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ARTICLE INFO ABSTRACT

Keywords: Lung cancer is one of the leading causes of cancer-related deaths in men and women worldwide. Current

Treatment treatments have limited efficacy, cause significant side effects, and cells can develop drug resistance. New
gaﬁcgr h therapeutic strategies are needed to discover alternative anticancer agents with high efficacy and low-toxicity.
€ eat!

TMBP, a biphenyl obtained by laccase-biotransformation of 2,6-dimethoxyphenol, possesses antitumor activity
against A549 adenocarcinoma cells. Without causing damage to sheep erythrocytes and mouse peritoneal
macrophages of BALB/c mice. In addition to being classified as a good oral drug according to in-silico studies.
This study evaluated the in-vitro cytotoxic effect of TMBP on lung-cancer cell-line NCI-H460 and reports
mechanisms on immunomodulation and cell death. TMBP treatment (12.5-200 pM) inhibited cell proliferation at
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24, 48, and 72 h. After 24-h treatment, TMBP at ICs¢ (154 pM) induced various morphological and ultrastructural
changes in NCI-H460, reduced migration and immunofluorescence staining of N-cadherin and p-catenin, induced
increased reactive oxygen species and nitric oxide with reduced superoxide radical-anion, increased superoxide
dismutase activity and reduced glutathione reductase. Treatment also caused metabolic stress, reduced glucose-
uptake, intracellular lactate dehydrogenase and lactate levels, mitochondrial depolarization, increased lipid
droplets, and autophagic vacuoles. TMBP induced cell-cycle arrest in the G2/M phase, death by apoptosis,
increased caspase-3/7, and reduced STAT-3 immunofluorescence staining. The anticancer effect was accompa-
nied by decreasing PI3K, AKT, ARG-1, and NF-kB levels, and increasing iNOS. These results suggest its potential
as a candidate for use in future lung anticancer drug design studies.

1. Background

Lung cancer (LC), a heterogeneous disease, remains one of the
leading causes of cancer-related mortalities worldwide, with an esti-
mated 2.9 million cases by 2040 [1]. In addition, most patients have
metastatic disease at the time of diagnosis [1]. Non-small cell lung
cancer (NSCLC) accounts for more than 85% of all LCs and is common in
both men and women [2]. Available chemotherapy for NSCLC has
advanced significantly over the past decade, and platinum-based
doublet therapy (e.g., cisplatin in combination with carboplatin) has
been successfully implemented [3]. Several side effects, however,
remain, including severe kidney problems, allergic reactions, decreased
immunity to infection, gastrointestinal upset, bleeding, hearing loss, and
also drug resistance, especially if the tumor recurs [4]. Because of the
challenges in treating this disease, new therapeutic strategies are needed
and should be developed.

Phenolic compounds are naturally present in plants and can be
synthesized through various methods, including biocatalysis, which in-
volves the use of enzymes for the transformation of molecular structures
[5,6]. One of the advantages of synthesizing compounds through bio-
catalysis is that it can be part of a green process, as it employs less toxic
methodologies. This has been highlighted in research conducted by
[7-9]. 3,3’,5,5’-Tetramethoxybiphenyl-4,4’-diol (TMBP), a biphenyl
(Figure suppl. 1), was obtained by oxidation of 2,6-dimethoxyphenol (2,
6-DMP) using laccase produced by the ascomyceteous fungus Botryos-
phaeria rhodina (MAMB-05) [7,8]. Biphenolic compounds have inter-
esting chemical structures and many of these compounds play diverse
biological roles [5,6], including fungicidal [10,11], bactericidal [12,13],
anti-inflammatory [14,15], antioxidant [16], cell anti-proliferation [17,
18], and anti-tumor activity. In a recent study using TMBP on the A549
(lung adenocarcinoma) tumor cell line, our group showed that treatment
with TMBP reduced viability, increased reactive oxygen species (ROS)
production, induced mitochondrial depolarization, was involved in cell
cycle arrest in the G2/M phase, and death by direct apoptosis, without
causing toxicity in BALB/c mouse peritoneal macrophages and sheep
erythrocytes [19].

In this study, using different endpoints, TMBP was shown to reduce
cell viability and migratory potential, promote morphological and ul-
trastructural changes, followed by apoptosis and autophagy. These
phenomena were mediated by an oxidative burst and metabolic damage
through decreased levels of PI3K/pAKT/ARG-1/pNF-kB and an increase
of the iNOS pathway in NCI-H460 lung cancer cells.

2. Material and methods
2.1. TMBP

The biphenyl 3,3’,5,5'-tetramethoxybiphenyl-4,4’-diol (TMBP;
C16H1806, MW 306) was synthesized from 2,6-DMP using laccase from
Botryosphaeria rhodina MAMB-05 under conditions previously described
[20]. The resulting yellow solid was identified by 'H NMR (CDCI3, 400
MHz) at & 3.98 (s, 12 H), 6.73 (s, 4 H), 5.56 (s, 2 H), purity 99%, and
melting point 185-188 °C. A stock solution of TMBP was prepared in 1%
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA); the

concentration of DMSO was kept at a maximum of 0.06% in all
experiments.

2.2. Cell culture

The established NSCLC line, NCI-H460 (large cell carcinoma), from
Frederick Ma (National Cancer Institute, Bethesda, MD, USA) was kindly
provided by the Toxicological Genetics Laboratory-UEL. The cell was
cultured in Roswell Park Memorial Institute (RPMI) 1640 culture me-
dium (Life Technologies, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS) (GIBCO, Invitrogen, New York, USA), 100 U/
mL penicillin and 100 pg/mL streptomycin (Santa Cruz Biotechnologies,
Dallas, TX, USA), and incubated at 37 °C under 5% CO,.

2.3. Cell viability assay

NCI-H460 cells (10* cells/well) were treated with TMBP (range
12.5-100 pM) or cisplatin (CIS) (50 pM), and cytotoxicity was assessed
at 24, 48, and 72 h. MTT assays were performed as previously described
[19]. Briefly, the cells were washed, and MTT (0.33 mg/mL) (Sig-
ma-Aldrich) was added to the cells and then incubated for 3 h at 37 °C.
The MTT product formed (formazan crystals) was diluted with 100 pL of
DMSO and measured spectrophotometrically at 550 nm. The
half-maximal inhibitory concentration (ICsg) curve was calculated by
logarithmic regression using GraphPad Prism 8 software for the above
times. The ICso at 24 h was used for the remaining experiments. Mi-
crographs of TMBP-treated ICsg cells were taken using an EVOS Mi-
croscope FL Auto Cell imaging system (Thermo-Fisher Scientific,
Multiskan GO, Waltham, MA, USA) at 100 x magnification.

