Micron 151 (2021) 103152

Contents lists available at ScienceDirect

Micron

o %

ELSEVIER journal homepage: www.elsevier.com/locate/micron

N

micron

Morphological and mechanical changes induced by quercetin in human T24
bladder cancer cells

Bruno Silveira Adami ™', Fernando Mendonca Diz ™', Gustavo Petry Oliveira Goncalves
Camille Kirinus Reghelin ©, Matheus Scherer ©, Artur Pereira Dutra 4, Ricardo Meurer Papaléo f
Jarbas Rodrigues de Oliveira “, Fernanda Bueno Morrone 4 Andrea Wieck > *,

Léder Leal Xavier ®¢

@ Laboratorio de Biologia Celular e Tecidual, Pontificia Universidade Catdlica do Rio Grande do Sul, PUCRS, Avenida Ipiranga, 6681, Porto Alegre, RS, CEP: 90619-900,
Brazil

b Poés-Graduagao em Engenharia e Tecnologia de Materiais, Pontificia Universidade Catdlica do Rio Grande do Sul, PUCRS, Avenida Ipiranga, 6681, Porto Alegre, RS,
CEP: 90619-900, Brazil

¢ Laboratério Central de Microscopia e Microandlise (LabCeMM), Pontificia Universidade Catdlica do Rio Grande do Sul, PUCRS, Avenida Ipiranga, 6681, Porto Alegre,
RS, CEP: 90619-900, Brazil

4 Laboratério de Farmacologia Aplicada, Pontificia Universidade Catolica do Rio Grande do Sul, PUCRS, Avenida Ipiranga, 6681, Porto Alegre, RS, CEP: 90619-900,
Brazil

€ Laboratorio de Pesquisa em Biofisica Celular e Inflamagao, Pontificia Universidade Catdlica do Rio Grande do Sul, PUCRS, Avenida Ipiranga, 6681, Porto Alegre, RS,
CEP: 90619-900, Brazil

f Centro Interdisciplinar de Nanociéncias e Micro-Nanotecnologia — NanoPUCRS, Pontificia Universidade Catélica do Rio Grande do Sul, PUCRS, Avenida Ipiranga,
6681, Porto Alegre, RS, CEP: 90619-900, Brazil

Check for

updates
L |

ARTICLE INFO

Keywords:

Atomic force microscopy
Quercetin

Bladder cancer

T24 cells

Nuclear morphometry analysis

ABSTRACT

Quercetin is a flavonoid found in a great variety of foods such as vegetables and fruits. This compound has been
shown to inhibit the proliferation of various types of cancer cells, as well as the growth of tumors in animal
models. In the present study, we analyze morphological and mechanical changes produced by quercetin in T24
bladder cancer cells. Decreased cell viability and cell number were observed following quercetin treatment at 40
pM and 60 pM, respectively, as observed by the MTT assay and trypan blue exclusion test, supporting the hy-
pothesis of quercetin anticancer effect. These assays also allowed us to determine the 40, 60, and 80 uM quercetin
concentrations for the following analyses, Lactate Dehydrogenase assay (LDH); Nuclear Morphometric Analysis
(NMA); and atomic force microscopy (AFM). The LDH assay showed no cytotoxic effect of quercetin on T24
cancer cells. The AFM showed morphological changes following quercetin treatment, namely decreased cell
body, cytoplasmic retraction, and membrane condensation. Following quercetin treatment, the NMA evidenced
an increased percentage of nuclei characteristic to the apoptotic and senescence processes. Cells also presented
biophysical alterations consistent with cell death by apoptosis, as increased roughness and aggregation of
membrane proteins, in a dose-dependent manner. Cellular elasticity, obtained through force curves, showed
increased stiffness after quercetin treatment. Data presented herein demonstrate, for the first time, in a quan-
titative and qualitative form, the morphological and mechanical alterations induced by quercetin on bladder
cancer cells.

1. Introduction

malignancy, being the ninth most common cancer in the world, with
430,000 new cases annually (Antoni et al., 2017; Ferlay et al., 2013).

Bladder cancer (BC) is the second most common urinary tract When diagnosed early, most cases correspond to non-muscle invasive

* Corresponding author at: Laboratério de Biologia Celular e Tecidual, Escola de Ciéncias da Satide e da Vida, PUCRS, Avenida Ipiranga, 6681, Prédio 12, Sala 104,

Porto Alegre, RS, CEP:90619-900, Brazil.

E-mail address: andrea.wieck@edu.pucrs.br (A. Wieck).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.micron.2021.103152

Received 4 March 2021; Received in revised form 21 July 2021; Accepted 21 September 2021

Available online 23 September 2021

0968-4328/© 2021 Elsevier Ltd. All rights reserved.


mailto:andrea.wieck@edu.pucrs.br
www.sciencedirect.com/science/journal/09684328
https://www.elsevier.com/locate/micron
https://doi.org/10.1016/j.micron.2021.103152
https://doi.org/10.1016/j.micron.2021.103152
https://doi.org/10.1016/j.micron.2021.103152
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micron.2021.103152&domain=pdf

B.S. Adami et al.

bladder carcinoma (NMIBC), which is associated with a good prognosis
(Rockenbach et al., 2013). However, this type of tumor can evolve and
invade the lamina propria, becoming classified as muscle-invasive
bladder carcinoma (MIBC) (Buss et al., 2018; Moch et al., 2016).
MIBC corresponds to 21-50 % of bladder cancer cases (van de Putte
et al., 2018), and is associated with poor prognosis and greater lethality
(Bambury and Rosenberg, 2013; Bellmunt and Petrylak, 2012). In this
case, radical cystectomy is the gold standard surgical treatment (Jacobs
et al., 2010; Russell et al., 2016). However, this treatment is associated
with high morbidity rates and post-surgical complications (Antoni et al.,
2017; Kamat et al., 2016; Russell et al., 2016; van den Bosch and Alfred
Witjes, 2011). An alternative therapeutic approach consists of a com-
bination of surgery (bladder tumor transurethral resection), chemo-
therapy, and radiation therapy (Dietrich et al., 2018; Kamat et al., 2016;
Shukla and Kulkarni, 2002). Nevertheless, chemotherapy and radio-
therapy are associated with several side effects (Pi et al., 2016).

