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Hepatocellular carcinoma (HCC) is characterized by high mortality rates and resistance to conventional
treatment. HCC tumors usually develop local hypoxia, which stimulates proliferation of cancer cells
and renders them resilient to chemotherapy. Adaptation of tumor cells to the hypoxic conditions depends
on the hypoxia-inducible factor 1 (HIF-1). Over-expression of its regulated HIF-1a subunit, an important
target of anti-cancer therapy, is observed in many cancers including HCC and is associated with severity
of tumor growth and poor patient prognosis. In this report we investigate the effect of the dietary flavo-
noid kaempferol on activity, expression levels and localization of HIF-1a as well as viability of human
hepatoma (Huh7) cancer cells. Treatment of Huh7 cells with kaempferol under hypoxic conditions (1%
oxygen) effectively inhibited HIF-1 activity in a dose-dependent manner (IC50 = 5.16 lM). The mecha-
nism of this inhibition did not involve suppression of HIF-1a protein levels but rather its mislocalization
into the cytoplasm due to inactivation of p44/42 MAPK by kaempferol (IC50 = 4.75 lM). Exposure of Huh7
cells to 10 lV kaempferol caused significant reduction of their viability, which was remarkably more evi-
dent under hypoxic conditions. In conclusion, kaempferol, a non-toxic natural food component, inhibits
both MAPK and HIF-1 activity at physiologically relevant concentrations (5–10 lM) and suppresses hepa-
tocarcinoma cell survival more efficiently under hypoxia. It has, therefore, potential as a therapeutic or
chemopreventive anti-HCC agent.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary
liver cancer and is associated with high mortality. It is character-
ized by intrinsic drug-metabolizing activity that confers resistance
to chemotherapeutic treatment and, until now, therapies depend
on patient and cancer stage. Early detection allows HCC treatment
by transplantation, surgical resection or local ablation, whereas at
an intermediate stage transarterial chemoembolization can be ap-
plied in some cases [1]. Important factors of HCC development are,
among others, angiogenesis and signaling cascades regulating cell
proliferation such as the Raf/MEK/MAPK pathway, which is acti-
vated in many hepatocarcinoma-derived cell lines and tumor sam-
ples [2,3]. Current drug development aims at the inhibition of the
MAPK pathway as exemplified by sorafenib, a potent Raf kinase
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inhibitor [4], which causes tumor regression in HCC models and
prolongation of survival in HCC patients [5].

Another aspect of HCC, like in many other human solid tumors,
is the development of hypoxic regions due to increased cell prolif-
eration and limited blood supply. Hypoxia can further promote
HCC progression by facilitating angiogenesis and metabolic adap-
tation [6]. A key component of adaptation to oxygen deprivation
is the hypoxia-inducible factor-1 (HIF-1), a transcriptional activa-
tor of cell survival, proliferation, angiogenesis, invasion and metas-
tasis genes [7]. Its regulated alpha subunit (HIF-1a) represents an
attractive therapeutic target because of its expression in many can-
cers and its association with poor patient prognosis [8]. Expression
of HIF-1a in HCC has been associated with VEGF secretion and
malignant transformation [9–11].

We have recently shown that p44/42 MAPK targets the C-termi-
nal domain of HIF-1a and promotes its nuclear accumulation and
activity by masking a CRM1-dependent nuclear export signal
[12,13]. We have also reported that several flavonoids, natural
occurring dietary polyphenolic compounds, can inactivate p44/42
MAPK and cause inhibition of HIF-1a phosphorylation and activity
[14]. Given the importance of the MAPK pathway as well as HIF-1
for the growth of HCC, we now report the effect of the flavonoid
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kaempferol on HIF-1 activity and survival of hepatocarcinoma-de-
rived Huh7 cells incubated under hypoxia, a condition that simu-
lates growth inside a solid tumor.

2. Materials and methods

2.1. Cell culture and reporter gene assays

Huh7 cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) containing 10% fetal calf serum (FCS) and 100 U/ml
penicillin–streptomycin (Gibco, CA, USA). Transfections with the
hypoxia-responsive reporter pGL3–5HRE-VEGF and the Renilla
luciferase-expressing plasmids were performed as described previ-
ously [12]. When required, cells were treated for 4 h with kaempf-
erol (1–100 lM, Sigma, UK) using a 10 mM stock solution in
dimethyl sulfoxide (DMSO). For hypoxic treatment, cells were ex-
posed for 4 h to 1 mM dimethyloxalyl glycine (DMOG; Alexis Bio-
chemicals) or for 4–48 h to 1% O2, 95% N2 and 5% CO2 in an IN
VIVO2 200 hypoxia workstation (RUSKINN Life Sciences, UK).
When required, hypoxic conditions were adjusted to 0.1% O2,
95.9% N2 and 5% CO2. For reporter gene assays, cells were washed
with PBS and lysed 24 h post-transfection and luciferase activity
was determined using the luciferase assay kit (Promega, WI,
USA). Firefly luciferase activity was normalized to Renilla activity
and values are presented as the means of three independent exper-
iments performed in triplicate ±SE.

