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ABSTRACT

Hepatocellular carcinoma (HCC) is the most common primary liver tumor (PLT), with
cholangiocarcinoma (CC) being the second most frequent. Glucose transporter 1 (GLUT-1)
expression is increased in PLTs and therefore it is suggested as a therapeutic target. Flavonoids, like
quercetin, are GLUT-1 competitive inhibitors and may be considered as potential therapeutic agents
for PLTs. The objective of this study was evaluation of quercetin anticancer activity in three human
HCC cell lines (HepG2, HuH7, and Hep3B2.1-7) and in a human CC cell line (TFK-1). The possible
synergistic effect between quercetin and sorafenib, a nonspecific multikinase inhibitor used in
clinical practice in patients with advanced HCC, was also evaluated. It was found that in all the cell
lines, quercetin induced inhibition of the metabolic activity and cell death by apoptosis, followed by
increase in BAX/BCL-2 ratio. Treatment with quercetin caused DNA damage in HepG2, Hep3B2.1-7,
and TFK-1 cell lines. The effect of quercetin appears to be independent of P53. Incubation with
quercetin induced an increase in GLUT-1 membrane expression and a consequent reduction in the
cytoplasmic fraction, observed as a decrease in '8F-FDG uptake, indicating a GLUT-1 competitive
inhibition. The occurrence of synergy when sorafenib and quercetin were added simultaneously to
HCC cell lines was noticed. Thus, the use of quercetin seems to be a promising approach for PLTs
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through GLUT-1 competitive inhibition.

Introduction

The hepatocellular carcinoma (HCC) is the most fre-
quent primary liver tumor (PLT) (approximately
80%), with cholangiocarcinoma (CC) being the sec-
ond most frequent (approximately 10%) (1,2). HCC is
currently the second leading cause of death by cancer
worldwide (3-6). This type of tumor does not have a
specific treatment, with the prognosis being very poor
and the survival diminished (4,7,8). Among the thera-
peutic options available, liver transplantation and sur-
gical resection are the only curative therapies.
However, majority of the patients are diagnosed in
advanced stages and thus are not suitable for surgical
therapies (9-11). As an alternative to surgery, there
are other therapies such as transcatheter arterial che-
moembolization that, in most of the cases, has a
merely palliative role, in part due to its high

chemoresistance (12-17). More recently, sorafenib, a
nonspecific multikinase inhibitor, has come to be
used in clinical practice in patients with advanced
HCC. However, it only increases the survival time of
patients with this type of tumor, from 7.9 to
10.7 months (9).

CC is a malignant tumor that originates in epithelial
cells of the biliary tree (18). With regard to prognosis, at
an advanced stage of the disease, CC is taken as a devas-
tating type of cancer and the only curative treatment
possible is surgical resection. Nevertheless, when diag-
nosed, majority of the patients are at an advanced stage
of the disease, making it impossible to perform this ther-
apy. Under these conditions patients are, most of the
time, conducted to palliative treatments (19,20). In this
context, it is imperative to find new therapies and new
therapeutic targets for these types of tumor.
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In recent years, several studies indicate that glucose
transporter 1 (GLUT-1) is overexpressed in HCC, pro-
moting tumorigenesis. Furthermore, in 2009, Amann and
colleagues revealed that when suppressing GLUT-1
expression using siRNA, tumorigenesis of HCC cell cul-
tures was significantly reduced. These results suggest that
GLUT-1 plays a direct role in HCC carcinogenesis and
may be a promising therapeutic target for this type of
tumor (21-23).With regard to the relationship between
CC and GLUT-1, a recent study showed that GLUT-1
expression in CC is correlated with poor prognosis and
aggressive behavior and, according to the authors, GLUT-
1 might be a therapeutic target for CC (24).

GLUT-1 has three ATP binding sites, essential to
its conformation and affinity. In this way, these bind-
ing sites seem to be a possible target for pharmaco-
logical strategies. Currently, it has been demonstrated
that flavonoids, such as genistein and quercetin,
inhibit the binding of ATP with tyrosine kinases,
which is also capable of inhibiting GLUT-1 through
this mechanism (21). In fact, the action of flavonoids
as GLUT-1 competitive inhibitors is already known
and has been studied (25).

Quercetin is a bioactive flavonoid type flavonol which
presents antioxidant, anti-inflammatory, and vasodila-
tory effects, having been proposed as a potentially anti-
cancer agent (26). Studies performed in cell cultures
showed that quercetin and its glucosides exhibit antican-
cer activity in some types of tumor cells, which may be
due to their anti/pro-oxidant and/or anti-inflammatory
properties, and even to other less explored mechanisms
of action (26-30). Recent studies have also shown highly
positive results in the use of quercetin in combination
with drugs commonly used in clinical practice, which
open the door to the possibility of quercetin utility in
combination with traditional drugs used in chemother-
apy (31-33). Therefore, quercetin can be considered as a
potential therapeutic agent to treat PLTs, since it is possi-
ble to check its anticarcinogenic effect as a GLUT-1 com-
petitive inhibitor, in addition to its other characteristics.
Taking all these characteristics into account, the main
goal of this study is the evaluation of anticancer activity
of quercetin in three human HCC cell lines that differ in
P53 expression and in a human CC cell line.

Materials and methods
Cell cultures

The human HCC cell lines used were HepG2 (wP53),
HuH7 (mP53), and Hep3B2.1-7 (P53 null) (34,35).
HepG2 and Hep3B2.1-7 cell lines were obtained from
American Tissue Cell Collection (ATCC), USA, and

HuH?7 cell line was obtained from Japanese Collection of
Research Bioresources (JCRB), Japan. The human CC
cell line TFK-1 was obtained from Deutsche Sammlung
von Mikroorganismen und Zellkulturen (DSMZ). This
cell line does not express P53 (36). Cells were propagated
on adherent cultures at 37°C in 5% CO, humidified
atmosphere using Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma D5648) as culture medium for HCC
cell lines and RPMI 1640 (Sigma R4130) for CC line,
both supplemented with 100 uM sodium pyruvate
(Gibco 11360), 10% fetal bovine serum (Sigma F7524),
and 1% antibiotic (100 U/mL of penicillin and 10 pg/mL
of streptomycin) (Gibco 15240). These culture media
contained 25 mM glucose. For fluorine-18 fluorodeoxy-
glucose ("*F-FDG) uptake studies, cells were also cul-
tured in low-glucose (LG) medium (5 mM) DMEM
(Sigma D5523) for HCC cell lines and RPMI 1640
(Sigma R1383) for CC cell line, in order to mimic the
normal human blood plasma glucose concentration.