Therefore, the search for efficient strategies capable of eliminating
cancer cells while preserving healthy cells is one of medicine’s greatest
challenges. In this context, phytochemistry has been widely explored
(Lei et al., 2018; Ma et al., 2017; Raffa et al., 2017). One of the most
promising phytochemical products is quercetin, which has been shown
to have therapeutic potential in the prevention and treatment of several
chronic diseases, including neurodegenerative diseases, and cancer
(Lesjak et al., 2018). Quercetin is an abundant and easily extracted
bioflavonoid found in a variety of fruits, vegetables, and plants (Zhao
et al., 2019). It exhibits antitumor activity associated with apoptosis
induction, tumor inhibition, and cell cycle arrest in various tumor cell
types, such as breast, ovarian, prostate, pancreas, and glioblastoma (Lan
et al., 2019; Lei et al., 2018; Lesjak et al., 2018; Liu et al., 2017; Raffa
et al., 2017; Tang et al., 2020; Teekaraman et al., 2019). Moreover,
while quercetin is toxic for tumor cells, it has no adverse effects on
non-cancer cells (Chowdhury et al., n.d.; Pi et al., 2016)

Despite that, there are few studies in the literature demonstrating the
effects of quercetin on bladder cancer cells (Ma, 2006; Rockenbach
et al., 2013; Tsai et al., 2019). Studies using the human bladder cancer
cell line T24 showed that quercetin was able to inhibit cell proliferation
(Ma, 2006; Rockenbach et al., 2013), increase the percentage of cells in
GO/G, as well as increase caspase 3/7 activity and DNA fragmentation,
indicating cell death through apoptosis induction (Ma, 2006; Tsai et al.,
2019). Quercetin can also significantly inhibit
ecto-5'-nucleotidase/CD73 enzyme activity, which regulates AMP and
adenosine extracellular levels, which are cell proliferation factors
(Rockenbach et al., 2013).

Atomic force microscopy (AFM) is a non-destructive tool that can
provide information about cell morphology and surface (topography), as
well as its biophysical properties, at the nanometric scale (Hayashi and
Iwata, 2015; Lekka et al., 2012; Pi et al., 2016). This biophysical in-
formation can generate important data on tumor cell basic functions and
metabolism, closely associated with other cell processes such as adhe-
sion, transformation, and invasiveness (Bastatas et al., 2012; Doss et al.,
2015; Hayashi and Iwata, 2015; Kim et al., 2017a). Considering these
characteristics, AFM has been explored to assess cell membrane struc-
tural integrity and behavior regarding the effects of antitumor drugs (Li
et al., 2008; Qu et al., 2018; Sundar Rajan et al., 2017). The goals of our
study were to evaluate, cell viability, proliferation, plasmatic membrane
integrity, nuclear morphometry, and biophysical changes in T24 cells
treated with different concentrations of quercetin.

2. Material and methods
2.1. Materials

The reagents used in cell culture were RPMI-1640, fetal bovine
serum (FBS), penicillin-streptomycin (10,000 U/mL), amphotericin B

(Fungizone®), and 0.5 % trypsin/EDTA solution, obtained from Gibco
Laboratories (Carlsbad, USA). For biological assays, quercetin (>95 %,
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HPLC), paraformaldehyde, and Hoechst 33,258 were purchased from
Sigma-Aldrich (St. Louis, USA). Trypan blue was from Gibco Labora-
tories (Carlsbad, USA) and the MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide solution - MTT 5 mg/mL in PBS and 90 %
culture medium supplemented with 10 % FBS) from Sigma-Aldrich
(Ontario, Canada), and calcium and magnesium-free medium (CMF,
from our laboratory). The Lactate dehydrogenase (LDH) kit was pur-
chased from Labtest (Minas Gerais, Brazil).

2.2. Experimental design

The experiments were performed sequentially with different objec-
tives (selection of quercetin concentration, evaluation of cell membrane
integrity, investigation of dynamic tumor cell fitness after exposure to
quercetin, and evaluation of structural characteristics by AFM). Each
specific experimental test was a prerequisite to subsequent assay, as
schematically represented in the experimental design conducted
(Fig. 1).

For each experimental procedure, cells were trypsinized, counted on
a hemocytometer, and plated at the appropriate density according to the
experimental protocol.

2.3. Cell culture and Preparation of quercetin for treatment

Human bladder cancer cell line T24 was obtained from the ATCC
(American Type Culture Collection). Cells were grown in RPMI-1640
medium supplemented with 10 % FBS, 0.5 U/mL penicillin/strepto-
mycin (Gibco), and 0.1 % (v/v) fungizone. T24 cells were maintained in
an incubator at 37 °C, with 95 % relative humidity and 5% CO; atmo-
sphere. Quercetin was kept at room temperature and first diluted in
RPMI-1640 at a 500 uM concentration followed by a serial dilution to
desired concentrations (10, 20, 40, 60, and 80 pM). To ensure the sus-
pension uniformity, they were stirred on vortex agitation before every
use.

