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ARTICLE INFO ABSTRACT
Keywords: Epidemiological as well as experimental studies have established that the pineal hormone
Breast cancer melatonin has inhibitory effects on different types of cancers. Several mechanisms have been
Melatonin proposed for the anticancer activities of melatonin, but the fundamental molecular pathways still
Inflammation . . . s 1 . .
require clarity. We developed a mouse model of breast cancer using Ehrlich’s ascites carcinoma
ROS L . . . . . . .
Autophagy (injected in the 4th mammary fat pad of female Swiss albino mice) and investigated the possibility

EMT of targeting the autophagy-inflammation-EMT colloquy to restrict breast tumor progression using
melatonin as intervention. Contrary to its conventional antioxidant role, melatonin was shown to
augment intracellular ROS and initiate ROS-dependent apoptosis in our system, by modulating
the p53/JNK & NF-kB/pJNK expressions/interactions. Melatonin-induced ROS promoted SIRT1
activity. Interplay between SIRT1 and NF-kB/p65 is known to play a pivotal role in regulating the
crosstalk between autophagy and inflammation. Persistent inflammation in the tumor microen-
vironment and subsequent activation of the IL-6/STAT3/NF-xB feedback loop promoted EMT and
suppression of autophagy through activation of PI3K/Akt/mTOR signaling pathway. Melatonin
disrupted NF-kB/SIRT1 interactions blocking IL-6/STAT3/NF-kB pathway. This led to reversal of
pro-inflammatory bias in the breast tumor microenvironment and augmented autophagic re-
sponses. The interactions between p62/Twistl, NF-kB/Beclinl and NF-kB/Slug were altered by
melatonin to strike a balance between autophagy, inflammation and EMT, leading to tumor
regression. This study provides critical insights into how melatonin could be utilized in treating
breast cancer via inhibition of the PI3K/Akt/mTOR signaling and differential modulation of
SIRT1 and NF-kB proteins, leading to the establishment of apoptotic and autophagic fates in
breast cancer cells.

1. Introduction

Breast cancer is the most common cancer in women worldwide and is associated with very high mortality rate. Drug resistance and
increased incidences of recurrence are two prime causes of treatment failure. For a more efficient management of the disease, targeting
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the complex nexus of redox stress, inflammation, apoptosis, autophagy and epithelial to mesenchymal transition (EMT) in the breast
tumor microenvironment could possibly provide better prognosis.

Reactive oxygen species (ROS) are normal by-products of a wide range of cellular processes which appear to cut both ways in cancer
cells. There are multiple reports pointing to intracellular ROS suppression-induced tumor apoptosis [1-3], and, studies have also
demonstrated that typical antioxidants, including N-acetyl 1-cysteine (NAC) and vitamin E, markedly increased lung cancer pro-
gression and melanoma metastasis [4]. High levels of ROS in cancer cells promotes the activation of c-Jun N-terminal kinase (JNK) and
DNA damage response, which leads to the development of a feedback loop with the redox active transcription factor p53 and converts
p53-induced growth arrest/senescence to apoptosis [5].

The ubiquitously expressed NAD + -dependent deacetylase silent information regulator 1 (SIRT1) is involved in the control of
inflammatory responses, and nuclear factor kappa B (NF-kB) is an important target for SIRT1. There appears to be an antagonistic
crosstalk between NF-kB and SIRT1 signaling pathways where SIRT1 inhibits NF-xB directly by deacetylating its p65 subunit [6,7].
Accumulating evidence also suggests that SIRT1 suppresses inflammatory responses through activation of autophagy by blocking the
PI3K/Akt/mTOR pathways [8]. Autophagy is unique in the sense that it not only removes oxidized/damaged proteins but also bulky
ROS-generating organelles (such as mitochondria and peroxisome) to restrict further ROS production [9].

Inflammation driven NF-xB activation with concomitant release of inflammatory cytokines (IL-1p, IL-6 and TNF-a) in the tumor
microenvironment has been implicated in the promotion of breast tumorigenesis [10]. Apart from acting as a master regulator of
inflammation, NF-kB/p65 also acts as an anti-apoptotic molecule through the inhibition of JNK activation by suppressing the build-up
of ROS [11-13]. Also, NF-xB dependent IL-6 gene expression activates STAT3 and triggers its nuclear translocation, which in turn
initiates transcriptional activation of genes (bcl-2, mmp 2, mmp 9, vimentin) associated with tumor cell survival and progression
[14-16].

Mouse experiments have recognized certain links between compromised autophagy and tumorigenesis, with unchecked cell cycle
progression and buildup and activation of oncoproteins [17,18]. The molecule central to regulating autophagy is the mammalian
target of rapamycin (mTOR), downstream of PI3K/Akt, which often remains activated in certain types of cancers, and is linked with
malignant transformation, apoptotic resistance and cell survival [19,20]. Hyper-activated PI3K/Akt pathway is also associated with
the loss of PTEN (a phosphoinositide phosphatase that acts as a tumor suppressor) function [21,22]. Elevated migratory and invasive
properties of breast cancer is closely related to NF-kB activation and expressions of the epithelial-to-mesenchymal transition tran-
scription factors Snail, Slug, Twist and Zeb; acquisition of mesenchymal morphology; reduced expression of E-cadherin and increased
expression of vimentin and/or fibronectin [23].

Melatonin (N-acetyl-5-methoxytryptamine) is an endogenous indole tryptophan derivative, which is secreted primarily by the
pineal gland of humans and other mammals in response to darkness [24]. It is one of the major and active antioxidants produced in the
body and an inverse correlation between progression of breast cancer and melatonin concentrations in blood has been documented
[25-28]. In spite of its widely recognized antioxidant role in protecting normal cells against cytotoxicity and apoptosis, melatonin has
also been reported to promote ROS generation, leading to cell death in a variety of cancers [29,30]. Unlike its antioxidant properties,
signaling pathways and key molecules associated with the pro-oxidant effect of melatonin remain unclear. In the present study, we
have explored how melatonin checks breast tumor growth and progression by modulating the redox status, apoptosis, autophagy and
inflammation in the tumor vicinity. The study focuses on better understanding the anticancer role of melatonin through regulation of
various interlinking pathways which promote tumor progression. Melatonin has been shown to regulate the crosstalk between key
signaling cascade to block tumorigenesis. On one hand, melatonin induced amplification of ROS beyond the threshold to interrupt the
delicate ROS balance in breast tumor microenvironment, which provides survival advantages to the tumor cells, leading to apoptosis.
On the other hand, SIRT 1 upregulation and subsequent downregulation of NF-kB by melatonin mitigates inflammation in breast tumor
microenvironment. SIRT 1-induced induction of autophagy through inhibition of PI3K/Akt/mTOR pathway and modulation of
NF-kB/pJNK/p53 crosstalk ultimately led to activation of the apoptotic program. Melatonin also modulates the crosstalk between
autophagy-inflammation and EMT pathways. Melatonin-induced downregulation of p62 and subsequent reduced expression of Twist 1
and alteration of expression of other EMT marker molecules establishes the fact.

We have established that melatonin-induced tumor regression is associated with activation of SIRT1 and concomitant NF-kB/p65
deregulation. The novelty of this study involves the proposition that melatonin-induced differential modulation of SIRT1 and NF-xB
plays a crucial role in the concerted modulation of apoptotic, autophagic and inflammatory pathways in breast cancer.

2. Materials and methods
2.1. Materials

The molecular biology grade reagents utilized in this experiment were all obtained from Sigma-Aldrich Chemical Company (St.
Louis, USA), HIMEDIA, and Sisco Research Laboratory (Mumbai, India).