Metabolic activity evaluation

To evaluate the effect of quercetin or sorafenib on meta-
bolic activity, cells were plated in 24-well multiwell plates
with 25,000 cells in each well. After 24 h, cells were incu-
bated with different concentrations of quercetin (0.1-
25 mM) or sorafenib (0.025-10 mM). Metabolic activity
was evaluated 24, 48, 72, and 96 h after incubation with
compounds using  3-(4,5-dimethylthiazol-2-yl)-2,5-
dipheniltetrazolium (MTT) (Sigma M2128) assay as
described by Mamede et al. (37).

Assessment of the combination effect of quercetin
with sorafenib

Chou and Talalay method (38) was used in order to
verify the response produced through the combina-
tion of quercetin with sorafenib. For this evaluation,
25,000 cells were plated in 24-well multiwell plates
and incubated with one-fourth of the half-maximal
inhibitory concentration (ICsy) value previously
obtained for quercetin (9.42 uM for HepG2 cells,
22.65 uM for HuH7cells, 12.59 uM for Hep3B2.1-7
cells, and 12.16 uM for TFK-1 cells). Cells were also
treated with different concentrations of sorafenib
(0.25-10 mM). Sorafenib was added simultaneously
with quercetin and its effect on metabolic activity was
evaluated with the MTT assay after 48 h.

Cell survival evaluation

For this study, 500 cells of each cell line were seeded per
well in six-well plates. After 24 h, the cells were
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incubated with different concentrations of quercetin, tak-
ing into account the previously calculated ICs, value.
Thus, for each cell line, the concentration corresponding
to the ICs, value, a lower concentration and a higher
concentration were used. Therefore, the quercetin con-
centrations used for HepG2 cell line were 5 uM,
90.60 uM, and 200 uM; for HuH7 cell line5 uM,
37.67 uM, and 100 uM; for Hep3B2.1-7 cell line 5 uM,
50.35 uM, and 100 puM; and finally for TFK-1 cell line
5 uM, 48.65 uM, and 100 uM. Control wells, which
were not submitted to treatment, were also reserved.
48 h after exposure to quercetin, cells were washed with
phosphate buffered saline (PBS) and a new medium was
added. For all these conditions, the effect of quercetin on
cell survival was evaluated with the clonogenic assay
according to Mamede et al. (39).

Flow cytometry

In order to assess the effects of quercetin on cell viability
and types of cell death, cell cycle, Bcl-2 associated X pro-
tein (BAX), B-cell lymphoma 2 (BCL-2), and GLUT-1
protein expression it was used flow cytometry. The anal-
ysis was performed using a 6-parameter, 4-color FACS-
Calibur flow cytometer (Becton Dickinson, San Jose,
CA) equipped with a 15-nW argon laser. For each assay,
at least 10* events were collected using CellQuest soft-
ware (Becton Dickinson, San Jose, CA) and analyzed
using Paint-A-Gate software (Becton Dickinson, San
Jose, CA). For each flow cytometry analysis, 10° cells
were seeded per well, being, 24 h after, incubated with
the same concentrations of quercetin used in cell survival
for 48 h.

Cell viability and types of cell death

In order to study cell viability, after the incubation of all
cell lines with quercetin for 48 h, flow cytometry using
annexin V/propidium iodide was performed according
to a method already described by Brito et al. (17). The
quercetin concentrations used for HepG2 cell line were
5 uM, 90.60 uM, and 200 uM; for HuH7 cell line 5 uM,
37.67 uM, and 100 uM; for Hep3B2.1-7 cell line 5 uM,
50.35 uM, and 100 puM; and finally for TFK-1 cell line
5 uM, 48.65 uM, and 100 M.

Determination of BAX and BCL-2 expression

After incubation of cell lines with quercetin, BAX and
BCL-2 protein expression was determined according to
Brito et al. (17). PE-anti-BAX (sc-20067PE, Santa Cruz)
and FITC-anti-BCL-2 (sc-509 FITC, Santa Cruz) anti-
bodies were used for this purpose.
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Cell cycle

In order to analyze possible alterations in cell cycle, the
cells, after incubation with quercetin and trypsinization,
were centrifuged at 1,300 G for 5 min and the superna-
tant was discarded. Then, 200 uL of ethanol 70% was
added to the pellets while vortexing and the tubes were
incubated for 30 min at 4°C in the dark. Then, the cells
were washed with 2 mL of PBS and centrifuged at
1,300 G for 5 min. The supernatant was discarded and
500 wL of PI/RNase solution (PI/RNase Solution, Immu-
nostep) was added to the pellet and incubated for 15 min
in the dark at room temperature. Subsequently, cell cycle
detection was performed in the flow cytometer using
excitation wavelength of 488 nm.

P53 expression

Western blotting was used to evaluate the expression of
P53 protein. This analysis was performed in control cells
and in cells incubated with the same concentrations of
quercetin used in cell survival evaluation for 48 h. Thus,
the quercetin concentrations used for HepG2 cell line
were 5 uM, 90.60 uM, and 200 uM; for HuH7 cell line
5 uM, 37.67 uM, and 100 uM; for Hep3B2.1-7 cell line
5 uM, 50.35 uM, and 100 uM; and finally for TFK-1 cell
line 5 uM, 48.65 uM, and 100 uM. The protocol used
was described by Santos et al. (40). The primary antibod-
ies used were anti-P53 (Sc-47698, Santa Cruz) at a dilu-
tion of 1:500 and antiactin (A5441, Sigma) at a dilution
of 1:10000.

