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Ferulic acid (4-hydroxy-3-methoxycinnamic acid) (FA) is a ubiquitous health beneficial phenolic acid. Although FA has shown
a diversity of biological activities including anti-inflammatory, antihypercholesterolemic and anticancer bioactivities, studies
revealing its adverse effects are accumulating. Recently, 3D-cultures are shown to exhibit uniquely biological behaviors different
from that of 2D cultures. To understand whether the cytotoxicity of FA against the T24 cell line (a bladder cancer cell line) in 2D-
culture could consistently retain similar bioactivity if cultured in the 3D-systems, we conducted this experiment with 2 mM FA.
Much higher cytotoxicity was found for 3D- than 2D-culture, showing (2D vs. 3D): apoptotic rates, 64% and 76%; cell killing rates,
3.00 x 10° cells mmol '-h™" and 2.63 x 10° cells mmol "-h ™", attaining a 8.77-fold. FA upregulated the activities at 72h (2D vs. 3D in
folds that of control): SOD, 1.73-folds (P < 0.05) versus 3.18 folds (P < 0.001); and catalase, 2.58 versus 1.33-folds. Comparing to the
control (without FA), Bcl-2 was prominently downregulated while Bax, caspase-3 and cleaved caspase-9 were more upregulated in
3D-cultures (P < 0.05). Conclusively, different microenvironments could elicit different biological significance which in part can

be ascribed to different mass transport rate.

1. Introduction

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) (FA), an
effective component of many Chinese medicinal herbs like
Angelica sinensis, Cimicifuga heracleifolia, and Lignsticum
chuangxiong, is a ubiquitous phenolic acid in the plant king-
dom [1]. FA exhibits many physiological functions including
antioxidant, antimicrobial, anti-inflammatory, antithrombo-
sis, antihypercholesterolemic, anticancer activities, and sper-
matozoa activating bioactivity [1]. Interest in the role of
flavonoids to act as health benefits is emerging owing to their
potential biological activities. However, to date, epidemio-
logic studies exploring the role of flavonoids in human health

have been inconclusive [2]. Some studies supported the
protective effect of flavonoids on cardiovascular disease and
cancer, others demonstrated no effect [2], and interestingly
a few suggested them to be potentially harmful [3]. More
recently, we demonstrated FA to be nephrodamaging when
used for a long-term treatment for chronic kidney disease
(CKD) [4].

Conventional adherent tissue culture involves growing
cells on solid flat surfaces as two-dimensional (2D) mono-
layers. Although such practices are routine and suitable for
transformed or immortalized cell lines, dedifferentiation and
loss of specialized functions occur when primary cells are
removed from their host tissue and grown as 2D monolayers.
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This is generally believed to be a result of the dissociation
of primary cells from their native three-dimensional struc-
ture in vivo to their two-dimensional propagation on flat
impermeable substrates in vitro [5-7]. As such, there is a
continuing need to develop tissue culture systems which can
either promote redifferentiation of laboratory cell lines or
prevent primary cell lines from dedifferentiating.

The reason(s) eliciting different biological outcomes by
different microenvironments is still unclear. With an aim
to understand more about the cellular physiology and con-
versely the different cytotoxicity of a given flavonoid like FA
that may occur in different microenvironments as specified
by the 2D and 3D cultures, we carried out this present study.
We compared the cell viability, the cellular morphology, the
oxidative stress defensive markers, and the apoptotic and
antiapoptotic signals between the 2D and 3D cultures in the
T24 cell line (a balder cancer cell line). For interpretation
we developed a diagrammatic model to emphasize the mass
transport in part to be an important role affecting such an
outcome.

2. Materials and Methods

2.1. Chemicals and Kits. Ferulic acid (FA) was supplied
by Sigma Aldrich (Saint Louis, MO, USA). The medium
McCoy’s 5A was provided by (GIBCO, USA), which was
supplemented with 10% fetal bovine serum (FBS) (GIBCO,
USA), 100 IU/mL penicillin, and 100 yg/mL streptomycin
(GIBCO, USA). The pH of 2D culture was unadjusted
after incubation, while that of 3D cultures was controlled
through CO, atmosphere. The fixing solution was prepared
by dissolving glutaraldehyde (2.5g) and paraformaldehyde
(2g) in 100 mL of 0.2M of sodium cacodylate (CaCo). The
washing buffer was prepared by dissolving 7 g of sucrose in
100 mL of 0.1 M CaCO. Ferulic acid (FA) stock solution was
prepared by dissolving authentic ferulic acid in DMSO to
make a 2M solution (stock solution). The required experi-
mental solutions were prepared by diluting the stock solution
with appropriate amount of medium McCoy’s 5A to the
experimental concentrations as indicated. Antibodies Bcl-2
(1:1000), Bax (1:1000), cleaved caspase-3 (1:1000), cleaved
caspase-9 (1:1000), and p-actin (1:1000) were purchased
from Bioscience Co. (United Kingdom).

