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ARTICLE INFO ABSTRACT

Keywords: Renal cell carcinoma (RCC) consists of the most lethal common urological cancer and the clinical practice has
Berberine shown that resistant RCC to commons therapies is extremely high. Berberine is an isoquinoline alkaloid, presents
Cell death

in different kinds of plants and it has long been used in Chinese medicine. It has several properties, such as
antioxidant, anti-inflammatory, anti-diabetic, anti-microbial and anti-cancer. Moreover, berberine has photo-
sensitive characteristics and its association with photodynamic therapy (PDT) is effective against tumor cells.
This study aimed to evaluate the effects of berberine associated with PDT in renal carcinoma cell lines. The
cellular viability assay showed increased cytotoxicity in concentration and time-dependent manner. Berberine
presented efficient internalization in all cell lines analyzed. In addition, after treatment with berberine asso-
ciated with PDT, it was observed a high phototoxicity effect with less than 20 % of viable cells. In this study we
observed that the increase of reactive oxygen species (ROS) levels was accompanied by an increase of autophagy
levels and apoptosis by caspase 3 activity, suggesting cell death by both mechanisms. Additionally, three target
genes of anti-cancer drugs were differentially expressed in 786-O cells, being that Vascular Endothelial Growth
Factor-D (FIGF) and Human Telomerase Reverse Transcriptase (TERT) gene presented low expression and Polo
Like Kinase 3 (PLK3) presented overexpression after treatment with berberine associated with PDT. In this study,
the proposed treatment triggered metabolites changes related to cell proliferation, tumorigenesis and angio-
genesis. Thus, it was possible to suggest that berberine has promising potential as a photosensitizing agent in a
photodynamic therapy, because it induced significant anticancer effects on renal carcinoma cells.

Photodynamic therapy
Renal cell carcinoma

1. Introduction

Renal cell carcinoma (RCC) is the 9th most common cancer in men
and 14th most common in women worldwide and consists in the most
lethal common urological cancer, with mortality of 30-40 % [1,2]. RCC
accounts for 2-3% of all cancers and worldwide more than 338,000
new cases are diagnosed each year [3]. Usually, the surgery is the
mainstay for curative treatment for RCC, followed by adjuvant thera-
pies such as radiotherapy and chemotherapy. Clinical practice has
shown that the percentage of resistant RCC to commons therapies is
extremely high [1,4]. Despite the surgery is the main treatment, more
than 40 % of patients develop metastatic disease after nephrectomy
with poor prognosis and low survival rate [5]. Additionally, the side

effects are several, including hematological toxicity, gastrointestinal
disorders, cardiovascular alterations, chemoresistance, and moreover
emotional debilitation [6,7]. Thus, there is a high demand for other
locally targeted therapeutics strategies and new protocols that increase
treatment efficacy, to improve patient life quality and survival. In this
context, the use of phytochemicals extracted from various vegetables,
fruits, herbs, and medicinal plants has attracted great attention and has
been extensively investigated for anticancer properties [8].

Berberine (BBR) is an isoquinoline alkaloid presents in roots, rhi-
zome, and stem bark of many kinds of plants and it has long been used
in Chinese medicine [9]. It has antioxidant, anti-inflammatory, anti-
diabetic, anti-microbial and anti-cancer properties [10]. Previous stu-
dies showed that berberine directly binds to DNA in a pH-dependent
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manner, establishing a DNA-berberine complex [11]. Moreover, several
mechanisms have been involved in the antitumor activity of berberine,
including induction of cell cycle arrest, inhibition of cell proliferation
and migration and stimulation of apoptosis in various cancer cell lines
[12-15], but the molecular mechanisms are not completely elucidated
for each type of cancer [16].

The fluorescent nature of berberine is a good indicator for the
photodynamic process [17], thus it might be used as a new type of
photodynamic therapeutic agent [18]. Some authors have reported that
berberine is a photosensitive agent with the ability to generate reactive
oxygen species and other radicals in the presence of light source
[19,20]. Therefore, berberine can be considered as a photosensitizer
candidate in Photodynamic Therapy (PDT), potentializing treatment
efficiency and minimizing the side effects.

In this context, photodynamic therapy (PDT) is a noninvasive
treatment method with a local target that has been presented as a po-
tential approach for oncological diseases [21,22]. PDT involves threes
essential components — photosensitizing agent, a visible light source
and molecular oxygen. These components together are able to initiate a
photochemical reaction that results in the generation of reactive oxygen
species (ROS) (e.g., singlet oxygen, superoxide anion radical, hydrogen
peroxide, etc.), which are highly cytotoxic [23,24]. The production of
ROS at mitochondrial, lysosomal or endoplasmic reticulum loci can
lead to an irreversible damage of tumor cells and initiate cell death by
several mechanisms [25]. Both autophagy and apoptosis have pre-
viously been reported to be the response of oxidative stress and energy
privation [26]. After a stress stimulus, ROS can lead to the formation of
autophagosome, and previous studies demonstrated that ROS play an
important role in promoting autophagy [27].