Comet assay

Damage in cell DNA was analyzed with alkaline single-
cell gel electrophoresis, comet assay. Briefly, 5x10° cells
were treated with the two highest concentrations of quer-
cetin used in cell survival evaluation, i.e., 90.60 uM and
200 uM for HepG2 cell line, 37.67 uM and 100 uM for
HuH7 cell line, 50.35 uM and 100 uM for Hep3B2.1-7
cell line, and finally 48.65 uM and 100 uM for TFK-1
cell line. The protocol used was described by Santos et al.
(40).

GLUT-1 expression

For GLUT-1 membrane expression determination, after
trypsinization, cells were centrifuged at 1,300 G and fur-
ther incubated for 15 min at room temperature with
10 puL of PE-anti-GLUT-1 monoclonal antibody
(MAB1349, R&D Systems). Then, the cells were washed
by centrifugation at 1,300 G for 5 min and detected in a
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flow cytometer using the excitation wavelength of
585 nm.

The same protocols described above for BAX and
BCL-2 determination using the PE-anti-GLUT1
(MABI1349, R&D Systems) antibody were used for
GLUT-1 intracellular expression detection.

'8F_-FDG uptake studies

Uptake studies using 'F-FDG were performed in
HepG2, HuH7, Hep3B2.1-7, and TFK-1 cell lines and in
the same lines previously incubated with 37.67 uM,
90.60 uM, 50.35 uM, and 48.65 uM quercetin, respec-
tively, for 1 h. The uptake studies were performed
according to an already described protocol (41,42). Cell
suspensions with 2 x 10° cells/mL were prepared. Then,
925 Bq/mL of "*F-FDG was added to each cell suspen-
sion. 1, 5, 15, 30, 45, 60, 90, and 120 min after radiophar-
maceutical addition, duplicate samples of 200 L of cell
suspension were collected in microtubes with iced PBS
to determine the tracer uptake. The samples were centri-
fuged (5,600 G for 60 s) to separate the pellet from the
supernatant. Radioactivity of cell pellets and superna-
tants were measured separately with well counter (Cap-
intec CRC-15 W) in counts per minute (CPM) in order
to determine the '*F-FDG uptake percentage by the cells,
according to the following equation.

CPMpeHet

% Uptake =
P CPMpelIet + CP Msupernatant

x 100

Equation 1: Calculation of uptake percentage.

Statistical analysis

Statistical analysis was performed using IBM® SPSS® v.
20.0 software (IBM Corporation, Armonk, New York,
USA). The normality of quantitative variables distribution
evaluation was performed according to Shapiro-Wilk test.
Parametric tests were used in case there was a normal dis-
tribution and nonparametric tests were used otherwise.

In the analysis of metabolic activity according to MTT
assay, the experimental data obtained were fitted to a sig-
moidal dose-response model using OriginLab v. 8.0 soft-
ware in order to calculate the ICs, value.

The comparison of values obtained between different
therapeutic conditions within the same cell line and
between cell therapy for the same condition lines was
performed according to analysis of variance (ANOVA)
factor with multiple comparisons using Bonferroni
correction.

In the type of cell death evaluation, cell cycle analysis,
and BAX/BCL-2 ratio, the comparison between two

different treatment conditions for each cell line was
performed through an ANOVA factor if any there
was normality and homogeneity of variance or
Kruskal-Wallis test otherwise. Multiple comparisons
were performed using Bonferroni correction.

In comparing between therapeutic conditions of clono-
genic capacity and GLUT-1 expression, the comparison
with the control was performed according to Student’s t-
test for an average; while in the comparisons between the
other conditions, the ANOVA test of a factor or the Krus-
kal-Wallis test (test selection according to the above crite-
ria) was used. Multiple comparisons were obtained
according to Bonferroni correction. In the comparison of
GLUT-1 membrane and cytoplasmic expression for each
cell line, Student’s t-test for paired samples or the corre-
sponding nonparametric Wilcoxon test was used.

In the analysis of '*F-FDG uptake, the experimental
values obtained were fitted to an exponential model using
OriginLab v. 8.0 software. The parameters were compared
using the ANOVA test of a factor with multiple compari-
sons according to Bonferroni correction. A significance
level of 0.05 was considered for all comparisons.

Results
Effect of quercetin on metabolic activity

Through the analysis shown in Table 1 it can be seen that
quercetin has an inhibitory effect on metabolic activity in
all the studied cell lines, depending on the incubation
time and the concentration of compound.

Observing the ICs, values, it was noted that for shorter
incubation times HepG2 was the most sensitive to cell
line incubated with quercetin. However, by increasing the
incubation time, the lowest ICs, values were obtained
with the Hep3B2.1-7 cell line. For the HepG2 cell line, it
was found that there were statistically significant differen-
ces between the ICs, values obtained after 24 and 48 h (p
< 0.05), 24 and 72 h (p < 0.01), 48 and 96 h (p < 0.01),
and finally between 24 and 96 h (p < 0.001) of incuba-
tion. Regarding the ICs, values obtained for the HuH7
cell line, there is a statistically significant difference among
all values obtained (p < 0.05), except between 48 and
72 h of incubation. It was also found that among the ICs,
values obtained for the Hep3B2.1-7 cell line, statistically
significant differences occur systematically (p < 0.01) with
the exception of the values acquired after 72 and 96 h of
incubation. Finally, concerning ICs, values calculated for
TFK-1 cell line, statistically significant differences have
been observed (p < 0.001) between the value obtained
after 24 h and other incubation times. In turn, comparing
the IC5, values obtained after 48 h of incubation with
quercetin in the various cell lines under study, differences
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Table 1. IC5, values and confidence intervals obtained for HepG2, HuH7, Hep3B2.1-7, and TFK-1 cell lines when treated with quercetin
for different incubation times. The obtained r* values were always equal or greater than 0.9.

