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Time-course regulation of quercetin on cell survival/
proliferation pathways in human hepatoma cells
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Sonia Ramos

Department of Metabolism and Nutrition, Instituto del Fr�o, Consejo Superior de Investigaciones Cient�ficas
(CSIC), Jos� Antonio Novais 10, Ciudad Universitaria, Madrid, Spain

Quercetin, a dietary flavonoid, has been shown to possess anticarcinogenic properties, but the precise
molecular mechanisms of action are not thoroughly elucidated. This study was aimed at investigating
the time-course regulation effect of quercetin on survival/proliferation pathways in a human hepatoma
cell line (HepG2). Quercetin induced a significant time-dependent inactivation of the major survival
signaling proteins, i. e., phosphatidylinositol 3-kinase (PI 3-kinase)/protein kinase B (AKT), extracel-
lular regulated kinase (ERK), protein kinase C-a (PKC-a), in concert with a time-dependent activa-
tion of key death-related signals: c-jun amino-terminal kinase (JNK) and PKC-d. These data suggest
that quercetin exerts a tight regulation of survival/proliferation pathways that requires the integration
of different signals and persists over time, being the balance of these regulatory signals what deter-
mines the fate of HepG2 cells.
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1 Introduction

Many natural dietary polyphenols found in fruits, vegeta-
bles, spices, and tea have been shown to exert potential anti-
carcinogenic activities [1, 2]. Quercetin is one of the most
common flavonoids found in the diet [2] and it is exten-
sively metabolized during absorption in the small intestine
and in the liver [3]. Previous studies have shown that quer-
cetin is a potent inhibitor of tumor initiation in vivo and pos-
sesses antiproliferative activities against tumor cells in vitro
[4]. Quercetin is also a potent chemopreventive agent
inducing apoptosis in different cancer cell lines [5–9].
Recent evidence indicates that quercetin suppresses a num-
ber of key elements in cellular signal transduction pathways
linked to the apoptotic cell death [2, 8, 10, 11], although the
detailed molecular mechanisms of action remain to be elu-
cidated.

Apoptosis is a complex process and involves regulation
of a number of cellular genes, including bcl-2, and a family
of zymogen cytosolic proteases, caspases. In this regard, we
have previously shown that quercetin induces apoptotic cel-
lular death by activating caspase-3 and caspase-9 in human
hepatoma (HepG2) cells in a dose-dependent manner [11].
Moreover, quercetin activates cleavage of PARP (poly
ADP-ribose polymerase) [6, 12], release of cytochrome c
[12] and produces DNA fragmentation [6, 12, 13]. Downre-
gulation of antiapoptotic Bcl-2 proteins, Bcl-xL and Bcl-2
[11, 14], and upregulation of proapoptotic Bcl-2 proteins
such as Bax and Bad in diverse cancer cell lines [6, 14] by
quercetin have also been demonstrated.

In addition to proteins that have a direct effect on apop-
tosis, several other signaling pathways are indirectly
involved in the regulation of apoptotic cell death. Signal-
ing pathways through phosphatidylinositol 3-kinase (PI 3-
kinase)/AKT, mitogen-activated protein kinase (MAPKs)
such as extracellular regulated kinase (ERK) or c-jun
amino-terminal kinase (JNK), and protein kinase C (PKC)
indirectly regulate programed cell death [15, 16]. Promi-
nent among the signaling events inhibited by quercetin are
phosphorylations catalyzed by protein kinases. Thus, quer-
cetin-induced inactivation of PI 3-kinase [5, 9, 17] and
AKT [6, 11, 18] leads to the induction of apoptosis and to
the blockade of cell survival/proliferation [16]. Moreover,
both activation and inhibition of ERK and/or JNK have

Correspondence: Dr. Sonia Ramos, Department of Metabolism and
Nutrition, Instituto del Fr�o, Consejo Superior de Investigaciones Cien-
t�ficas (CSIC), Jos� Antonio Novais 10, Ciudad Universitaria, 28040,
Madrid, Spain
E-mail: s.ramos@if.csic.es
Fax: +34-91-549-36-27