Generally, apoptosis is the main type of cell death in PDT occurring
quite rapidly after photodamage, characterized by fragmentation of
DNA and condensation of chromatin [28]. The localization of photo-
sensitizer (PS) is essential to determine the type of cell death and
apoptosis can occur when PS is located mitochondrially [29].

Therefore, this present research evaluated the effect of berberine
associated PDT in renal carcinoma cell lines.

2. Material and methods
2.1. Preparation of the berberine

Berberine chloride was purchased from Sigma Aldrich (St Louis,
MO, USA). Berberine was dissolved in Dimethyl sulfoxide — DMSO
(Sigma Aldrich, St Louis, MO, USA) to perform all of the experiments of
this study.

2.2. Cell lines and culture conditions

Human RCC cell lines (ACHN, 786-0O) and human renal tubular
epithelial cells derived from normal kidneys (HK-2) were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA). ACHN
cells were cultured in a Mem Alpha Medium (Gibco by Life
Technologies, Grand Island, NY, USA), 786-O cells were cultured in
RPMI1640 medium (Gibco by Life Technologies, Grand Island, NY,
USA) and HK-2 cells were cultured in keratinocyte serum-free medium
(K-SFM) (Gibco by Life Technologies, Grand Island, NY, USA). The Mem
Alpha and RPMI1640 medium were supplemented with 10 % fetal
bovine serum (FBS; Cultlab, Campinas, Sao Paulo, Brazil), 100 U/mL
penicillin (Gibco, Life Technologies, Carlsbad, California, USA), and
100 mg/mL streptomycin (Gibco, Life Technologies, Carlsbad,
California, USA) and K-SFM were supplemented with 5 % fetal bovine
serum (FBS; Cultlab, Campinas, Sao Paulo, Brazil), 25 mg bovine pi-
tuitary extract and 2,5 pg recombinant epithelial growth factor per ml.
All cells were cultured at 37 °C in a humid atmosphere with 5 % CO,.

Biomedicine & Pharmacotherapy 123 (2020) 109794

2.3. Cell viability assay

The cell lines were seeded at the density of 1,5 x 10* cells/well in
96-well plates for 24 h. The cells were treated with several concentra-
tions of BBR (5uM, 10 puM, 20 puM, 40 puM, 80 puM, 160 uM, and 320 pM).
After 24 and 48h of treatment, 1 mg/mL of 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma Aldrich, St Louis,
MO, USA) was diluted to 100 pL of the medium in each well and in-
cubated for 30 min at 37 °C. Then, the MTT was removed and 100 pL of
DMSO (Sigma-Aldrich, St. Louis, Missouri, USA) added to solubilize the
formazan crystals and the absorbance was read using a microplate
reader (Fluostar Omega, BMG Labtech, Ortenberg, Germany) at a wa-
velength of 570 nm. All experiments were performed in triplicate and in
three independent assays.

2.4. Cellular uptake of the BBR

To analyze the intracellular uptake of BBR 3 X 10° cells/well were
seeded in 6-well plates. The ACHN, 786-0O, and HK-2 cells were treated
with 20 uM of BBR. After 3, 6, 12, 24 and 48 h of incubation the cells were
washed with PBS, then viewed and photographed using a fluorescence
microscope (Zeiss Axio Vert. A1) with a FITC filter (excitation spectra:
489 nm, blue laser, 415 * 15nm, FITC). The fluorescence of the BBR is
detected by excitation at 421 nm and emission at 555 nm [30].

2.5. Cell viability and phototoxicity

ACHN, 786-0, and HK-2 were seeded at the density of 1,5 x 10* cells/
well in 96-well plates for 24 h and they were incubated for 3h with BBR
(20 uM). After the incubation time, the cells were washed with PBS and
100 pL of fresh culture medium without phenol red and FBS was added to
each well. To irradiation it was used a laser (Vet Light — DMC Enterprise,
Sao Carlos, Sao Paulo, Brazil), operating at 447 nm and 80J/ em? of
fluency, set at 4min for application. After irradiation, 100 uL of fresh
culture medium with 10 % FBS was added to each well. Then, cell viability
was measured after 24 h of irradiation by MTT assay. In this experiment
four types of treatment were established: cells without treatment (control),
cells treated with BBR but not exposed to laser; cells exposed to laser only
and cells treated with BBR and exposed to the laser. All experiments were
performed in triplicate and in three independent assays.

