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Apoptotic and Cytotoxic Effect of Nisin
on Triple-Negative Breast Cancer Cell
Line, MDA-MB-231: One Health-Oriented
Strategy for Cancer Control
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Abstract

Background: As one of the most prevailing cancer types, the hostile nature of breast cancer presents itself with
significant treatment challenges besides becoming resilient toward conventional therapeutic strategies, demanding
an urgent need for a better treatment option. Objectives: Hence, the study explores the anticancer potential of
nisin, a bacteriocin, synthesized by Lactococcus lactis. Materials and Methods: L. [actis, prebiotic sourced from
curd, was exposed to triple negative breast cancer (TNBC) cell line, MDA-MB-231, and its cytotoxic and apoptotic
effects were evaluated. Nisin was isolated from L. lactis strain LB11 and confirmed by spectrophotometric assay
(220 nm) through comparison with standard. Nisin was then carried forward for cytotoxic assay. Results: This
revealed its ability to endorse a dose-dependent toxicity on TNBC cells (IC50 24.959 ug/mL) that were affirmed
by the morphological changes observed in treated cells such as shrinkage and loss of spindle shape, attributed
to membrane damage instigated by exposure to nisin. This was also further supported by fluorescence imaging
studies that showed treated cells with both chromatin condensation and nuclear fragmentation, confirming early
as well as late apoptosis. Negative effect of nisin on mitochondrial membrane potential of treated cancer cells
confirmed by progressive loss of fluorescence, indicative of intrinsic apoptotic pathway, along with caspase
activation. Conclusion: These results hence affirm the capabilities of nisin to invoke cytotoxicity and apoptosis in
TNBC cells, to be used as a prospective therapeutic agent for breast cancer, aligning with sustainable development
goal of good health and well-being. However, additional studies are required to establish its suitability as an
alternative to conventional therapies.
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2050.1Y Besides the availability of versatile
treatment procedures that include surgery and
therapies such as chemo, radio, and endocrine,
recurrent occurrence of the disease often
happens at the rate of about 30% due to drug
resistance or incomplete tumor removal. This
also occurs due to dose-limiting toxicities
accompanied by myelosuppression, fatigue,
cardiotoxicity besides impaired life quality.”
Survivors are also diagnosed with an enhanced
rate of co-morbidities, including cardiovascular
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diseases, osteoporosis, metabolic syndromes as well as several
psychological distress, that leads to enhanced health-care
burdens, constraining further therapeutic options.®’ These
consequences hence highlight the need for other therapeutic
options that are not only effective but also safe, to serve as
next-gen therapeutic agents that promise to offer enhanced
sensitivity besides an amplified patient tolerability.[

Several biological compounds, including melittin, lactaptin,
TP4, and several peptides from plants such as buckwheat or
mung beans, have been proved with potentials of anti-cancer
properties against breast cancer in several in vitro preclinical
studies.! As reported, these biomolecules are stated to exert
anticancer properties by more than one mode of action that
includes the triggering of mitochondrial cytochrome c release
along with activating caspase, besides the induction of
checkpoints for arresting cell-cycle of cancer cells.l These
cumulative actions then pave the way for the initiation of
selective apoptosis in cancer cells, thereby affirming their
use as adjuncts that could overcome the development of
resistance.

Among the biological sources of anticancer compounds,
lantibiotics, especially those from lactic acid bacteria, widely
used in food fermentation, are recently gaining attention as
widely sought therapeutic agents as anticancer compounds
due to their potential cytotoxic besides immunomodulatory
effects.””! Besides having proven their bioactive potentials
beyond antimicrobial effects, this group of bacteria, already
a part of food fermentation, is being recognized for its safety
profile as well.®) Plantaricin, gassericin, and bactofencin are
some of the most effective anticancer peptides among those
synthesized by these lactic acid bacteria, reported to exert
both anti-proliferative as well as pro-apoptotic activities as
evidenced in innumerable cancer models.!”) In addition
to these compounds, a lantibiotic peptide produced by
Lactococcus lactis, nisin—a prospective anticancer compound
— has been recognized for its explicitly characterized
mechanism of causing membrane pore formation and
induction of apoptosis, besides being familiarized as “safe”
due to their food-grade status.!'