2.4. Cell viability (MTT assay)

Cell viability was assessed using the MTT assay. Briefly, since the
reduction of MTT salt into formazan only occurs in metabolically active
cells any increase or decrease in the number of viable cells can be
detected using optical density to measure the formazan concentration
(Alban et al., 2020). For MTT assay, T24 cells were seeded at a density of
5 x 10° cells per well in 96-well plates and maintained in an incubator
for 24 h. After confluence, T24 cells were treated with different con-
centrations of quercetin and incubated for 24 and 48 h. Control cells
were treated with medium only. Following the 24 and 48 h treatment
periods, the medium was removed and the cells washed with PBS (pH =
7.4), followed by the addition of 100 pL of 0.5 % MTT solution per well.
After 4 h. of incubation, the medium was removed and the plate was
kept at room temperature for 24 h, for drying purposes. Afterwards,
formazan crystals were eluted in 100 pL. DMSO (Sigma-Aldrich, 995%).
Optical staining density was determined using a spectrophotometer
(SpectraMax Plus) at 570 nm. Three independent experiments were
performed for each concentration, all in triplicate. Results were deter-
mined as a percentage of absorbance from quercetin treated cells
compared to control cells (non-treated).

2.5. Cell proliferation assay

To determine the number of viable cells following quercetin treat-
ment, cells were counted and judged viable based on their ability to
exclude Trypan Blue. For this evaluation, T24 cells were plated at a
density of 10 x 10 cells per well in 24-well plates and treated with fresh
medium containing different quercetin concentrations (40, 60, and 80
pM) along 24 and 48 h. Concentrations used in this assay were based on
MTT assay results showing the antitumor effects of quercetin against
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Fig. 1. Representation of the experimental design conducted during the study.

T24 cancer cells. After the quercetin treatment period, culture medium
was removed, and cells were washed with CMF followed by the addition
of 0.5 % trypsin/EDTA to ensure cell dissociation. After trypsin
neutralization in culture medium, cells were marked with trypan blue
and immediately counted in a Cell Counter - Life Technologies. Three
independent experiments were performed for each concentration, all of
these in triplicate. Results are expressed as a percentage of living cells
compared to the control group.

2.6. Lactate dehydrogenase assay (LDH assay)

The LDH assay was performed to assess the cell membrane integrity
of T24 cells since LDH release in the culture medium is evidence of
membrane rupture. T24 cells were seeded at a density of 10 x 10° cells
per well in 24-well plates and incubated with quercetin (40, 60, and 80
pM) for 24 h. Enzyme activity was measured in the supernatant and cell
lysate using the colorimetric assay Lactate Dehydrogenase kit (Labtest,
Minas Gerais, Brasil). For cell lysis control, 5% Tween was used. LDH
release was calculated by measuring the absorbance at 492 nm using an
ELISA microplate reader. Three independent experiments were per-
formed for each concentration, all of these in triplicate.

2.7. Nuclear morphometry analysis (NMA)

The analysis of the nuclear size and irregularity was performed to
investigate the dynamic cell fitness involved in cell populations after
exposure to quercetin (i.e., apoptosis, senescence, or mitotic catastro-
phe) based on nuclear shape and size. The NMA assay was performed
according to Filippi-Chiela and colleagues (2012). T24 cells were seeded
at a density of 10 x 10° cells per well in a 24-well plate and treated with
quercetin (40, 60, and 80 pM) for 24 h. After the treatment period, cells
were washed with PBS, and fixed with 4% formaldehyde for 20 min,
washed once again with PBS, and stained with Hoechst 33,342 at a
1:1000 dilution in PBS, for 10 min, in the dark. Images were acquired in
a fluorescence microscope (at 100x magnification), followed by analysis
in the Image-Pro Plus 6.0 software (IPP6, Media Cybernetics - USA). The
nuclear contours were delimited using the magic wand tool, proceeding
with the acquisition of the following variables: area, Radiusratio (Rr),
Roundness (Rou), Aspect (Asp), and Areabox (Arbx). Raw data were
then analyzed using the NMA spreadsheet (available at: http://www.ufr
gs.br/labsinal/NMA/), in which the Nuclear Irregularity Index (NII) is
calculated for each nucleus, through the following equation:

NIl = 0.9 x Asp — 0.87 x Arbx 4+ 0.96 x Rr + 0.92 x Rou

Different nuclear phenotypes were separated in an area versus nu-
clear irregularity index (NII) plot and control-cell nuclei were used to set
the normal parameters. Based on this plot, nuclei were classified as
normal (N), small and regular (SR), small and irregular (SI), large and
regular (LR), and large and irregular (LI) (ADD Filippi-Chiela et al.
(2012) and Vargas et al. (2020). SR nuclei typically correspond to
apoptotic cells, and SI nuclei to damaged mitotic cells, while LR and LI

correspond to nuclei from senescent cells.
2.8. Atomic force microscopy (AFM)

An atomic force microscope (Dimension Icon, Bruker) was used to
investigate the topographic and structural changes in T24 cells treated
with different concentrations of quercetin (40, 60, and 80 uM). The AFM
probe (fo: 70 kHz; k: 0.4 N/m, half-angle (a): 18°; ScanAsyst-Air, Bruker)
was calibrated using the thermal tune method. Furthermore, a deflection
sensitivity value of 51 nm/V was found based on the average from 10
measurements (for each probe) obtained by force spectroscopy on a
standard sapphire sample, resulting in the elastic constant of the mean
value of 0.34 N/m. Furthermore, only one AFM probe was used for the
topographic analyses (one AFM probe for each sample group), and one
probe/each cell for the force spectroscopy analyses.