Abbreviations: ERK, extracellular regulated kinase; FBS, fetal bo-
vine serum; HepG2, human hepatoma cell line; JNK, c-jun amino-
terminal kinase; MAPK, mitogen-activated protein kinase; PI 3-kin-
ase, phosphatidylinositol 3-kinase; PKC, protein kinase C

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



A. B. Granado-Serrano et al. Mol. Nutr. Food Res. 2008, 52, 457 –464

been shown to contribute to the induction of apoptosis,
depending on the experimental conditions [6, 18, 19].
Besides, quercetin dose dependently decreased the expres-
sion of PKC-a, but not PKC-d in murine melanoma cells
resulting in apoptosis induction [20], although in other cell
models inhibition of PKC-a and activation of PKC-d by
flavonoids have also been related to apoptosis [17, 21, 22].
On the other hand, it could be highlighted that most of
these studies have been carried out after long-term treat-
ments with quercetin. However, since potential variations
of the observed effects could take place in a time-course
manner during the activation of these pathways [23, 24], it
is essential to characterize the role played by quercetin in
the regulation of signaling routes indirectly related to
apoptosis of HepG2 cells.

In the present work, the time-course mechanisms of the
quercetin on key prosurvival pathways, namely AKT/PI
3-kinase, MAPKs (ERK and JNK), and PKC (isoforms a

and d) on HepG2 cells have been investigated. Results show
that quercetin induces the inhibition and activation of cru-
cial proteins in survival/proliferation pathways. This feature
is an early event which requires the integration of different
signals and becomes apparent through the time.

2 Materials and methods

2.1 Materials and chemicals

Quercetin (98%), antimouse IgG-Agarose, L-a-phospha-
tidyl-L-serine, gentamicin, penicillin G, and streptomycin
were purchased from Sigma Chemical (Madrid, Spain). L-
a-phosphatidylinositol was from Jena Bioscience (Diffrac-
tia, Madrid, Spain) Anti-AKT and antiphospho-Ser473-
AKT, as well as anti-ERK1/2 and antiphospho-ERK1/2 rec-
ognizing phosphorylated Thr202/Thy204 of ERK1/2, anti-
JNK1/2 and antiphospho-JNK1/2 recognizing phosphory-
lated Thr183/Tyr185 of JNK1/2 and anti-b-actin were
obtained from Cell Signaling Technology (9271, 9272,
9101, 9102, 9251, 9252, and 4697, respectively Izasa,
Madrid, Spain). Anti-p110b (catalytic PI 3-kinase subunit),
anti-p-Tyr Py20, anti-PKCa, and anti-PKCd were pur-
chased from Santa Cruz (sc-7175, sc-508, sc-208, and sc-
937, respectively, Santa Cruz Biotechnology, Santa Cruz,
CA). Anti-p85a/b (regulatory PI 3-kinase subunit) was
from Upsate (Upstate Biotechnology Lake Placid, NY).
Materials and chemicals for electrophoresis were from Bio-
Rad (BioRad Laboratories S.A., Madrid, Spain). Cell cul-
ture dishes and cell culture medium were from Falcon
(Cajal, Madrid, Spain) and Biowhittaker Europe (Innoge-
netics, Madrid, Spain), respectively.

2.2 Cell culture and quercetin treatment

Human hepatoma HepG2 cells were grown in DMEM F-12
medium from Biowhitaker (Innogenetics), supplemented

with 2.5% Biowhitaker fetal bovine serum (FBS) and the
following antibiotics: gentamicin, penicillin, and strepto-
mycin (50 mg/L). Cells were maintained at 370C in a
humidified atmosphere of 5% CO2.