These combined abilities of nisin, along with their efficacy
to enhance the performance of chemotherapeutic agents in
addition to overcome resistance developed in cancer cells
to conventional treatment therapies, make it relatively more
effective than other lantibiotic peptides.l'>'¥] Nisin has been
reported with potentials to bind with the lipids of plasma
membrane of cancer cells, disrupting their integrity, forming
pores, consequently elevating intracellular calcium, which
subsequently triggers apoptotic pathways. This, in turn,
modifies Bcl-2 family proteins, that are reported to enhance
drug uptake, thereby evading resistance mechanisms of
cancer cells, transforming them to a susceptible state.!'*!
However, elaborative preclinical and clinical characterization
are lacking opening new epochs for studies that require
mechanistic affirmations of nisin’s anticancer potentials.
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This study hypothesizes that nisin elicits dose-dependent
cytotoxicity and cell death in breast cancer cells through
membrane perturbation and signaling changes, justified
by its established bioactivity and the urgent need for safer
alternatives amid escalating global burden and treatment
failures; preclinical validation is vital for repurposing this
accessible agent. Breast cancer cell lines will be treated
with nisin, followed by viability (MTT), morphological
(microscopy), and apoptosis (flow cytometry, caspase) assays
using standard protocols.

MATERIALS AND METHODS

Isolation and identification of nisin-producing
bacteria

Curd samples were serially diluted tenfold and 100 uL aliquot
part were spread on MRS agar (37°C for 48 h) to enable
lactic acid bacterial growth. Colonies with typical lactic
acid bacterial morphology were picked and provisionally
characterized using routine phenotypic assays, including
Gram staining, catalase testing, and sugar fermentation
profiles, and were then confirmed as nisin-producing L. lactis
subsp. lactis by 16S rRNA gene polymerase chain reaction,
sequencing, BLAST comparison with NCBI databases, and
phylogenetic analysis in MEGA X with neighbor-joining and
1000-replicate bootstrapping.!'>!¢

Cell culture (MDA-MB-231) and maintenance

The cell line MDAMB231 was maintained in Dulbecco’s
Modified Eagle Medium containing fetal bovine serum and
1% antibiotic mixture (37°C;5% CO,), with addition of
trypsinethylenediaminetetraacetic acid (0.25%) once they
reached 80-90% confluence to keep them in the logarithmic
growth phase for experiments and to ensure reproducible cell
density and viability across replicates.!”)

Nisin isolation

An overnight culture of L. lactis Lbl1 was inoculated at 2%
(v/v) into MRS broth, followed by incubation at 30°C for 48 h
under aerobic, agitated settings (150 rpm, initial pH 5.5). After
incubation, the culture pH was adjusted to 4.0 and the broth was
centrifuged at 8000 x g for 10 min at 4°C to obtain a cell-free
supernatant, which was then concentrated by ultrafiltration and
analyzed alongside a commercial nisin standard by measuring
absorbance at 220 nm in a spectrophotometer.[!31%]

Cell viability assessment (MTT assay)

For cytotoxicity testing (MTT assay), nisin (10-200 ug/mL)
and MDAMB231 cells (5 x 10* cells per well) were co-seeded,
followed by the addition of MTT solution (0.5 mg/mL) and




recording absorbance for 24, 48, or 72 h at 570 nm to calculate
IC,, values from dose-response curves.”” Microscopic
examination of treated cultures was carried out using an
inverted microscope to document morphological aberrations.”)

Apoptosis detection

Apoptotic cell death was further evaluated through Acridine
Orange/Ethidium Bromide (AO/EB) dual staining following
a published protocol, with MDAMB231 cells grown and
treated with nisin (20 and 30 ug/mL), then harvested,
washed, stained, and examined immediately under a
fluorescence microscope (Zoe fluorescent cell imager,
BioRad) to distinguish viable, early apoptotic, late apoptotic,
and necrotic populations.?!

Mitochondrial membrane potential (MMP) assay

Cells were exposed to 10 uM rhodamine 123 at 37°C for
30 min in the dark to permit mitochondrial accumulation of
the dye, then washed twice with phosphate-buffered saline
to remove unbound dye and examined immediately using
a fluorescence microscope (Zoe fluorescent cell imager,
BioRad). Areduction in green fluorescence signal was
interpreted as a loss of MMP.[2!

Statistical analysis

Quantitative results are presented as mean =+ standard
deviation, based on three independent experiments. One-way
analysis of variance was used to determine group differences
with P < 0.05 considered statistically significant.