2.8.1. AFM sample preparation

For AFM analysis, T24 cells were plated at a density of 10 x 10° cells
per glass coverslip (18 mm diameter) accommodated in a 12-well plate
for 24 h. After this period, cells were treated with quercetin (40, 60, and
80 pM) for another 24 h. Following quercetin treatment, cells were
washed with PBS (3x) and fixed in 4% paraformaldehyde (for 10 min),
and then washed with PBS again (3x) (Kim et al., 2017b). The samples
were carefully air-dried and taken for immediate analysis.

2.8.2. AFM imaging of T24 cells: Topography, roughness, and particle size

The acquisition of topographic images was performed with at least
10 different cells (60 x 60 pm, 512 x 512 pixels, and scanning frequency
of 0.5 Hz) for each sample group (control and treatment). For analysis of
cell ultrastructure, 3 images (1 x 1 pm, 256 x 256 pixels, and scanning
frequency of 1 Hz) were collected for each analyzed cell. Both analyses
were performed in peak force tapping mode, in which the probe was set
to oscillate at 2 kHz with a peak-to-peak amplitude of 300 nm. The
recursive algorithm ScanAsyst (Bruker) was also used to adjust the
values of the Integral Gain and Setpoint (for better control of the
interaction strength between probe and sample) (Trtik et al., 2012).

Roughness (Ra and Rq) and particle size data were obtained from
ultrastructure images in the NanoScope Analysis 1.5 software (Bruker).
Data collection for Ra, Rq, and particle size analyses were obtained
before and after treatment with the Flatten command (first-order). The
ultrastructure measurements of T24 cells were all obtained from the
areas surrounding the nuclei, and the height of the cells was obtained
through the step analysis function (mapping the mean of 51 lines of cell
profile) under the same conditions.

2.8.3. Force curves and elastic modulus analysis

The analysis of force measurements was performed on 10 cells from
each sample group (cells with a non-characteristic appearance or the
presence of crystal formation were avoided). Thus, a measurement per
single cell, in a central area of the nucleus, was performed (Codan et al.,
2014). The force curves were obtained from the deflection changes (5)
when the probe applied a given force (F) on the sample, which is related
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to the spring constant (k). The Sneddon model was used for a conical
indenter to obtain the elastic modulus values (Sneddon, 1965), as shown
in the following equation:

F =2/meB/(1 — v*)+5"tan(a)

Where F is the applied force, 6 is the change in the deflector, E is the
elastic modulus of the sample, v is the Poisson’s ratio, and « is the half-
angle of the probe. To calculate the elasticity of the cells, a Poisson’s
ratio value of 0.5 is generally used (Pi et al., 2016). The choice of this
model is justified by the heterogeneity of the cell structure, in addition
to considering the deformation caused by the probe. The engage
parameter (approximation of the probe to the surface of the sample)
took place with an approximate speed of 0.5um/s (to avoid possible
distortions in the curves obtained). The Ramp function of the NanoScope
8.15 was used to obtain the force curves (scan size of 1000 nm, Trig
threshold of 0.1 V, ramp rate of 1 Hz, and n = 512). The indentation
velocity was maintained close to 1 pm/s for all samples, and the loading
rate varied between the groups (2.7, 12.8, 51.5, and 43.8 n/s for control,
40, 60, and 80 pM, respectively). In the NanoScope Analysis software,
the curves obtained were submitted to baseline correction (baseline
correction) and adjustment of the contact point (contact point) to obtain
the elastic module value (Supplementary Fig. 1). The indentation
observed through the curves was 299.4 + 116 nm (control), 282.0 +
62.2 nm (40 pM), 315.7 + 46 nm (60 pM), and 247.9 + 74.2 nm (80 pM).
For more detailed information refer to supplementary table 1.

2.9. Statistical analysis

Results are expressed as mean =+ standard error. Cell viability and
proliferation were analyzed by Two-Way ANOVA, while LDH, Ra, Rq,
and Young Modulus were analyzed by One-Way ANOVA followed by
Tukey’s post hoc. P-values less than 0.05 were considered significant.
For the NMA results, Student’s t-test was performed. All statistical an-
alyses were performed in Prism 8 software.

3. Results
3.1. Quercetin effect on T24 cells proliferation

Five quercetin concentrations (10, 20, 40, 60 and 80 pM), and two
different exposure times (24 and 48 h) were tested to determine the
parameters to be used in the following experimental procedures of our
study. Changes in tumor viability and cell number were assessed using
MTT assay and cell counting by Trypan blue exclusion method. Quer-
cetin effects on T24 cell line viability and proliferation are shown in
Fig. 2. A significant effect of quercetin concentration was observed as
reduced cell viability in both treatment periods (F7,17¢ = 71.089; p <
0.0001 - Fig. 2A). Cells treated with quercetin for 24 h showed a reduced
viability starting at 60 pM concentration (t7,176 = 5.062, p = 0.01; t7,176
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=7.645, p < 0.0001, for 60 pM and 80 pM, respectively — Fig. 2A). At 48
h of treatment, reduced cell viability became apparent at 80 pM con-
centration (t7 176 = 14.98, p < 0.0001- Fig. 2A). A significant time-
dependent concentration interaction was observed (F7 176 = 7.059; p
< 0.0001) starting at 80 pM, where the effect on T24 cell viability was
higher at 48 h of treatment (t7,176 = 5.189, p < 0.0001; t7,176 = 4.949, p
< 0.0001 and ty,176 = 3.435, p = 0.0059 for 80 pM, 100 yM and 120 pM
respectively— Fig. 2A). In the cell count assay, a significant effect of
quercetin was observed (Fs132 = 515.2; p < 0.0001 — Fig. 2B). Cells
treated with quercetin for 24 h showed a reduction in the number of
viable cells starting at 60 pM (t5 132 = 6.523, p = 0.0001; t5 132 = 21.61,
p < 0.0001, for 60 pM and 80 pM, respectively — Fig. 2B). While for the
48 h exposure period, all quercetin concentrations had a significant ef-
fect on cell proliferation (ts5 132 = 5.744, p = 0.0012; t5 132 = 23.22, p <
0.0001, ts5132 = 32.03, p < 0.0001; for 40 uM, 60 pM and 80 pM,
respectively — Fig. 2B).

