obtained and stored in the refrigerator at –20 °C for later
use. The required amount of SNWE was weighed and a
stock solution was prepared in dimethyl sulfoxide (DMSO)
(Sigma Aldrich, St. Louis, MO, USA) [21]. The final con-
centration of DMSO in the solution was 0.1%.

2.2 Cell Line Maintenance and Growth Conditions
Breast carcinoma cell lines including MDA-MB-231

(Triple-negative) and MCF-7 (Luminal A) were obtained
from National Centre for Cell Science (NCCS), Pune, MH,
India. Both the cell lines were authenticated using the Amp-
FISTR Identifier Plus PCR amplification Kit from Applied
Biosystems (Waltham, MA, USA) and sixteen short tan-
dem repeats (STR) loci were amplified using this kit. The
commercial supplier stated that no mycoplasma contami-
nations were detected in these cell lines. The cells were
grown in Dulbecco’s modified Eagle medium (DMEM)
media supplemented with 10% fetal bovine serum (FBS)
and 50 units/mL of penicillin-streptomycin at 37 °C in a
5% CO2 incubator. The study protocol was approved by
the Institutional Review Board of King Saud University,
Riyadh, Saudi Arabia (Approval No. KSU-SE-22-18, dated
24/03/2022). The identity of the cell line used in the ex-
periment was confirmed by PCR and was negative for my-
coplasma contamination.
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Fig. 3. Effect of SNWE on adenosine triphosphate (ATP) levels in the breast cancer cells at different time intervals (24 h, 48 h,
and 72 h). There was a concentration-dependent decrease in cellular ATP levels after SNWE treatment. The data are presented as mean
± SEM.

2.3 Cytotoxicity Assay

The MCF-7 and MDA-MB-231 cells were seeded in a
96-well plate at a density of 10,000 cells/well and incubated
for 24 h at 37 °C in 5% CO2 atmospheric conditions. Then,
cells were treated with SNWE at different concentrations,
ranging from 0 (control) to 100 µg/mL. After 72 h of SNWE
treatment, 100 µL of MTT solution (1 µg/mL) was added
to micro-plate wells, and the color was allowed to develop
in the incubator for an additional 4 h. Subsequently, 100
µL of DMSO was added to each well for dissolving the for-
mazan crystals. The absorbance was recorded at 570 nm us-
ing a microplate reader (Molecular Devices, San Jose, CA,
USA). Percentage cell viability was calculated, and cell-
survival curves were plotted [22].

2.4 Intracellular ATP Measurement

The intracellular ATP measurement is the most sensi-
tive method available for evaluating cell viability [23]. The
MCF-7 and MDA-MB-231 breast cancer cells were seeded
in 96-well plates and allowed to reach confluence, upon
which different concentrations of SNWE treatment were
added to the cells. The cellular ATP levels were determined
after the treatment of SNWE for 24 h, 48 h, and 72 h using a
colorimetric ATP assay kit (Sigma-Aldrich, St. Louis, MO,
USA), according to the manufacturer’s instructions. To cal-
culate the unknown concentrations of test values, a standard
curve was plotted with the concentration ranges from 0–12
nmoL and analyzed using GraphPad Prism 9.0 (GraphPad
Software Inc., San Diego, CA, USA) software.

2.5 Determination of Mitochondrial Membrane Potential

Mitochondrial membrane potential was analyzed us-
ing Rhodamine-123 fluorescent staining [24]. The MCF-
7 and MDA-MB-231 cells (1 × 106 cells per well) were
seeded in 6-well plates. After 72 h of treatment with
SNWE, the cells were stained with Rhodamine-123 for 30
minutes. Then, the cells were washed with PBS three times

to remove excessive staining. Fluorescent measurements
were taken with excitation at 450 ± 10 nm and emission at
490 ± 10 nm, using a multimode plate reader (Molecular
Devices, USA). Images were acquired with a fluorescence
microscope (Floid Cell Imaging Station, Life Technologies,
Carlsbad, CA, USA).

2.6 Statistical Analysis
We conducted one-way ANOVA (analysis of vari-

ance) on the resulting data using the GraphPad Prism 9.0.0
software package. The results are reported as mean± stan-
dard error of the mean (SEM). We used Duncan’s multiple
range test to establish statistically significant differences
between groups. p-values less than 0.05 were considered
statistically significant.

3. Results
3.1 Effect of SNWE on Cell Viability

The MCF-7 and MDA-MB-231 cells were treated
with different concentrations of SNWE. We observed that
SNWE induces cytotoxicity in both the breast cancer cell
lines in a concentration-dependent manner (Fig. 2). We no-
ticed that the antiproliferative effect of SNWE was more
prominent on MCF-7 cell lines than on MDA-MB-231
cells. The IC50 values were found to be 4.26 µg/mL in
MCF-7 and 5.3 µg/mL in MDA-MB-231 cells.