RESULTS

Isolation and identification of nisin-producing
bacteria

Serial dilution and plating of curd samples on MRS agaryielded
presumptive L. lactis colonies confirmed as L. lactis subsp.

lactis (strain LB11) through phenotypic tests (Gram-positive
coccl, catalase-negative, lactose fermentation) and 16S rRNA
sequencing, submitted to NCBI, PX499742 (99.8% identity
to NCBI reference, phylogenetic tree through MEGA11
Maximum Likelihood analysis, Tamura-Nei model).

Nisin isolation and quantification

Presence of Nisin in cell-free supernatant was confirmed by
absorbance peak at 220 nm matching commercial standard,
yielding 50 ug/mL [Figure 1].

Cell cytotoxicity assay

Nisin  treatment reduced MDA-MB-231  viability
dose-dependently: 78.60 + 4.46% (10 ug/mL), 66.61 +
5.65% (20 pg/mL), 37.05 + 5.33% (30 ug/mL), 23.55 +
2.70% (40 pug/mL), 17.52 + 2.19% (50 ug/mL) vs. control
(100%), with inhibition rates 21.39-82.48% [Table 1].

IC,, was 24.959 + 1.686 ug/mL after 24 h [Figure 2].
Microscopy revealed apoptosis hallmarks (shrinkage,
blebbing, and detachment) at 20 and 30 ug/mL [Figure 3].

Apoptosis detection

Staining demonstrated dose-dependent programmed -cell
death in nisin-treated MDA-MB-231 cells: control cells
showed uniform green fluorescence indicating viability;
20 ug/mL treatment induced yellow fluorescence with
chromatin condensation marking early apoptosis; 30 pug/mL
yielded orange fluorescence with nuclear fragmentation,
signifying late apoptosis [Figure 4].

Under control conditions, the cells displayed intense green
fluorescence, indicating healthy mitochondrial activity. In
contrast, cells exposed to nisin showed a progressive loss of
fluorescence, reflecting a reduction in MMP, and this decline
occurred in a dose-dependent manner [Figure 5].

| 0.001 |

oL lactis subsp. lactis strain Vm141 16S ribosomal RNA gene, partial sequence
% @ Lactococcus lactis subsp. lactis strain KLab14 16S ribosomal RNA gene, partial sequence
% @ Lactococcus lactis subsp. lactis strain [HB B 15952 16S ribosomal RNA gene, partial sequence

9 Lactococcus lactis strain VAJ 16S ribosomal RNA gene, partial sequence

9 Lactococcus lactis subsp. lactis strain N1-G-1 16S ribosomal RNA gene, partial sequence
Lactococcus lactis subsp. lactis strain CICC6048 16S ribosomal RNA gene, partial seque.
Lactococcus lactis subsp. lactis strain CICC6016 16S ribosomal RNA gene, complete se...

Lactococcus lactis subsp. lactis strain DRC3 chromosome, complete genome

Lactococcus lactis subsp. lactis strain UC77 chr plete g

Lactococcus lactis subsp. lactis strain Y2-G-3 16S ribosomal RNA gene, partial sequence
DLactococcus lactis subsp. lactis gene for 16S rRNA, partial sequence, strain: Nil85
¢ Lactococcus lactis subsp. lactis gene for 16S ribosomal RNA, partial sequence, strain: JCM 20128

Lactococcus lactis subsp. lactis gene for 16S rRNA, partial sequence, strain: Nil33

Figure 1: Phylogenetic tree of Lactococcus lactis subsp. lactis LB11. The scale bar represents 0.001 substitutions per site
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Figure 2: (a) Absorption spectrum of purified nisin from Lactococcus lactis LB11 (red line) overlaid with commercial nisin
standard (blue line), showing characteristic peptide backbone peak atA__ =220 nm; (b) Calibration curve for nisin quantification
using standard solutions (10-100 ug/mL) at 220 nm (y = x0.0105 + 0.0001, R? = 1.0000) with test supernatant interpolation
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Figure 3: IC,, of nisin

DISCUSSION

The increasing incidence of breast cancer is attributed to
emerging resistance against chemotherapies that also lack
bio-safety coupled with the existence of minimal biological
treatment options.*! In view to tackle this emerging problem,
the current study isolated nisin-producing L. lactis LBI11,
isolated from curd, and evaluated its anticancer potential on
the triple-negative breast cancer (TNBC) cell line. The study
focused on elaborating the mechanistic action of nisin by
evaluating its ability to evoke cytotoxicity, apoptosis as well
as its potential to inhibit MMP of treated cancer cells.