Antibodies: NF-kB (p65) (ab16502), p-Akt(Thr 450) (ab108266), PI3K (ab182651), Bcl-2 (ab692), p-IxkB (Ser 36) (ab133462),
SIRT1 (ab110304), SQSTM1/p62 (ab56416), PTEN (ab267787), p-mTOR (SerS2448) (ab109268), Twist (ab49254) from abcam
(Cambridge, UK); H3B (PA5-22388), beta-actin (MA5-15739), LC3A/LC3B (PA1-16931), p-STAT3 (Tyr705) (MA5-15193), Cleaved
caspase 3 (PA5-64749) from ThermoFisher Scientific (Waltham, MA, USA); E-cadherin (610181), Slug (564614), Bax (556467), Ki67
(Alexa Flour 488 tagged) (558616), Beclinl (612113) from BD Pharmingen (San Jose, CA, USA); Vimentin (sc-373717), alkaline
phosphatase-tagged anti-mouse (sc-2358) and anti-rabbit (sc-2008) secondary antibodies were obtained from Santa Cruz Biotech-
nology Inc. (CA, USA), along with FITC-tagged anti-mouse (sc-2010) secondary antibody. p-JNK/SAPK (4668BCE), p-p53 (9281T), p-
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STAT3 (9131S) and p53 (9282BCE) from Cell Signaling Technology (MA USA) and STAT3 (137000) from Life Technologies were
purchased. The mouse TGF-p, IL-6, TNF-a, and IL-1 ELISA kits were purchased from Ray Biotech (GA, USA). Primers for relevant genes
(nf-xb (p65), bax, bcl2, beclinl, p62, atg5, lamp2, sirtl, p53, stat3, il-6 and beta-actin) were designed and synthesized using Primer 3
software genes and reagents related to PCR protocols were acquired from Life Technologies, Thermo Fisher Scientific, USA. HiMedia
Laboratories in India was the source of cell culture media and other related items.

2.2. Melatonin (MLT)

Melatonin [Sigma-Aldrich Chemical Company (St. Louis, USA) (M5250); Powder, >98 % (TLC)] was dissolved in dimethyl sulf-
oxide (DMSO) [Sigma-Aldrich Chemical Company (St. Louis, USA)] to prepare 0.2 M (50 mg/ml) stock solution. The stock solution was
diluted with PBS to prepare different concentrations of working solution immediately before use.

2.3. Animals

Prior to the experiment, female Swiss albino mice, weighing approximately 25 g and aged between 6 and 8 weeks, were housed in a
laboratory for one week after being acquired from licensed animal breeders. The Committee for the Purpose of Control and Supervision
on Experiments on Animals (CPCSEA), Ministry of Environment & Forests, New Delhi, India, and the Institutional Animal Ethical
Committee (IAEC), Department of Physiology, University of Calcutta (permit number: 820/04/ac/CPCSEA), approved the animal
experimentation protocols.

2.4. Isolation and culture of EAC cells

As previously reported by Mukherjee et al., 2021, Ehrlich’s Ascites Carcinoma (EAC) cells were maintained by serial intra-
peritoneal (i.p.) passages of 10° cells per mouse, which were obtained from exponentially growing tumors. Mice with tumors in
their peritoneum were used to isolate EAC cells. The peritoneal fluid containing tumor cells was removed from the EAC-bearing mice
after injecting 2-3 ml of sterile PBS into the cavity. The fluid was then centrifuged for 5 min at 3000 rpm. The cell suspension pellet was
used to separate the tumor cells, which were then grown in vitro in RPMI-1640 medium with 10 % FBS, 100 U/ml streptomycin, and 50
U/ml cefotaxim at 37 °C in a CO2 incubator. After a 24-h serum-starvation period, the cells were cultured with progressively higher
doses of melatonin (0-10 mM for 0-24 h). For alternate experimental purposes, EAC cells were cultured in presence of HoO3 (10 mM)
or melatonin (10 mM) with or without N-acetyl cysteine (10 mM) for 24 h. Following the designated experimental timeline, the cells
and culture media were removed, and centrifuged for 5 min at 3000 rpm. The cells from each group were collected separately and
further processing was done [31].

Table 1
Primer SEQUENCE
GENE PRIMER SEQUENCE (5’— 3")
IL-6, mRNA Forward CTTCCATCCAGTTGCCTT
Reverse CCTTCTGTGACTCCAGCTTAT
NF-kB, mRNA Forward GAATTCAGTCACTGGCCTCC
Reverse TTCAAGACAAAGGAGGTCTGTTT
Stat3, mRNA Forward CCTCCAGGACGACTTTGATTT
Reverse CCACGAAGGCACTCTTCATTA
Bax, mRNA Forward GCCCTGCCCTTCAGCAT
Reverse AGCTGCCACATTAGGGTGTCTT
Bcl2, mRNA Forward GTTCTTAAGCCCGATGTGGCAAC
Reverse GAGTAGTACCAATATGCTACCCTT
P62, mRNA Forward GTGGTGGGAACTCGCTATAAG
Reverse ATATGGGAGAGGGACTCAAT
Lamp2, mRNA Forward CTGTCTCTTGGGCTGTGAAT

Beclinl, mRNA
SIRT1, mRNA
E-cadherin, mRNA
Vimentin, mRNA
P53, mRNA

Beta actin, mRNA

Reverse GGTGGGAGTTTGGTCTTCTT
Forward TGTTCCTGTGGAGTGGAATG
Reverse GGCGTACTCTGGAAACTATCTG
Forward CCTTGGAGACTGCGATGTTAT
Reverse GTTACTGCCACAGGAACTAGA
Forward AGACTTTGGTGTGGGTCAGG
Reverse CAGGACCAGGAGAAGAGTGC
Forward TGGTTGACACCCACTCAAAA
Reverse GCTTTTGGGGTGTCAGTTGT
Forward TGCTCACCCTGGCTAAAGTT
Reverse AGAGGTCTCGTCACGCTCAT
Forward TGTTACCAACTGGGACGACA
Reverse GGGGTGTTGAAGGTCTCAAA
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2.5. Determination of cell viability

The viability of cultured cells was determined by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay
following standard protocol; To the harvested cells (106), 200 pl of PBS containing MTT (0.5 mg/ml) was added and incubated for 4 h
at 37 °C. After removing the MTT-containing medium, each group received 200 pl of DMSO to dissolve the formazan salt that had
formed, and they were then incubated for 10 min. The absorbance was read spectrophotometrically at 540 nm and cell viability was
measured as percent of control [31].

2.6. Development of breast tumor model

Isolated EAC cells (~1 x 10° cells) were inoculated into the 4th mammary fat pad of 12 female Swiss albino mice [32,33]. On the
10th day after tumor inoculation, the animals were split up into two groups of six mice apiece: (1) Control (tumor-bearing) Group;
injected with 1 x 10° exponentially grown EAC cells on the 4th mammary fat pad; intra-peritoneal injections of PBS + DMSO (vehicle
control) from day 10 after tumor inoculation and continued until termination of the experiment, (2) Treated Group; injected with 1 x
10° exponentially grown tumor cells on the 4th mammary fat pad; intra-peritoneal injections for 14 days with melatonin at a dose of
40 mg/kg body weight from day 10 after tumor inoculation and continued until termination of the experiment (Table 1) [34]. Age and
sex compatible animals were used as non-tumor control. They received injections of sterile PBS on the 4th mammary fat pad on Day O.
24 h after the last treatment, the mice were euthanized on Day 25 by intraperitoneal injections (100 mg/kg body weight) of sodium
thiopental. Tumor tissues and blood were collected, and different experiments were performed. During the entire experimentation
period, all animals were given access to standard diet and drinking water ad libitum until termination of the experiment.

2.7. Estimation of tumor weight and volume

Using a Vernier Caliper, the volume of the isolated tumors was measured and computed using formula V = 0.5(ab2), where "V"
stands for the tumor’s volume, "a" for its major diameter, and "b" for its minor diameter. Additionally, the weights of individual tumors
were determined.

2.8. Cytokine assay

Quantitative measurements of cytokines from tumor tissues (TGF-, IL-6, TNF-a, and IL-1p) were done using respective ELISA kits
according to the manufacturer’s protocol. The manufacturer reports that the expected linearity range is 94 % and that the intra- and
inter-assay reproducibility is CV < 10 % [35,36].