3.2 Effect of SNWE on Intracellular ATP Levels
The high energy metabolism rate in cancer cells re-

sults in the production of significant amounts of ATP. As
shown in Fig. 3, the untreated control group had a high ATP
concentration which was significantly reduced by SNWE
treatment in both MCF-7 and MDA-MB-231 cells. Fur-
thermore, we observed that the cells showed decreased
ATP concentration in a concentration-dependent manner
that was directly proportional to the decrease in the viabil-
ity of cells (Fig. 3). The incubation of 24 h, 48 h, and 72 h
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Fig. 4. Effect of different concentrations of SNWE on Rhodamine-123 fluorescence dye retention in MCF-7 (upper panel) and
MDA-MB-231 cells (lower panel). Control cells showed a massive accumulation of Rhodamine-123 which was gradually decreased af-
ter exposure to different concentrations of SNWE. The anticancer drug, paclitaxel, was used as a positive control (Original magnification,
20×).
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Fig. 5. Effect of SNWE on the loss of mitochondrial membrane potential (MMP) in MCF-7 (left panel) and MDA-MB-231 cells
(right panel). SNWE treatment significantly decreased mitochondrial membrane potential in a concentration-dependent manner. Bar
graphs show MMP in terms of % fluorescence intensity of Rhodamine-123 at excitation and emission wavelengths of 450 nm and 490
nm, respectively. Paclitaxel (PTX) was used as a positive control. Values are mean ± SEM. *p < 0.05, **p < 0.01 and ***p < 0.001
versus control group.

treatment of 100 µg/mL SNWE showed 0.85 ± 0.07, 0.38
± 0.1 and 0.20 ± 0.1 nM ATP in MCF-7 cells and 0.94 ±
0.07, 0.84± 0.2 and 0.46± 0.2 nM inMDA-MB-231 cells,
respectively.

3.3 Effect of SNWE on Mitochondrial Membrane Potential
(∆Ψm)

Rhodamine-123 (Rh-123) is a membrane-permeable
cationic dye that stains the mitochondria in living cells.
Therewas significant retention of Rh-123 fluorescent dye in
untreatedMCF-7 andMDA-MB-231 cells, indicating func-
tional mitochondria in these cells (Fig. 4). However, this
green fluorescence was gradually reduced with increasing
concentrations of SNWE exposure in both the cancer cell
types (Fig. 4).

The SNWE treatment altered the mitochondrial mem-
brane potential (∆Ψm) in a concentration-dependent man-
ner in both the breast cancer cell lines (Fig. 5). We observed
that 0.1 mg/mL of SNWE treatment decreased∆Ψm to 9.6
± 4.1% inMCF-7 and 28.7± 4.17% inMDA-MB-231 cells
when compared with untreated cells. The non-treated con-
trol cells displayed high fluorescence due to the accumula-
tion of Rh-123 in the healthy mitochondria (100%∆Ψm).

4. Discussion
Solanum nigrum is used in various medicinal sys-

tems due to its numerous valuable pharmacological prop-
erties [25–28]. Our results showed that Solanum nigrum
water extract (SNWE) inhibited the growth of both estro-
gen receptor-positive as well as estrogen receptor-negative
breast cancer cell lines (MCF-7 andMDA-MB-231, respec-
tively) in a concentration-dependent manner (Fig. 2). Sev-
eral studies showed the cytotoxic effect of Solanum nigrum
water extract in breast cancer cell line AU565; cervical
cancer cell line U14; hepatoma cell line HepG2; endome-
trial cancer cell lines HEC1A, HEC1B, and KLE; and col-
orectal cancer cell lines DLD-1 and HT-29 [14–16,29,30].
Furthermore, SNWE induces apoptosis and autophagy in
cancer cells [31,32]. Similarly, lower concentrations of
SNWE caused autophagy and no apoptosis, whereas high
concentrations inhibited p-Akt and resulted in apoptosis-
and autophagy-induced cellular damage [16]. Moreover,
adjuvant therapy with SNWE can also augment the cellular
toxicity of known cancer drugs such as docetaxel, doxoru-
bicin, and cisplatin [32–34].
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In our study, we found that SNWE significantly di-
minished intracellular ATP levels in a dose-dependent man-
ner (Fig. 3). The intracellular ATP levels are markers for
cell viability and can be used to evaluate the efficacy of
anticancer drugs in cancer cells. Various concentrations of
SNWE significantly reduced the ATP levels in the breast
cancer cells in a dose-dependent manner, while the un-
treated control cells showed higher ATP levels. These re-
sults reveal the failure of the mitochondria to produce ATP
for cellular proliferation in bothMCF-7 andMDA-MB-231
breast cancer cells. Similarly, Hernández et al. [35] ob-
served that Petiveria alliacea L leaf extracts reduced the
cellular ATP concentrations in breast cancer cells and breast
cancer murine models.