2.2. Cells. 'The human urinary bladder cancer cell line, T24
(HTB-4, ATCC), was purchased from the Food Indus-
try Research and Development Institute (Hsinchu, Taiwan,
ROC). T24 cells were derived from an invasive bladder tumor
of grade 3, having p53 nonsense mutation at codon 126 (TAC
to TAG) [8].

2.3. Cell Culture

2.3.1. D Culture of T24 Cell Line. According to the method of
[9], T24 cells at a density of 2 x 10* cells/mL were seeded onto
a 6-well plate in medium McCoy’s 5A containing 2mM FA.
The cells were incubated at 37°C in a humidified atmosphere
containing 5% CO, in air for 24 h. The cultivation of T24 cells
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was maintained within 20 passages. These cells were further
used for cultivation in RWV.

2.3.2. 3D Culture of T24 Cell Line. The T24 cells were har-
vested from the 2D plate culture. By following the manu-
facturer’s instructions, the cell count was enumerated and
inoculated at 2 x 10> cells/mL to the 50 mL spinner vessel
(Techne) of the Rotary Cell Culture System (RCCS) (Synthe-
con Co., Houston, TX, USA), which has been always referred
to as the three-dimensional rotating-wall vessel (RWV) [10].
CultiSpher-G was prepared according to instructions and
the amount used was either 2g/L (Vero) or 1g/L (GMK).
Medium McCoy’s 5A was used to fill up the entire vessel
to get rid of the air. The RWV containing the medium and
cells was incubated at 37°C at an agitation speed 45 rpm.
The incubation was continued and the medium was replaced
every 2 days together with 25 mL of sterilized FA (4.0 mM)
solution to sustain the FA concentration at 2mM. On day 3,
the cells were harvested and transferred into a centrifuge tube
and centrifuged at 10000 xg for 10 min. The supernatant was
decanted. The cell cluster was rinsed thrice with sterilized
PBS, each time with 20 mL.

2.4. SEM Examination of Morphological Changes. The cells
were diverged in the fixing fluid for 2 h and then centrifuged.
The fixing fluid was decanted off. The residual cells were
rinsed with washing buffer thrice, each time for 10 min. The
rinsed cells were remained in the rinsing solution until SEM
scanning. 1 uL of the sample was measured from the sampling
port of RCCS. Cryofixation of the suspension was finished
in HPM 010 high Pressure Freezing Machine (TESCAN,
USA). Graphene support films for electron microscopy (Elec-
tron Microscopy Sciences) were used. The specimens were
uniformly coated with one layer gold powder using EMS
150R boast (Electron Microscopy Sciences). EM image was
taken by the transmission electron microscope (DELONG
TEM LVEMS5) operated at an accelerating voltage 100 kV. The
aperture was set at “1” with a motorized JSM-840A (Deben) to
fit the TEM console. The electron gun was made of lanthanum
hexaboron operated at 1500 K.

2.5. Cell Viability Assay

2.51. MTT Assay for 2D Culture. According to the method
described by [9], T24 cells were seeded at a density of 5 x
10° cells/well onto a 24-well plate, treated with FA (DMSO
vehicle, 2 and 4 mM), and incubated at 37°C in a humidified
atmosphere containing 5% CO, in air for 24, 48, and 72h.
To each well 0.2mL of MTT was added and the cultivation
was continued for additional 3.5h. The MTT solution was
removed by sucking off, and 0.5mL DMSO was added to
dissolve the blue formazan precipitate. After 10 min, the
optical density was read at 570 nm and the cell viability was
evaluated.

2.5.2. Cell Enumeration for 3D Culture. Following the man-
ufacturer’s instructions, duplicate samples of 0.5mL were
taken from the spinner. After sedimentation of the beads,
0.3mL supernatant was withdrawn and 0.8 mL dispase
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(5mg/mL in PBS) was added. Beads were completely dis-
solved after 30 min at 37°C. Cells were collected by centrifu-
gation at 12000 xg and 1.0 mL of citric acid (0.1 M) containing
Triton X-100 (1%, w/v) and crystal violet (0.01%, w/v) added.
Stained nuclei were counted in a hematocytometer (Percell
Biolytica Application Note 115).