2.4. Morphological and ultrastructural analysis of NCI-H460 cells by
scanning electron microscopy (SEM) and transmission electron microscopy
(TEM)

Scanning electron microscopy (SEM) of the NCI-H460 cell line was
performed to analyze morphological changes in the cell surface topog-
raphy [21]. Briefly, cells (10° cells/well) were seeded into 24-well
plates, incubated (37 °C, 5% CO3) and treated with IC5o-TMBP for 24
h at 37 °C and fixed with 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer (pH 7.4). The cells were then dehydrated through
increasing concentrations of ethanol (30-100%), subjected to critical
point drying (Baltec SCD-030, Balzers, Liechtenstein), and metallized
with gold for visualization using a high-resolution FEI SCIOS (Oregon,
USA) double beam electron microscope (Thermo Fisher Scientific,
Massachusetts, United States).

To assess ultrastructural changes in the TMBP-treated cells by TEM
(JEOL USA JEM 1400, Tokyo, Japan, transmission electron microscope),
cells were treated and fixed similarly as described above. The samples
were then postfixed with 1% OsO4, 0.8% potassium ferrocyanide, and
10.0 mM CaCly in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 h at
room temperature and protected from light. The samples were then
washed in 0.1 M sodium cacodylate buffer and dehydrated in increasing
concentrations of acetone (30-100%). The total acetone content was
gradually replaced by EPON™ epoxy resin (Electron Microscopy
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Sciences, Hatfield, United States) by cell diffusion and polymerized at
60 °C for 72 h. Nanoscale sections (60-70 nm) were sliced with an ul-
tramicrotome (PowerTomer BMC - Germany) and contrasted with 5%
uranyl acetate and 2% lead citrate. Finally, the samples were analyzed
by TEM. The NCI-H460 cell line maintained in RPMI culture medium
without TMBP treatment was used as a negative control.

2.5. Cell scratch assay

NCI-H460 cells (10° cells/well) were seeded into 6-well plates and
incubated (37 °C, 5% CO,) to confluence. We then created a ’scratch’ in
the monolayer by gently passing a 200 pL pipette tip over the bottom of
each well. This passage created a discontinuity in the monolayer whose
cells at the edge tended to migrate into the empty spaces. The cells were
next treated with IC5o-TMBP and photomicrographs (40 x objective)
were taken at different times (0, 12, and 24 h) using an EVOS FL Auto 2
microscope (Thermo Scientific, USA). Cell migration was assessed as the
free area (region without cells) measured using Image-Pro plus program
software (ImageJ), while the percentage decrease in the area was
characterized by the cell migration index. Assays were performed in
triplicate from each group tested.

2.6. Immunofluorescence (IF) staining

NCI-H460 cells (10° cells/well) were seeded in 24-well plates con-
taining coverslips and treated with the 24 h ICsg value of TMBP at 37 °C.
The assay was performed as described by Duplancic and Kero (2021)
[22]. Briefly, background blocking was performed using Abcam Protein
Block (ab64226; Abcam, UK) for 25 min after the antigen retrieval. The
following primary and secondary antibodies used for IF staining (24 h at
4 °C) were from Santa Cruz Biotechnology (USA): N-cadherin (1:1000),
B-catenin (1:500), and STAT-3 (1:1500). Secondary antibodies were
used at dilution 1:2000: anti-mouse Texas red (RED) and anti-rabbit
Alexa Fluor 488 (GREEN). Cell nuclei were stained with
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, USA). The slides were
mounted with glycerol and kept protected from light under a fluores-
cence microscope for later observation. The intensity and localization of
the immunoreactivity were analyzed with the Motic BA 410E fluores-
cence microscope and MOTICAM ProS5 Plus (40 x objective lens). The
merge of DAPI and Texas Red images was performed using the Image J
software (NIH, USA).

2.7. Analysis of reactive oxygen species (ROS)

ROS generation was assessed by the conversion of non-fluorescent
HoDCFDA to highly fluorescent 2’,7’-dichlorofluorescein (DCF) by
intracellular free radicals. Briefly, ROS scavenger (N-acetylcysteine —
NAC, 5.0 M) was added, or not added, to the NCI-H460 cells 2 h before
they received treatment with ICsg of TMBP, and were incubated for 24 h
at 37 °C. After this period, the cells were washed, and H,DCFDA solution
(10.0 M) was added and left in the dark for 45 min. Fluorescence in-
tensity was quantified using a Glomax® spectrophotometer (Promega,
USA) (excitation: 488 nm; and emission: 530 nm). Untreated cells were
used as a negative control, and HoO5 (0.04%) was used as a positive
control. Data were normalized and expressed in arbitrary units.

2.8. Determination of nitrite; an estimate of nitric oxide (NO) levels

NO levels were determined based on the Griess method. NCI-H460
cells (10° cells/well) were treated, or not, with the non-specific iNOS
inhibitor (L-NAME, NG-nitro-L-arginine methyl ester, Sigma-Aldrich,
USA) (25uM) for 1 h before treatment with ICsg of TMBP and incu-
bated for 24 h. The supernatant of the samples was collected and
analyzed according to Cataneo et al., (2019) [23]. Briefly, 60 uL of su-
pernatant was added to 60 pL of Griess reagent (1% sulfanilamide and
0.1% N-(1-Naphthyl) ethylenediamine in 5% orthophosphoric acid
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(H3PO4)), incubated for 10 min, protected from light, at room tem-
perature, and read on a plate reader (Thermo Scientific, Multiskan GO,
USA) at 550 nm. For quantification, serial dilutions of NaNO, were used.
Untreated cells were used as a negative control.