Our results show that SNWE treatment significantly
disrupts mitochondrial membrane potential (MMP) in
breast cancer cells (Fig. 5). Mitochondria are the central
regulators of the intrinsic apoptosis pathway as they main-
tain the balance between pro-apoptotic and anti-apoptotic
events while controlling programmed cell death [36]. The
recent literature proposes targeting mitochondria as an at-
tractive strategy to combat cancer [37]. The various con-
centrations of SNWE caused the dose-dependent reduction
in oxidative phosphorylation and electron transport through
the disruption of MMP, which leads to the induction of
caspase-dependent apoptosis. Rhodamine-123 is a fluores-
cent chemical probe widely used for its ability to accumu-
late in the mitochondria and thus acts as an indicator for
mitochondria membrane potential [38]. High retention of
rhodamine-123 fluorescence was detected in both untreated
MCF-7 and MDA-MB-231 cells (Fig. 4). Further, the fluo-
rescence was significantly reduced after SNWE treatment
in both types of breast cancer cells. This mechanism of
action suggests that SNWE induces mitochondrial damage
and thereby leads to ATP depletion that, in turn, causes cell
death. Several other evidence-based studies have shown
that a significant number of naturally occurring agents and
herbs, including withanone fromWithania somniferum, can
induce mitochondria-mediated cancer cell death by elevat-
ing oxidative stress, disturbing the cellular redox system,
reducing ATP levels, and causing loss of mitochondrial
membrane potential [39,40]. The concept of mitochondria-
targeted anticancer agents is attracting increased attention
and, in the literature, such agents have been termed “mito-
cans”, mitochondria-targeting anticancer drugs, with vari-
ous modes of action [41]. Naturally occurring products act
as mitocans by targeting the mitochondrial membrane po-
tential [42].

Mechanistically, several bioactive ingredients found
in Solanum nigrum, including uttroside B, solanine, so-
lamargine, and physalins, were tested for their anticancer
effects in both in-vitro and in-vivo cancer models [43].
αSolanine is reported to be involved in the regulation of
oncogenic miRNA-21 and tumor suppressor miRNA-138
in prostate cancer [43]. The active components of Solanum

nigrum also produced inhibitory actions on various cellu-
lar pathways, such as matrix metalloproteinases (MMPs),
VEGF/VEGFR, JAK-STAT, and PI3K/AKT in various can-
cer types [43]. α-Solanine was shown to suppress cancer
metastasis via the expression of MMPs and inhibition of
epithelial-mesenchymal transition [44]. It can also down-
regulate the expression of vascular endothelial growth fac-
tor (VEGF) through the ERK1/2-HIF-1α and STAT3 sig-
naling pathways in cancer cells [45]. Molecular docking
analysis showed that phytoconstituents of Solanum nigrum,
including solanidine, solasodine, and solamargine, have
positive drug-likeness values, suggesting the therapeutic
potential of these compounds as future anticancer drugs
[46]. Moreover, the glycoalkaloids and saponins found in
Solanum nigrum did not show any general toxicity, tumori-
genicity, or irritant effects [46]. These findings suggest that
Solanum nigrum is a non-toxic medicinal herb that contains
numerous bioactive compounds with pharmacological po-
tentials. Moyo et al. [47] studied the impact of boiling
and in-vitro human digestion of predominant compounds of
S. nigrum including, myricetin, quercetin-3-O-arabinoside,
3,4-dicaffeoylquinic acid, 3-caffeoylquinic acid, and rutin.
The study showed improvement in phenolics after boiling
but reduction following in-vitro digestion, without affecting
their bioactivity, particularly in preventing oxidative stress
in Caco-2 cells [47]. Thus, the heating steps used for the
preparation of SNWE in our study would have no detrimen-
tal effect on the stability of bioactive compounds, particu-
larly, those with antioxidant activity.

Reprogramming of energy metabolism is one of the
emerging hallmarks of cancers because uncontrolled cell
division demands an increase in fuel and biosynthetic pre-
cursors by adjusting energy metabolism in cancerous cells.
Our findings showed that SNWE significantly interferes
with energy metabolism in cancer cells by disrupting mito-
chondrial membrane potential that results in the depletion of
cellular ATP levels. However, the involvement of other po-
tential targets behind the anticancer effects of SNWE may
not be ruled out. For instance, solanine, the main ingredi-
ent of Solanum nigrum, showed antitumor ability against
different tumors by targeting different proteins [48].

Thus, the use of SNWE alone or as an adjuvant with
low doses of known cancer drugs could serve as an econom-
ical therapeutic modality with fewer side effects.

5. Conclusions
The SNWE treatment induced the loss of mitochon-

drial membrane potential, which resulted in reduced cellu-
lar ATP levels and subsequent apoptotic cell death in the
MCF-7 and MDA-MB-231 breast cancer cells. Since this
study was conducted in breast cancer cells, further studies
are required to confirm the implications of our findings for
the treatment of human breast cancer. In the early stages,
breast cancer is treatable with high success rates. Pharma-
cotherapies based on traditional medicine are not only cost-
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effective but mostly free from side effects. Further studies
are warranted to explore the therapeutic and prophylactic
anticancer effects of Solanum nigrum using animal models
of cancer.
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