
Apigenin Suppresses Insulin-like Growth Factor I Receptor
Signaling in Human Prostate Cancer: An In Vitro and In Vivo Study

Sanjeev Shukla1 and Sanjay Gupta1,2,3

1Department of Urology, Case Western Reserve University, Cleveland, OH

2University Hospitals Case Medical Center, Cleveland, OH

3Case Comprehensive Cancer Center, Cleveland, OH

Abstract
Deregulation of insulin-like growth factor (IGF)-I/IGF-IR signaling has been implicated in the
development and progression of prostate cancer. Agents that can suppress the mitogenic activity of
the IGF/IGF-IR growth axis may be of preventive or therapeutic value. We have previously
demonstrated that apigenin, a plant flavone, modulates IGF signaling through upregulation of
IGFBP-3. In this study, we investigated the mechanism(s) of apigenin action on the IGF/IGF-IR
signaling pathway. Exposure of human prostate cancer DU145 cells to apigenin markedly reduced
IGF-I-stimulated cell proliferation and induced apoptosis. Apigenin inhibited IGF-I-induced
activation of IGF-IR and Akt in DU145 cells. Similar growth inhibitory and apoptotic responses were
observed in PC-3 cells, which constitutively over-express this pathway. This effect of apigenin
appears to be due partially to reduced autophosphorylation of IGF-IR. Inhibition of p-Akt by apigenin
resulted in decreased phosphorylation of GSK-3β along with decreased expression of cyclin D1 and
increased expression of p27/kip1. In vivo administration of apigenin to PC-3 tumor xenografts
inhibited tumor growth, resulted in IGF-IR inactivation and dephosphorylation of Akt and its
downstream signaling. These results suggest that inhibition of cell proliferation and induction of
apoptosis by apigenin are mediated, at least in part, by its ability to inhibit IGF/IGF-IR signaling and
the PI3K/Akt pathway.
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INTRODUCTION
The insulin-like growth factor (IGF) axis is an important modulator of growth and development
[1,2]. It is comprised of six affinity binding proteins, several low-affinity binders, proteases
and receptors [1-3]. The two IGF ligands (IGF-I and IGF-II) modulate a diverse range of
biological activities including cell growth, differentiation and apoptosis; imbalance of this
growth axis may preferentially favor uncontrolled cell proliferation and malignant
transformation [2,3]. IGFs are mostly produced in the liver and in small amounts in the local
tissues, where they act in an autocrine and paracrine manner. The biological functions of IGFs
are mediated primarily by the type I IGF receptor (IGF-IR), which is a heterotetrameric
transmembrane protein that is comprised of two subunits, α and β. The β subunit expresses
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intrinsic tyrosine kinase activity and is activated upon ligand binding to the α subunit. Tyrosine
kinase activation results in autophosphorylation within the kinase domain, particularly at
Tyr1131, Tyr1135 and Tyr1136, leading to downstream signaling [4]. The activated IFG-IR
phosphorylates an adaptor protein, IRS-1 which is involved in the activation of
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways
[5].

A number of laboratory and population-based studies have demonstrated that insulin-like
growth factor (IGF) physiology plays a critical role in the development and progression of
prostate cancer [6,7]. Prospective case controlled studies have demonstrated a positive
correlation between circulating IGF-I levels in healthy men and the risk of developing prostate
cancer [8,9]. There is evidence that in the normal prostate, IGFs are produced by stromal cells,
and it is known that normal epithelial cells express IGF-IR, suggesting a paracrine mode of
regulation [10]. Studies have shown that IGF may increase proliferation of prostate cancer
cells, whereas antisense-mediated inhibition of IGF-IR suppresses cell invasiveness and in vivo
tumor growth [11].Deregulated expression of IGF-I in prostatic epithelium leads to neoplasia
in transgenic mice [12]. Upregulation of IGF-I expression has been found in neoplastic prostate
epithelial cells; it has been postulated that this is an adaptive response that may contribute to
the evolution of androgen-independent prostate cancer [13]. Currently, IGF/IGFBP-3 plasma
levels are being evaluated as potential surrogate biomarkers in patients with a risk of prostate
cancer [14]. Since IGF signaling has been shown to play an important role in prostate cancer
progression, the IGF-IR could be a potential target in the development of a new strategy for
prostate cancer prevention and treatment.