2.6. Measurement of reactive oxygen species (ROS) assay

The intracellular ROS generation was measured using a 2-7’-di-
chlorofluorescin diacetate (DCFDA) — Cellular Reactive Oxygen Species
Detection Assay Kit (ab113851, Abcam, Cambridge, UK) with slight mod-
ifications. DCFDA is a fluorogenic dye that measures hydroxyl, peroxyl
and other ROS activity within the cell. In the presence of ROS, this com-
pound is oxidized within the cell and produces a fluorescent compound, 2/,
7’-dichlorofluorescein (DCF), which remains intracellular. Briefly, ACHN,
786-0, and HK-2 cell lines were seeded in 96-well plates. On the following
day, cells were incubated with BBR (20 uM) associated PDT. After 24 h of
treatment, cells were incubated with culture medium containing 25 pM
DCFDA for 45min at 37 °C. Then, the ROS level was determined by
measuring the fluorescence intensity using a microplate reader (Fluostar
Omega, BMG Labtech, Ortenberg, Germany) with excitation and emission
wavelengths set at 485 and 535nm, respectively. Tert-butyl hydrogen
peroxide (TBHP), which induces ROS activity to reduce DCFDA to DCF,
was used as the positive control. All experiments were performed in tri-
plicate and in three independent assays.

2.7. Autophagy assay
Autophagy was analyzed using an Autophagy Assay Kit (MAK138,

Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's
protocol. Briefly, ACHN, 786-0, and HK-2 cell lines were seeded in 96-
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well plates and treated with BBR associated PDT. After 24 h of treat-
ment, cells were incubated with Autophagosome Detection Reagent
diluted in Stain buffer for 1 h at 37 °C. Next, wells were washed with
wash buffer and following it was performed a reading of fluorescence
intensity of intracellular autophagosomes with excitation and emission
wavelengths set at 360 and 520 nm, respectively. Trichostatin A (TSA),
which induces autophagy process, was used as the positive control. All
experiments were performed in triplicate and in three independent
assays.

2.8. Apoptosis assay

The caspase 3 activities in ACHN, 786-O, and HK-2 cells were
measured using a Caspase 3 Assay Kit Colorimetric (ab39401, Abcam,
Cambridge, UK) with slight modifications. Briefly, 3 x 10° cells in 6-
well plates were seeded and treated with BBR associated PDT. After
24 h of treatment, cells were resuspended in 50 pl of Cell Lysis Buffer,
cell supernatant was isolated and measurement of protein concentra-
tion was performed by ND-2000 Nanodrop (Thermo Scientific,
Wilmington, DE, USA). Then, 25 pl of 2 x Reaction Buffer (containing
10 mM DTT) and 2,5 pul of 4 mM DEVD-p-NA substrate were added into
25 pl of each sample and the cells were incubated for 2 h at 37 °C. The
absorbance was detected at the wavelength of 405 nm. The caspase 3
activity was determined to compare treated cells results with the un-
treated control. All experiments were performed in triplicate and in
three independent assays.

2.9. PCR array

Total RNA from 786-O cells after 1h of treatment with BBR asso-
ciated PDT and 786-O cells without treatment were isolated using the
RNeasy mini kit according to the manufacturer’s instructions (Qiagen,
Germany). Total RNA (2 ug) from each group of 786-0 cells was reverse
transcribed using the first-strand c¢cDNA synthesis kit for RT-PCR
(Qiagen, Germany), following the manufacturer's instructions.
Nuclease-free water was used to dilute the amplified cDNA and was
added to the RT?qPCR SYBR green Master Mix (Qiagen, Germany).
After, 25 pl of the experimental cocktail was added to each well of the
Human Cancer Drug Targets RT? Profiler PCR array (Qiagen, Germany).
Real-time PCR was performed on the Applied Biosystems 7300 Real-
Time PCR System (Applied Biosystems, USA) according to the manu-
facturer’s instructions (Qiagen, Germany). All data from the PCR was
collected and differential expression of genes was analyzed by Qiagen
Web Portal (https://www.qiagen.com/br/shop/genes-and-pathways/
data-analysis-center-overview-page/).

2.10. Metabolite footprinting analysis

Intracellular and extracellular metabolite levels are correlated as
intake and secretion are controlled events by several cytosolic and
transmembrane proteins [31,32]. Therefore, the culture medium from
786-0 control cells and 786-0 cells after treatment with berberine as-
sociated with PDT were used to assess metabolic changes. Briefly,
1 x 10° cells were seeded in dishes (60 mm) and treated with BBR as-
sociated PDT. After 30 min, 3 h and 6 h of treatment, the culture media
were collected for analyses of extracellular metabolites. As external
reference, DSS was added to 500 pM in order to measure relative
concentrations.

2.11. Nuclear magnetic resonance spectroscopy

Cell medium was transferred to NMR 5 mm tubes and added 10 %
D,0 for tune and match procedures. Data were collected at 298K in a
600 MHz Bruker AVANCE III HD magnet. All 'H NMR measurements
were performed by a pre-saturated Call-Purcell-Meiboom-Gill (CPMG)
pulse sequence. A 14 ppm (parts per million) slide window was chosen,
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with a relaxation delay of 5s. Spin-echo delay was set to 400 ps with
400 loop T, filter. A total of 64 scans were acquired. Free induction
decays (FIDs) were multiplied by an exponential function with a 1 Hz
line broadening prior to Fourier transformation. Topspin 3.5 (Bruker
Biospin, Germany) was used to manually phase and baseline correction.
Total correlation spectroscopy (TOCSY) and heteronuclear single
quantum coherence (HSQC) spectroscopy were performed using Bruker
standard pulse sequences for selected samples, in order to assist meta-
bolite assignment.