2.9. Detection of intracellular reactive oxygen species (ROS) content

Both flow cytometric and spectrofluorometric techniques were used to detect intracellular ROS content. For 60 min, 5 pl of whole
cell lysates were incubated at 37 °C with 5 mM dihydroethidium present in the media, following which, fluorescent signals were
recorded at an excitation wavelength of 480 nm and an emission wavelength of 525 nm in a spectrofluorimeter (JASCO). A standard
curve was prepared using increasing concentrations of dihydroethidium (DHE) and the intracellular ROS content were expressed as
nanomoles of DHE produced/mg of protein. Intracellular ROS (H20-) was estimated flow cytometrically using 5, 6-chloromethyl-2'7'
dichlorodihydrofluorescien diacetate (CM-DCFDA, Sigma Aldrich, USA). Tumor cells harvested from different experimental groups
were incubated with DCFDA solution (25 pg/ml) for 30 min at 37 °C, washed and re-suspended in sterile PBS. ROS content was
measured on a flow cytometer (BD FACS VERSE) using the emission intensity of 605 nm. A total of 10,000 events were acquired and
analysis was done using FlowJo software (Version 10.7.2) [31].

2.10. Detection of breast tumor cell apoptosis by Annexin V-PI assay

To detect whether melatonin induces apoptosis, live tumor cells (10° cells in each case) resected from experimental animals were
incubated with PI and Annexin V Fluos (FITC-tagged) (BD Pharmingen, USA) for 15 min at 37 °C. The sample was prepared following
the manufacturer’s protocol. Excess PI and Annexin V Fluos were then washed off and the cells were analyzed on a flow cytometer (BD
FACS Verse, USA). The cells were properly gated for analysis and an electronic compensation of the instrument was done to exclude
overlapping of the emission spectra. A total of 10,000 events were acquired and analysis was done using FlowJo software (Version
10.7.2) [36].

2.11. Detection of lysosomal activity linked to autophagy using lysotracker green (LTG) dye

LysoTracker® Green DND-26, purchased from ThermoFisher Scientific, USA, was used to detect autophagy in breast tumor cells.
Cell suspensions were made in FACS buffer. It was centrifuged and the pellets were resuspended in pre-warmed Lysotracker green-
Propidium iodide (PI) (70 nM working solution) and incubated for 1 h at 37 °C. Next, the cells were washed in PBS and immedi-
ately mean fluorescence intensity was obtained on a flow cytometer (BD FACS VERSE) using excitation 504 nm and emission 511 nm. A
total of 10,000 events were acquired and analysis was done using FlowJo software (Version 10.7.2) [37,38].
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2.12. DAPI staining

For the detection of nuclear fragmentation, tumor cells were fixed in 4 % paraformaldehyde for 15 min; washed twice in cold PBS
and permeabilized with 0.2 % Triton X 100. Cells were washed with PBS and nuclear DNA was stained with DAPI (1 mg/ml for 15 min
at room temperature). After vigorous washing with PBS to remove excessive stain, cells were mounted and visualized under EVOS
M5000 Imaging System (Invitrogen) using UV-filter [35].

2.13. Detection of acidic vesicles by acridine orange staining

Single cell suspensions of tumor cells, prepared from resected breast tumor tissue of the experimental animals, were incubated with
acridine orange (Sigma-Aldrich USA) at a concentration of 4 pg/ml for 15 min at 37 °C. Smears were made on slides and the slides were
washed repeatedly with PBS at room temperature and immediately observed under EVOS M5000 Imaging System using 450 nm and
593 nm for the detection of acidic vesicular organelles [39,40].

2.14. Hematoxylin eosin staining

For histological studies, breast tumor tissues resected from experimental animals were fixed with 4 % formalin; dehydrated in
graded alcohol (50%-100 %) and embedded in paraffin. Thin tissue sections (4-5 pM) were cut. After deparaffinization, the tumor
tissue sections were rehydrated with graded alcohol (100, 90, 70 and 50 %). Next the slides were stained with routine hematoxylin
eosin stain. Slides were cleaned and mounted with DPX and observed under EVOS M5000 Imaging System [35].

2.15. Immunohistochemistry

Paraffin embedded tissue sections were incubated overnight at 37 °C. They were deparaffinized, rehydrated and immersed in EDTA
(1 mM; pH 7.5) for 5 min. Next, for antigen retrieval, the sections were transferred to citrate buffer (10 mM) at 90 °C for 30 min and
were then permeabilized with 0.3 % Triton X-100 for 10 min. This was followed by immersion of the sections in HyO3 solution (0.3 %)
for 5 min and incubation in blocking solution (BSA, 10 %) for 2 h at room temperature. Then the slides were washed thrice in PBST
(Tween 20, 0.1 %; in PBS) and incubated with appropriate dilutions of different primary antibodies overnight at 4 °C. The slides were
again washed thrice by PBST after which they were incubated with appropriate dilutions of fluorescence-tagged secondary antibodies
for 4 h at room temperature and washed again with PBST thrice. All the tissue sections were stained with 1 mM DAPI (in PBS) and
incubated at room temperature for 5 min. The slides were washed repeatedly with PBS and mounted and visualized under EVOS
M5000 (Invitrogen) Imaging System [35].

2.16. Western blot

In accordance with Gupta et al., 2019, cytosolic, nuclear and whole cell lysates were prepared. For preparing whole cell lysates,
isolated breast tumor tissue was homogenized in RIPA buffer following standard protocols. Cytosolic and nuclear fractions were
prepared using NE-PER extraction reagents by ThermoFisher Scientific following the manufacturer’s protocol [41].

Relevant volumes of nuclear, cytosolic, and cell lysates were loaded onto an SDS-polyacrylamide gel for Western blot analysis.
Following electrophoresis, the resolved gel was transferred on to a PVDF membrane in a semi-dry transfer set up. To stop non-specific
binding, the membrane was blocked for 1.5 h at room temperature using 3 % bovine serum albumin solution. Appropriate concen-
trations of particular primary antibodies were incubated on the membrane for an entire night at 4 °C in the blocking solution. Sub-
sequently, the membrane underwent three 15-min washes with TBST (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 0.1 % Tween 20)
before being incubated for 4 h at room temperature with the appropriate concentrations of particular alkaline phosphatase-conjugated
secondary antibodies. To verify equal loading in parallel experiments, a similar quantity of protein was western blotted with the
relevant antibodies. H3B was utilized as the nuclear loading control, and beta-actin was used as the cytosolic and whole cell loading
controls. The blots were developed using NBT/BCIP (1:1) and the densitometric analyses of the bands were done by using Image J
software [31,36].

2.17. mRNA extraction and PCR protocol

RNA extraction and polymerase chain reaction (PCR) were performed following Choudhury et al., 2015. As directed by the
manufacturer, total RNA was extracted from the harvested tumor cells using the TRIzol reagent (Ambion RNA, Life Technologies).
Using Maxima H Minus Reverse transcriptase 2000 U (ThermoFisher Scientific), 200 ng of the extracted RNA was reverse transcribed
to cDNA. Using a premix kit that included DNA polymerase, dNTPs, MgCI2, and buffer (Life Technologies), PCR amplification was
carried out in accordance with the manufacturer’s instructions. Primers for nf-xb (p65), stat3, il-6, bax, bcl2, beclinl, p62, atg5, lamp2,
sirtl, p53, and beta-actin genes were designed and synthesized using Primer 3 software. The primers used for analysis are presented in
the table below.