Cells were seeded and routinely grown in DMEM-F12
medium and 2.5% FBS, but they were changed to serum-
free medium 24 h before the assay in order to avoid the
influence of the growth factors contained in the FBS on the
results. To study the time-course effects of the flavonoid,
cells were treated with 50 lM quercetin and then harvested
at different times (5, 10, 15, 30, 60, 120, 240, and
1080 min). All treatments contained the same concentra-
tion of DMSO (0.05%).

2.3 Preparation of total cell lysates

To detect AKT, phospho-AKT, ERK1/2, and phospho-
ERK1/2, PI-3-kinase subunits (p85 and p110) and activity,
as well as PKC-a and PKC-d, cells were lysed at 48C in a
buffer containing 25 mM HEPES (pH 7.5), 0.3 M NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.1% Triton
X-100, 200 mM b-glycerolphosphate, 0.1 mM Na3VO4,
2 lg/mL leupeptin, and 1 mM PMSF. The supernatants
were collected, assayed for protein concentration by using
the BioRad protein assay kit according to the manufac-
turer's specifications, aliquoted and stored at –808C until
used for Western blot analyses, immunoprecipitation, and
later PI 3-kinase activity determination.

2.4 Purification of nuclear and cytosolic extracts

Cells were resuspended at 48C in 10 mM HEPES, pH 7.9,
1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF
(buffer A); allowed to swell on ice for 10 min; and then vor-
texed for 10 s. Samples were centrifuged at 10 0006g for
2 min and the supernatant containing the cytosolic fraction
was stored at –808C. The pellet was resuspended in cold
buffer B (20 mM HEPES, pH 7.9, 25% glycerol, 420 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT,
0.2 mM PMSF, 2.5 lg/mL leupeptin, 2.5 lg/mL aprotinin)
and incubated on ice for 20 min for high salt extraction.
Cellular debris was removed by centrifugation at 13 0006g
for 10 min at 48C, and the supernatant fraction containing
nuclear protein extract was stored at –808C.

2.5 Western blot analysis

Equal amounts of proteins (100 lg) were separated by
SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) filters (Protein Sequencing Membrane, BioRad).
Membranes were probed with the corresponding primary
antibody followed by incubation with peroxide-conjugated
antirabbit Ig (GE Healthcare, Madrid, Spain). Blots were
developed with the ECL system (GE Healthcare). Normal-
ization of Western blot was ensured by b-actin and bands
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were quantified by laser scanning densitometry (Molecular
Dynamics, Sunnyvale, CA)

2.6 Immunoprecipitation and PI 3-kinase activity

Cell lysates containing 100–500 lg proteins were immuno-
precipitated overnight at 48C with gentle rotation in pres-
ence of 1–2 lg of anti-p-Tyr(P) primary antibody, followed
by the addition of antimouse IgG-agarose beads. After mix-
ing for 2 h, the pellets were collected by centrifugation and
the supernatants were discarded. Then the immune com-
plexes were collected on antimouse IgG-agarose beads and
were washed twice with each of the following buffers: (1)
PBS with 1% Triton X-100; (2) 0.1 M Tris pH 7.5, 0.5 M
LiCl; and (3) 10 mM Tris pH 7.5, 0.1 M NaCl. The pellets
were saved for PI 3-kinase activity determination.

PI 3-kinase activity was assayed by phosphorylation of
phosphatidylinositol (PI) with [32P]ATP (GE Healthcare).
Phosphorylated PI was analyzed by TLC as previously
described [25]. The products of the radioactive reaction
were visualized by autoradiography and quantified by den-
sitometry.

2.7 Statistics

Prior to statistical analysis, data were tested for homogene-
ity of variances by the test of Levene; for multiple compari-
sons, one-way ANOVA was followed by the Bonferroni test
when variances were homogeneous or by the Tamhane test
when variances were not homogeneous (only p110 PI 3-kin-
ase subunit). p < 0.05 was considered significant.

An SPSS version 12.0 program was used.