2.9. Resazurin assay

To assess whether cells treated with IC5o of TMBP would alter
viability in the presence or absence of the inhibitors NAC and L-NAME,
the resazurin assay was performed as follows. NCI-H460 cells (10° cells/
well) were seeded in 24-well plates and incubated (24 h at 37 °C). After
this period, NAC (5 M) or L-NAME (50 uM) was added 2 h and 1 h before,
respectively, with or without IC5o-TMBP treatment and incubated (24 h
at 37 °C). Resazurin (60 uM) was then added and left for 2 h, and the
fluorescence intensity was quantified in a Glomax® spectrophotometer
(520 nm excitation and 580 nm emission). Data were normalized and
expressed in arbitrary units.

2.10. Superoxide anion production

The production of superoxide anion radical (Oze") was determined by
the reduction of the Redox dye nitro blue tetrazolium (1 mg/mL; NBT,
Sigma-Aldrich). NCI-H460 cells (1 0* cells/well) were treated with ICso-
TMBP, incubated for 24 h, washed with PBS, and subsequently, 100 pL
of NBT solution was added and incubated at 37 °C for 1 h. The super-
natant was removed, and the formazan precipitate was then solubilized
by adding 60 uL of 2.0 M KOH and 60 pL of DMSO. The optical density
was measured spectrophotometrically at 600 nm in a microplate reader
(Multiskan GO Microplate Spectrophotometer, Thermo Scientific, and
Vantaa, Finland). Untreated cells were used as a negative control, and
phorbol myristate acetate (PMA) treatment was used as a positive
control.

2.11. Superoxide dismutase (SOD) activity

SOD activity was determined based on the enzyme capacity to inhibit
auto-oxidation of pyrogallol, as described by Marklund and Marklund
[24]. For the determination of SOD activity, NCI-H460 cells (10°
cells/well) were seeded, treated with the ICso of TMBP, and incubated
for 24 h at 37 °C. Subsequently, the cells submitted a cycle of freezing at
— 80 °C and thawing at 37 oC for 30 min each. Total protein was
determined on the cell lysate by the Lowry method [25]. The data were
normalized as mg protein/mL. Untreated cells were used as a negative
control.

2.12. Reduced glutathione (GSH)

Reduced L-glutathione (GSH) was measured to determine the in-
tensity of oxidative stress. NCI-H460 cells (10° cells/well) were seeded
and treated with TMBP as described above. After 24 h, GSH quantifi-
cation was performed according to the method described by Rahman
et al., 2007 [26]. Concentrations were determined based on a standard
curve constructed with serial dilutions of GSH. Untreated cells were used
as a negative control.

2.13. Glucose assay

To assess glucose uptake, NCI-H460 cells (10° cells/well) were
seeded in 24-well plates, treated with ICso TMBP, and incubated for 24 h
at 37 °C. The enzymatic-colorimetric glucose assay was performed ac-
cording to the manufacturer’s kit instructions (Gold Analisa Diagnostics,
Minas Gerais, Brazil). Briefly, 1.0 uL aliquots of the supernatant from the
treated or standard samples were transferred to a 96-well plate, followed
by the addition of 100 uL of the glucose kit reagent, and the mixture
incubated for 10 min at 37 °C. The reading was performed in a preheated
spectrophotometer (37 °C) at 505 nm. Untreated cells were used as a
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negative control.
2.14. Lactate dehydrogenase (LDH) Activity

To evaluate the LDH activity, NCI-H460 cells (10° cells/well) were
seeded in 6-well microplates and treated with IC5o-TMBP for 24 h at
37 °C. After this period, the cell supernatant was collected to measure
extracellular LDH. For the determination of intracellular LDH activity,
the cells that had adhered to the multiplate wells were first washed twice
with PBS, and water was added to perform 3 repetitions of freezing
(—80 °C) and thawing in a heated waterbath, in order to lyze the cells.
The intra- and extracellular LDH assays were performed according to the
kit instructions (Gold Analisa Diagnéstico, Minas Gerais, Brazil). Un-
treated cells were used as a negative control.

2.15. Lactate analysis

For intracellular lactate measurement, cells were lyzed (as described
above) and the procedures were followed according to the kit datasheet
(Katal Biotecnoldgica, Belo Horizonte, MG, Brazil). Spectrophotometric
reads (540 nm) were performed using a microplate reader (Thermo
Scientific Multiskan). Untreated cells were used as a negative control.

2.16. Determination of mitochondrial membrane potential (A¥'m)

We performed the analysis of mitochondrial membrane potential
through tetramethyl rhodamine-ethyl ester (TMRE; Sigma-Aldrich,
USA). NCI-H460 cells (10* cells/well) were treated with 1C50o-TMBP
for 24 h at 37 °C. The assay was performed as described by Concato et al.
(2020) [19]. Untreated cells were used as a negative control and car-
bonylcyanide m-chlorophenylhydrazone (CCCP) (100 pM) was used as a
positive control. Data were normalized and expressed in arbitrary units.

2.17. Detection of lipid droplets (LD)

To determine LD accumulation, NCI-H460 cells (10* cells/well) were
treated with IC5o-TMBP for 24 h at 37 °C and stained with 10 pg/mL Nile
red (NR; Sigma-Aldrich, St. Louis, MO, USA) for 30 min. The assay was
performed according to Concato et al. [19]. Untreated cells were used as
a negative control, and PBS treatment was used as a positive control.
Data were normalized and expressed in arbitrary units.

2.18. Determination of the formation of autophagic vacuoles

The formation of autophagic vacuoles was evaluated by staining with
monodansylcadaverine (MDC; Sigma-Aldrich, St. Louis, MO, USA), ac-
cording to Concato et al. [19]. Briefly, NCI-H460 cells (10* cells/well)
were treated with IC5o-TMBP for 24 h at 37 °C and MDC was then added
and left for 1 h. The fluorescence intensity was quantified by spectro-
photometry (Glomax, Promega, USA) (excitation 380 nm and emission
525 nm). Untreated cells were used as a negative control, and PBS
treatment was used as a positive control. Data were normalized and
expressed in arbitrary units.