2.12. Statistical analysis

Data were expressed as mean * standard deviation. Statistical
analyses were performed using GraphPad Prism 7 Software (GraphPad
Software Inc., San Diego, CA, USA) and the statistical significance of
differences between the results was determined by analysis of variance
(ANOVA) followed by post-test Tukey’s test for multiple comparisons.
p=< 0.05 was considered statistically significant in this study.

NMR data was assigned to different metabolites using Chenomx
software (Chenomxs Inc. Alberta, Canada) and the Human Metabolome
Database [33]. After metabolite assignment, MetaboAnalyst 4.0 [34]
was used with the relative concentrations of each metabolite, as re-
ferred to DSS concentration. The same scaling and normalization was
repeated. Statistical analysis was performed by using PCA, Partial Least
Square Discriminant Analysis (PLS-DA) and its orthogonal version
(OPLS-DA), and subjected to Welch t-test as available in MetaboAnalyst.

Evaluation of the selected metabolites for discriminating metabolic
changes in cell culture was carried out by a Support Vector Machine
(SVM) classification algorithm accessible at the Biomarker Analysis
module in MetaboAnalyst. SVM uses combinations of metabolite levels,
selected by built-in feature ranking, and by leave-one-out cross vali-
dation (used to repeat multiple times SVM training and evaluation). If
there are differences in the measured levels between populations, it is
expected the method to have high area under the curve (AUC) in
Receiver Operating Characteristic (ROC) curves. The frequency of ap-
pearance of each metabolite to compose the classification in SVM is
indication of the relevance for the metabolites.

3. Results
3.1. Effects of the BBR on cell viability

To investigate the effects of BBR on ACHN, 786-O, and HK-2 cell
lines, we first evaluated the cytotoxicity of BBR in different con-
centrations (5, 10, 20, 40, 80, 160 and 320 uM) after 24 and 48 h of
incubation by MTT assay.

The cell viability was affected by BBR in a dose-dependent manner
(Fig. 1). All the cell lines presented high cellular viability (> 80 %) in
the concentration until 40 uM in 24 h, however, the HK-2 cells treated
with 40 pM of BBR presented viability < 80 % in 48 h. For this reason,
it was chosen the concentration of 20 uM to perform the next experi-
ments. In general, BBR showed low cytotoxicity in the dark in the cell
lines being considered a good photosensitizer for photodynamic
therapy.

3.2. Cellular uptake of BBR

Fluorescence microscopy was used to evaluate the cellular uptake of
BBR after 3, 6, 12, 24 and 48 h of incubation. The cells ACHN, 786-0,
and HK-2 were able to internalize 20 uM of BBR after 3h of BBR in-
cubation. On the other side, the fluorescence decreases for all cell lines
after 24 and 48 h of BBR incubation (Fig. 2). The results showed that
BBR is dispersed by the cytosol and nucleus in all the cell lines eval-
uated.
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Fig. 1. Cytotoxicity of berberine on ACHN, 786-O and HK-2 cells. The ACHN,
786-0 and HK-2 cells were treated with different concentrations (5 pM, 10 uM,
20 pM, 40 pM, 80 uM, 160 uM and 320uM). (A) Cellular viability of the cell
lines 24 h after BBR incubation. (B) Cellular viability of the cell lines 48 h after
BBR incubation. All assays were performed in triplicate, and data shown are
mean * SD of three independent experiments.

3.3. Effects of the phototoxicity of the BBR

Cell lines treated with BBR presented high cellular viability being
91.6 % for ACHN, 78.9 % for 786-0 and 88.8 % for HK-2 cells. The cell
lines treated only with the laser without BBR also showed high cellular
viability: ACHN cell presented 90.64 % of viability, 87.80 % for 786-O
cells and 93 % for HK-2 cells. On the other hand, ACHN, 786-O, and
HK-2 treated with BBR associated with PDT showed a significant de-
crease in the cellular viability compared to the control cells: 16.26 % of
cellular viability in ACHN cells (p < 0.0001), 16.33 % in 786-O cells
(p < 0.0001) and 15.89 % in HK-2 cells (p < 0.001) (Fig. 3). These
results demonstrated the promising phototoxic effect of BBR associated
with PDT for all renal carcinoma cell lines evaluated. It was observed
that HK-2 cells showed greater sensibility in relation to ACHN and 786-
O cells but the treatment with PDT is locally targeted decreasing the
effects over non-tumoral cells.