2.6. ELISA for Serum Superoxide Dismutase and Catalase.
The levels of superoxide dismutase (SOD) and catalase were
measured by the SOD and catalase ELISA Kits provided
by PeproTech Inc. (NJ, USA). All ELISA protocols were
performed according to manufacturer’s instructions. The
readings were conducted with the SYSMEX K-1000 Reader,
a product of San-Tong Instrument Co. (Taipei, Taiwan).

2.7. Western Blotting. The cells (approximately 100 mg) ob-
tained in the above were homogenized with the homogenizer
(T10 basic, The IKA Company, Germany) in 1mL of Pro-
PREP lysis buffer (pH 7.2). The homogenate was centrifuged
at 12000 xg for 20 min at 4°C, and the supernatant was col-
lected as cell lysate sample. The cell lysate was heated at 100°C
for 10 min before loading and separated on precasted 7.5%
SDS-PAGE. The protein content was analyzed before loading
according to the manufacturer’s instructions. Aliquots of the
treated lysates containing protein 50 pg/uL were electrotrans-
ferred onto the PVDF membrane in transfer buffer for 1hr.
The nonspecific binding to the membrane was blocked for 1 hr
at room temperature with 5% nonfat milk in TBS buffer. The
membranes were then incubated for 16 hr at 4°C with various
primary antibodies. After extensive washing in TBS buffer,
the membranes were then incubated with secondary antibody
in blocking buffer containing 5% nonfat milk for 1 hr at
room temperature. Membranes were then washed with TBS
buffer, and the signals were visualized using the Luminescent
Image Analyzer LAS-4000 (Fyjifilm, Tokyo, Japan). Levels
of Bcl-2, Bax, cleaved caspase-9, cleaved caspase-3, and f-
actin were assayed, respectively, by immunoassay according
to the manufacturers’ instructions. -actin was used as the
reference protein.

2.8. Statistical Analysis. Data obtained in the same group
were analyzed by Student’s t-test with computer statisti-
cal software SPSS 10.0 (SPSS, Chicago, IL, USA). ANOVA
software statistical system was used with Tukey’s testing to
analyze the variances and significances of difference between
paired means. Significance of difference was judged by a
confidence level of P < 0.05.

3. Results and Discussions

3.1. SEM Scanning Revealed Ferulic Acid and 3D Microenvi-
ronment Induced Cell Elongation. In the absence of FA, T24
cells proliferated equally well despite 2D (Figure 1(a)) or 3D
(Figure 1(c)) cultures. The presence of FA (2mM) slightly
elongated the cell shape, and in parallel the cell number was
largely reduced (Figure 1(b)). The majority of the cells died
after being cultivated for 72h at 37°C in both 2D and 3D
cultures. The dead cells on the 3D matrix appeared pufty,
elongated, and not well shaped (Figure 1(d)).

3.2. Cell Viability Affected by Ferulic Acid and Microenvi-
ronment. The viability of T24 cell line was seen inhibited
in time-responsive manner in the presence of 2mM FA.
In 2D culture, the cell viability was reduced to 72, 53, and
36%, respectively, compared to the control (Figure 2(a)). The
corresponding values reached 63, 32, and 24%, respectively
(Figure 2(b)). The killing rate in 2D culture was found to
be 3 x 10 cellsmmol '-h™'. More severe killing rate in the
3D cultures reached 2.63 x 10° cellsmmol "-h™!, giving a
difference of 8.77-fold.

Cherng et al. indicated that FA (4 mM) effectively sup-
pressed the proliferation of J82 cells, another bladder cancer
cell line, to a viability 48.79% [9]. In contrast to our data,
64% of T24 cells in the 2D and 76% in the 3D cultures
were killed by ferulic acid (2mM) after being incubated for
72h (P < 0.01) (Figures 1 and 2), evidently implicating
the astonishing effect caused by different microenvironments.
Alternatively, different cell lines responded differently to the
same phytochemical in equal strength even in the 2D culture
[10]. Thus, the outcome of chemicobiological interaction
depends not only on the microenvironmental factor but also
on the cell genotypes.

Rhee demonstrated nonrandom genetic and phenotypic
changes in prostate epithelial cells. The occurrence of such
permanent changes may be highly contact dependent and
appears to be driven by specific microenvironmental factors
surrounding tumor cell epithelium grown as 3D prostate
organoids [11].

Why could 3D culture exhibit a higher killing rate? This
part will be discussed in Section 3.6.

3.3. Effect of Ferulic Acid on the Superoxide Dismutase and
Catalase Activities. The activity of SOD was upregulated by
FA in 2D and 3D cultures, increasing approximately to 1.73-
fold (P < 0.050) and 3.18-fold (P < 0.001), respectively
(Figure 3(a)). Conversely the catalase activity was highly
induced by 2D but only slightly significant by 3D cultures. The
increase reached 2.58-fold for 2D and 1.33-fold for 3D cultures
(Figure 3(b)).