Using agarose gel electrophoresis, the PCR products were resolved, and ethidium bromide staining allowed the bands to be seen.
Using Image J software, densitometry of the bands was carried out after the target genes’ transcript amounts were normalized to the
endogenous reference gene beta-actin [35].
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Fig. 1. Melatonin restricts breast tumor growth in female Swiss albino mice A. Dose- and time-dependent inhibition of Ehrlich Ascites Car-
cinoma cell proliferation by melatonin (MLT). EAC cells were treated with different concentrations (0, 0.001, 0.01, 0.1, 1 and 10 mM) of melatonin
and cell viability was assessed by MTT assay at (i) 24-h period and at (ii) different time periods (0, 8, 16 and 24 h). Data represent mean =+ S.E.M. of
results obtained from three independent experiments. B. Inhibition of in vivo breast tumor growth by melatonin. EAC cells were inoculated in the
4th mammary fat pad of 4-5 weeks old female Swiss albino mice (1 x 10° cells per mouse). Mice were intraperitoneally administered with
melatonin at the dose of 40 mg/kg body weight. Significant decreases in (i) tumor weight and (ii) tumor volume in treated groups compared to
control. C (i) Representative photographs of primary breast tumor resected from experimental animals 25 days after inoculation of tumor cells in
control and treated mice and growth of breast tumors in the mouse orthotopic breast cancer model (Inside 4th mammary fat pad) after consecutive
treatments. (ii) Representative histopathology of breast tumors formed within mammary fat pads of Swiss albino mice in control and treated groups.
Cancer cells are lined with hyperchromatic nuclei and rarely prominent nucleoli with few mammary gland ducts. Solid pattern with necrosis (white
arrow); mammary duct (Arrowhead); tumor cells (Blue Arrows); Inset: Higher magnification of the neoplastic cells with mitosis visible (arrow) and
MLT treatment showing tumor regression, clear mammary gland ducts. (iii) Graphs showing histological score in tumor of experimental mice (n =
3). (D) Immunohistochemical (IHC) analysis for Ki67 protein in control and melatonin-treated tumor. (i) Representative photomicrographs of
control breast tumor tissue showing high Ki67 positive cells and (ii) melatonin-treated tumor tissue showing low Ki67 positive cells. Columns (from
left to right): DAPI-stained nuclei (blue fluorescence); Alexa Flour488-tagged Ki67 antibody (Green fluorescence); merged view of first and second
columns. Arrows indicate Ki67 Positive cells. Scale bar 100 pm; Magnification 40X. (iii) Graphical representation of the histological scores (Ki67) in
control and melatonin-treated mouse breast tumor tissue (n = 3). Data represent mean + S.E.M. of results obtained from three independent ex-
periments. *p<0.05; control vs. treated. Refer to Supplementary Material for uncropped images as applicable.
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2.18. Statistical analyses

All values were expressed as Mean + S.E.M., representing triplet of three independent experiments. GraphPad 8.0 (GraphPad
Software Inc., CA, USA) software was utilized to identify significant differences between the groups through one-way and two-way
analysis of variance (ANOVA). The group means were compared through a two-tailed Student’s t-test, with p values less than 0.05
(p < 0.05) being deemed significant.

3. Results
3.1. Inhibitory effects of melatonin on breast cancer cell proliferation and viability

To evaluate the effect of melatonin on the viability of EAC cells, MTT assay was performed in vitro by incubating 108 EAC cells with
0.0, 0.001, 0.01, 0.1, 1 and 10 mM of Melatonin (MLT) for 0-24 h. We observed a significant decrease in viability of EAC cells both in a
dose- [Fig. 1 A (i)] and time-dependent manner [Fig. 1 A (ii)].

To explore the anti-cancer effects of MLT in vivo, we established a breast tumor model by inoculating EAC cells (10° cells) in the
fourth mammary fat pad of female Swiss albino mice [33] After 9 days of tumor inoculation, the animals of the respective groups were
intraperitoneally injected with melatonin for 14 days at a dose of 40 mg/kg body weight [34]. At the end of the experimental period,
the animals were euthanized, and the breast tumor tissues were resected. We observed that melatonin treatment significantly regressed
tumor growth [Fig. 1 C (i)], as evidenced by marked decrease in tumor weight [Fig. 1 B (i)] and volume [Fig. 1 B (ii)]. Additionally, the
decrease in tumor volume in response to MLT treatment was visually evident from the image of the resected tumors isolated from
control and melatonin-treated tumor-bearing mice [Fig. 1 C (i)]. MLT-induced tumor regression was also corroborated by histo-
pathological studies of the isolated tumor tissues [Fig. 1 C (ii)]. In the control group, cancerous tissues were lined with hyperchromatic
nuclei and rarely prominent nucleoli, few mammary gland ducts, and poorly differentiated structures (blue arrows: tumor cells; yellow
arrow: stroma; white arrow: necrosis; white arrowhead: mammary duct). MLT-treated specimens showed tumor regression and clearly
differentiated structures like mammary gland ducts [Fig. 1 C (ii)]. Histopathological changes were scored by the NGS system [42,43]
which showed that MLT treatment reduced the score by almost 2-fold [Fig. 1 C (iii)]. Tissue sections were stained with Alexa Flour 488
tagged-Ki67, a known marker for cellular proliferation, and its expression is constitutively high in the tumor tissues. We found that
MLT treatment significantly reduced Ki67 expression (~67 %), confirming the anti-proliferative action of melatonin in breast tumor
[Fig. 1 D (D), (ii) & (iii)].
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Fig. 2. Melatonin triggers ROS-dependent apoptosis in breast tumor cells. A. ROS generation in breast tumor cells isolated from experimental
animals. (i) Histogram showing merged intensities of DCF-DA, (ii) Graphical representation of DCF-DA intensities proportional to the intracellular
ROS levels in breast tumor cells isolated from experimental animals analyzed on flow cytometer. B. Melatonin-induced apoptosis of breast tumor
cells as analyzed by Annexin V-FITC assay using a flow cytometer. (i) Percentage of apoptotic cells analyzed in control and treated groups and (ii)
corresponding graphical representation of percentage of early and late apoptotic cells in control and treated groups. C. Representative images of
apoptotic cell death and nuclear morphology in DAPI-stained EAC cells isolated from experimental animals (fluorescence microscopy). White arrow
indicates fragmented DNA; magnification: 40X. D. Effect of melatonin on cell death and ROS generation in EAC cells. Spectrofluorimetric detection
of ROS and MTT assay for assessment of cell viability of cultured EAC cells under different conditions.
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3.2. Melatonin triggers ROS-mediated apoptotic cell death by activating JNK/p53 interaction in breast tumor cells

One of the hallmarks of cancer cells is high intracellular ROS content; the oncogenic nature of which has been well acknowledged,
and further increase in the intracellular ROS above the threshold might lead to tumor cell death. We evaluated total intracellular ROS
using DCF-DA and found that contrary to its antioxidant role, melatonin treatment in tumor-bearing mice increased ROS in breast
tumor cells by more than 2-fold compared to untreated tumor [Fig. 2 A (i) & (ii)].

Increased apoptosis in melatonin-treated breast cancer cells (26.6 % cell death compared to 3.99 % in the control cohort) was
established by Annexin-PI assay (flow cytometry) [Fig. 2 B (i) & (ii)]. This observation was supported by fluorescence microscopic
images of DAPI staining [Fig. 2 C]. Our studies on the expression of key apoptotic markers (Bax, Bcl-2, etc.) confirmed a pro-apoptotic
fate in melatonin-exposed tumor cells as Western blot and PCR studies affirmed an increase in the Bax/Bcl-2 ratio in these cells. [Fig. 3
A & B]. Western blot analysis showed significant increase in cleaved caspase 3 in melatonin-treated group, confirming the execution of
apoptosis [Fig. 3 C (i) & (iii)].

To confirm our theory that melatonin-induced breast tumor apoptosis is mediated through excess ROS generation, we performed an
in-vitro experiment using N-acetyl cysteine (NAC) as negative and H205, as positive control. Incubation of tumor cells with 10 mM NAC
decreased ROS content of the cells but did not cause any significant change in the number of dead cells [Fig. 2 D]. Pre-treatment of
tumor cells with NAC protected them from the cytotoxic effects of melatonin, because of the ROS scavenging activity of NAC. It can be
said that treatment of tumor cells with melatonin significantly increased cell death by increasing ROS generation; indicating that
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Fig. 3. Melatonin alters the expression of key apoptotic molecules in breast tumor microenvironment. A. Effect of MLT treatment on breast
tumor cells isolated from experimental tumor-bearing mice. (i) Western blots and (ii) graphical representation of densitometric analyses of Bax and
Bcl2 and (iii) Bax/Bcl2 ratio. B. (i) PCR blot, (ii) graphical representations of densitometric analyses of Bax, Bcl2 mRNA. Beta-actin was used as the
loading control for both immunoblotting and PCR. Data are representative of three different blots with similar results. Data represent Mean + S.E.M.
of results obtained from three independent experiments. #p<0.05 between groups. C. Representative (i) immunoblots and (ii) and (iii) densitometric
analyses of p53 (wcl; whole cell lysate, C; cytosolic N; nuclear) cleaved caspase 3 and pJNK. D. Representative IHC images showing co-localization
of pJNK (FITC; green fluorescence) and p-p53 (AF 647; red fluorescence) counterstained with DAPI, visualized under fluorescent microscope.
Expression of pJNK and p-p53 protein in control and melatonin treated tumor. Scale bar: 75 pm; magnification: 40X. Refer to Supplementary
Material for uncropped images as applicable.
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melatonin induces tumor cell apoptosis by virtue of its pro-oxidant properties.