Quercetin
HepG2 HuH7 Hep3B2.1-7 TFK-1
Cell line  ICso (M)  Confidence interval  ICso (uM)  Confidence interval  1Cso (kM) Confidence interval ~ 1Cso (uM)  Confidence interval
24 h 45.53 [36.62; 56.61] 174.26 [156.85; 193.61] 87.07 [65.67; 115.44] 100.77 [82.39; 123.24]
48 h 37.67 [31.24;39.34] 90.60 [79.35; 93.81] 50.35 [46.23; 64.06] 48.65 [33.56; 53.22]
72 h 33.06 [26.32;35.91] 72.21 [52.08; 81.29] 27.88 [20.06; 31.42] 41.11 [26.97; 47.89]
96 h 29.02 [24.38; 30.91] 61.61 [53.36; 65.20] 26.63 [23.21; 27.99] 39.26 [32.09; 42.24]

with statistical significance (p < 0.001) were found among
the values obtained for the cell lines HepG2 and HuH?7,
Hep3B2.1-7 and HepG2, HuH7 and Hep3B2.1-7, and
HuH?7 and TFK-1.

Cell survival

The treatment with different concentrations of quercetin
induced significant reductions on colony forming ability
of all the cell lines studied (Fig. 1).

For HCC cell lines, with only 5 uM quercetin, a
reduction of about 20-25% on the capacity of colony for-
mation was observed in relation to the control, always
with statistically significant differences (p < 0.05). For
the other two concentrations of quercetin used, an
absence of colony formation was found.

In relation to TFK-1 cell line, the treatment with the
lowest concentration of quercetin used also induced a
significant decrease (about 20%) on survival factor (p <
0.05). For the other concentrations, a significant loss of

HepG2 HuH7
A
100+ 100-
£ 80 S 801 %
5 5
= 601 E 60
g g
= 40 E 404
E 201 k% ® kK a 29 ® %K *kk
0- T T £ Y :
Control 5 37.67 100 Control 5 90.6 200
Quercetin (M) Quercetin (M)
Hep3B2.1-7 TFK-1
C D
1001 100+ *
£ 801 £ 804
1] [
£ 604 £ 60
& &
T 404 T 404
= = *kk
E g *kok *kk E 201
KKk
0- s : 0-
Control 5 50.35 100 Control 5 48.65 100

Quercetin (uM)

Quercetin (upM)

Figure. 1. Analysis of cell survival factor in response to the treatment with quercetin by HepG2 (A), HuH7 (B), Hep3B2.1-7 (C), and TFK-1
(D) cell lines using clonogenic assay. The percentage of colonies relative to control as well as the respective mean and standard devia-
tion of six independent experiments are expressed. Significant differences relative to control are identified with *. The use of * repre-
sents p < 0.05 and *** represents p < 0.001.
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ability to form colonies greater than 80% (p < 0.001) was
noted.

Cell viability and cell death

As a response to incubation with quercetin, the viability
of the HepG2 cells decreases, which occurs simulta-
neously with a tendency to activate cell death through
apoptosis as it is shown in Fig. 2A. Statistically significant
differences (p < 0.001) were only shown between the
control condition and the highest concentration of quer-
cetin used in relation to the percentage of viable cells.
For the HuH?7 cell line (Fig. 2B), when cells were incu-
bated with the two lower concentrations of quercetin,
the cell viability remained similar to those of control
cells. However, when the quercetin concentration was
increased to 200 M, the cell viability decreased in a sta-
tistically significant manner (p < 0.05) to about 40%.
Apoptosis was the predominant type of cell death when
the quercetin concentration corresponded to its ICs,
value, and a balance between apoptosis and necrosis
occurred for the other two concentrations tested. Statisti-
cally significant differences were also observed between
cell populations undergoing initial apoptosis and the
control at the concentration of 200 uM (p < 0.05). In
turn, it was verified in the Hep3B2.1-7 cell line (Fig. 2C)

HepG2
A
120- S
1004 —F - - B LAN
g A
= 80-
£ ov
2 60
o
“ 404
201 h:
0 T T T T
Control 5 37.67 100
[Quercetin] (uM)
c Hep3B2.1-7
120-
E N
100- AL = — B LAN
= 80 bt . 1A
< Ov
z 60
=
~ 404
204 kkk T
0 T T T T
Control 5 50.35 100

[Quercetin] (M)

that when cells were incubated with the concentration of
quercetin that corresponds to the ICs, value, only about
45% of the cells remained viable, with statistically signifi-
cant differences in relation to the control cells (p <
0.001). About 20% of the remaining cells died by necrosis
and about 35% by apoptosis, the latter being significantly
different from the control value (p < 0.05). There were
also no statistically significant differences between the
populations of viable cells in control condition and at
those incubated with 100 M quercetin (p < 0.05) and
between those incubated with 5 M and 100 ©M querce-
tin, and among populations at an initial apoptosis (p <
0.05) and necrosis (p < 0.01) between control and cells
incubated with 100 uM quercetin. Concerning TFK-1
cell line (Fig. 2D), it can be observed that quercetin did
not induce a very evident increase in cell death, because
even when cells were treated with 100 uM this com-
pound, cell viability was around 65%. Nevertheless, there
were statistically significant differences (p < 0.05) among
populations of viable cells in the control condition and
those incubated with 100 M quercetin. There were also
statistically significant differences in initial apoptotic
cells between control and cells incubated at 100 uM
quercetin (p < 0.05) and cells in late apoptosis/necrosis
as well as between the control and the cells incubated
with 100 uM quercetin (p < 0.05).

HuH7
B
1204 .
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o
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Figure 2. Analysis of cell viability and different types of cell death by flow cytometry using double staining with annexin V - fluorescein
isothiocyanate (AV-FITC) and propidium iodide (PI) in HepG2 (A), HuH7 (B), Hep3B2.1-7 (C), and TFK-1 (D) cell lines when treated with
three different concentrations of quercetin during 48 h. The results represent the percentage of viable cells (V), cells in initial apoptosis
(Al), cells in late apoptosis/necrosis (AT/N), and cells in necrosis (N). Results express the mean and standard deviation of four indepen-
dent experiments. Statistically significant differences in relation to control are represented by *. The use of * represents p < 0.05, ™ p <

0.01, and *** p < 0.001.
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Figure 3. Analysis of BAX/BCL-2 expression in response to quercetin in HepG2 (A), HuH7 (B), Hep3B2.1-7 (C), and TFK-1 (D) cell lines.
The results express the mean and standard deviation of four independent experiments and are normalized relative to the control condi-
tion. Significant differences from control are represented by * that represents p < 0.05.