3.2. Plasmatic membrane integrity

By comparing responses obtained in viability and proliferation as-
says (Fig. 3), we defined the concentrations and the treatment time to be
used in the LDH assay. Therefore, this set of experiments were per-
formed to evaluate plasma membrane integrity after 24 h of treatment
with 0, 40, 60, 80 pM quercetin concentrations (Fig. 3). No differences in
LDH release were observed among quercetin treatments (F3 12 = 173; p
= 0.21), indicating that the plasma membrane was intact.

15
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Fig. 3. Quercetin cytotoxic effect assessed by LDH levels released in the su-
pernatant after 24 h of treatment. Results are presented as mean + SEM of the
percentage of LDH released in the supernatant. Control refers to the total per-
centage of LDH release in culture obtained by cell lysis, without quercetin. Data
were analyzed for statistical significance using one-way ANOVA, followed by
Tukey’s post hoc.

Fig. 2. Quercetin effect on T24 cells viability A) and
proliferation B) evaluated by MTT assay and by the
Trypan blue exclusion method, respectively. A) the ef-
fect of quercetin on cell viability starts at 60 pM/24 h.
At 80 pM is possible to observe the difference between
24 and 48 h, where 48 h show a more aggressive
cytotoxic effect. The results of this experiment were
used to evaluate the concentrations to be used in the
following experiments. B) the antiproliferative effect of
quercetin starts at 40 pM/48 h. For 60 yM and 80 pM,
48 h. of exposure shows a higher antiproliferative ef-
fect. Since no effect of 10 pM and 20 pM concentrations
were observed on cell viability, they were not used for

Ml 24 hrs
B 48 hrs

60 80
Quercetin (uM)

MTT analysis. Data presented as mean + SEM and were analyzed for statistical significance using two-way ANOVA, followed by Tukey’s post hoc. * indicates
significant difference in comparisons between concentrations x control for each exposure period (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05). # indicates
differences in comparisons between different exposure periods for each quercetin concentration (**## p < 0.001; *# p < 0.005).
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3.3. Nuclear morphometric analysis
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nuclear morphology of T24 cells (Fg ggos = 2932; p < 0.0001 — Fig. 4),
observed as a reduced percentage of Normal (N) nuclei as the quercetin

The NMA analysis indicates that treatment with different quercetin concentration is increased (F3 ¢332 = 19,245; p < 0.0001 - Fig. 4E). The

concentrations (40, 60 and 80 pM) for 24 h significantly changes the increase in the percentage of LR nuclei also followed quercetin
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Fig. 4. NMA analysis of T24 cell line treated with different quercetin concentrations for 24 h.: A) 0 pM, B) 40 pM, C) 60 uM and D) 80 pM. E) shows nuclear types

distribution in percentages. NII represents the irregularity index: N = regular, LR = large regular, SR = small regular and I irregular. **** p < 0.0001;***p < 0.001;

**p < 0.01; * p < 0.05.
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concentration increase (F3i221 = 1962; p < 0.0001 - Fig. 4E). By
contrast, the percentage of SR nuclei was reduced with higher concen-
trations of quercetin, but not differing from control cells. The only
concentration that statistically increased the percentage of SR nuclei
was 40 pM (F3 267 = 26.70; p < 0.0001 - Fig. 4E). Regarding I nuclei, all
concentrations of quercetin lead to an increase in the percentage of this
nuclear type compared to control cells (F3 1956 = 516.3; p < 0.0001 —
Fig. 4E), with the highest percentages been observed at 40 uM and 60
uM.

3.4. Morphological changes induced by quercetin

Qualitative analysis of cells treated with quercetin showed different
morphological alterations according to the concentration used. After
exposure to 40 pM quercetin, although cells still retain native charac-
teristics, irregularities and cytoplasmic contour projections, as well as
hole-like structures, and a nucleus with the presence of nucleoli, were
observed (Fig. 5E, white arrows).

At 60 pM, it is possible to observe cell body shrinkage, with initial
cytoplasmic condensation, and plasma membrane retraction as well as
an increase in the number of holes and pits. Despite these alterations, the
nucleus remains integral, presenting nucleolar structures (Fig. 5G-H).

Topography Peak Force error
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Finally, the 80 uM concentration (Fig. 5J-K), showed collapsed cells with
condensed plasma membrane and, in the nucleus, the number of
nucleoli is reduced. It is also possible to visualize extruded vesicles with
morphological and biophysical characteristics compatible with
apoptotic bodies, suggesting ongoing apoptosis (Fig. 5K, hollow arrows).
For three-dimensional images refer to Supplementary Fig. 2 in Supple-
mentary Material.

Quantitative analysis of cell heights treated with quercetin showed
no significant difference (Fig. 6).