To further elucidate the molecular mechanisms of ROS-mediated tumor cell death by melatonin, we evaluated the expression of
phosphor-Jun N-terminal kinases or p-JNK, the ROS-activated stress-responsive transcription factor associated with pathways of
programmed (apoptosis) and non-programmed (autophagy) signaling [5,44]. Consistent with this, our study showed that melatonin
exposure significantly increased the expression of p-JNK in the breast tumor compared to non-treated tumor tissue [Fig. 3 C (i) & (iii)].

Also, both the protein and mRNA expressions of the pro-apoptotic p53 were found to be significantly increased in the melatonin-
treated group [Fig. 3 C (i) & (ii)]. We confirmed the simultaneous activation of JNK and p53 with immunohistochemistry. Our results
demonstrated that melatonin markedly enhanced co-localization of p-p53 and p-JNK in melatonin-exposed tumor tissue sections
compared to control [Fig. 3 D]. Taken together, these results suggest that melatonin stimulates excess ROS production, which in turn
activates ROS-sensitive transcription factors like JNK and p53, leading to activation of apoptotic cell death.

3.3. Melatonin activates the autophagy program in breast tumor cells

Flow cytometric data revealed that treatment of tumor mice with melatonin increased lysosomal acidification (using LysoTracker
dye; in presence of melatonin and 1 % H205 as positive control) in the tumor cells compared to untreated tumor [Fig. 4 A (i) (ii) & (iii)].
The appearance of acridine orange-stained acidic vesicles in the isolated tumor cells confirmed autophagy initiation upon melatonin
treatment [Fig. 4 B (i) & (ii)].

To substantiate the role of melatonin in the promotion of autophagy cascade in breast tumor tissue, protein and mRNA expressions
of various autophagy markers were investigated [Fig. 5 A & B]. Melatonin-treated tumor group showed marked reduction in p62 (used
as a substrate in autophagy) both at protein and mRNA level. Increased protein and mRNA expressions of Beclinl were also observed
[Fig. 5 A (i) & (ii) and B (i) & (ii)]. Additionally, Western blot analysis showed an increase in the LC3BII/I ratio, a well-accepted
autophagy marker linked to autophagosome formation [Fig. 5 A (i) & (iii)]. Immunohistochemical analysis of expression of LC3B
protein performed in frozen breast tumor tissue sections also showed higher expression of LC3B protein in melatonin-treated tumor
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Fig. 4. Melatonin induces autophagy in mouse breast tumor cells. A. Flow cytometric analysis of Lysotracker Dye detection of autophagy in
breast tumor cells. (i) and (ii) Histograms showing mean fluorescence intensities of Lysotracker green dye in the breast tumor cells of MLT-treated
group compared to control (1 % H,0, was used as positive control). (iii) Graphical representation of mean fluorescence intensities Lysotracker green
in different groups. B. Detection of autophagy by acridine orange staining (AO). Cellular autophagy was detected in isolated breast tumor cells (i)
control and (ii) treated. Acidic vesicular organelles (AVOs; red fluorescence) as well as cytoplasm and nucleus (green fluorescence) were visualized.
Scale bar: 100 pm; magnification: 40X.
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specimens compared to control or untreated tumor sections [Fig. 6 C]. From the fluorescence imaging it is quite evident that melatonin
induced the expression of LC3B protein in tumor, which indicates more autophagosome formation and increase in autophagy flux.
Concomitant increases in Autophagy-related gene 5 (Atg5) expression and decreases in LAMP2 expressions were detected in the
melatonin-treated breast tumor cells versus the control tumor cohort [Fig. 5 B (i) & (iii)].

Immunohistochemistry studies on Beclinl and Bcl-2 co-localization demonstrated an increased Beclinl versus decreased Bcl-2
expression in melatonin-treated tumor sections. All these results strongly endorse the fact that melatonin instigates both apoptosis
and autophagy, which culminate in the death of breast tumor cells and tumor regression [Fig. 5 C].

To substantiate the findings that melatonin increases the autophagy rates, we have performed an in vitro experiment in MCF-7 cells
using 1 mM melatonin and 5 pm chloroquine concentration for 24h treatment. Higher accumulation of lysosome was observed in
Melatonin treated group (iii) compare to control group (i) and Chloroquine treated group (ii) whereas both melatonin and chloroquine
treated group (iv) shows reduced accumulation of lysosome compared to group (iii), as detected by lysotracker green dye intensity
[Fig. 6 A]. To evaluate the alteration of the expression of key autophagy marker like p62, Beclinl and LC3B in MCF-7 cells pretreated
with melatonin and chloroquine (CQ) in different combination, immunoblotting experiments were performed. Melatonin treated
group (M*C") showed reduction in accumulation of p62, substrate of autophagy, whereas chloroquine treated group (M C*) showed
higher level of p62 as compared to control group (M C"). CQ treatment (M C*) inhibited Beclinl expression in MCF-7 cells whereas
Melatonin treatment (M*C ) increased the expression of Beclinl which signifies activation of autophagy by melatonin. Increased
expression of the LC3 II/I ratio has been observed in melatonin treated MCF-7 cells compared to CQ treated group [Fig. 6 B].
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Fig. 5. Melatonin modulates the expression of autophagy regulators in breast tumor. A. (i) Representative immunoblots and graphical
representations of expression patterns of (ii) p62 (SQSTM), Beclinl (iii) LC3B and increased ratio of LC3BII/I in experimental animals. B. (i)
Representative gel bands of Beclinl, p62, ATG5 and Lamp2 cDNA expressions in control and MLT-treated groups. Densitometric analyses of (ii) p62,
Beclinl, (iii) ATG5 and Lamp2 gene in untreated and MLT-treated breast tumor. Beta-actin was used as the loading control in case of both
immunoblotting and PCR. Data shown are representative of three different experiments with similar results. Data represented as Mean + S.E.M. of
three separate immunoblots and PCR blots of each experimental group (n = 3). *p<0.05; Control vs. treated. C. Representative IHC images showing
co-localization of Bcl2 (FITC; green fluorescence) and Beclinl (AF 647; red fluorescence) counterstained with DAPI and visualized under standard
fluorescent microscope. Scale bar:75 pm; magnification: 40X. Refer to Supplementary Material for uncropped images as applicable.
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Fig. 6. Activation of autophagy by melatonin in MCF-7 cells in vitro. (A) Detection of Autophagy by Lysotracker Green Dye in cultured MCF-7
cells. Representative immunofluorescence detection of lysotracker (Green staning) in MCF-7 cells after 24 h treatment with chloroquine and
melatonin in different groups. Fluorescence Microscope was used to visualize the accumulation of lysosomes in terms of intensity of green signal
around the nucleus of the cells. (i) Control (no melatonin & chloroquine; M C); (ii) Treated with Chloroquine (5 pm) but no melatonin (M C*) (iii)
Treated with melatonin (1 mM) but no chloroquine (M*C") (iv) Both Melatonin (1 mM) & Chloroquine (5 pm) (M*C*).Higher accumulation of
lysosome was observed in Melatonin treated group (iii) compare to control group (i) and Chloroquine treated group (ii) whereas both melatonin and
chloroquine treated group (iv) shows reduced accumulation of lysosome compared to group (iii), as detected by lysotracker green dye intensity.
Scale bar 75 pm. (B) (i) Representative immunoblots of p62, Beclinl and LC3B protein are presented for MCF-7 cells exposed for 24 h treatment with
Melatonin (1 mM) & Chloroquine (5 pm) in different experimental groups. (ii) Densitometric analysis of p62, Beclinl and LC3B II/I ratio. Beta-actin
was used as the loading control. Blots shown are representative of three different experiments with similar results. Densitometric data represented as
Mean =+ S.E.M of three separate immunoblots of each experimental group (n = 3). *p<0.05; Control (M C ) vs. M C*; #p <0.05; M C vs. M*C and
@ p <0.05; M C vs. M*C*. Control (no melatonin & chloroquine; M" C"); Treated with Chloroquine (5 pm) but no melatonin (M C*); Treated with
melatonin (1 mM) but no chloroquine (M*C"); Both Melatonin (1 mM) & Chloroquine (5 pm) (M*C*). (C) Immunohistochemical analysis of
expression of LC3B protein performed in frozen breast tumor tissue sections. (i) Representative IHC images showing lower expression of LC3B
protein (green fluorescence) in control tumor section and (ii) higher LC3B expression in melatonin-treated tumor tissue sections as revealed by
standard fluorescent microscopy. (Red arrow indicates the expression of LC3B Protein). Refer to Supplementary Material for uncropped images
as applicable.
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3.4. Melatonin subdues the pro-inflammatory bias in the breast tumor microenvironment by modulating the IL-6/STAT3/NF-kB p65 axis