BAX/BCL-2 ratio

Observing Fig. 3, it can be seen that the treatment with
quercetin has a tendency to induce an increase in the
BAX/BCL-2 ratio in all the cell lines studied. For HepG2,
HuH7, and Hep3B2.1-7 cell lines, when the cells were
incubated with quercetin, an increase in BAX/BCL-2
ratio was observed although without significant differen-
ces. Regarding Hep3B2.1-7 cell line, a gradual increase
of BAX/BCL-2 ratio in response to the treatment with
quercetin, with statistical significance between control
condition and cells incubated with 100 uM quercetin
was observed (p < 0.05).

Cell cycle analysis

Figure 4A shows the results obtained by cell cycle analy-
sis of HepG2 cell line after incubation with different con-
centrations of quercetin. The results revealed the
presence of a pre-GO peak or apoptotic peak for the high-
est concentrations of quercetin tested, showing statisti-
cally significant differences between control cells and
cells incubated with 100 uM quercetin (p < 0.05) and
between cells incubated with 5 puM quercetin and
100 M compound (p < 0.05). Also, a statistically signif-
icant increase in cell population in the GO/GI phase

between the control condition and the cells incubated
with 37.67 uM quercetin (p < 0.05) and between this
condition and the highest concentration of quercetin
(p < 0.05) was observed, suggesting an arrest of the cell
cycle in this phase. With increasing concentration of
quercetin, a decrease in the S phase population was also
observed, with significant differences between control
condition and concentration of 100 uM (p < 0.05), and
between concentrations of 5 um and 100 uM (p < 0.05).
There was also a slight increase in G2/M phase popula-
tion, only with significant differences between the cells
incubated with 37.67 uM and 100 uM quercetin (p <
0.01). For HuH7 cell line (Fig. 4B), the presence of the
apoptotic peak for the highest concentrations of querce-
tin was also observed, with statistically significant differ-
ences between the populations in the pre-GO phase in
the control condition, and the cells incubated with
200 uM quercetin (p < 0.01) and between cells incu-
bated with 5 uM and 200 M compound (p < 0.05). A
slight increase of the cell population in the GO/G1 phase
was also observed when the cells were incubated with
90.60 uM and 200 uM quercetin, with statistically signif-
icant differences between the results for concentrations
of 5 uM and 90.60 uM (p < 0.05). At the same time, a
cell population increase in the G2/M phase took place,
with statistically significant differences between the
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Figure 4. Cell cycle analysis for HepG2 (A), HuH7 (B), Hep3B2.1-7 (C), and TFK-1 (D) cell lines for the different conditions tested. The
figure shows the populations in the pre-G0, G0/G1, S, and G2/M phases. For each condition, the results were expressed as percentages
of cells. The results express the mean and standard deviation of four independent experiments. Significant differences from control are
represented by *. The use of * represents p < 0.05 and ** represents p < 0.01.

control and the concentration corresponding to ICs,
value (p < 0.01) and between the control and the highest
concentration of quercetin used (p < 0.05). With respect
to the Hep3B2.1-7 cell line (Fig. 4C), in response to the
treatment with quercetin, only a decrease in the percent-
age of cells in S phase and the presence of the pre-G0
peak were observed. Regarding TFK-1 cell line (Fig. 4D),
with the increase in the concentration of compound,
there was a decrease in S phase cell population with sta-
tistically significant differences between the cells incu-
bated with 5 ©M and 100 uM quercetin (p < 0.05) and
between 48.65 uM and 100 uM quercetin (p < 0.05). A
gradual increase of the population in G2/M phase with
the increase of quercetin concentration was also
observed, with statistically significant differences
between the control and the highest concentration of
quercetin used (p < 005).

P53 expression

From Fig. 5A it can be found that Hep3B2.1-7 and TFK-
1 cell lines do not express P53. Moreover, compared to
HepG2 cell line, the HuH7 cell line markedly expresses
P53, i.e., 4 times more.

Figure 5 also shows the analysis of P53 expression in
response to the treatment with quercetin. This analysis
was only performed for HepG2 and HuH7 cell lines since
the other two cell lines did not express P53 (Fig. 5A).

According to Fig. 5, incubation with various concentra-
tions of quercetin tested induced a decrease in P53
expression for HepG2 cell line (Fig. 5B) and for HuH7
cell line (Fig. 5C). Statistically significant differences
were observed (p < 0.05) between the control condition
and the cells incubated with 5 ©M quercetin in the case
of HepG2 cell line, and between control and all the con-
centrations of quercetin tested for HuH7 cell line (p <
0.01).

DNA damage

Through a qualitative analysis it can be seen that the cell
lines studied are susceptible to DNA damage when sub-
jected to treatment with quercetin. Since an increase in
the length of the tail of the comet with the highest con-
centration of quercetin was observed, it is inferred that
the increase in the compound concentration promoted a
greater extent of damage in DNA (Fig. 6).

Graphs in Fig. 7 show the differences in the tail
moment (parameter that correlates % of DNA in the tail
and tail length) of comets obtained for each tested condi-
tions, for all the cell lines studied. It can be seen that the
increase in quercetin concentration causes an increase in
the tail moment of the HepG2, Hep3B2.1-7, and TFK-1
cell lines; in other words, incubation with this compound
induces DNA damages in these cell lines. Differences
with statistical significance (p < 0.001) were observed
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Figure 5. (A) P53 expression in relation to S-actin in HuH7, HepG2, Hep3B2.1-7, and TFK-1 cell lines. The results express the mean and
standard deviation of four independent experiments and are normalized relative to the HepG2 cell line. (B and C) P53 expression in rela-
tion to B-actin in HepG2 (B) and HuH7 (C) cell lines in response to the treatment with quercetin. The results express the mean and stan-
dard deviation of four independent experiments and are normalized relative to control. Significant differences from control are
represented by * representing p < 0.05, ** representing p < 0.01, and *** representing p < 0,001.

between the negative control and the two concentrations
of quercetin tested in the case of HepG2 cells, and
between the negative control and the highest concentra-
tion of quercetin tested in the case of Hep3B2.1-7 and
TFK-1 cell lines.