3 Results

To test whether quercetin-induced apoptosis is accompa-
nied by time and/or phosphorylation signaling events,
HepG2 cells were treated with a fixed concentration of this
flavonoid (50 lM) for different times (0–1080 min) accord-
ing to results of previous experiments [11], and possible
alterations either in total and/or phosphorylated levels of
different protein kinases were analyzed.

3.1 AKT phosphorylation

AKT phosphorylation is associated with activation of this
kinase, which has been demonstrated to protect cells from
apoptosis [16]. As shown in Fig. 1, total AKT protein levels
did not change during the incubation with quercetin,
whereas AKT phosphorylation protein levels varied in a
time-dependent manner. This inhibition of AKT phosphor-
ylation was evident at an early time-point of treatment
(5 min) and maintained up to 4 h, recovering then to con-
trols after 18 h of incubation. Thus, quercetin treatment

seemed to be more effective in inhibiting phosphorylation
of AKT rather than its expression. Moreover, dephosphory-
lation of AKT was transient and returned to basal levels
after 18 h.

3.2 PI 3-kinase protein levels and activity

PI 3-kinase pathway is regulated by several growth factors
and the PI 3-kinase/AKT signaling transduction pathway
plays a protective role in induced apoptosis [15]. Thus, the
effect of quercetin on the levels of the p85 regulatory subu-
nit and the p110 catalytic subunit of PI 3-kinase was exam-
ined. Figure 2 shows that the expression of both subunits
was not altered by quercetin treatment. However, PI 3-kin-
ase activity was inhibited as early as after 5 min of incuba-
tion, and this reduced enzymatic activity was sustained in
time, showing the lowest values at the longest incubation
time (18 h) (Fig. 3).

3.3 ERK phosphorylation

ERK signaling pathway is activated in response to certain
situations of cellular stress and it is implicated in cellular
survival signaling [15]. To further elucidate the involve-
ment of other possible kinases in quercetin-induced signal-
ing modulation, the two bands corresponding to ERK1
(44 kDa) and ERK2 (42 kDa) protein levels (total and phos-
phorylated or activated form, respectively) were investi-
gated. Total ERK1/2 protein levels did not change during
the treatment with quercetin, similarly to what was

459

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

Figure 1. Time-dependent effect of 50 lM quercetin on basal
levels of phosphorylated AKT (Ser473) and total AKT. (A)
Bands of a representative experiment. (B) Percentage values
of the p-AKT/AKT ratio relative to the control condition
(means € SD, n = 6). Normalization of Western blots was
ensured by b-actin. Means without a common letter differ,
p < 0.05.
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observed for AKT. However, quercetin evoked an inhibitory
effect on active ERKs after 18 h of incubation (Fig. 4). Con-
trary to AKT regulation, quercetin treatment of HepG2 cells
resulted in unaffected phosphorylation levels of ERK1/2 at
short times, and a significant dephosphorylation of ERK1/2
at 18 h.

3.4 JNK phosphorylation

JNK activation is connected to cell death, although in cer-
tain circumstances inhibition of the protein has also been
reported in an apoptotic situation [26]. Therefore it was
important to study the effect induced by quercetin on
HepG2 cells. To this end, total and phosphorylated (active
form) protein expressions of JNK1/2 were analyzed. Treat-
ment of HepG2 cells with the flavonoid resulted in an
enhanced phosphorylation of JNK1/2 at 2–18 h, whereas
quercetin did not affect the levels of the two bands corre-
sponding to JNK1 (54 kDa) and JNK2 (46 kDa) at any of
the shorter times tested (0–1 h) (Fig. 4). Total JNK1/2 pro-
tein levels did not change during the quercetin exposure,
similarly to what was observed for total AKT and ERKs
protein expressions.
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Figure 2. Time-dependent effects of quercetin (50 lM) on
basal levels of p85 and p110 subunits of PI 3-kinase. (A) Rep-
resentative blots of both PI 3-kinase subunits. Values of (B)
p85 and (C) p110 PI 3-kinase subunits are shown as a percent
relative to the control condition (means € SD, n = 5). Normal-
ization of Western blots was ensured by b-actin. Means with-
out a common letter differ, p < 0.05.