3.5. Ultrastructural changes in the tumor surface caused by quercetin

Alterations in cell membrane after quercetin treatment were
accessed via roughness and particle size in cell membrane analysis. For
both analyses, 1 pm? (1 pm x 1 pm) morphological characterization
areas were defined around the nucleus (Fig. 7). The roughness qualita-
tive analysis revealed structures such as holes (Fig. 7 B, D, F and, H -
white arrows) and pits (Fig. 7 D, F and, H - black arrows), in a dose-
dependent manner, which seems to be closely related to increased
roughness of the surface ultrastructure of cells treated with quercetin.
Particle size analysis (Fig. 7 I) showed a displacement to the right of
points in the graph, also in a dose-dependent manner, indicating an
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Fig. 5. AFM images of T24 cells treated with different quercetin concentrations for 24 h.: A) and B) 0 pM; D) and E) 40 uM; G) and H) 60 pM; J) and K) 80 pM. Images
A), D), G) and J) show the topography of cells, and B), E), H) and K) depict peak force error. C), F), I) and L) shows the height profile of T24 cells. White arrows
indicate nucleoli; hollow arrows depict structures similar to apoptotic bodies.
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Fig. 6. Quantitative analysis of the mean cross-section of the heights of T24
cells treated with quercetin after 24 h.

increase in particle size and suggesting increased protein aggregation in
the membrane, open/closing in ion channels as well as cytoskeleton
disruption induced by quercetin.

Subsequently, we performed cell roughness quantitative analysis,
using particle size values and mean roughness calculations (Ra), and
quadratic roughness (Rq) (Fig. 7 J and K). The Ra analysis demonstrated
a statistically significant increase in roughness in a dose-dependent
manner (F3 189 = 5434; p < 0.0001), which was also observed for Rq
values (Fg’lgg = 4975; p < 0.0001).

3.6. Quercetin effect on T24 elasticity

The stiffness of T24 human bladder cancer cells was determined by
AFM force indentation analysis. The process of approaching and
retracting the probe against the surface of the T24 cells is shown in the
force-distance curves (Fig. 8), which could be calculated into Young’s
modulus using the basic Sneddon model.

The effect of quercetin on cell elasticity was inferred by calculating
the Young’s Modulus. The elasticity of T24 cells was reduced following
quercetin treatment at all concentrations. Also, a significant increase in
cellular stiffness with increasing concentrations of quercetin was
observed (40, 60, and 80 pM) (F3 55 = 4.16; p = 0.009 — Fig. 9).

4. Discussion

Quercetin antitumor activity in human bladder cancer cells has been
previously described in the literature due to its antiproliferative effects,
inhibiting colony formation, inducing cell death by apoptosis as well as
cell cycle arrest in the T24 cell line (Ma, 2006; Rockenbach et al., 2013).
Initially, we assessed the effects of quercetin cytotoxic activity on the
viability and proliferation of the T24 cell line to determine the proper
concentrations and exposure period to be used in further analysis. Thus,
five quercetin concentrations (10, 20, 40, 60, and 80 pM) and two
different exposure times (24 and 48 h) were tested. Changes in tumor
viability and proliferation were assessed using the MTT assay and cell
counting by Trypan blue exclusion method. As expected, the higher the
concentration and the longer the exposure to quercetin, the greater the
action perceived on tumor cells. In an attempt to follow the nuanced
morphological transition in membrane ultrastructure caused by quer-
cetin exposure, as well as to preserve the tumor biophysical information
associated with cellular physical properties, the 40, 60, and 80 pM
concentrations, and 24 h treatment, were chosen.
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Our results on cell viability agree with data from the literature, as we
observed reduced cell viability following quercetin treatment starting at
60 pM for 24 h of exposure and 80 pM for 48 h. Results obtained in the
MTT assay allowed us to outline the concentrations to be evaluated in
subsequent assays. In order to determine the antiproliferative activity of
quercetin, concentrations of 10 and 20 pM were excluded from the
following assays, since they showed no effect on T24 cell viability.

At 24 h of treatment, quercetin concentrations of 60 pM and 80 pM
significantly reduced the cell count, while at 48 h, all concentrations
tested (40-80 uM) showed the same reduction, an affect also seen with
the treatment period (Fig. 2B). The absence of plasma membrane dam-
age suggests that the antiproliferative effect observed here is not related
to cellular necrosis, indicating that other mechanisms are involved in
quercetin antiproliferative effects (Basso et al., 2019). Subsequent ana-
lyses performed by us shed greater light on the mechanisms involved in
this process.

Nuclear morphometry (NM) is the quantitative description of the
geometric findings of nuclear structure in any dimension (Stevens et al.,
2008; Vakifahmetoglu et al., 2008). Several cellular mechanisms are
known to affect NM (Stevens et al., 2008; Vakifahmetoglu et al., 2008).
Since the reduction in cell number following quercetin treatment was
not due to damage to the plasma membrane structure, we used the
Nuclear Morphometric Analysis (NMA) to quantify the cell number and
its nuclear characteristics, after quercetin treatment. The NMA tech-
nique permits the quantification of the number of cells in a population
presenting characteristics typically seen in senescence (increased nu-
clear area), apoptosis (condensation and nuclear fragmentation), as well
as other nuclear irregularities related to cell death (Filippi-Chiela et al.,
2012) (Fig. 4). Moreover, alterations in microtubule dynamics, chro-
matin remodeling due to exogenous stress, and alterations in the cell
cycle checkpoint can also be detected (Filippi-Chiela et al., 2012; Ste-
vens et al., 2008; Vakifahmetoglu et al., 2008). We evaluated the pres-
ence and percentages of N, LR, SR, and I nuclei. Our results
demonstrated that as higher the quercetin concentration, the higher the
percentage of LR nuclei, an indication of senescence (Filippi-Chiela
et al.,, 2012). Senescence induction, or reactivation, is an important
mechanism in anticancer therapy, representing a good target for anti-
cancer drugs. The senescence process is marked by an increase in the
nuclear area, which is observed in LR nuclei. This suggests that a
possible mechanism by which quercetin reduces cell viability and pro-
liferation is by inducing, or reactivating, senescence processes. The SR
nuclei are very condensed and regular, indicating early or intermediate
apoptosis (Filippi-Chiela et al., 2012). Our data indicate that cells
exposed to 40 pM quercetin might be in early-stage apoptosis since the
percentage of SR nuclei in those cells was increased. However,
increasing quercetin concentration did not lead to an increase in SR
nuclei, and therefore, apoptosis. Lastly, the increase in I nuclei, which
are of normal size but highly irregular in shape, indicates other nuclear
damaging events (i.e. mitotic catastrophe) may be involved in the
reduced cell viability and proliferation induced by quercetin.