GLUT-1 expression

Regarding GLUT-1 expression, for the HepG2 cell line it
was found that the increase in quercetin concentration is
associated with an increase in GLUT-1 membrane expres-
sion and a decrease in its cytoplasmic expression, as
shown in Fig. 8A. The decrease in cytoplasmic expression
of this transporter presents statistically significant differen-
ces between the control and the treatment with 100 uM
quercetin (p < 0.05). As the concentration of quercetin
increased, there was also an increase in membrane expres-
sion of GLUT-1 for HuH7 cell line (Fig. 8B) associated
with a decrease in cytoplasmic expression of this trans-
porter. There are statistically significant differences in
GLUT-1 cytoplasmic expression between the control and
the treatment with 5 uM quercetin (p < 0.001) and
between control and the treatment with 90.60 uM

quercetin (p < 0.05). With regard to Hep3B2.1-7
(Fig. 8C) and TFK-1 (Fig. 8D) cell lines, with the increase
in concentration of quercetin an increase in GLUT-1
membrane expression can be observed. In the case of
TFK-1 cells, statistically significant differences occur in
the membrane expression of this transporter between the
control and the cells incubated with 5 uM quercetin (p <
0.05) and between the cells incubated with 5 uM and
100 uM quercetin (p < 0.05). In relation to GLUT-1
cytoplasmic expression, an increase with the increase of
the compound concentration was observed.

'8F_-FDG uptake

Results shown in Fig. 9 indicate that for all the cell lines
studied, when cells were preincubated with quercetin, there
was a decrease in the percentage of "*F-FDG uptake. The
decrease in the radiotracer uptake under study occurs, for
both glucose concentrations, in the culture medium.
Graphs in Fig. 9 were used to determine A ,,, (% of maxi-
mum uptake) and Ts, (time to reach half of the maximum
uptake) parameters shown, for each condition, in Table 2.
With respect to the A, parameter, differences were
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Figure 6. Representative images of comets obtained with cell
lines HepG2 (A to D), HuH7 (E to H), Hep3B2.1-7 (I to L), and TFK-
1 (M to P), for each condition to which the cells were subjected:
(A, E, I, and M) negative control, cells not subject to treatment,
(B, F, J, and N) positive control, cells subjected to 20 nM hydrogen
peroxide, and the other conditions were incubated for 48 h with
quercetin (C) 38 uM, (G) 91 uM, (K) 50 M, (0) 49 uM, (D, L and
P) 100 1M, and (H) 200 M.

statistically significant (p < 0.01) for HepG2 cell line between
control cells and cells preincubated with quercetin, when cells
were grown in LG medium. Regarding HuH7 cell line,
throughout the preincubation with quercetin, decrease in the
value of the A, parameter compared to control when cells
were grown in high-glucose (HG) medium (p < 0.05) was
observed; the same occurs when cells were cultured in LG
medium (p < 0.01). In the case of Hep3B2.1-7 cell line no
statistically significant differences in A,,,, parameter were
observed between the treated cells and the control ones for
both formulations of cell culture medium. Finally, for TFK-1
cells, there are statistically significant differences between the
parameter A, obtained for the control cells and cells prein-
cubated with quercetin (p < 0.001) when cells were grown in
LG medium. With respect to Ts, parameter, there were no
statistically significant differences between control values and
those obtained in cells preincubated with quercetin for all the
cell lines studied.

Effect of sorafenib on metabolic activity

Based on the studies with sorafenib, it was found
(Table 3) that it is able to inhibit the metabolic activity of
all the studied cell lines in a time- and concentration-
dependent way. In general, the TFK-1 cell line is the
most sensitive to sorafenib and the most resistant to the
HuH7 cell line. For the ICs, values obtained for the
HepG2 cell line, there are statistically significant differ-
ences between the values determined for all the incuba-
tion times tested, with p < 0.01 between the ICs, values
obtained after 72 h and 96 h of incubation and p < 0.001
for other combinations. Regarding HuH?7 cell line, there
are statistically significant differences (p < 0.001)
between all the ICs, values determined except between
the values obtained after 72 and 96 h of incubation. With
respect to Hep3B2.1-7 and TFK-1 cell lines, the ICs, val-
ues obtained differ with statistical significance between
the ICs, values obtained after 72 and 96 h of incubation
(p < 0.05) and between the values determined for the
other incubation times (p < 0.001). Comparing the ICs,
values obtained after 48 h of incubation with sorafenib
for the various cell lines, it was found that there are sta-
tistically significant differences between all combina-
tions, with p < 0.01 between the values obtained for the
HuH7 and Hep3B2.1-7 cell lines and p < 0.001 for all
other combinations.

Evaluation of the combined effect of quercetin with
sorafenib

Table 4 shows the ICs, values determined by the com-
bined treatments of quercetin with sorafenib. In Tables 1,
3, and 4, it can be seen that that for all the cell lines
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Figure 7. Tail moment, obtained for HepG2 (A), HuH7 (B), Hep3B2.1-7 (C), and TFK-1 (D) cell lines for each condition tested. The outliers
are marked with O and *. Results represent the median and standard deviation of at least 60 comets obtained from three independent

experiments. Statistically significant differences are indicated by

studied, the addition of quercetin induces a decrease in
the ICs, value of sorafenib. Using the determined ICs,
values, using Chou and Talalay method (38), it was pos-
sible to determine the combination indices (CI) shown
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in Table 5. According to this method, when CI < 1 syn-
ergy occurs, when CI > 1 the effect is antagonistic and
when CI = Ithe effect is additive. According to Table 5 it
was found that the combined treatment induces synergy

Ratio relative to control @

Ratio relative to control o

HuH7
15
20

[ GLUT-1 cytoplasmic
15 Bl GLUT-1 membrane

1.0

0.0
Control 5 9060 200

[Quercetin] ()