Figure 3. Time-dependent effect of quercetin (50 lM) on PI 3-
kinase activity. (A) Bands of a representative experiment. (B)
Values (means € SD, n = 4) show the percentage of PI 3-kin-
ase activity relative to the control condition. Different letters
denote statistically significant differences, p < 0.05.

Figure 4. Time-dependent effects of 50 lM quercetin on the
basal levels of phosphorylated ERK1/2 (Thr202/Tyr204), total
ERK1/2, phosphorylated JNK1/2 (Thr183/Tyr185), and total
JNK. (A) Representative blots of both MAPKs. Percentage
data of (B) the p-ERK/ERK and (C) p-JNK/JNK ratios relative
to controls (means € SD, n = 6). Normalization of Western
blots was ensured by b-actin. Means without a common letter
differ, p < 0.05.
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3.5 PKCa and PKCd expression levels

PKC activation plays a role against induced apoptosis [27],
however the individual PKC isoforms play different roles in
apoptosis [27]. In this regard, PKC-a has been implicated in
apoptosis suppression in different cell lines, whereas PKC-d
has usually been involved in the promotion of apoptosis [28].
To address the role of PKC-a and -d in quercetin-induced
survival/proliferation signaling regulation, their expression
levels were examined in a time-course study. Treatment of
HepG2 cells with quercetin markedly reduced PKC-a levels
after 30 min, and protein levels continued decreasing at
60 min up to 1080 min, showing at these incubation times
maintained low values (Fig. 5). Contrary to what was
observed for PKC-a, quercetin treatment significantly
increased cytosolic PKC-d levels after 60 min and declined
at 240 and 1080 min, showing levels comparable to those of

controls, whereas nuclear PKC-d levels (78 kDa) increased
after 240 min, exhibiting later a decrease at 18 h (Fig. 5). In
addition to the translocation, PKC-d catalytic domain
(42 kDa) was detected in the nuclear fraction after 4 and 18 h
of quercetin treatment, showing higher nuclear levels at the
longest incubation time (18 h).

4 Discussion

Many chemopreventive drugs have been shown to induce
apoptosis directly by regulating different proteins (cas-
pases, Bcl-2 proteins), but also indirectly through the
involvement of other signaling pathways such as PI 3-kin-
ase/AKT, MAPKs, PKC, etc. in malignant cells [2, 29].
Currently, much attention has been focused on polyphenolic
compounds as they can facilitate a number of apoptotic
mechanisms [1, 2]. Quercetin is one of the major flavonoids
in certain species of plants and foods that has been found to
be chemopreventive. We have recently reported that after
18 h of treatment with 50 lM quercetin, the induced apop-
totic effect might have been enhanced by the inhibition of
AKT and ERK phosphorylated levels, whereas at this con-
centration the flavonoid also provoked characteristic mor-
phological alterations of the apoptosis, decreased cell via-
bility and the highest activation of caspases-3 and -9 and
expression levels of proapoptotic Bcl-2 family members
(Bcl-xS and Bax) in comparison with other concentrations
used [11, 13].

In the present study, we attempted to determine the
molecular mechanisms that run together with the apoptotic
effects of quercetin and its metabolites potentially gener-
ated by HepG2 cells during the treatment by focusing on
the time-course regulation of cell survival/proliferation
pathways. We provide evidence that quercetin is an effec-
tive suppressor of survival/proliferation pathways and indu-
ces PI 3-kinase/AKT, ERK and PKC downregulation and
JNK upregulation.