Superoxide is one of the main reactive oxygen species
(ROS) in the cells. Approximately 0.4-4% of all oxygen
consumed during normal respiration is converted into super-
oxide within the mitochondrion [12], the chief source of
reactive oxygen species (ROS) within the cell. Superoxide
dismutases (SOD, EC1.15.1.1) are enzymes that catalyze the
dismutation of superoxide into oxygen and hydrogen per-
oxide. Thus, they are an important antioxidant defense in
nearly all cells exposed to oxygen [13]. It is simply stated that
SOD outcompetes damaging reactions of superoxide, thus
protecting the cell from superoxide toxicity [14]. Superoxide
is known to denature enzymes, oxidize lipids, and fragment
DNA. SODs catalyze the production of O, and H,0, from
superoxide (¢O,”), which results in less harmful reactants.
When acclimating to increased levels of oxidative stress, SOD
concentrations typically increase with the degree of stress
conditions [15].

Catalase is one of the most potent catalysts known. The
reactions it catalyses are crucial to life. Catalase catalyses
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FIGURE 1: SEM scanning of the T24 cell morphology affected in the absence and presence of 2mM ferulic acid in 2D and 3D cultures. 2D
culture: control (a); 2D + ferulic acid 2 mM (b) (magnification X500, scale bar = 0.1 mm). 3D culture: control (c) (magnification x500); 3D +
ferulic acid 2 mM (d) (magnification x400). Cultivation time was 72 h at 37°C for 2D and 3D cultures, respectively.

conversion of hydrogen peroxide, a powerful and potentially
harmful oxidizing agent, to water and molecular oxygen.
Hydrogen peroxide is a harmful by-product of many normal
metabolic processes: to prevent damage to cells and tissues,
it must be quickly converted into other, less dangerous
substances. To this end, catalase is frequently used by cells
to rapidly catalyze the decomposition of hydrogen perox-
ide into less reactive gaseous oxygen and water molecules
[16]. Catalase also uses hydrogen peroxide to oxidize toxins
including phenols and alcohols [17]. Catalase is essential to
protect the stability of ferrous ion-requiring enzymes both in
vitro and in vivo systems [18]. Hydrogen peroxide has recently
been shown to inactivate the enzyme by oxidation of crucial
cysteines [19].

Alternatively, space microenvironment could play an
important role in balancing these antioxidative enzymes.
Speculatively, the synergistic interaction of SOD and catalase
was effectively operating in the T24 cells and obviously there
might have been much higher ROS occurring in the 2D
culture, as evidenced by the highly raised catalase activity
(Figure 3(b)). The major part of superoxide anions produced
could have been consumed through the NO pathway by the
huge amount of NO otherwise produced (not shown); hence

the apparent level of SOD was highly suppressed in the 2D
cultures (Figure 3(a)). Such a case was not seen in the 3D
culture. In 3D culture, the T24 cells were freely rotating with
the matrix and had much larger space for cell proliferation.
Consequently, the ROS produced could rapidly diffuse out
the cells, immediately diluted by the bulk fluid around the
cells. The lower catalase activity found for the 3D culture may
give a strong support to this (Figure 3(b)).

3.4. Western Blot Indicated 3D Culture Showed Stronger Apop-
totic Effect than 2D Culture. As seen, the antiapoptotic
cytokine Bcl-2 was suppressed by 3D to 0.5-fold compared
with 0.80-fold by the 2D and 1.00-fold in the control.
Conversely, the proapoptotic cytokine Bax was similarly
upregulated by 3D and 2D, reaching 1.45- and 1.40-fold,
respectively, compared with the control, 1.00-fold. Alterna-
tively, the cleaved caspase-9 and cleaved caspase-3 were all
substantially upregulated by 3D and 2D cultures. However it
is worth noting that cleaved caspase-3 was more evidently
induced by 3D than 2D cultures (Figure 4). Results impli-
cated that 3D culture exhibited higher cytotoxicity than 2D
identity.
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FIGURE 2: Comparison of cell viability of T24 cell lines in the
presence of ferulic acid. 2D culture (a) and 3D culture (b). The
concentration of ferulic acid used was 2 mM. The cultivation was
conducted at 37°C for 24, 48, and 72h, respectively. Data was
expressed in mean + SD from triplicate experiments (P < 0.05).