TFK-1

1.0 *

15 £ GLUT-1 cytoplasmic

B GLUT-1 membrane
10

0.0
Control 5 48.65 100

[Quercetin] (L)

Figure 8. Analysis of GLUT-1 membrane and cytoplasmic expression, in response to the treatment with quercetin, in HepG2 (A), HuH7
(B), Hep3B2.1-7 (C), and TFK-1 (D) cell lines. For each condition, the results are expressed as ratio relative to control and they express
the mean and standard deviation of at least three independent experiments. Significant differences from control are represented by *.
The use of * represents p < 0.05 and ** represents p < 0.01.
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Figure 9. '8F-FDG uptake profiles by HepG2 (A), HuH7 (B), Hep3B2.1-7 (C), and TFK-1 (D) cell lines in control cells and in the same cell
lines preincubated with quercetin. The cell lines were cultivated in HG medium and in LG medium. Results are expressed as the mean
and standard deviation of four independent experiments performed in duplicate.

for all the HCC cell lines studied, but not for TFK-1 cell
line.

Discussion

Flavonoids, including quercetin, have been suggested as
potent anticancer agents (21,31,43). One mechanism of
action currently assigned to flavonoids is the competitive
GLUT-1 inhibition; it is known that in HCC and CC,
GLUT-1 has a direct role not only in glucose transport
but also in tumorigenesis (21,22,24). In our study it was
found that quercetin has an antiproliferative effect both
in HCC and CC cell lines studied in a way that is depen-
dent on compound concentration and time of incuba-
tion. This result is in conformity with other studies
found in the literature on several types of cancer, includ-
ing HCC and CC (28,44-47). For longer incubation
times, clonogenic assay showed that the treatment with
different concentrations of quercetin induced a highly
significant decrease in colony forming ability in all the
cell lines studied, which emphasizes the results obtained
by MTT assay. In fact, in other in vitro studies on other
types of cancer, it was also found that quercetin has a

noticeable antiproliferative effect for longer incubation
times (48,49). According to cell viability and cell death
analysis, when cell death occurs it is mainly by apoptosis
which is in agreement with the literature, as several stud-
ies in various types of cancer indicate that quercetin
induces cell death by apoptosis (50,51). The treatment
with quercetin is related with the increase of the BAX/
BCL-2 ratio in the majority of the cell lines studied.
These results corroborate those obtained in the analysis
of cell viability and cell death, where apoptosis induced
by quercetin is present in all the cell lines studied. Fur-
thermore, our results are in agreement with the literature
regarding the fact that quercetin leads to an increase in
BAX expression with a concomitant decrease in expres-
sion of antiapoptotic proteins such as BCL-2, suggesting
that this compound induces apoptosis through the mito-
chondrial pathway (52,53). In fact, this result suggests a
possible activation of the mitochondrial pathway of apo-
ptosis in response to treatment with quercetin; however,
this theory should be subjected to a more intensive study.
In relation to the cell cycle analysis, it was found, in all
the cell lines studied, that the presence of apoptotic peak
increases as the quercetin concentration increases. These
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Table 2. A,..x and Ts, parameters and standard error values obtained for HepG2, HuH7, Hep3B2.1-7, and TFK-1 cell lines for each condi-

tion. The r? values obtained were always equal or greater than 0.9.

Cell line Cell culture medium Condition Parameter Average Standard error

HepG2 HG Control Amnax 1,07 0,06
Tso 0,71 1,56

Quercetin Anmax 0,76 0,01

Tso 1,25 0,35

LG Control Anax 2,96 0,31

Tso 6,37 2,29
Quercetin Anax 1.81 0.36
Tso 10.26 5.57
HuH7 HG Control Anax 1.85 0.14
Tso 522 2.65
Quercetin Annax 1.04 0.03
Tso 3.10 0.60
LG Control Anax 16.19 343
Tso 21.96 1132

Quercetin Anmax 349 1.51
Tso 27.19 17.95
Hep3B2.1-7 HG Control Anmax 3.42 0.40
Tso 23.46 10.10

Quercetin Annax 1.40 0.81
Tso 26.45 26.68
LG Control Anax 20.56 8.89
Tso 78.94 47.13

Quercetin Anax 10.59 431
Tso 47.83 25.06
TFK-1 HG Control Amax 3.37 0.20
Tso 242 2.02

Quercetin Amnax 1.49 0.11
Tso 498 1.60
LG Control Annax 9.41 2.82
Tso 23.40 8.65
Quercetin Anmax 1.86 0.36

Tso 4.20 2.51

results corroborate those previously discussed, where it
was found that apoptosis was the type of cell death pre-
dominantly induced accompanied by an increase in the
BAX/BCL-2 ratio. For HepG2 and HuH7 cells, it was
also observed that apoptosis occurs in a P53-indepen-
dent manner. Although apoptotic cell death caused by
DNA damage is often mediated by P53, there are other
proteins that may be involved in this mechanism, such
as P63 and P73 (54,55). Consistent with our results, a
study carried out in 2009 by Chien and colleagues on
breast cancer cells showed that quercetin induced apo-
ptotic cell death accompanied by a decrease in P53
expression (56). Hep3B2.1-7 and TFK-1 cell lines do not

express P53; therefore, the effect of quercetin on P53
expression in these cell lines was not examined. It was
also noted that with the exception of HuH7 cells, cell
death was also accompanied by damages at the DNA
level. Regarding cell cycle, it was also noted that the
treatment with quercetin induces arrests in the G0/G1
and G2/M phases which is in accordance with the arrests
already observed in other cancer cell lines in response to
treatment with this compound (51,57,58). Regarding
GLUT-1 expression, as the concentration of quercetin
increases, an increase in the membrane expression of
this transporter, accompanied by a decrease in the cyto-
plasmic expression, was observed. In fact, some studies

Table 3. IC5, values and confidence intervals obtained for HepG2, HuH7, Hep3B2.1-7, and TFK-1 cell lines when treated with sorafenib
for different incubation times. The obtained r* values were always equal to or greater than 0.9.