It is well-established that a pro-inflammatory bias in the tumor microenvironment accelerates tumor growth and survival [10].
From our studies, it was quite evident that a strong pro-inflammatory tumor microenvironment developed around the breast tumor
tissue due to significant increase in pro-inflammatory cytokines IL-6, TNF-a and IL-1f as compared to non-tumor breast tissue [Fig. 7
A]. Melatonin treatment led to marked decrease in these cytokines, indicating a reduced inflammatory setting in the tumor micro-
environment [Fig. 7 A]. Besides, melatonin exposure also significantly reduced the level of tumorigenic pro-survival cytokine TGF-f
[Fig. 7 Al.
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Fig. 7. Melatonin reduces the pro-inflammatory bias in the breast tumor microenvironment. A. Expression of various cytokines (IL-6, IL-1p,
and TNF-a, TGF-p) in breast tumor microenvironment. B. (i) Representative immunoblots and graphical representation of densitometric analyses of
expression patterns of (ii) STAT3 (whole cell lysate), p-STAT3 (whole cell lysate), (iii) p-IkBa and p65 (whole cell lysate). C. Nuclear translocation of
p-STAT3 and p65. (i) Representative immunoblots and graphical representation of expression patterns of (ii) p-STAT3 (cytosolic lysate), p-STAT3
(nuclear lysate), (iii) p65 (cytosolic lysate) and p65 (nuclear lysate). D. (i) Representative PCR blots and graphical representation of gene expression
patterns of (ii) p65, stat3 and il-6. Beta-actin was used as loading control in case of both immunoblotting (for whole cell and cytosolic lysates) and
PCR and H3 was used as the loading control in case of nuclear lysate. Inmunoblot and PCR blots shown here are representative of three different
blots with similar results. Densitometric data represented as Mean + S.E.M of three separate immunoblot and PCR blots of each experimental groups
(n = 3). #p<0.05; tumor control vs. MLT treated tumor groups. E. Inmunohistochemical (IHC) analysis of co-localization of p-JNK (FITC; green
fluorescence) and NF-kB p65 (AF-647; red fluorescence) counterstained with DAPI & visualized under fluorescent microscope. Scale bar present:
100 pm; magnification: 40X. Refer to Supplementary Material for uncropped images as applicable.
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Fig. 8. Melatonin modulates SIRT1/PI3K/Akt/mTOR/Beclinl expressions in breast tumor cells. A. Representative IHC images showing co-
localization of (A) p65 (FITC; green fluorescence) and SIRT1 (AF-647; red fluorescence) counterstained with DAPI & visualized under standard
fluorescent microscope. (B) NF-kB (FITC; green fluorescence) and Beclin1(AF 647; red fluorescence) counterstained with DAPI & visualized under
fluorescent microscope. Scale bar:100 pm; magnification 40X. C. (i) Representative immunoblots and (ii) and (iii) graphical representations of gene
expression patterns of SIRT1, p-mTOR and PTEN, PI3K and p-Akt. D(i) Representative PCR blot and (ii) graphical representation of SIRT1 gene. Beta-
actin was used as the loading control. Blots shown are representative of three different experiments with similar results. Densitometric data rep-
resented as Mean + S.E.M of three separate immunoblot and PCR blots of each experimental group (n = 3). *p<0.05; tumor control vs. MLT treated
tumor groups. Refer to Supplementary Material for uncropped images as applicable.

In order to investigate the plausible molecular basis for the pro-inflammatory bias in the tumor microenvironment and the
mechanism by which melatonin mitigates this response, we theorized that there might be involvement of a signaling pathway
regulated by JNK, NF-kB/p65 and STAT3; key transcription factors that are known to promote cell survival by modulating a diverse
array of cytokines in response to inflammatory stress [45-47].

The unique pro-apoptotic and anti-inflammatory activity of melatonin in the tumor microenvironment was clearly illustrated by
our immunohistochemistry study of p-JNK and NF-kB/p65. Results showed that melatonin noticeably inhibited the expression of p65
and at the same time upregulated p-JNK expression in tumor tissue [Fig. 7 E]. Further, Western blot analysis followed by fluorescence
microscopy clearly revealed that melatonin blocked the nuclear translocation of NF-kB/p65, which resulted in reduced IL-6 expression
[Fig. 7B and C]. IL-6 is known to facilitate phosphorylation/activation of STAT3. A decrease in IL-6 upon melatonin treatment led to
simultaneous reduction in protein and mRNA expressions of activated p-STAT3 [Fig. 7 B, C & D]. Blockade of the NF-kB-p65/IL-6/
STATS3 axis upon melatonin treatment created an anti-inflammatory bias in the breast tumor microenvironment.

3.5. Melatonin-induced anti-inflammatory responses instigate autophagy in the tumor microenvironment by interrupting NF-«B/SIRT1 and
NF-kB/Beclinl interactions

From our data, it has been made quite clear that melatonin reverses the pro-inflammatory bias in the tumor microenvironment. We
speculated that autophagy activation might be the pivotal factor responsible for melatonin-induced anti-inflammatory responses in the
tumor microenvironment. SIRT1 is a known histone deacetylase that plays central role in various cellular signaling pathways such as
inflammation, apoptosis, and autophagy [48,49] by regulating transcription factors such as p53, FOXO and NF-kB. In case of auto-
phagy, SIRT1 positively regulates several autophagic genes like Atg5 and Atg 8 by means of deacetylation [50,51]. To establish the
direct role of autophagy in reducing inflammation in the tumor microenvironment, we checked for NF-kB/SIRT1 and NF-kB/Beclinl
interactions by immunohistochemistry. Results indicated that melatonin substantially inhibited NF-kB expression in SIRT1 as well as
Beclinl-positive cells in tumor tissue, compared to untreated tumors [Fig. 8 A & 5 B]. Our hypothesis was further confirmed by
significant increases in both protein and gene expressions of SIRT1 by 1.35 fold and 1.29 fold respectively [Fig. 8 C & 5 D]. To confirm
the pro-autophagic role of SIRT1, we then observed the expression of the components of PI3K/Akt/mTOR pathway which is known to
downregulate the autophagy program [19,22]. Western blot analyses showed that melatonin decreased p-PI3K expressions in breast
tumor cells by ~40 % [Fig. 8 C (i) & (iii)]. Consequently, phosphorylation of Akt and mTOR was also inhibited, as evident from
Western blot analyses of p-Akt and p-mTOR in the breast tumor cells of melatonin-treated mice [Fig. 8 C (i) & (ii) & (iii)]. We also found
an increase (19.35 %) in the expression of PTEN, the negative regulator of PI3K/Akt, in breast tumor tissue of melatonin-exposed
experimental mice [Fig. 8 C (i) & (iii)].