3.4. BBR associated with PDT induces ROS generation

Accumulation of ROS in ACHN, 786-0, and HK-2 cells was analyzed
by DCFDA staining. Levels of ROS in the cell treated only with BBR and
laser alone were similar to control. In contrast, cells treated with BBR
associated with PDT showed a significant increase in the ROS genera-
tion, being that ACHN, 786-0O, and HK-2 cells presented an increase of
180.03 % (p < 0.0001), 152.65 % (p < 0.0001), 156.65 %
(p < 0.0001) respectively (Fig. 4).
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3.5. BBR associated with PDT induces autophagy

Autophagosome detection was analyzed by fluorescence intensity. It
was shown that BBR associated with PDT induced autophagic processes
in all cell lines analyzed. All cell lines treated with BBR alone showed
levels of autophagy slightly more than 115 % and laser alone showed
levels similar to control. On the other hand, cells treated with BBR
associated PDT presented a significant increase in the levels of autop-
hagy. The cells ACHN, 786-O, and HK-2 presented 173.2 %
(p < 0.0001), 175 % (p < 0.0001) and 169 % (p < 0.0001) of au-
tophagy respectively (Fig. 5).

These results suggest that BBR photoactivation leads to autopha-
gosome formation and consequently, cell death by autophagy.

3.6. BBR associated with PDT induces apoptosis

Caspase 3 activity in ACHN, 786-0O, and HK-2 cells were measured
using a Caspase 3 Assay Kit Colorimetric after BBR and PDT treatment.
The caspase 3 activity similar to the control group were observed in the
cells of the groups treated only with BBR and only with laser. In con-
trast, we observed that renal carcinoma cells treated with BBR asso-
ciated with PDT showed a significant increase of caspase 3 activity
(141.8 % in ACHN cells, p < 0.01) and 190.64 % in 786-O cells,
p < 0.0001). The caspase-3 activity in non-tumoral cells (HK-2) treated
with berberine associated with PDT was slight significant (p = 0.05)
with a percentage of 120.64 % in comparison to the control group
(Fig. 6). These results showed that BBR associated PDT is able to acti-
vate caspase 3 leading cell death by apoptosis in renal carcinoma cells.

3.7. Expression of Target Genes of Anti-Cancer Drugs in 786-0 cells treated
with BBR associated with PDT

To evaluate possible target genes of anti-cancer drugs and its gene
expression profile of the 786-0O cells without treatment and BBR asso-
ciated with PDT was used RT? Profiler PCR arrays. Target genes of anti-
cancer drugs with differential expression between 786-O cells are re-
presented in Table 1. We can observe that FIGF (p = 0.02) and TERT
(p=0.05) genes presented reduced expression, while the PLK3 was
upregulated (p < 0.001) after BBR associated with PDT treatment.

3.8. Metabolic changes induced by BBR associated with PDT

Nuclear magnetic resonance spectroscopy successfully identified
several signals from the metabolite in 786-O (Table 2) cell line. As
shown in Fig. 7 and respective table, up to 24 different metabolites
were identified and quantified in NMR spectra for each time period.
Relative concentrations are shown as box plots for each individual
metabolite after 30 min, 3h and 6 h post treatment (Figures S1-S8).

PCA score plots indicate that metabolic changes are not notable for
up to 3h post treatment for 786-O (Figure S9). Nevertheless, after 6 h
post treatment, cells seem to have metabolic changes that were mea-
sured by the NMR-based metabolomics approach used. In addition, PCA
is not a supervised approach and, as such, distances between control
and treated samples are not optimized. On the other hand, PLS-DA and
OPLS-DA are better in discriminating control and treated groups, as
they use this information to maximize the distances between groups.
OPLS-DA score plot were able to distinguish the metabolic signature
between control and treated samples after only 30min following
treatment (Figure S9). In order to check which metabolites and, thus,
their corresponding metabolic pathway were mainly affected by treat-
ment with berberine associated with PDT, a support vector machine
(SVM) classification system was set, using MetaboAnalyst. By using
metabolites levels from 70 % of the samples in each time period, a SVM
was trained and the model was evaluated using 30 % of the remaining
samples. This was repeated multiple times, so, every sample was used
for both training and evaluation in different steps. As it could be
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ACHN 786-0O HK-2

Control

3 hours

6 hours

12 hours

24 hours

48 hours

Fig. 2. Fluorescence microscopy images of cellular uptake of BBR (20 pM) after different periods of BBR incubation. The pictures were taken 3, 6, 12, 24 and 48 h
after BBR incubation. Scale bar: 20 um.

expected from OPLS-DA score plots, it was found that SVM has good frequency of usage for each metabolite in top scoring models are an
accuracy in discriminant metabolite levels between control and ber- indicative of most affected metabolites (and pathways), as they would
berine associated with PDT treated samples. MetaboAnalyst SVM ap- have more different concentrations between control and treated sam-
proach uses a subset of metabolites for each run and, consequently, the ples.
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performed in triplicate, and data shown are mean + SD of three independent
experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
Control = without any treatment; BBR = berberine only; Laser = laser only;
BBR +Laser = berberine associated with photodynamic therapy.

In this study, several metabolites statistically significant were de-
tected in 786-O cells after treatment with BBR associated PDT and are
represented in Table 2.