2.19. Cell cycle analysis

NCI-H460 cells (10° cells/well) were treated with ICso-TMBP for 24
h at 37 °C. The assay was performed as described by Concato et al.
(2020) [19]. Briefly, the cell suspension was subjected to centrifugation
at 1500 rpm for 5 min and the cell pellet resuspended in 300 pL of PBS.
Subsequently, a solution containing 0.05% ribonuclease A (RNAse A)
(Sigma, St. Louis, MO, USA) was added and incubated for 30 min at
37 °C. In the end, a solution of 0.1% sodium citrate and 1% Triton-X100
was added with 50 pg propidium iodide (PI) (Sigma, St. Louis, MO, USA)
for 30 min. The fluorescence was estimated using a Muse Cell Analyzer
(Merck Millipore), with 5000 events. The DNA content was analyzed,
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and the percentage of cells in different phases of the cycle (G1, S, and
G2/M) were estimated according to the fluorescence intensity.

2.20. Cell death assay

NCI-H460 cells (1 0°® cells/well) were treated with ICs5o-TMBP for 24
h, and phosphatidylserine exposure was detected using Annexin-V FITC
(Invitrogen, Eugene, USA), and cellular membrane integrity was
detected with PI (0.50 pg/ mL) (Sigma, St. Louis, MO, USA). The assay
was performed and described by Concato et al. [19].

2.21. Caspase-3/7 Assay

Caspase-3/7 protease activity was measured using the EnzChek™
Caspase-3/7 Assay Kit (Invitrogen™). Briefly, NCI-H460 cells (10° cells/
well) were treated with IC5o-TMBP for 24 h, washed with PBS, and
incubated at — 80 °C for lysis. Lysis buffer (Triton X-100 in 1% PBS) was
subsequently added and the solution was left for 30 min. This was fol-
lowed by the addition of kit reagents (i.e., reaction buffer, dithiothreitol,
and 5.0 mM Z-DEVD-AMC substrate) and incubated for 30 min. On
completion of the reaction, the increase in fluorescence intensity, which
is indicative of cleavage of the Z-DEVD-AMC substrate, was fluoro-
metrically read (GloMax, Promega, USA) at excitation and emission
wavelengths of 342 and 441 nm, respectively. The reactions were per-
formed with and without the Ac-DEVD-CHO inhibitor (1 mM). Data
were normalized and expressed in arbitrary units.

2.22. Protein Extraction and Enzyme-linked Immunosorbent Assay

NCI-H460 cells (10° cells/well) were plated and treated with ICs¢-
TMBP for 24 h, followed by washing with sterile PBS to remove non-
adherent cells in the plate wells. The adhered cells were incubated
with RIPA lysis buffer (150 mM sodium chloride, 1% triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 5mM EDTA, 50 mM
Tris, pH 8.0) overnight at — 80 °C. The cell lysate was collected and
centrifuged at 13,000 x g for 20 min at 4 °C, the supernatant recovered
and transferred to a new tube and the total protein concentration was
quantified using NanoVue Plus reagent (Biochrom, USA). The protein
concentration of all samples was normalized to 20 pg/mL, and a 100-pL
aliquot was added in a 96-well ELISA plate for adsorption of proteins
overnight at 4 °C. This was followed by adding a blocking buffer (ELISA/
ELISPOT, eBioscience™, USA) and the plate was incubated for 1 h. The
wells were then washed 3x with wash buffer (PBS in 0.5% Tween-20)
and incubated with primary antibodies: anti-human PI3K, AKT, pAKT,
arginase-1, NF-xB, pNF-kB, iNOS, and Nrf2 (Santa Cruz Biotech, USA)
for 2 h at room temperature. The wells were then washed (wash buffer)
to remove unbound antibodies, followed by the addition of universal
biotinylated secondary antibody (LSAB2 System-HRP, Dako, USA) and
incubated for 1 h. The wells were then washed (wash buffer), followed
by the addition of streptavidin-HRP (LSAB2 System-HRP, Dako, USA)
and incubated for 1 h. After the incubation time, the wells were washed
5 times (wash buffer) and 100 uL of TMB substrate solution (eBio-
science™, USA) was added, followed by incubation for 30 min, and then
100 pL of stop solution (0.5 M sulfuric acid) was added. The plate was
read in a microplate reader at 450 nm (GloMax, Promega, USA).

2.23. Statistical analysis

Data are expressed as the mean + standard error of the mean. Three
independent experiments were performed, each with duplicate data sets,
and analyzed with GraphPad Prism 8 statistical software (GraphPad
Software, Inc., USA, 500.288). Significant differences between groups
were determined through t-tests or one-way ANOVA followed by
Tukey’s test for multiple comparisons. A result was considered statisti-
cally significant if p < 0.05. Values were also categorized fallows: * (p <
0.05); ** (p < 0.01); *** (p < 0.001); **** (p < 0.0001).
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3. Results
3.1. TMBP treatment reduces proliferative activity in NCI-H460 cell line

We first evaluated the cell viability after treatment with TMBP
(12.5-200 uM) or cisplatin (CIS) (50 uM) for 24-72 h. The vehicle
(DMSO) showed no toxic effect at any of the times tested. At 24, 48, and
72 h, the concentrations of TMBP within the range 25-200 uM reduced
the proliferation of the NCI-H460 cells (p < 0.0001), but the effects were
more pronounced at 72 h. The concentration of 12.5 yM TMBP also
affected cell viability which was reduced by 20% during this period
(Fig. 1A). The ICs¢ was calculated for all the times tested (24, 48, and 72
h), resulting in the respective values of 152 uM ( £+ 0.07), 73 uM ( +
0.03), and 42 uM ( + 0.03) (Table 1). The ICs5¢ at 24 h was used for the
following experiments, as previously described [19] and representative
microscopic images showed morphological changes, such as rounding
and apoptosis-like signs (white arrow) (Fig. 1B).
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Table 1
The ICsg in lung cancer NCI-H460 cell line after TMBP treatment for 24-72 h.

ICso ( + SEM)

Cell Type 24 h 48 h 72h
42 M ( + 0.03)

NCI-H460 152 uM ( & 0.07) 73 uM ( + 0.03)

ICso — Half-maximal inhibitory concentration; SEM - standard error of the mean.