3.6. The pro-autophagic and anti-inflammatory responses initiated by melatonin in the tumor microenvironment inhibits EMT in breast
tumor cells

It is now understood that exaggerated inflammatory responses in the tumor microenvironment potentiates tumorigenesis [52] and,
at the same time, inhibition of stress-responsive autophagic cell death induces tumor cell survival [53,54]. For the next phase, our aim
was to evaluate whether activation of inflammation and inhibition of autophagy instigates epithelial to mesenchymal transition in
breast tumor cells and whether melatonin treatment could mitigate this pro-tumorigenic response. Our Western blot data implied that
there was significant induction of mesenchymal markers, such as, Vimentin, Slug, Twist and MMP-9, with subsequent decrease in
epithelial marker, E-cadherin in the breast tumor cells. Melatonin treatment reversed these protein expression patterns [Fig. 9 C (i) &
(ii) & (iii)]. We also evaluated the mRNA expressions of E-cadherin, Vimentin, Slug and Twist [Fig. 9 D (i), (ii) & (iii)] and obtained
similar results.

We performed co-localization studies for NF-xB and Slug (a mesenchymal marker) and found that co-localization of both these
proteins were notably inhibited by melatonin treatment in breast tumor [Fig. 9 A]. Co-localization analyses for p62 and Twistl have
revealed that higher accumulation of p62 in control tumor is associated with stabilization of Twistl whereas melatonin treatment
significantly inhibited the expression of both these proteins [Fig. 9 B].

Our experimental results verified that melatonin inhibits epithelial to mesenchymal transition in breast tumor tissues; thereby
supporting its anti-metastatic potential and validated our hypothesis that melatonin mitigates tumorigenesis through its anti-
inflammatory and pro-autophagic responses.

14



N. Das et al. Heliyon 10 (2024) e23870

>

DAPI P65-FITC Slug-AF647 p65-DAPI Slug+DAPI p65+Slug MERGED

CONTROL

(=]
w
=
<
w
o«
=
B DAPI TWIST1-FITC p62-AF647 TWIST1-DAPI p62+DAPI TWIST1+p62 MERGED
= <
o
o«
=
2 A
=]
o
[=]
5
<
]
o
=
C (i) n
Control Treated (i) (iii)
— s 3 mControl OTreated pi
E-cadherin h , 3 ontrol] & Treate| i mControl OTreated
2 28 £
] 2 *
Vimentin = S % 5
o2 * ZE o8 *
Slug £ 15 g8 *
-3 02
28 * £3
Twist G = £2 04
g s8
a ze
MMP-9 §
0 =1 0
B-actin E-cadherin Vimentin E—cadhe:aizl‘\)limentin Slug Twist MMP-9
D (i) (ii) (iii)
mControl  OTreated * mControl OTreated
E-cadherin 24 ” 1.2
< <
s sg
Vimentin ;ﬂ’ 'g 1.8 g E o *
sa 5a08
Sl Se * e
¢ £y 12 23
88 SR
o= o=
i o8 0 804
Twist 2E (6 2E
k) : -]
T E T <
[ [4
frhctn m 9 o
E-cadherin Vimentin E-cadherin/vimentin Slug Twist

ratio

Fig. 9. Melatonin modulates the expression of EMT proteins in breast tumor Representative IHC images showing co-localization of A. p65-NF-
kB (green fluorescence) and Slug (red fluorescence) and B. Twistl (green fluorescence) and p62 (red fluorescence) counterstained with DAPI &
visualized under fluorescent microscope. Scale bar: A75 pm and B 100 pm; magnification: 40X. C. (i) Representative immunoblots and (ii) and (iii)
graphical representations of expression patterns of E-cadherin, Vimentin, Slug, Twist and MMP-9 proteins. D (i) Representative PCR blots and (ii)
and (iii) graphical representations of gene expression patterns of e-cadherin, vimentin, slug and twist. Beta-actin was used as loading control in case of
both immunoblotting and PCR. Immunoblot and PCR blots shown here are representative of three different blots with similar results. Densitometric
data represented as Mean + S.E.M. of three separate immunoblot and PCR blots of each experimental groups (n = 3). ‘*’ Represents significant
difference with respect to control at p<0.01. Refer to Supplementary Material for uncropped images as applicable.

4. Discussions
There is evidence that melatonin might enhance the efficacy of certain chemotherapy drugs and reduce their side effects. Melatonin

might be used as an adjunct to conventional cancer treatments like chemotherapy or radiation therapy. It is thought that melatonin’s
antioxidant properties could help protect healthy cells from the damage caused by chemotherapy or radiation, while also increasing
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the sensitivity of cancer cells to treatment. However, the timing and dosage of melatonin administration in relation to these treatments
would need to be carefully considered to avoid interference. Cancer treatments like chemotherapy and radiation often cause significant
side effects, including fatigue, insomnia, and cognitive impairment. Melatonin’s role in regulating sleep might help alleviate some of
these symptoms and improve the overall quality of life for cancer patients. In recent years, melatonin has gained recognition as a
valuable adjuvant to traditional anticancer therapies [55,56]. Clinical studies investigating the combined use of melatonin and
chemotherapy drugs have demonstrated its potential to mitigate drug-induced side effects, yielding positive outcomes for cancer
patients [57]. Melatonin’s ability to sensitize cancer cells to chemotherapy-induced apoptosis and autophagy has also been docu-
mented [58-60]. Notably, randomized clinical trials involving patients with head and neck cancer revealed that co-administration of
melatonin inhibited patients’ antioxidant capacity, resulting in reduced pain and mucositis [61]. Furthermore, the combination of
cisplatin and melatonin exhibited promising results in addressing common side effects such as anemia.

In the context of metastatic colorectal cancer, a notable development emerged in the form of a combination therapy involving
subcutaneous IL-2 and melatonin as a second-line treatment subsequent to the use of 5-FU in the first-line therapy. This novel approach
showcased improved survival rates. Recent investigations have also highlighted the synergistic potential of melatonin and doxorubicin
in augmenting apoptosis and autophagy within human breast cancer cells. This effect was attributed to a reduction in the AMPKa
transcription factor [62].

Application of chemotherapeutic drugs has its own limitations in the form of side-effects, impacting organs of the body. Anticancer
therapeutics with standard safety profile and well-established clinical settings is ideal for treatment of cancer. Melatonin has been used
as an adjuvant with different chemotherapeutic drugs for treating different types of cancer at different phases. Nonetheless, melatonin
has some limitations as an anticancer drug.

A potential limitation is very short half-life (approx. 45 min) of melatonin by both oral and intravenous routes and low oral
bioavailability [63]. Uncertain administration approaches make melatonin less efficacious in treating cancer. Low water solubility and
low shelf life is also a barrier in therapeutic application of melatonin. Low biocompatibility of melatonin is also an issue. There is no
uniform dosing regimen for use of melatonin in treating cancer in initiation, promotion and progression phases. Uncertain therapeutic
doses and side-effects of melatonin on cancer patients warrants more study to evaluate the optimum uniform dosage of melatonin for
its better application in clinical trials [64]. Understanding the molecular mechanisms and crosstalks would provide better insights for
its optimum applications as an anticancer agent. Our study was designed with the same purpose and will facilitate the better un-
derstanding of melatonin as an anticancer agent.

We investigated the molecular basis for the anti-tumor activities of melatonin with special reference to modulation of the signaling
pathways, dialogues, and cross talks in breast tumor microenvironment. Melatonin suppressed tumor viability in vitro in a dose- and
time-dependent manner [Fig. 1 A (i) and (ii)] and melatonin treatment (40 mg/kg for 14 days) significantly reduced tumor weight,
volume, and size in our in vivo model of mouse breast tumor [Fig. 1 B (i) & (ii) & C (i)]. Inmunohistochemical analysis of Ki67 is
routinely done to monitor proliferative activity of cancer cells and treatment responses. We observed that melatonin treatment was
associated with a decrease in Ki67 indicating marked reduction in tumor cell proliferation [Fig. 1 D (i) & (ii)].

In vitro studies on MCF-7 and MDA-MB-231 cancer cell lines have shown that melatonin induced apoptosis by regulating the
relative expressions of pro- and anti-apoptotic proteins [65]. Our data also showed skewed Bax/Bcl-2 ratio in favor of apoptosis in
response to melatonin [Fig. 3 A & B]. Our flow cytometric data confirmed that melatonin treatment led to a significant increase in early
apoptotic cell populations in breast tumor (Annexin V-FITC/PI assay). In an interesting turn, our next set of data showed that breast
tumor cell death upon treatment with melatonin, the known antioxidant, was associated with marked increase in intracellular ROS
[Fig. 2 A (i) & (ii)]. High level of intracellular ROS leads to deacetylation of p53 by SIRT1 (a class III histone deacetylase), blocking its
nuclear translocation and subsequent cytosolic accumulation, which ultimately results in transcription-independent p53-induced
apoptosis [56,66,67].