High nisin-producing strain, LB11 isolated from curd, was
identified as L. lactis subsp. lactis (NCBI: PX499742, 99.8%
identity) by pre-growing it on selective MRS media. L. lactis
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Table 1: Dose-dependent effects of crude nisin

on cancer cell viability besides inhibition after 24 h
treatment (MTT assay, n=3, mean+SD)

Concentration (ug/mL)  Viability (%) Inhibition (%)

Control 100 0

10 78.60+4.46 21.39
20 66.61+5.65 33.39
30 37.05+5.33 62.95
40 23.55+2.70 76.45
50 17.52+2.19 82.48

nis* are reported to vigorously yield nisin under lactic-acid
selective environments facilitated by the activation of nis gene
cluster.?Y Isolated nisin (~50 wg/mL) was then confirmed by
the characteristic spectrum peak at 220 nm, by comparing
with the standard. This was associated with the presence of
thioether bridges that correspondingly match with that of
nisin previously isolated from L. lactis strains characterized
post fermentation.*”! A similar spectral signature at 220 nm
by nisin was previously reported in published literature.!'*2¢

A dose-dependent reduction in the viability of nisin-treated
cancer cells was observed in our study, with an IC, value
0f 24.959 pug/mL. The ability of nisin to reduce cell viability
could be attributed to their cell membrane permeabilizing
potential, by specifically interacting with membrane lipids,
causing pore formation, triggering ion influx-efflux, severely
affecting their metabolic functioning.”’2* It was also evident
from the microscopic images of treated cells that displayed
severely altered morphology, such as cell contraction and
blebbing. This eventually causes cell death by activating
extrinsic apoptosis cascades.” Likely consequences of
cancer cell’s membrane permeabilization effects leading
to cancer cell death of breast cancer MCF-7 cell line were
reported in a previous study that corroborates with the ability
of nisin to selectively bind with membrane lipids of cancer
cells and invoking cytotoxicity as well as cell death.B”

Further, fluorescence imaging of AO/EB-stained treated
cancer cells was observed with yellow and orange colors,
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Figure 5: Apoptotic effect of nisin-treated MDA-MB-231 cancer cells (a) Control; nisin treated - (b) 20 pg/mL; (c) 30 pg/mL

indicating the incidence of apoptosis from early to later
stages marked by chromatin condensation as well as nuclear
fragmentation, respectively. This was in accordance with the
results of Mohammadi et al. who reported the reduction of
viable green light-emitting TNBC cancer cells, and increasing
yellow and orange light-emitting cells with increased dose
of nisin.*"! Another study also corroborated with our results
of chromatin condensation and nuclear fragmentation as
sign if early and late apoptosis in cancer cells, induced by
nisin, which was found to trigger cell death (>95%) through
CHAC]1-mediated pathways.?

This cascade of reactions correlates with a dose-dependent loss
of MMP in treated cancer cells. The ability of nisin to forfeit
MMP s regarded as a response of the intrinsic apoptosis pathway
activation, which triggers cytosolic cytochrome c release. This
further activates caspases, downstream, thereby promoting
cell death through Bax-like pro-apoptotic Bcl-2 family protein
modulations.? This pro-apoptotic pathway activation by nisin
in treated breast cancer cells by enhancing reactive oxygen
species synthesis along with causing mitochondrial dysfunction
aligns with previously reported studies.”3%

CONCLUSION

The findings of the current research work reveal the cytotoxic
and apoptotic potentials of nisin isolated from food-grade
lactic acid bacteria L. lactis LB11 in a dose-dependent manner.
Supported by morphological and biochemical evidences, the
study implies the selective binding of nisin to cancer cell
lipids, thereby triggering set of cascade reactions that activate
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both intrinsic and extrinsic apoptotic pathways, collectively
leading to a decreased cell viability, also accompanied by cells
exhibiting reduced MMPs, further endorsing its favorability
as novel anticancer therapeutic agent that is not only efficient
but also safe aligning with sustainable goal of good health
and well-being.
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