3.2. TMBP induces morphological changes in NCI-H460 cell line

SEM was used to determine the morphological changes induced by
TMBP treatment in the NCI-H460 cell line. Untreated cells (Fig. 2 A, B)
showed normal characteristics such as firm adherence to the substrate,
intact cell membrane, presence of lamellipodia, filopodia, microvilli
throughout the cell surface, and well-preserved structures. Cells treated
with ICso-TMBP, however, showed rounded shapes, reduction of
lamellipodia, irregular cell surface, and absence and/or reduction of
microvilli. TMBP treatment induced a reduction in cell surface blebbing,
indicating the release of large oncosomes; a type of extracellular vesicle
characteristic of cells with a more aggressive profile and metastatic
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Fig. 1. : TMBP reduced the viability of the human cancer cell line NCI-H460 at different concentrations. NSCLC cells were treated with TMBP for 24, 48, and 72 h.
The relative survival rate (A) was determined by the MTT test. After determining the half-maximal inhibitory concentration (ICso) of TMBP, representative images
were taken by light microscopy (1000 x) (B). Blebbing around the cells (white arrow). Values are expressed as mean + SEM. Significant difference with ** p < 0.01,
**% p < 0.001 and **** p < 0.0001 vs. control; vehicle (DMSO 0.06%); CIS, cisplatin. Scale bar = 100 pm.
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Fig. 2. : Effect of TMBP treatment on the morphology of NCI-H460 cells. Morphological changes were observed by scanning electron microscopy after treatment with
TMBP for 24 h. (A-B) Control, untreated cells; (C-F) cells treated with ICsy of TMBP (152 pM). (Mi) microvilli, (Mi*) microvilli alterations, (L) lamellipodia and (F)

filopodia. Scale bars = 10 um (A-F).

potential (Fig. 2 C-F). Our data demonstrated that in addition to
reducing proliferation, TMBP treatment was also able to alter the
morphology of the cells, contributing to their inability to move and
reducing malignancy.

3.3. TMBP treatment reduces migratory capacity and N-cadherin/
p-catenin markers in the NCI-H460 cell line

The effect of IC5)-TMBP treatment on the migratory potential of NCI-
H460 cells was assessed using the in vitro wound healing assay (Fig. 3).
The filling of the scratched area by migrating cells was monitored at
regular time intervals (0, 12, and 24 h) and illustrated by representative
images (Fig. 3A). Quantitative analysis concerning the time traveled
revealed that in the control group, cells migrated to the wound site,
however, those that received TMBP treatment showed an increase in the
scratched area in comparison to time 0 h (p < 0.0001 + 0.29) (Fig. 3 B-
C). Corroborating these data, after 24 h of treatment with ICs( of TMBP,
we observed reduced levels of fluorescence intensity of p-catenin
(p < 0.0001 + 1.22) and N-cadherin (p < 0.0001 + 1.56) compared to
the untreated group (Fig. 3 D-F).

3.4. TMBP induces oxidative stress in the NCI-H460 cell line by a ROS/
NO-dependent process

ROS production in TMBP-treated cells was analyzed by fluorescence.
Fig. 4B demonstrated that exposure of cells to TMBP resulted in a 2-fold
increase in fluorescence intensity compared to the control (p < 0.0001
+ 0.09). The antioxidant N-acetyl cysteine (NAC) was used to confirm
the elevation of ROS. The addition of NAC effectively blocked TMBP-
induced ROS in NCI-H460 cells and restored viability (Fig. 4 A, B). In
the same way, when the levels of NO post-treatment with TMBP were
evaluated, an increase of 80% (p < 0.0001 + 0.041) levels of this
mediator was observed. The addition of L-NAME, a nitric oxide synthase
(NOS) inhibitor, restored these levels and cell viability (Fig. 4 A, C).

Superoxide anion radical (Oge) is one of the most frequently
generated ROS in the cell and can react with other molecules to form
potent reactive species, such as peroxynitrite, or be dismutated by SOD
to produce Oz and HyO5 [27,28]. After treatment of the cells with TMBP,
we observed reduced Oze’ levels (Fig. 4D) and increased SOD activity
(Fig. 4E). Furthermore, a reduction of the antioxidant GSH (Fig. 4F)
(which is essential for ROS detoxification) was also observed. These
results suggest that TMBP reduces NCI-H460 cell viability mediated by
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Fig. 3. : TMBP treatment inhibited NCI-H460 cell migration, with cell retraction and reduced N-cadherin and p-catenin staining. A scratch assay was performed to
observe the effect of treatment on cell migration over time (0, 12 and 24 h) (A). The distance of the free surface of these treated cells (B) was quantified. The time
taken by the cells to reach the wound site was also quantified (C). Immunofluorescence staining of TMBP-treated and control cells to show reduced p-caternin (red)
and N-cadherin (red) presence after 24 h (D) (scale bar 2 pm). (E-F) quantification of fluorescence intensity using Image J software. Values represent the mean + SEM
of three different experiments performed in triplicate. Significant difference versus control * ** p < 0.001 and * ** * p < 0.0001. Scale bars = 200 ym (A) and

20 ym (D).

increasing levels of ROS/NO molecules.

3.5. TMBP promotes metabolic changes in NCI-460

To assess cellular metabolism, we first examined glucose levels after
TMBP treatment of NCI-H460 cells. We observed a reduction in glucose
uptake compared to untreated cells (p < 0.0001) (Fig. 5A). When LDH
(which is crucial for converting pyruvate to lactate and vice versa)
enzyme activity was assessed, there was a significant 70% increase in
extracellular levels and a 65% decrease in intracellular levels
(p > 0.0001; both activities), indicating cellular damage (Fig. 5 B-C).
The levels of lactate (a glucose metabolite of aerobic glycolysis) also
decreased compared to the control, with concentrations of 80 mg/dL in
the control group and 10 mg/dL in the TMBP-treated groups
(p > 0.0001) (Fig. 5D).

The mitochondrial membrane was examined in NCI-H460 cells after
treatment with ICsy of TMBP. A decrease in TMRE fluorescence intensity
was observed, indicating a loss of mitochondrial activity (p < 0.01)

(Fig. 5E). Excess intracellular lipids can be stored in LDs to prevent
lipotoxicity. During nutrient deprivation, fatty acids are released from
LDs for energy production through mitochondrial p-oxidation and the
Krebs cycle apoptosis (Cruz et al., 2020). In our results, TBMP treatment
induced and increased the level of LD accumulation compared to the
control (p < 0.0001) (Fig. 5F). In addition, we investigated whether
treating cells with ICso of TMBP would affect autophagy. We found that
the treated group increased the fluorescence intensity, indicating the
formation of autophagic vacuoles in NCI-H460 cells (p < 0.0001)
(Fig. 5G).