The ubiquitous transcription factor NF-kB has been reported to act as an anti-apoptotic molecule through the downregulation of
JNK, by suppressing the build-up of ROS [11,12,68]. Our results show that melatonin treatment significantly altered the expression
pattern of both the markers with decreased NF-kB and increased p-JNK, which would signify that melatonin-induced downregulation
of NF-kB/p65 is associated with ROS accumulation and JNK activation which triggers breast tumor cell apoptosis [Fig. 7 E].

The tumor microenvironment (TME) is characterized by persistent inflammation and the most critical inflammatory marker that is
upregulated in almost all cancer cells is NF-kB [69]. In our model, the presence of an inflammatory milieu in the TME was evident from
increased expressions of NF-kB/p65, p-STAT3 and inflammatory cytokines IL-6, IL-1 and TNF-a. Several studies have correlated high
levels of IL-6 with bad disease prognosis in cancer patients [45]. IL-6 is known to promote the phosphorylation and activation of STAT3
which is responsible for mediating inflammatory responses [70]. Studies showed that STAT3 essentially participates in numerous
cellular events in cancer cells including cell proliferation, metastasis and EMT [16,71-73]. Activated STAT3 dimerizes and translocates
to cell nucleus and directly binds to the specific promotor region of targets, such as Bcl-2 families, MMP-2, MMP-9 and Vimentin,
leading to their transcriptional activation [14,15]. Recent studies have shown that suppression of phosphorylated STAT3 can induce
apoptosis and inhibit metastasis in cancer cells [74]. There are reports on the role of IL-6/STAT3/NF-kB feedback loop in breast cancer
progression through IL-6 mediated persistent activation of breast stromal fibroblasts [75]. In our study, melatonin treatment was found
to significantly subdue the inflammatory cytokines in the breast tumor microenvironment [Fig. 7 A]. There was a high level of basal
p-STATS3 in the tumor cells and melatonin efficiently blocked STAT3 phosphorylation as well as nuclear translocation of p-STAT3. We
also observed significantly reduced nuclear presence of NF-xB compared to the cytosol [Fig. 7 B & C].

A persistent inflammatory state, as seen in the breast tumor microenvironment, can block the induction of autophagy [70]. To
corroborate the above notion, we analyzed the expression patterns of key molecular players of the autophagy pathway. In our ex-
periments autophagosome formation upon melatonin treatment was confirmed by Lysotracker staining [Fig. 4 A (i), (ii) & (iii)]. When
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visualized under a fluorescence microscope, acidic vesicular organelles (AVOs) of the acridine orange-stained melatonin-treated breast
tumor cells appeared as distinct dot-like structures distributed within the cytoplasm or localized in the perinuclear regions [Fig. 4 B (i)
& (ii)]. Melatonin was also shown to modulate various autophagy factors including Beclinl, p62, Atg5, Lamp2 and autophagy-related
protein microtubule-associated protein 1 light chain 3 (LC3).

The interplay between the anti-apoptotic protein, Bcl-2, and the autophagy protein, Beclinl, marks the point of convergence of
apoptotic and autophagic pathways. Bcl-2 proteins bind to Beclinl and disrupt its autophagy function. In the absence of Bcl-2 binding,
Beclinl induces autophagy and promotes cell death [76,77]. To validate whether melatonin has any role in modulating Bcl-2/Beclinl
interaction and activation of autophagy as shown in previous results, co-localization experiments were performed to analyze the
expressions of both the molecules. Results showed higher expression of Bcl-2 and lower expression of Beclinl in control tumor while
melatonin treatment reversed this pattern of expression [Fig. 5 C], endorsing the pro-autophagic and pro-apoptotic role of melatonin in
breast tumor. In vitro experiment in MCF-7 cells treated with melatonin and chloroquine in different combination showed higher
intensity of lysotracker green staining [Fig. 6A] and increased level of beclinl and LC3B II/Iratio [Fig. 6 B] in melatonin treated group
compared to control and chloroquine treated group, indicates melatonin induced activation of autophagy in MCF-7 breast tumor cells.

The tumor suppressor phosphatase and tensin homolog (PTEN) proteins are negative regulators of the PI3K pathway, and have pro-
autophagic activities [22]. Kma et al., 2022 reported that increase in intracellular ROS in response to flavonoids in non-small cell lung
cancer cell line corresponded with higher PTEN and lowered Akt levels leading to a higher occurrence of autophagy [68,78]. The
PI3K/Akt/mTOR pathway is frequently activated in cancer cells, promoting malignant transformation and apoptosis resistance; and is
an important axis to target for drug development [19,20]. Our data showed an increased expression of PTEN and decreased levels of
phosphorylated Akt in melatonin-exposed breast cancer cells [Fig. 8 C (i) & (iii)]. In the present scenario, melatonin-induced reduced
phosphorylation of Akt led to decreased phosphorylation of mTOR [Fig. 8 C (i), (ii) & (iii)] and consequently, activation of autophagic
pathways in melatonin-exposed breast tumor tissue. Additionally, as PI3K/Akt are survival inducers, their inhibition blocked cell
survival and triggered apoptosis.

Decreased sirtuin 1 (SIRT1) expression is associated with enhanced NF-kB-dependent inflammation and compromised autophagic
responses [79]. Accumulating evidence indicates an autophagy suppressive role of NF-xB through inhibition of Beclinl [80]. Our
Western blot, gene expression and immunohistochemistry data established higher SIRT1 protein expression in melatonin-treated
tumor group [Fig. 8 C (i), (ii) & D (i) (ii)]; whereas, there was significant reduction in NF-kB expression [Fig. 7 C]. Further,
NF-kB/SIRT1 and NF-kB/Beclinl co-localization studies [Fig. 8 A and B] pointed towards a reduced NF-kB expression in SIRT1 as well
as Beclinl-positive cells in melatonin-treated tumor tissues. From these results it is evident that melatonin-induced anti-inflammatory
responses instigate autophagy in the tumor microenvironment by modulating the NF-xB/SIRT1 and NF-kB/Beclinl interactions.

Tumor cells undergo a phenotype switch during epithelial to mesenchymal transition (EMT), losing their epithelial features and
acquiring mesenchymal phenotype leading to increased invasiveness. This process is reversible and regulated mostly by the tran-
scription factors such as, Snail, Slug and Twistl [81,82]. Our data indicated that melatonin regulates some of the key proteins related
to EMT. Melatonin induced upregulation of E-cadherin and downregulation of Vimentin, Slug and Twistl both at protein and mRNA
levels was observed [Fig. 9 C, D]. These data point strongly towards an anti-EMT potential of melatonin.

Studies have shown correlation between enhanced p62 activity with tumorigenesis and impaired or inefficient autophagy and NF-
kB activation [83-86]. Several reports have established that p62 accumulation leads to EMT progression via Twist1 stabilization and
decreased E-cadherin expression [87]. Co-localization studies of p62 (SQSTM1) & Twist1 have revealed higher expression of both p62
and Twistl in control tumor group and treatment with melatonin reversed these changes [Fig. 9 B]. Activated NF-kB upregulates
transcriptional activation of EMT-related gene expressions in human breast cancer via direct association to the EMT transcription
factors (Snail 1, Slug and Twist1) promoter sites [88]. Co-localization studies of NF-«xB and Slug proved simultaneous downregulation
of both the proteins in melatonin-treated tumor samples [Fig. 9A]. Our findings suggest that melatonin prevents EMT progression in
breast tumor cells by activating autophagy and anti-inflammatory responses, altering the interactions between p62/Twistl and
NF-xB/Slug proteins.

5. Conclusion

Based on above findings, we can conclude that modulation of interactions among key molecules at the hub of tumorigenesis; like,
SIRT1-NF-kB, p62-Twistl, and NF-kB-Slug, is responsible for the establishment of a pro-death apoptotic and autophagic fate in
melatonin-exposed breast cancer cells.
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