2.2. Western blot and immunofluorescence

Fractionation of Huh7 cells, analysis of fractions or total cellular
proteins by SDS–PAGE, immunoblotting to detect HIF-1a, ARNT,
actin, MAPK and phospho-MAPK and immunofluorescent micros-
copy were carried out as previously described [12–14]. All experi-
ments requiring image analysis were performed at least three
times and representative results are shown. Densitometric analysis
of the bands in blots was performed with the public domain soft-
ware for image analysis ‘ImageJ’ [15].

2.3. Cell viability assay

Huh7 cells (0.5 � 103/well) were seeded into 96-well plates and
incubated for 24 h before being treated with 10 lM of kaempferol
or with DMSO as solvent control for another 48 h under normoxic
or hypoxic conditions. In order to keep the effective kaempferol
concentration in the medium relatively constant (between 5 and
10 lV), cells were washed once with PBS and fresh kaempferol-
or DMSO-containing culture medium was added every 8 h. At the
end of the incubation period, viability was colorimetrically deter-
Fig. 1. Kaempferol inhibits HIF-1a activity in hypoxic Huh7 cells. (A) HIF-1 transcription
presence of various concentrations of kaempferol (Kae). Data represent the mean (± s
expressed as % activity in relation to the value of untreated cells. (B) As in (A) but cells
mined with the ‘‘CellTiter 96 Aqueous One Solution Cell Prolifera-
tion Assay” kit (Promega, WI, USA) according to the manufacturer’s
instructions. Values were normalized by control experiments in
the absence of cells in 96-well plates supplied with culture med-
ium and kaempferol or DMSO alone. Cell viability was expressed
as percentage of control from 2 independent experiments per-
formed in triplicate.

2.4. Statistical analysis

For IC50 calculation, the values obtained from luciferase activity
experiments (n = 12) or densitometric analysis (n = 3) were ex-
pressed as percent (± standard error) and IC50 values were calcu-
lated by an online provided tool based on the four parameter
logistic model (4PL) (BioDataFit 1.02, Chang Bioscience, Inc.,
http://www.changbioscience.com/stat/ec50.html). Statistical dif-
ferences between two groups of data were assessed using the un-
paired t-test in the SigmaPlot v. 9.0 software (Systat, IL, USA);
P < 0.05 was considered to be significant.

3. Results

Huh7 cells, containing a hypoxia-responsive reporter plasmid,
were exposed to hypoxic conditions (1% O2) for 4 h in the presence
or absence of 1–100 lM kaempferol. The transcriptional activity of
hypoxia induced HIF-1 was effectively inhibited by kaempferol in a
dose-dependent manner (IC50 = 5.16 ± 0.66 lM; Fig. 1A). A similar
effect was observed in kaempferol treated Huh7 cells when HIF-
1a was induced by exposing the cells to DMOG, a hypoxia-mimetic
agent that stabilizes HIF-1a by inhibiting its hydroxylation; only
this time the inhibitory effect of kaempferol on HIF-1 activity
was more profound (IC50 = 0.835 ± 0.45 lM; Fig. 1B).