Atomic Force Microscopy (AFM), has been shown to be an excellent
tool for morphological/topographic elucidation in studies with tumor
cells (Hayashi and Twata, 2015; Kim et al., 2017a; Pi et al., 2015). Due to
its nanometric precision, atomic force microscopy can be used to iden-
tify subtle changes in morphology, membrane ultrastructure, and bio-
physical properties. In this way, we observed for the first time, as far as
we are aware, the morphological/topographic impact of quercetin
antitumor effects in human bladder cancer assessed via AFM. We per-
formed mapping in peak force tapping mode to demonstrate topo-
graphic features, and cellular changes at the membrane level of T24 cells
exposed to 40, 60, and 80 pM concentrations of quercetin at 24 h of
treatment (Fig. 5). Cells unexposed to quercetin were used as a control
since they are in their native form (well-outlined cell body, smooth cell
membrane, and nucleus presenting nucleolar structures-Fig. 5A and B).
Our characterization showed a pattern of damage to the cell body
following treatment with different quercetin concentrations, gradually
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Fig. 7. Ultrastructure analysis through contact scanning by Atomic Force Microscopy (AFM). A) and B) images from control cells; C) and D) cells treated with 40 uM;
E) and F) 60 puM, and G) and H) 80 pM quercetin concentration. Images B), D), F) and H) corresponds square-section (1 x 1 pm points) depicted in A),C), E) and G).
White arrows indicate holes in the cell membrane, while black arrows indicate pits. Quantitative analysis of T24 cells ultrastructure by AFM: I) Particle size, J)
average roughness (Ra), and K) quadratic roughness (Rq), analyzed through the 1 x 1 mm images of T24 cells. Data presented as mean + SEM and analyzed by one-
way ANOVA, followed by Tukey’s post hoc ****p < 0,0001, **p < 0.01, *p < 0.05.

starting with small contour irregularities, an increase in the number of
holes and pits, cellular shrinkage, culminating in the collapse of the
tumor cell (Figs. 5 and 7). Morphological aspects, such as cellular
shrinkage observed at 40 and 60 pM quercetin concentrations, have
been presented as a hallmark of the apoptotic process (Bortner and
Cidlowski, 1998), suggesting that cells treated with quercetin are dying
by apoptosis. These findings agree with the literature which describes
the apoptotic process morphology (Ziegler and Groscurth, 2004), and
with evidence that quercetin can induce apoptosis in different bladder
cancer cell lines, including the T24 strain, corroborating our morpho-
logical findings (Ma, 2006). The cellular shrinkage related to apoptotic
death can also be seen, via AFM, in hepatocellular carcinoma cells
treated with American ginseng root extract (Qu et al., 2018). Moreover,
the LDH results showing no damage to the cell membrane, and the NMA
analyzes, demonstrating the presence of nuclei with apoptotic

characteristics, reinforce this hypothesis.

These quantitative data are in accordance with the qualitative
analysis, which demonstrated an increase in the number of holes and
pits, together with an increase in roughness. Roughness and particle size
analyzes are qualitative and quantitative parameters in tumor mem-
brane ultrastructure studies, as it allows cell physiological processes to
be related to membrane surface characteristics after treatment with a
variety of compounds (Zhang et al., 2014). We used these parameters to
assess cell roughness during the anti-tumor process and demonstrate
changes in particle size in the cell membrane after quercetin treatment.
The Ra and Rq results might reflect the increased formation of holes and
pits on the cell surface (Fig. 7), indicating that these structures are
responsible for the increased roughness. The formation of holes and pits
is probably a result of cytoplasmic retraction and shrinkage of cells, as
seen in our morphological analyzes. Along with shrinkage, there is a
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Fig. 9. Quantitative analysis of Young’s modulus (kPa) obtained in T24 control
cells (Control), and quercetin treated (40, 60, and 80 pM). Data presented as
mean £ SEM. ***p < 0,001, p < 0.01, *p < 0.05.

process of loss of osmotic retention capacity observed in apoptotic cells,
which would lead the plasma membrane to collapse over cellular
structures (Pi et al., 2015). After shrinkage, cytoskeleton organelles and
structures show greater compaction which, together with plasma
membrane collapse, would lead to the formation of small holes and pits
on these compacted structures. It has been previously observed that in
withered cells, or those subjected to hypertonic solutions, the apical
membrane in the cortex tends to collapse (Pietuch et al., 2013). More-
over, apoptotic cells are generally more rugged as demonstrated in rat
monocytes subjected to induced apoptosis. In this study, the author
associated the significant increase in cell membrane roughness to the
apoptosis process (Wang et al., 2011). In general, after quercetin treat-
ment, an increase in roughness and particle size has been shown to be a
hallmark of quercetin’s anti-tumor effect on T24 cells. In addition, the
rough appearance of the cells can be attributed to the formation of holes
and pits, as well as the increase in the size of particulate components of
the membrane (Pi et al., 2015).