Sorafenib

HepG2 HuH7

Hep3B2.1-7 TFK-1

Cell line  ICso (M)  Confidence interval  ICso (uM)  Confidence interval  1C5o (kM)  Confidence interval ~ 1Cso (M) Confidence interval

24 h 17.01 [15.48; 18.69] 22.79 [25.36; 30.45]
48h 6.62 [5.46;7.10] 17.98 [13.32; 20.05]
72h 4.63 [4.13;5.20] 9.53 [8.23;11.03]

96 h 3.46 [2.80; 4.28] 11.94 [11.00; 12.96]

22.95 [20.42; 25.80] 8.82 [8.10; 9.60]
13.08 [10.78; 14.03] 4.63 [4.07; 4.85]
4.60 [4.02; 5.27] 3.24 [2.71; 3.46]
337 [3.02; 3.76] 2.24 [1.76; 2.44]
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Table 4. ICsq values and confidence intervals obtained for HepG2,
HuH7, Hep3B2.1-7, and TFK-1 cell lines when treated in combina-
tion with quercetin and sorafenib. The r* values obtained were
always equal to or greater than 0.9.

Confidence interval

Cell line 1Cs0 (LM) (sorafenib) (M)
HepG2 9.42 quercetin + 2.92 sorafenib [1.95; 3.38]
HuH7 22.65 quercetin + 3.08 sorafenib [1.28;4.23]
Hep3B2.1-7 12.59 quercetin + 5.91 sorafenib [4.97;6.29]
TFK-1 12.16 quercetin + 3.99 sorafenib [2.63; 4.64]

have shown that flavonoids and isoflavones are potent
inhibitors of glucose influx, and it has been demon-
strated that flavonoids (such as quercetin) inhibit the
binding of ATP with tyrosine kinase and also competi-
tively inhibit GLUT-1 through this mechanism (31,59).
Thus, the competitive inhibition of GLUT-1, at the
membrane level, can lead to GLUT recruitment from the
cytoplasm to the membrane in order to supply the cell’s
glycolytic requirement. To corroborate these results, the
"F-FDG uptake studies demonstrated that, in general,
there was a higher radiotracer uptake when cells were
grown in LG medium; in all the cell lines studied, there
was a decrease in '*F-FDG uptake percentage when cells
were previously incubated with quercetin compared with
control cells, although this is not accompanied by inhibi-
tion of GLUT-1 membrane expression. These data are in
agreement with the results obtained in clinical practice,
demonstrating that blood glucose levels affect the diag-
nostic value of *F-FDG PET (60). On the other hand,
"F-FDG is a radiolabeled glucose analogue which is
uptaken by tumor cells mainly using GLUTs 1 and 3
(61,62). Therefore, the decrease in **F-FDG uptake per-
centage when cells were previously incubated with quer-
cetin indicates that, in fact, as already described in the
literature, quercetin is a competitive inhibitor of GLUT-
1 that can decrease GLUT-1 function but not expression
(21,31,59). Sorafenib also induced a decrease in meta-
bolic activity of all the cell lines studied. In fact, the
results obtained with all HCC cell lines in response to
sorafenib demonstrate, although with some differences
among them, that they are generally sensitive to this
drug. This is in agreement with what is observed in clini-
cal practice, where sorafenib is, nowadays, the systemic

Table 5. Combination index obtained for HepG2, HuH7,
Hep3B2.1-7, and TFK-1 cell lines by the Chou and Talalay
method.

Combination index

HepG2  HuH7  Hep3B21-7  TFK-1

Quercetin + Sorafenib 0.69 0.42 0.70 1.1

therapy most widely used in HCC treatment (9,63).
Interestingly, TFK-1 was the most sensitive cell line to
sorafenib. This result becomes very promising because
sorafenib is not used in clinical practice for CC treat-
ment. Some studies have shown that sorafenib has a
diversified field of action. In addition to being considered
an inhibitor of vascular endothelial growth factor recep-
tor 1 (VEGFR-1), VEGFR-2, and VEGFR-3, it can act on
various other aspects, e.g., as an inhibitor of some mem-
bers of mitogen-activated protein kinase (MAPK) family,
more particularly of rapidly accelerated fibrosarcoma
(RAF) kinase, as well as tyrosine kinase receptors
(19,64). In fact, mutations in the MAPK signaling path-
way are one of the most frequent genetic alterations in
CC. More specifically, in this signaling pathway, muta-
tions in the rat sarcoma viral oncogene (RAS) and B-
RAF are common to CC, which makes sorafenib a drug
with promising potential in the treatment of this type of
cancer (65). For the combined treatment there was syn-
ergy effect in HCC cell lines but not for CC cell line.
Quercetin has the potential to inhibit epidermal growth
factor (EGFR), which is mainly responsible for the resis-
tance that some HCCs have to sorafenib (66,67). Thus,
quercetin may sensitize HCC cells to sorafenib through
this mechanism and this kind of combination therapy
can provide very useful advances in the HCC treatment.

Conclusions

It was found that quercetin and sorafenib have the ability
to inhibit the metabolic activity of all cell lines studied
and that this effect was dependent on the compound
concentration and the time of incubation. The combina-
tion of quercetin with sorafenib was effective in HCC
cell lines. In addition, quercetin induces a decrease in the
ability to form colonies of all cell lines studied. The anal-
ysis of cell viability concluded that treatment with quer-
cetin decreases the viability of all cell lines and that cell
death occurs mainly by apoptosis in a P53-independent
manner, accompanied by an increase in BAX/BCL-2
ratio and, in HCC cells, the appearance of preapoptotic
peak. The cell cycle analysis led to the conclusion that
for all the studied cell lines, in response to quercetin,
there was a cell cycle arrest in the GO/G1 and G2/M
phases. It was also found that glucose content in the
medium influences the '*F-FDG uptake profile with a
decrease in the radiotracer uptake of cells previously
incubated with quercetin. In parallel, it was found that
quercetin induced an increase in GLUT-1 membrane
expression.

In summary, the results seem to show that quercetin
inhibits the function but not the expression of this trans-
porter; ie., this is a competitive inhibition. Together,
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these results indicate that GLUT-1 is a therapeutic target
for PLTs, with quercetin being an option to be consid-
ered as part of the key to solve this problem.
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