We can highlight some metabolites with statistical significance that
may be related to the processes of cell proliferation and tumorigenesis.
Metabolite analyzes showed that the level lysine had a significant
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Fig. 5. Autophagy in ACHN (A), 786-O (B) and HK-2 (C) cell lines. All assays
were performed in triplicate, and data shown are mean * SD of three in-
dependent experiments. * p < 0.05; * p < 0.0001, ns: no significant.
Control = without any treatment; BBR = berberine only; Laser = laser only;
BBR + Laser = berberine  associated =~ with  photodynamic  therapy;
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Table 1
Differential expression of target genes of anticancer drugs in 786-O cells after
treatment with berberine associated with photodynamic therapy.

Gene symbol Fold regulation p-value
FIGF -3.23 0.02
TERT —2.46 0.05
PLK3 2.46 0.001
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Table 2
Differential metabolites in 786-0O cells after treatment with berberine associated
with photodynamic therapy compared with control.

6 hours after
treatment with
berberine + laser

3 hours after
treatment with
berberine + laser

30 minutes after
treatment with
berberine + laser

Extracellular
metabolites in
786-0 cell line

p-value p-value p-value
Cystine 1 (0.0059) 1 (0.5794) 1 (0.3988)
Succinate - (0.8306) 1 (0.0164) | (0.6538)
Sarcosine 1 (0.0079) 1(0.0317) 1 (0.0481)
Formate 1 (0.1201) - (0.8413) | (< 0.0001)
Pyridoxine 1 (0.4952) 1 (0.8896) 1 (0.9229)
Niacinamide 1(0.0119) 1 (0.5476) | (0.9650)
Hypoxanthine 1 (0.0169) | (0.3971) 1 (0.0015)
Fumarate 1 (0.0967) 1 (0.2698) 1 (0.5526)
Asparagine 1 (0.1215) 1 (0.5476) 1 (0.0490)
Aspartate 1(0.1120) 1 (0.8472) 1 (0.9001)
Phenylalanine 1 (0.0375) 1 (0.2273) 1 (0.1346)
Glucose 1 (0.3095) 1(0.0317) 1 (0.0208)
Lysine 1 (0.4206) 1 (0.0014) 1 (0.9606)
Isoleucine 1 (0.2222) 1 (0.0159) 1 (0.1720)
Carnitine 1 (0.1886) | (0.0307) 1 (0.3435)
Tyrosine 1 (0.0819) 1 (0.0317) 1 (0.0295)
Leucine 1(0.1310) 1 (0.0952) 1 (0.0182)
Arginine 1 (0.2522) 1 (0.0159) 1 (0.1802)
Lactate 1(0.2233) 1(0.1497) | (0.0079)
Alanine 1 (0.1656) 1 (0.0588) | (0.0705)
Proline 1 (0.2190) 1 (0.0952) - (0.6015)

increase 3 h after the treatment (p = 0.0014). Furthermore, it was also
observed that the formate levels decreased significantly 6h after the
treatment ((p < 0.0001). Similarly, the lactate levels were decrease
significantly after 6 h of treatment (p = 0.0079) and this metabolite
performs very important functions involved in cancer.

4. Discussion

RCC is considered a malignancy with high mortality and despite the
great advances in the diagnosis and treatment, the survival remains
poor yet. The chemotherapy resistance and metastatic potential are the
main causes of poor prognosis of patients [35,36]. Thus, there is an
urgent need to develop a novel therapeutic approach for the RCC. In
this context, mounting evidence has demonstrated that PDT is sig-
nificantly effective against several types of cancer [37]. In this study,
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we evaluate the effect of berberine associated with PDT in ACHN, 786-
O, and HK-2 cell lines. Recent studies reported that berberine has
characteristics that make it fluorescent [38,39]. Thus, berberine can be
used as a photosensitizer agent for PDT, increasing the treatment effi-
ciency and reducing the side effects.

In this study, we observed that berberine showed low cytotoxicity in
the dark until 40 pM in tumoral cells. The low cytotoxicity of natural
products extract has an advantage over conventional chemotherapeutic
that produces strong side effects and decreases the patient quality of life
[40]. Fluorescence microscopy images showed an efficient inter-
nalization of berberine for all cell lines after 3h of incubation. More-
over, it was observed presence in cytoplasm and nucleus. A study with
glioblastoma and pancreatic carcinoma observed that at 10 uM con-
centration, berberine is mainly distributed in the cytoplasm and at
higher concentrations (50 uM or 150 uM), the signal is clearly visua-
lized both in cytoplasm and nucleus [41].

A good photosensitizer agent for PDT should have excellent pho-
tochemical reactivity, low dark toxicity and only be cytotoxic in the
presence of light [42,43]. Osteosarcoma, skin carcinoma and lung
carcinoma cells treated with only 5puM of berberine in the absence of
light showed 100 % of viability whereas berberine associated with UVA
radiation generated 60 % survival after 72h [44]. In this study, ber-
berine presented high activity against RCC cell lines when associated
with PDT. The cellular viability decreases significantly after 24h of
irradiation in all cell lines used in this study, thus we can infer that this
treatment is effective against RCC. Although HK-2 has been shown to be
more sensitive compared to renal carcinoma cell lines, the damage
caused by photodynamic therapy is greatly reduced and limited, di-
recting the light source only to tumor sites [45].