Cellular elasticity evaluation through AFM has been widely used for
the analysis of cancer cell differentiation in both primary and com-
mercial cultures (Cross et al., 2007; Wang et al., 2016). Human cancer
cells have been shown to be softer than their respective normal cells
(Alibert et al., 2017). Moreover, studies have shown that cell stiffness
and elasticity are a direct reflection of cytoskeleton organization (Pi
etal., 2013; Solon et al., 2007; Wang et al., 2016; ZHAO et al., 2015). We
performed a quantitative analysis of elasticity by indenting the different
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cell points with the probe, in order to extract force curves for elasticity
and stiffness analyses. We found that native cells are softer compared to
those treated with quercetin. This is probably due to the greater orga-
nization and exposure of the cortical actin filaments. As previously re-
ported, the cortex actin appears to be less rigid than cytoplasmic actin
filaments, which would explain the lesser rigidity of T24 cells in their
native state (Laurent et al., 2003). We also observed that cells treated
with quercetin lost their elastic characteristic, becoming more rigid. This
result is related to the anticancer and antiproliferative effect observed by
us and is in accordance with the literature, which shows that prostate
cancer cells have increased stiffness after treatment with 8 different
anticancer drugs. (Ren et al., 2015). It is important to note that the ef-
fects of quercetin on cell elasticity in fixed T24 cells can be transposed to
living cells since the fixation processes only freeze the ongoing me-
chanical alterations at the moment of fixation (Targosz-Korecka et al.,
2015). These findings, together with our results, corroborate that
quercetin could serve as an adjuvant in bladder cancer treatment.

The study of particle size has been used to demonstrate changes in
components of the plasma membrane such as biomolecules (Pi et al.,
2016, 2015; Psahoulia et al., 2007). Measuring particle size provides
information on ongoing physiological processes in the plasma mem-
brane, such as ion channels opening/closing, cytoskeleton disruption
and protein aggregation (Pi et al., 2016, 2015; Psahoulia et al., 2007).
Ultrastructural analyses have demonstrated, for example, the reduction
in cell growth receptors in MCF-7 cells after resveratrol treatment
(Zhang et al., 2014). The enlarged particle size in the T24 cells induced
by quercetin observed by us seems to be related to the apoptotic process
since it is known that changes such as the flip-flop effect, receptor
protein aggregation, and lipid rafts are involved (Demchenko, 2012). A
previous study with colon cancer cells treated with quercetin showed an
increase in particle size related to the apoptotic process (Psahoulia et al.,
2007). The study also associates the accumulation of cell death receptors
in lipid rafts with the increase in particle size, which corroborates our
data (Psahoulia et al., 2007). Moreover, an increase in particle size, i.e.
increased cell membrane granularity, might account for the increased
stiffness observed in cells treated with quercetin (Fig. 8), which is
related to cytoskeletal aggregation also common in apoptosis (Pi et al.,
2016). It has been previously reported that cells treated with low
quercetin concentrations accumulate F-actin, resulting in cellular
shrinkage, another feature of apoptosis, found in the present study
(Fig. 4) (Pi et al., 2016).

Although we did not perform cytoskeleton staining, both senescence
and apoptosis are known to involve cell membrane reorganization.
While cellular senescence is associated with the reorganization of the
microtubule cytoskeleton (Moujaber et al., 2019), during apoptosis cells
undergo characteristic morphological changes in which the cytoskeleton
plays an active role (i.e. actinomyosin ring contraction) (Povea-Cabello
et al., 2017). in vitro and in vivo studies reported in the literature show
quercetin induces apoptosis in several types of cancer (e.g. osteosar-
coma, melanoma, retinoblastoma, lung cancer, myeloma, oral cancer,
among others) (Almatroodi et al., 2021; Vafadar et al., 2020). Recently,
studies have reported that quercetin can induce senescence in tumor
cells (Bian et al., 2020). Taken together, the evidence from the NMA and
AFM analyses suggests quercetin induced the reorganization of the
cytoskeleton. However, cytoskeleton staining would be necessary to
prove these alterations.

5. Conclusion

Taken together, our data demonstrate quercetin has an antitumor
effect in human bladder cancer cells, as observed by the reduced
viability and proliferation of T24 cells. Biophysical and morphological
analyses indicate this effect is a result of the apoptotic process induced
by quercetin, since the treated T24 cells showed morphological alter-
ations characteristic of apoptosis. Moreover, the absence of plasma
membrane damage in quercetin-treated T24 cells suggests the cells are
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not dying by necrosis, but rather an ongoing death by apoptosis. Further
NMA analysis found the T24 cells presented fewer normal nuclei and
more nuclei with alterations commonly seen in early apoptosis, senes-
cence, and other nuclear damaging processes, thus corroborating the
apoptotic effects of quercetin. Lastly, the AFM analysis revealed a
pattern of cell damage following treatment with different quercetin
concentrations, gradually starting with small contour irregularities,
increased number of holes and pits, cell shrinkage, and culminating in
tumor cell collapse.

Finally, our study shows, for the first time, the morphological and
mechanical characterization of bladder cancer T24 cells subjected to
quercetin treatment and indicating an antitumor effect. We hope this
study can serve as a starting point and support for other studies in the
analysis of quercetin in the treatment of bladder cancer.
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