Quercetin has been shown to induce apoptosis in a wide
variety of cells, including hepatoma cells [5, 6, 8, 9, 11, 14].
Importantly, this flavonoid exerts the apoptotic effect in a
selective manner, since the same concentrations of querce-
tin induced apoptosis in cancer cultured cells but not in their
normal counterparts [10]. In humans, a continuous daily
intake of polyphenolic dietary supplements such as querce-
tin might result in steady-state plasma concentrations of
quercetin and its metabolites, in levels that might provoke
an apoptotic cell death (10–50 lM) [30]. Moreover, rats fed
with quercetin showed quercetin metabolites concentra-
tions in plasma of 50 lM, and when animals were adapted
to the flavonoid, a concentration of 100 lM (quercetin and
metabolites) was reported [31]. However, at present the
potential contribution of the quercetin metabolites to the
biological activity is unclear and it should not be underesti-
mated [32]; its evaluation will require further studies.
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Figure 5. Time-dependent effects of quercetin (50 lM) on
PKC-a and PKC-d. (A) Bands of representative experiments.
Percentage of (B) PKC-a, (C) cytosolic PKC-d, and (D) nuclear
PKC-d (78 kDa) relative to controls (means € SD, n = 6). The
same blots were reprobed with b-actin. Different letters denote
statistically significant differences, p < 0.05.
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Quercetin treatment results in a rapid and sustained inac-
tivation of PI 3-kinase activity in HepG2 cells, which could
be related to the time course-dependent cellular damage
[11], suggesting that this protein plays a role in the survival
of HepG2 cells. Antiapoptotic effects of PI 3-kinase are due
to its activation of serine/threonine protein kinase AKT
[33], which blocks apoptosis through different mechanisms
and its phosphorylation has been considered as a critical
factor in the aggressiveness of hepatocellular cancer [33].
In the present report, quercetin inhibits AKT phosphoryla-
tion rapidly, occurring within minutes of treatment, and
transiently, which agrees with previous studies showing the
requirement of an eventual decrease in the AKT phosphory-
lated levels for the induction of apoptosis and the later AKT
activation response as a self-defense mechanism to protect
cells from death [23]. Because AKT is a downstream target
of PI 3-kinase and despite the unaffected protein levels of
PI 3-kinase subunits (p85 and p110), the observed inhibi-
tion of PI 3-kinase activity throughout the time of treat-
ment, suggests that quercetin may also inhibit AKT phos-
phorylation. This observation is supported by previous
studies showing that quercetin and other flavonoids are PI
3-kinase inhibitors, and these phenolic compounds reduced
the enzymatic PI 3-kinase activity without changing neither
p85 nor p110 subunit levels [5, 9, 17]. In addition, by sup-
pressing the activation of AKT, quercetin can promote
apoptosis insofar as inhibition of AKT would prevent Bad
phosphorylation, increasing its proapoptotic activity [33].

Many intracellular proliferative signals are mediated by
MAPKs, such as ERKs [15], as well as PI 3-kinase and its
downstream target AKT, and also the crosstalk between PI
3-kinase and ERKs, which strengthen the cellular survival/
proliferative effect [15, 16]. A sustained activation of
ERK1/2 is necessary for cell survival and cell proliferation
[15, 34] as can be observed in control cells, whilst ERK1/2
phosphorylation was reduced after a long (18 h) incubation
time with quercetin (Fig. 4). Such inhibition of ERK1/2 by
the flavonoid could also contribute to the apoptotic process
since inactivation of ERKs leads to inhibition of cell prolif-
eration and cell cycle progression [15]. Moreover, the tim-
ing of AKT dephosphorylation was not correlated with that
of ERK dephosphorylation, suggesting that PI 3-kinase/
AKT and ERK pathways are independent and required for
the survival of hepatoma cells as previously reported [34].
Furthermore, this lack of parallelism between AKT and
ERK inhibition might also be indicative of the involvement
of other signals related to cell cycle and/or cell survival
such as NFjB (nuclear factor kappa B) [35].