The cellular damage caused by oxidative stress in the intracellular
biomolecules, such as protein, lipid, RNA/DNA and reactive species
oxygen (ROS) has an important function in the PDT used for cancer
treatment; the synergism of photosensitizer agent with a laser causes
ROS generation leading to cellular death [46]. Our results demon-
strated that there was no ROS production in the berberine alone, but the
treatment with berberine and PDT resulted in a significant increase of
ROS levels.

In this context, ROS regulate autophagy and apoptosis by interac-
tion with specific signaling molecules [47]. Autophagy is a natural
process, where cytoplasmic components are degraded in the lysosome.
Although studies have inferred that PDT can induce autophagy, the role
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Fig. 7. 'H-NMR spectra from cell lines 786-O 3 h post treatment. Assigned metabolites are: 1 - Isoleucine; 2 - Leucine; 3 - Valine; 4 - Lactate; 5 - Alanine; 6 - Arginine;
7 - Proline; 8 - Succinate; 9 - Glutamine; 10 - Aspartate; 11 - Sarcosine; 12 - Asparagine; 13 - Lysine ; 14 - Cystine; 15 - Carnitine; 16 - Glucose; 17 - Fumarate; 18 -
Histidine; 16 - Tyrosine; 20 - Phenylalanine; 21 - Pyridoxine; 22 - Hypoxanthine; 23 - Formate; 24 - Niacinamide.
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of autophagy played in PDT is unclear, depending on the context the
autophagy process promotes or inhibits cell death by drugs, however, it
is quite established that massive ROS production upon treatment can
stimulate autophagic cell death [48]. High levels of autophagy may
lead to cell death due to expressive degradation of cytoplasm compo-
nents [49]. In addition, ROS have been demonstrated to activate au-
tophagic death signaling pathway through AMPactivated protein kinase
(AMPK)/mechanistic target of rapamycin (mTOR) signaling pathway
[50]. Autophagy regulation involves numerous cell signaling and mo-
lecular pathways, including microtubule-associated LC3, ATG5/ATG7,
mTOR, reactive oxygen species (ROS), and Beclin-1 [51]. In study by Li
and cols. (2015) it was observed that the compound silibinin, known to
induce oxidative stress in different cell lines, induced autophagy via
AMPK/mTOR which was able to inhibit metastatic processes in ACHN
and 786-0 (renal carcinoma cells), and there was increased expression
of the LC3 protein responsible for forming the autophagosomes [52].

It has been previously reported that apoptosis is the major cell death
mechanism in the cellular response to PDT, which is associated with
characteristic morphological and biochemical modifications [28]. Pro-
duction of ROS produced induces oxidative stress in mitochondria and
pro-apoptotic proteins are released in cytosol activating caspases; when
apoptosis is triggered, the nucleases degrade the chromosomal DNA
[28,53]. In addition, ROS cause mitochondrial membrane depolariza-
tion and/or opening of Bax/Bak channels on the outer mitochondria
membrane, which allows release of cytochrome c into the cytosol. Cyt ¢
then forms the apoptosome complex in the cytosol together with Apaf-1
and procaspase-9, leading to caspase-9 activation. Caspase-9 then ac-
tivates effector caspases such as caspase-3, resulting in cleavage of
cellular proteins and cell death by apoptosis [54,55]. For example, di-
methoxycurcumin (DMC), one of several synthetic Cur analogues, in-
duced apoptosis in human renal carcinoma cells through the production
of ROS, the release of mitochondrial Cyt ¢, and the subsequent activa-
tion of caspase-3 [56].

The activation of caspase-3 is one of the most interesting hallmarks
of anticancer of berberine. Berberine induces caspase-3 dependent
apoptosis in bladder carcinoma [57], glioblastoma [58], breast carci-
noma [59]. Our results showed that an increase of caspase-3 after
treatment with berberine and PDT, thus, we can conclude that apop-
tosis also is modality cell death induced by this treatment. Caspase-3
activation represents the irreversible of execution stage of apoptosis
[21].

FIGF gene, also known as VEGFD, which presented low expression in
786-0 cells after treatment is a member of the vascular endothelial
growth factor (VEGF) family; these proteins promote angiogenesis and
lymphangiogenesis [60]. VEGF-D induces growth of the lymphatic
vessels via activation of VEGFR-3 localized on the lymphatic endothelial
cells; clinic pathological characteristics have shown that in several
human cancers there is a strong correlation between VEGFR-3 and
lymph node metastasis [61]. In addition, VEGFD overexpression is
correlated with a poor prognosis in ovarian cancer, lung cancer, eso-
phageal squamous cancer and papillary renal carcinoma [61-64].