3.6. TMBP induces structural changes in the NCI-H460 cell line

Ultrastructural evaluation by TEM showed that the control group
displayed a homogeneous cytoplasm with regular organelles (mito-
chondria and endoplasmic reticulum) and without the presence of
vacuole-like structures, indicating cellular integrity (Fig. 6 A-B). After
TMBP treatment, changes in mitochondrial structures were observed,
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such as swelling and enlargement of these organelles (m*) (Fig. 6 C-E).
These changes were consistent with the data presented above and
indicated that mitochondria were damaged. In addition, an intense
accumulation of lipid storage droplets (*) and autophagic vacuoles
(white arrow) were observed (Fig. 6 C, D, F). Furthermore, the absence
of microvilli, filopodia, and lamellopodia (black arrowhead) were also
observed (Fig. 6 D-F).

3.7. TMBP promotes cell cycle arrest in the G2/M phase and apoptosis via
caspase-3/STAT-3

Analysis of cell cycle distribution also revealed a reduction in the G1
and S phases (51.1% =+ 0.86% and 9.5% =+ 1.40, respectively) and an
accumulation of cells in the G2/M phase (52.7% + 1.31) (Fig. 7 A-B).
Fig. 7 C-D shows that TMBP-treated cells promoted reduced cell viability
by 49.75% (+0.72), increased annexin (24.7% + 0.85), and co-
marking (annexin/PI) (25.15% =+ 0.22) compared to the control, indi-
cating cell death by an apoptosis-like process. This was confirmed by the
increase in caspase-3/7 activity observed in these cells (Fig. 7E). Also,
when evaluated by immunofluorescence the signal transducer and
activator of transcription 3 (STAT-3), a reduction of this protein was
observed in cells treated with TMBP (p < 0.0001) (Fig. 7F-G). In
contrast, higher staining was observed in the untreated group. These
data show that TMBP promoted metabolic damage that disrupted
mitosis and progression leading to cell death.

3.8. TMBP acts on the PI3K/AKT/NF-kB pathway and activates iNOS
mediated pro-oxidant profile in NCI-H460 tumor cell line

The PI3K/AKT signaling pathway is frequently activated in cancer as
it is involved in the regulation of proliferation, survival, inhibition of
apoptosis, and cell invasion [34]. These proteins were therefore evalu-
ated by ELISA after treatment with TMBP (Fig. 8). A decrease in PI3K
(p < 0.01) and an increase in total AKT (p < 0.0001) were observed. The
PAKT (p < 0.01) phosphorylated activated form, however, decreased.

After treatment with TMBP, we observed reduced levels of arginase-1
(ARG-1) (p < 0.05) and increased levels of inducible nitric oxide syn-
thase (iNOS) (p < 0.01). Next, nuclear factor kappa B (NF-kB) was
evaluated after treatment with TMBP. We observed a decrease in total
NF-kB protein levels (p < 0.01) and its activated phosphorylated form
(pNF-kB) (p < 0.04). Furthermore, when the nuclear factor erythroid 2
related factor 2 (Nrf2) was analyzed, we found that its levels did not
significantly differ from the control group (p > 0.05).

4. Discussion

Chemoresistance is a common feature and a major cause of treatment
failure in NSCLC, leading to tumor recurrence and disease progression.
This ability is associated with most available drugs, including cisplatin.
The main factors associated with cisplatin resistance are reduced accu-
mulation and inactivation of the drug by binding to various proteins,
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Fig. 5. : TMBP treatment induced metabolic stress in NCI-H460 cells. Cells were treated with TMBP for 24 h. (A) extracellular glucose uptake; (B and C) extracellular
and intracellular LDH activity, respectively; and (D) intracellular lactate level. AYm (E), lipid droplets (F), and autophagic vacuoles (G) were quantified by fluo-
rescence. Data are expressed as mean + SEM of 3 independent experiments, each performed in triplicate. * * (p < 0.01); * ** * (p < 0.0001) vs. control. CCCP,

carbonylcyanide m-chlorophenylhydrazone; PBS, phosphate-buffered saline.

increased DNA repair, and alteration of various proteins signaling
apoptosis [35-37]. In this context, there is a growing interest in mi-
crobial biotransformation of drugs and natural products with antitumor
activity. This process allows the modification of the relevant chemical
molecules, generating new compounds that may be more effective and
less toxic. In addition, it is possible to take advantage of the mild con-
ditions under which the reactions take place, with most transformations
occurring at temperatures between 20 °C and 40 °C and with aqueous
solvents. Although yields are sometimes limited, several options for
biological reagents can be manipulated through mutants, aeration,
temperature, and culture medium to improve these results [38,39].
Thus, the development of therapeutic strategies that are effective in
eliminating aberrant cells and preventing malignant growth is of great
interest as it may can expand the possibilities of new approaches for
therapeutic applications.

In a previous study, we demonstrated that TMBP exhibited direct
cytotoxic effects on the A549 cell line. In addition, in silico predictions
have shown promising drug-likeness potential for TMBP, indicating high
oral bioavailability and intestinal absorption [19]. For the first time, the
present study provides new insights into the type of cell death induced
by TMBP against the NCI-H460 cell line, demonstrating
anti-proliferative activity, metabolic and structural changes (reduced
lamellipodia, filopodia, microvilli, and release of large oncosomes). A
series of biochemical processes showed that TMBP acts by producing
ROS and NO that potentially lead to cell death. Furthermore, TMBP

treatment of the cell line reduced protein levels of
PI3K/pAKT/ARG-1/pNF-xB and increased iNOS, which may favor
increased oxidative stress and promote death in these tumor cells. The
significance of our in vitro findings is reinforced by the fact that key
components of the TMBP-mediated pathway described have identified
cellular self-destruction in lung cancer, and may lead to improved
oncotherapy.