The JNK family belongs to the MAPKs superfamily
(same as ERKs) and its activation has been associated to
apoptosis [19, 36, 37]. The effect of quercetin on JNK phos-
phorylation profile evoked a significant activation at 2 h,
and the activity remained intensely elevated throughout the
experiment (up to 18 h); thus the response was delayed and
prolonged. Previous works support this type of JNK activa-

tion in a time-dependent manner by quercetin and other pol-
yphenols in vascular smooth muscle and HepG2 cells [19,
26, 37] and it has clearly been demonstrated that activation
of the JNK signaling pathway is a common mediator of cell
death in hepatic cells [19, 36, 37]. Moreover, as described
previously in other studies [36], inhibition of ERK might be
sufficient to sensitize hepatic cells to death, since crosstalk
between JNK and ERK may be essential to prevent a pro-
longed and therefore lethal JNK activation. Furthermore,
apoptosis can be promoted by the activation of JNK as it
could upregulate proapoptotic Bcl-2 family members such
as Bim, Bax, Bak, and Bad [19, 36, 37], in agreement with
the highest mitochondrial Bax levels detected in our pre-
vious study [11]. Similar to ERKs inhibition, the flavonoid-
induced JNK activation was delayed, whereas AKT phos-
phorylated levels decreased fast. Although the mechanisms
that modulate AKT and MAPKs (ERK and JNK) in
response to the flavonoid treatment are not clear at present,
it could be suggested that AKT and MAPKs are regulated
by apparently independent transduction pathways with
different timing responses, as it has been previously
reported in the treatment of cancer cells with other chemo-
preventive agents [23, 34].

The PKC family consists of multiple isoenzymes with
distinct distribution patterns and different functions [27].
PKC-a mediates prosurvival functions in several cell types
by reducing apoptosis, enhancing survival or producing
resistance to chemotherapy [27], whereas PKC-d has been
related to both cell protection and apoptosis [20, 21, 27]. In
the case of PKC-a, the decrease in its levels is rapid, occur-
ring within minutes of treatment, and persists over time (up
to 18 h). This suggests that PKC-a inactivation runs
together with the apoptotic process of HepG2 cells induced
by quercetin. PKC-a inhibits apoptosis by regulating the
phosphorylation of Bcl-2 and the activation of AKT [20].
Because AKT can be modulated by PKC-a, the observed
decreased levels of the PKC isoform throughout the treat-
ment might contribute to the rapid inhibition of the AKT
phosphorylation. This observation is supported by previous
studies showing that quercetin and other flavonoids are
PKC-a and/or PKC inhibitors [17, 20, 28, 38].

On the other hand, quercetin provokes an accumulation
of PKC-d in the cytosol to diminish later; this cytosolic
decrease was followed by a rapid increase of PKC-d protein
levels in the nuclei and by the appearance of its proteolytic
domain, indicating that both processes (translocation and
proteolysis) were concomitant events in the nuclei. PKC-d
plays an important role in apoptosis by translocating from
cytosol to nuclei, mitochondria, etc. [20, 27]. It has been
described that quercetin did not affect the expression of
PKC-d, but it had a dose-dependent effect on the transloca-
tion of PKC-d from cytosol to nuclei [20], which is in agree-
ment with the results of this study. In addition to the pro-
gressive relocalization of PKC-d, its proteolysis may occur
during apoptosis, and both processes (translocation and
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proteolysis) may take place simultaneously as shown before
in GH3B6 cells [39]. Moreover, PKC-d may also participate
in the apoptotic effect by regulating MAPKs, being proteo-
lytically activated by caspase-3 and decreasing Bcl-2 and
increasing Bax [22, 40, 41].

Data reported in the present study provide new insights
into the relative contributions of major survival/prolifera-
tion pathways on the effects of quercetin in HepG2. Querce-
tin inhibition of survival/proliferation routes is a rapid event
that is accompanied by early suppression of survival signal-
ing (PI 3-kinase/AKT and PKC-a), intermediate-late acti-
vation of JNK and inhibition of ERK1/2, early enhanced
translocation and later proteolysis of PKC-d. Further efforts
are needed to define the potential relationship between
processes, apoptosis, and survival/proliferation pathways,
in HepG2 cells treated with quercetin.
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