The human telomerase reverse transcriptase (TERT) gene, which
also presented low expression in 786-O cells treated with BBR asso-
ciated with PDT, is essential for the reconstitution of telomerase activity
and its expression is highly regulated, being absent or only present in
low levels in somatic cells [65]. Up to 90 % of human malignancies
have expressive levels of TERT RNA expression, and consequently high
TERT enzyme activity [66]. The telomerase activity contributes to their
growth advantage and survival of tumor cells [67]. Previous studies
demonstrated a strong association with therapy resistance and telo-
merase expression in breast and gastric cancer patients, in contrast, the
low levels of telomerase activity is able to resensitize cell lines to var-
ious chemotherapeutics [68].

On the other hand, PLK3 gene presented high expression in 786-O
cells treated with BBR associated with PDT. The polo-like kinases fa-
mily are important regulators of cellular function and it was associated
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with cellular responses to DNA damage [69]. PLK3 gene is down-
regulated in many human cancers and some studies suggest that it is
tumor suppressor [70]. A study observed that PLK3 null mice are more
susceptible to developing tumors in some organs and that low expres-
sion is the main mechanism that involves PLK3 with increased tumor-
igenesis process [71].

Altogether, disturb in protein expression levels impact a diversity of
metabolic pathways. Thus, metabolomics aims to explore the wide
range of metabolites that are present in cell lines and biological samples
[72]. Currently, it is widely applied in drug discovery, clinical diag-
nosis, food science and any other fields of human health, moreover,
some studies have investigated whether metabolite biomarkers could be
used to predict the response to cancer treatment [73,74]. In this study,
we observed changes in several metabolites in 786-O cells after treat-
ment with berberine associated with PDT.

The levels of Lysine increased significantly 3 h after the treatment.
Lysine is an essential amino acid with several antitumor properties as
tumor growth supressor, suggesting it has potential as an anticancer
agent [75]. One study evaluated a specific nutrient mixture containing
lysine on human renal carcinoma cell line 786-0 and showed significant
decrease and complete inhibition of invasion at 1000 pg/ml con-
centration due to inhibition of matrix metalloproteinases (MMPs). The
inhibition of MMP-2 and MMP-9 secretion demonstrated potent anti-
metastatic action [76]. MMP-2 overexpression detected in cancer tissue
is significantly related to larger tumor size and silencing of MMP-9
decreased the migration and invasion in glioma cells [77] once it is
known that MMPs can influence the tumor environment by promoting
angiogenesis, tumor growth and metastasis [78]. Another study ob-
served that r-arginine and 1-lysine solutions affected the splenic sym-
pathetic nerve activity and the proliferation of HCT116 cells (human
colon carcinoma) implanted into the subcutaneous space of athymic
nude mice [79].

The formate levels decreased significantly after the treatment with
BBR and PDT. It is known that the formate is an important molecule
whose carbon is incorporated into nucleic acids and into the amino acid
serine [80]. A relevant study reported that the formate is a promoter of
cancer cell invasion in glioblastoma cells. The cell lines U87, LN229 and
NCH601 treated with formate increased cell invasion in a concentra-
tion-dependent manner, indicating that formate promotes glioma cell
invasion. Subsequently, it was performed knockdown for MTHFD1L, the
gene encoding for the mitochondrial enzyme responsible for formate
production resulting in a significant reduction of invasion relative to
control [81].

The levels of lactate also decreased significantly 6h after the
treatment. The relationship between high lactate levels and promotion
of cellular malignancy has long been reported [82,83]. The lactate is
one of the major metabolites involved and necessary for carcinogenesis,
angiogenesis, cell migration and metastasis [82,83]. One of the classical
observations of Otto Warburg was the high lactate production rate in
malignant cells [84]. A study involving 40 patients with renal cell
carcinoma reported high levels of urine lactate before nephrectomy
compared to healthy controls. In addition, the levels of lactate and
glucose (from which lactate derived) were more abundant in urine
samples before nephrectomy than in after ones [85]. The impact of high
lactate levels on cell motility is not yet fully elucidated, but there are
data showing involvement with signaling protein, such as TGF- 2, that
can be a mediator of the lactate-associated effects on migration of
cancer cells in glioma cells [83,86]. It is also known that lactate plays
an important role in angiogenesis stimulating VEGF protein expression
in endothelial cells [87]. Inhibitors of lactate dehydrogenase, enzyme
responsible for lactate production, greatly reduced angiogenesis [88].

In summary, we observed that berberine presented low dark cyto-
toxicity and efficient cellular internalization. The treatment with ber-
berine associated with photodynamic therapy was able to generate ROS
and it induces autophagy and apoptosis activating caspase-3.
Additionally, three target genes of anti-cancer drugs were differentially
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expressed and the treatment with BBR associated with PDT triggered
metabolites changes related to inhibition of cell proliferation, migration
and angiogenesis.

So, we demonstrated that Berberine is an efficient photosensitizer
and its association with photodynamic therapy may be a potential an-
ticancer treatment strategy for renal cancer.
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