Since HIF-1 activity relies on the regulation of its alpha subunit,
the expression levels of HIF-1a were examined by western blot
analysis in Huh7 cells exposed to hypoxia. Fig. 2A demonstrates
that hypoxically-induced HIF-1a proteins levels remained essen-
tially unaltered in cells that were treated with up to 50 lM
kaempferol, a condition that almost abolished HIF-1 activity
(Fig. 1A), suggesting that kaempferol impairs the activation but
not the expression of HIF-1a. Formation of active HIF-1 requires
the presence of HIF-1a inside the nucleus. We, therefore, examined
the subcellular distribution of HIF-1a by fractionating Huh7 cells
that were previously subjected to hypoxia. As shown in Fig. 2B,
increasing concentrations of kaempferol caused the reduction of
HIF-1a levels in the nuclear fraction, while its cytoplasmic levels
were respectively increased; suggesting that exposure of Huh7
cells to kaempferol inactivates HIF-1 by mislocalizing hypoxical-
ly-stabilized HIF-1a into the cytoplasm.
al activity in Huh7 cells incubated under hypoxic conditions (1% O2) for 4 h in the
tandard error) of three independent experiments performed in triplicate and are
were exposed to 1 mM DMOG instead of hypoxia.
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Fig. 2. Kaempferol treatment does not influence HIF-1a protein levels but affects its
subcellular distribution. (A) Western blot analysis of total cell extracts from Huh7
cells treated for 4 h with various kaempferol concentrations (Kae) under hypoxia
(1% O2). The numbers underneath the panels represent the HIF-1a/actin protein
levels ratio according to densitometric analysis of blots from three independent
experiments. (B) Western blot analysis of nuclear (left panels) and cytoplasmic
(right panels) fractions of Huh7 cells incubated as in (A). Actin and ARNT are used as
loading and fractionation controls for the cytoplasmic and nuclear fractions,
respectively.
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No verify this, we performed immunofluorescence microscopy
analysis of hypoxia-treated Huh7 cells. As shown in Fig. 3A, HIF-
1a was exclusively nuclear in the absence of kaempferol but in
the presence of increasing concentrations of kaempferol HIF-1a
was gradually redistributed to the cytoplasm. Interestingly, at 5
Fig. 3. Kaempferol impairs HIF-1a nuclear accumulation and p44/42 MAPK activation. (A
indicated concentrations of kaempferol (Kae) for 4 h before processing for immunoflu
diamidino-2-phenylindole dihydrochloride (DAPI). (B) Western blot analysis of tota
phosphorylated (top) or all (bottom) forms of p44/42 MAPK. The numbers below the p
analysis of blots from three independent experiments.
lV kaempferol, a concentration corresponding to its IC50 for inhi-
bition of HIF-1 activity, both western blotting and microscopy re-
sults show translocation of significant amounts of HIF-1a into
the cytoplasm. Overall, our data suggest that kaempferol affects
predominantly the regulation of HIF-1a nucleocytoplasmic
transport.

We have previously reported that p44/42 MAPK plays an impor-
tant role in HIF-1 regulation by controlling HIF-1a subcellular dis-
tribution. More specifically, phosphorylation by MAPK promotes
nuclear accumulation of HIF-1a by blocking its CRM1-dependent
nuclear export [12,13]. It is, therefore, possible that HIF-1a mislo-
calization caused by kaempferol in Huh7 cells may be due to inhi-
bition of the MAPK pathway, which is active in these cells [2]. To
test this hypothesis, we analysed p44/42 MAPK activation levels
by determining its phosphorylation status in Huh7 cells in re-
sponse to treatment with increasing kaempferol concentrations.
As shown in Fig. 3B, immunoblotting reveals that kaempferol po-
tently inhibits MAPK phosphorylation under hypoxic conditions
in a dose-dependent manner. Importantly, the IC50 value for this
inhibition (4.75 ± 0.26 lV) is almost identical to the IC50 for the
inhibition of HIF-1 activity (5.16 lM), strongly indicating that the
effect of kaempferol on HIF-1 activity and HIF-1a localization is
MAPK-dependent.

As already described, HIF-1 activity is very important for the
survival and proliferation of cells under hypoxia, a condition that
often prevails in solid tumors. We could, therefore, expect that
kaempferol may affect Huh7 viability under hypoxic conditions.
To address this possibility, we measured survival of Huh7 cells
after prolonged incubation (24–48 h) at 1% and 0.1% oxygen and
in the presence of 10 lV kaempferol. To ensure constant exposure
of the cells to effective concentrations of kaempferol, the medium
was replaced every 8 h, time period that corresponds to the exper-
imentally determined half-life of kaempferol in the culture (data
not shown). In the absence of kaempferol, Huh7 cells exhibited
similar proliferation under both normoxic and hypoxic conditions
at 24 or 48 h (Fig. 4), although cells grew slightly better when de-
prived of oxygen. Culturing of Huh7 cells in the presence of 10 lM
kaempferol did not result to significant inhibition of cell viability
) Huh7 cells were incubated under hypoxic conditions (1% O2) in the presence of the
oresence microscopy with an anti-HIF-1a antibody. Nuclei are stained with 4’,6-
l cell extracts from Huh7 cells treated as in (A) using antibodies against the
anels represent the phospho-MAPK/MAPK levels ratio according to densitometric