Cell proliferation and migration are considered an essential and
regulated behavior in several normal physiological processes, such as
morphogenesis, embryogenesis, immune cell responses, angiogenesis,
tissue repair, cell differentiation, and tissue regeneration [40]. In cancer,
cell migration, invasion, and adhesion are phenomena that determine
cell plasticity and epithelial-mesenchymal transition (EMT). During the
process of EMT, which involves the transformation of cancer cells from a
non-motile epithelial phenotype to a migratory mesenchymal-like
phenotype, several changes occur in the markers expression. Epithelial
markers such as E-cadherin, o-catenin, and f-catenin are down-
regulated, while mesenchymal markers like N-cadherin and vimentin
are upregulated. This transition closely correlates with increased cell
migration and invasion, contributing to cancer progression [41-43].

It is worth noting that in the context of cancer, the stabilization of
fB-catenin and its subsequent translocation into the nucleus can promote
cancer progression, cell proliferation, and metastasis [44-47]. By
reducing p-catenin levels, the compound TMBP may actually inhibit the
pro-metastatic effects associated with p-catenin. Similarly, the decrease
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Fig. 6. : Ultrastructural changes in NCI-H460 cells treated with TMBP for 24 h and analyzed by transmission electron microscopy. (A-B) untreated cells; (C-F) cells
treated with ICso TMBP (152 pM); (m) mitochondria; (Gc) Golgi complex; (er) endoplasmic reticulum; (m*) mitochondrial swelling; (Nu) nucleus; (white arrow)
cytoplasmic autophagic vacuole (black arrowhead) absence of microvilli; (*) lipid droplets storage areas. Scale bars = 1 um (A, C), 600 nm (B) and 500 nm (D-F).

in N-cadherin is in line with our hypothesis that TMBP counteracts the
EMT process. N-cadherin is typically upregulated during EMT and
contributes to cell migration and invasion [44,48-50]. Therefore, the
reduction in N-cadherin levels supports the potential anti-metastatic
activity of TMBP [51-53]. In addition to its effects on
metastasis-related markers, our experimental data demonstrates that
TMBP not only reduces cell proliferation but also diminishes the cells’
migratory capacity. Moreover, we observed that TMBP decreases cell
protrusion extensions, including lamellipodia and filopodia, as well as
microvilli. These observations suggest that TMBP interferes with cell
locomotion by altering their invasive morphology, leading to reduced
actin filament content, which subsequently impacts their motility and
cell-cell adhesion.

10

Oxidative stress is defined as an excess of oxidants over antioxidant
activity and leads to many diseases. Understanding the role of oxidative
stress in cancer pathophysiology is necessary since these biomolecules
impact the whole organism. Regulation of the redox state in a normal
environment is critical for cellular maintenance, including viability,
proliferation, and metabolism. Cells generate ROS and reactive nitrogen
species (RNS), as an unavoidable consequence of physiological processes
and for intracellular signaling. The major components comprising ROS
are Oye’, hydroxyl radical (OHe), and hydrogen peroxide (H202). The
main site of Oe” production is the mitochondria, which are used for
energy production and result from the process of OXPHOS. Superoxide
anion radical can be dismutated spontaneously to HyO2 or by the action
of SODs, mainly SOD2. H,05 can be catalytically converted to HyO and
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Fig. 7. : TMBP treatment induced cell cycle arrest in the G2/M phase, apoptosis, and reduced STAT-3 immunofluorescence staining in NCI-H460 cells. Cells were
treated with ICso of TMBP for 24 h and cell cycle distribution and histogram were quantified (A) and analyzed (B), respectively by flow cytometry. Quantitative
analysis of viable, apoptotic, and necrotic NCI-H460 cells was evaluated in 24 h (C). For analysis in dot plots of cytometry, the induction of viable cells, apoptosis, and
necrosis were evaluated for 24 h (D). Caspase 3/7 was quantified by fluorescence (E). Immunofluorescence staining of TMBP-treated and control cells to show
reduced STAT-3 presence (green) after 24 h (F-G). Values are expressed as mean + SEM. Cytometry data are expressed as percentage vs. control; and mean

+ standard deviation. p < 0.01; *

Oy by catalase, peroxiredoxins (PRDXs), and glutathione peroxidases
(GPXs). GPXs require glutathione (GSH); reducing the levels of H0o.
Superoxide radical anion can also react with HyO3 to form OHe, a highly
reactive radical that can damage proteins, lipids, carbohydrates, and
DNA [54-56]. It should also be noted that when SOD2 activity is
increased, proliferating cells go into quiescence, i.e. they do not
multiply, but remain metabolically active, resulting in increased HoO2
activity [57].

Nitric oxide (NO) and peroxynitrite anion (ONOO") are the major
RNS. GSH is highly abundant in all cellular compartments and is the
main soluble antioxidant and determinant of oxidative stress. GSH also
contributes to the scavenging of NO, the reduction of ONOO™ and the
denitrosylation of proteins. Thus, Oz and ONOO" are highly reactive
species that can damage intracellular macromolecules, including poly-
unsaturated fatty acids and nucleic acids [58,59]. Therefore, in our
study, TMBP was able to reduce cancer cell viability via a ROS- and
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“p < 0.001; * ** * p < 0.0001 vs. control. Scale bars = 20 um (G).

NO-dependent mechanism. Furthermore, TMBP treatment caused a
reduction in Oge™ levels, increased SOD2 activity, and decreased GSH,
suggesting that the highly unstable superoxide radical anions may be
converted to peroxynitrite and/or hydroxyl radical.

Cancer cells exhibit aberrant metabolism, which is used to maintain
their vital functions. This leads to the activation of pro-tumorigenic
signaling, increased cell proliferation, migration, invasion, inhibition
of apoptosis, therapeutic resistance, progression, and other aggressive
features. Therefore, when cancer cells are presented with a high demand
for oxidative stress, they initiate the process of adaptation in order to
mitigate the damage and escape death [60,61]. Another prominent
feature is the Warburg effect, which refers to the metabolic shift in
cancer cells from OXPHOS to aerobic glycolysis. This glycolytic shift
leads to a dramatic increase in glucose uptake and consequent lactate
production, which are essential in providing substrates for cancer cells
to sustain a high rate of proliferation [62-64]. Furthermore, glucose
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Fig. 8. : Evaluation of intracellular signaling mediators involved in the pathogenesis of lung cancer cells. ELISA measurement of PI3K, AKT, pAKT, ARG-1, iNOS, NF-
kB, pNF-kB and Nrf2 levels, expressed as the natural logarithm of absorbance. White bars represent untreated NCI-H460 cells, while black bars represent 24-h TMBP-
treated cells. Values represent the mean + SEM. * (p < 0.05); * * (p < 0.01); * ** * (p < 0.0001); ns (not significant).

metabolism is a hallmark of NSCLC [65,66].