3.5. Intrinsic Mitochondrial Pathway Was Involved in Apop-
tosis. Western blotting revealed the Bcl-2 level was more
prominently downregulated by 3D (P < 0.05); conversely,
the levels of Bax, cleaved caspase-3, and cleaved caspase-
9 were all significantly upregulated in 2D and 3D cultures
(P < 0.05), comparatively, upregulated slightly higher in
3D culture (Figure 4), an implication in the higher extent of
apoptosis occurring in 3D culture (Figure 2).

3.6. Difference in Mass Transport in Part Can Impart the
Causality of Cell Death. To interpret the difference of the
microenvironmental factor, we established the diagrammatic
figure to show the difference of mass transport in these
two cultures (Figure 5). The mass transport in 2D culture
is limited by two barriers: “the stagnant region” and “the
cell membrane” [20] (Figures 5(a) and 5(b)). The so-called
“stagnant region” always occurs near the junction of a mem-
brane or the surface of catalysts. Diagrammatically, the bulk
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FIGURE 3: Variation of superoxide dismutase and catalase activities
in T24 celllines caused by 2D and 3D cultures. Superoxide dismutase
(a) and catalase (b). Since the 2D without ferulic acid showed the
lowest levels of SOD and catalase, we used the 2D without FA as the
controls.
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FIGURE 4: Western blot of Bcl-2, Bax, Bad, cleaved caspase-3, and
cleaved caspase-9.
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FIGURE 5: Diagrammatic model showing the difference of mass
transports between the 3D (a) and 2D (b) cultures. In this model,
due to the constantly free rolling of cells with the matrix in the
medium for the 3D mass transport (a), the stagnant region could not
be created. As contrast, the 2D mass transport (b) encounters two
barriers: the stagnant region and the cell membrane. The stagnant
region is a spontaneous barrier for mass transport adjacent to any
membrane or catalyst surface. There would occur a concentration
drop no sooner than the cells start to consume the medium.

concentration of ferulic acid in 2D-culture medium (C,) is
first transported to the surface of stagnant region (denoted
by C,,, the concentration at the surface of stagnant region),
dropping to C,, (the concentration at the outer membrane)
(1) and then to C,,, (the concentration at the junction of
inner membrane; the subscript mem denotes “membrane”)
(2), and eventually is assumed by the cells, and hence the
concentration drops to C;,, (the intracellular concentration)

(3), (4) (Figure 5(a)) (1)-(4):
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where K, is the consuming rate coefficient in 2D culture.
In contrast, due to the constantly free rolling of the cells
with matrix in the medium, the stagnant region may dis-
appear or be neglected in the 3D culture, where the bulk
concentration (C,) directly drops from the concentration at
the outer membrane (C(')t) to the concentration at the inner
membrane (Ci'nn) (5) and then degraded to the intracellular
concentration (Cy,,) (6), (7) (Figure 5(b)) (5)-(7):
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where K5, is the consuming rate coefficient in 3D culture.

Obviously without the presence of stagnant region in
3D culture, the mass transport will be less hindered. Hence,
the cells in 3D culture would frequently “feel” or encounter
higher toxicant concentration than the 2D culture. More-
over, the elongation of cells in 3D culture would provide
a larger surface area for mass transport; as a consequence,
the transport would fulfill the conditions C;,, > Ci,,
and C/, > C,,, and the 3D cultures could be affected by
ferulic acid at higher concentration. Thus although 3D culture
may have many advantages: (i) largely reducing shear and
turbulence generated by conventional stirred bioreactors, (ii)
minimizing mechanical cell damage, and (iii) continuously
free falling, promoting the assembly of 3D cellular aggregates
which allow a microenvironment for more efficient cell-
to-cell interactions and exchange of growth factors [7], we
suggest that the 3D RWV culture cannot be as real as the
in vivo 3D growth.

To summarize, experiment with the T24 cell lines-ferulic
acid (2mM) model reveled that FA showed different cyto-
toxicity on T24 cell line in the 2D and 3D culture systems.
The cell shape was more elongated in the 3D culture. The
SOD activity was higher, and conversely, the catalase activity
was lower in the 3D culture. The antiapoptotic signal Bcl-
2 was downregulated, while all the apoptotic signals Bax,
cleaved caspase-3, and cleaved caspase-9 were upregulated
by FA, despite in the 2D or the 3D cultures. The overall
apoptotic rate was higher for the 3D culture. To extend, more
complicated pharmacokinetic and pharmacodynamic events
could be expected in the in vivo 3D tissues.

4. Conclusions

Apparently, 3D culture has shown more powerful cytotoxicity
than the 2D analogue. In cancer therapy, we encourage that
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the outcome of 2D culture must be corrected for the results
to be applied to the in vivo cancer treatment.
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