Fig. 4. Kaempferol inhibits viability of Huh7 cells under hypoxia. (A) Digitized graph of Huh7 cell survival under normoxic (circles) or hypoxic conditions (1% O2 squares; 0.1%
O2 diamonds) and in the presence (empty) or absence (filled) of 10 lM of kaempferol (Kae). (B) Statistical significance of the data presented in (A). Data represent the mean (±
standard error) of two independent experiments performed in triplicate and are expressed as percent of the initial value of cell number at time zero (NS: P >0.05; *:P < 0.05;
**:P < 0.01; ***:P < 0.001).
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after 24 h in normoxia. In sharp contrast, treatment of the cells
with kaempferol under hypoxia resulted in significant (approx.
40%) inhibition of their viability in both hypoxic conditions. At
48 h, inhibition of cell viability by kaempferol was observed at
both normoxia and hypoxia. However, inhibition at hypoxia (ap-
prox. 65%) was still significantly higher than at normoxia (45%).
These results reveal that Huh7 cells are considerably more sensi-
tive to kaempferol treatment when exposed to hypoxic conditions,
under which HIF-1 activity becomes important for their survival.

4. Discussion

This report shows, for the first time, that kaempferol is a potent
inhibitor of hepatoma cancer cell viability under hypoxic condi-
tions. It also provides evidence that this effect involves MAPK path-
way inhibition and inactivation of HIF-1a by cytoplasmic
mislocalization. Kaempferol may play a dual role in impairing can-
cer cell growth. Its mild effect on Huh7 cell survival under normal
oxygen concentration is likely due to inhibition of the MAPK path-
way, which is critical for cell proliferation. Under hypoxic condi-
tions, however, when cell viability depends on HIF-1, kaempferol
can exert a much stronger negative effect. This provides proof-of-
principle for its potential use as an anti-HCC agent, since kaempf-
erol will selectively target cancer cells, which are normally ex-
posed to hypoxia. The potential of kaempferol to inhibit both
MAPK and HIF-1 at low lV concentration (IC50 close to 5 lV) is
far superior to the commonly used commercially available
MAPK-pathway synthetic inhibitor PD98059, which is effective at
a concentration of 50 lV or above [12–14].

Recent studies have shown the importance of HIF-1 inactivation
as a means to treat human cancer since HIF-1 is a key factor of met-
abolic adaptation and reprogramming of cancer cells in the hyp-
oxic microenvironment that is observed in many human tumors
[8,16]. Suppression of HIF-1 may be even more beneficial when
combined with other therapeutic strategies such as anti-angio-
genic treatment. Successful suppression of angiogenesis can induce
a phenotypic change in cancer cells that renders them more inva-
sive and metastatic due to the establishment of severe hypoxia
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[17]. This change could be avoided if HIF-1 induction under these
conditions is simultaneously inhibited. It has indeed been shown
that inhibition of HIF-1a expression by antisense cDNA stimulates
the efficacy of doxorubicin on HCC cells by down-regulating VEGF
transcription and enhancing apoptosis [18]. In addition, com-
pounds that are natural derivatives, like silibinin, have exhibited
anti-cancer properties by inhibiting HIF-1a synthesis in hepatoma
cells [19].

Kaempferol was previously reported to affect cell survival in
leukemic [20] and glioma cells [21], angiogenesis and tumor
growth in ovarian cancer cells [22] and ovarian cancer incidence
[23]. This report demonstrates the efficacy of kaempferol as a cyto-
toxic agent of hepatoma cancer cells in vitro at concentrations (5–
10 lM) that are close to the plasma flavonoid concentration range
achievable by dietary intake [23,24]. More importantly, the full po-
tential of kaempferol to inhibit the viability of HCC cells occurs un-
der oxygen concentrations (0.1–1% oxygen) that are
physiologically more relevant to those inside a tumor growing
in vivo. This is, to our knowledge, the first report demonstrating
the biological effect of a flavonoid under low oxygen conditions,
which minimize the possibility that the observed effects are attrib-
uted to artificial oxidative changes. Polyphenols, such as kaempfer-
ol, applied to cells growing under 20% oxygen, which is in reality a
state of hyperoxia, can indeed exhibit pro-oxidant effects that
greatly affect cell properties in a non-physiological way [25].

5. Conclusion

In conclusion, kaempferol can act as an HIF-1 inhibitor and anti-
proliferative agent under hypoxic conditions that prevail in solid
tumors. As a naturally occurring dietary substance without known
side effects, kaempferol could be a good candidate for further eval-
uation, as chemopreventive or therapeutic compound, in con-
trolled prospective studies of HCC patients along or in
combination with other established conservative and interven-
tional therapies. These studies can then offer definite conclusions
regarding the clinical efficiency of kaempferol or its derivatives
as an additional weapon in the management of HCC.
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