In addition to glycolysis, mitochondrial function, lipid biogenesis,
and autophagy, although essential in physiological processes, also play a
critical role in cancer development by providing cells with considerable
flexibility, such as changes in utilization and energy supply, and
oxidative stress management. It has also been reported that when these
processes become irreparably damaged, the cell tends to undergo
apoptosis [67-74]; [29-33]. In our study, we observed that TMBP
treatment of NCI-H460 cells was capable of reducing glucose and lactate
consumption, indicating that the cancer cells were under metabolic
stress. We also found that TMBP altered mitochondrial function, as
demonstrated by [19], suggesting that the cells were damaged, as
confirmed by the intra- and extra-cellular LDH levels. Additionally,
TMBP treatment increased lipid droplets and autophagic vacuoles;
indicative of a metabolic stress profile, as confirmed by the TEM images.
Taken together, these data suggest that TMBP-treated NCI-H460 cells
were damaged and initiated a process of metabolic stress in an attempt
for the cells to regain viability.

Controlling or terminating the uncontrolled growth of cancer cells
using their own death mechanism is a highly effective method of
treating cancer. Apoptosis is an essential event in the regulation of a
wide range of physiological cellular processes. However, dysfunction of
the apoptotic machinery is implicated in many diseases, particularly
cancer. Failure to activate the apoptotic pathway can lead to chemo-
therapeutic resistance, tumor recurrence, and cell migration [75,76].
DNA damage, cellular and metabolic stress are known triggers of cell
death by apoptosis or senescence that can eliminate dysfunctional and
dangerous conditions in cells. According to our data, TMBP was able to
induce cell cycle arrest, culminating in apoptosis with activation of
caspase-3 and — 7. The functions of these proteases in apoptosis overlap,
although they have different functions [77], with caspase-3 controlling
DNA fragmentation and morphological changes, while caspase-7 is
associated with loss of cell viability [78,79]. TMBP treatment was also
able to reduce STAT-3 protein immunolabeling, which favors reduced
migration, invasion, and metastasis.

Another important transcription factor involved with the evolution
of neoplastic cells is NF-kB, which manifests a response against invading
pathogens, and also promotes a metabolic switch to glycolysis and
controls the tumor microenvironment in several types of cancer [80].
Furthermore, NF-xB communicates with PI3K/AKT signaling to promote
the survival and proliferation of lung cancer cells [81]. The
PI3K/AKT/mTOR pathway represents an attractive target for novel
anticancer therapies in NSCLG, as it is also involved in the regulation of
cell growth, metabolism, and resistance to therapeutic agents [34].
Judging from our data, TMBP was able to act on this pathway by
reducing the levels of PI3K/AKT/NF-kB.

Another molecule of interest in cancer is the enzyme ARG-1, which
has been implicated in cancer progression through several signaling
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pathways. ARG-1, when positively regulated, increases the levels of
phosphorylated AKT and ERK, leading to cancer cell viability and pro-
liferation. In addition, phosphorylated STAT-3 binds directly to the
promoter region of ARG-1, promoting a more aggressive cancer condi-
tion. Moreover, there is evidence that patients with NSCLC have high
plasma levels of ARG-1, which may be a promising target for clinical use.
ARG-1 may also regulate cellular NO production by competing with
iNOS for the substrate L-arginine. When produced by M2-type macro-
phages, ARG-1 can modulate NO production and promote tissue repair
and remodeling, production of collagen and other components of the
extracellular matrix. However, when iNOS metabolizes arginine to L-
citrulline and NO, the latter at high concentrations (uM range) induce
cellular cytotoxicity, DNA damage, nitrosation/oxidative stress, and
apoptosis [82]. Thus, TMBP treatment was able to decrease ARG-1 levels
and increase iNOS in NCI-H460 cells.

The effective response of TMBP against the NCI-H460 tumor cell line
was due to the reduction in cell proliferation, invasive and metastatic
activity, and induced morphological and ultrastructural changes in the
lung cancer cells by increasing toxic mediators as oxidative species and
metabolic stress, leading to a resolution of the tumor environment.

5. Conclusion

The development of therapies is a recent research trend as these are
capable of reducing side effects and can improve efficacy. The use of the
biotransformed compound TMBP in lung cancer has not been reported,
and our study is the first to evaluate the effect of TMBP treatment on the
viability of lung cancer cells and its biological mechanism and focused
on the development of cell growth and apoptosis. TMBP was capable of
reducing proliferation, migration, and invasion, as well as morpholog-
ical and ultrastructural changes in NCI-H460 cells. TMBP treatment
increased oxidative stress parameters and induced metabolic changes
culminating in apoptotic death. TMBP negatively regulated
proliferation-related proteins such as PI3K/AKT/NF-kB/ARG-1 and
positively regulated the pro-oxidant profile mediated by the iNOS
pathway.

Considering that non-small cell lung cancer (NSCLC) encompasses
diverse histological subtypes, including large cell carcinoma, squamous
cell carcinoma, adenocarcinoma, and adenosquamous carcinoma, our
study focuses primarily on the NCI-H460 large cell carcinoma cell line
and the A549 adenocarcinoma cell line, as indicated by previous
research (Concato et al., 2020). These results suggest the potential
broad-spectrum efficacy of TMBP against various lung cancer cells.
However, it is essential to emphasize that additional investigations in
different NSCLC cell lines are imperative to confirm these findings.

In light of these promising outcomes, compounds with the ability to
induce cancer cell death are potential candidates for oncotherapy.
Future studies should deeper into exploring the potential tumor-
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suppressing effects of TMBP, thereby advancing our understanding and
potentially contributing to the development of novel therapeutic ap-
proaches for lung cancer.
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