Plant flavonoids have gained considerable attention as anticancer agents. Apigenin (4’, 5, 7,-
trihydroxyflavone), a naturally occurring plant flavone abundantly present in common fruits
and vegetables, has been shown to possess cancer preventive and therapeutic properties [15
and references therein]. We have previously shown that apigenin selectively inhibits cell
growth and induces apoptosis in cancer cells without affecting normal cells [16]. Apigenin has
been shown to be effective in inhibiting growth in several different types of human cancer cell
lines including leukemia, and carcinomas of the breast, colon, lungs, skin, thyroid, and prostate
[17-22]. Apigenin is a potent inhibitor of several protein kinases, including epidermal growth
factor receptor and src tyrosine kinase [23]. Apigenin has been shown to modulate the
expression of PI3K-Akt, MAPKs (ERK1/2, c-Jun-N-terminal kinase, and p38), casein kinase-2
and other upstream kinases involved in the development and progression of cancer [24-27].
Apigenin has also been shown to suppress angiogenesis in melanoma and carcinoma of the
breast, skin and colon [28-31]. We have demonstrated that apigenin induces apoptosis in
prostate tumor xenografts through upregulation of IGFBP-3 [32]. Since apigenin inhibits
MAPK and PI3K-Akt kinases and induces IGFBP-3 in prostate cancer [33], we postulated that
these inhibitory actions might be effected through the IGF-IR pathway. In the present study
we demonstrate the effect of apigenin in IGF/IGF-IR signaling both in cell culture and in an
in vivo model of prostate cancer.

MATERIALS AND METHODS
Cell lines and treatments

Androgen-refractory human prostate cancer DU145 and PC-3 cells, obtained from American
Type Culture Collection (Manassas, VA), were cultured in RPMI 1640 supplemented with 5%
fetal bovine serum and 1% penicillin-streptomycin. Monolayer cultures of DU145 and PC-3
cells were maintained at 37°C and 5% CO2 in a humid environment. The cells were treated
with varying concentrations of apigenin dissolved in DMSO, which was provided to the control
and treated groups with maximum final concentration of 0.1%, v/v.

Shukla and Gupta Page 2

Mol Carcinog. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cell cycle analysis
Human prostate cancer DU145 cells were seeded in a 100 mm dish at 40–50% confluence and
incubated overnight. Cells were washed once with PBS and grown in serum-free medium. In
24 h, the old medium was discarded and fresh serum-free medium containing 25ng/mL IGF-
I was added with or without apigenin. The cells were incubated for 24 h. In another experiment
asynchronized (70-80%) confluent PC-3 cells were treated with various doses of apigenin for
24 h. After treatment cells were collected, washed twice with chilled PBS and spin in a cold
centrifuge at X 600g for 10 minutes. The pellet was fixed by re-suspending in 50 μl PBS and
450 μl chilled methanol for 1 h at 4°C. The cells were washed twice with PBS at X 600g for
5 min and again suspended in 500 μl PBS and incubated with 5 μl RNAse (20 μg/ml final
concentration) for 30 min at 37°C. The cells were chilled over ice for 10 min and stained with
propidium iodide (50 μg/ml final concentration) for 1 h and analyzed by flow cytometry and
evaluated using Cell Quest & ModFit cell cycle analysis software.

Immunoblotting
The cell lysate was cleared by centrifugation at 13,000 rpm for 15 min at 4°C, and the protein
concentration was measured in the supernatant by Bio-Rad assay using the manufacturer’s
protocol (Bio-Rad Laboratories, Hercules, CA). 20-40μg of supernatant proteins were resolved
by sodium-dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) using 4–20%
Tris-glycine polyacrylamide gel and then transferred onto the nitrocellulose membrane either
for 2 h or overnight. The blots were blocked using 5% nonfat dry milk in Tris buffered saline
containing 0.05% Tween-20 and probed using primary antibodies for IGF-IR (Cat#3022), p-
IGF-IR Tyr1131 (Insulin Receptor, Tyr1146, Cat#3021), GSK-3β (Cat#9332), p-GSK-3α/β
Ser21/9 (Cat#9331), from Cell Signaling Technology (Beverly, MA), p-Akt Ser473

(Cat#SC-7985-R) from Santa Cruz, CA and Akt1/2 (Cat#SC-8312), cyclin D1 (Cat #MS-210),
p27/kip1 (Cat # MS-256), from NeoMarkers (Fremont, CA) in blocking buffer either at room
temperature for 1 h or overnight at 4°C. The membrane was then incubated with appropriate
secondary antibody and the immunoreactive bands were visualized using an enhanced
chemiluminescence kit (ECL; Amersham Life Sciences Inc.). The membrane was further
stripped and reprobed with anti-α-tubulin antibody (Santa Cruz, Cat#SC-8035) to ensure the
equal protein loading.

Tumor xenograft studies
PC-3 tumors were grown subcutaneously in athymic nude mice. Approximately 1 million PC-3
cells suspended in 0.05 ml of medium and mixed with 0.05 ml of Matrigel were subcutaneously
injected into the left and right flank of each mouse to initiate tumor growth. The animals were
equally divided in two groups. The first group received only 0.2 ml of vehicle material by
gavage daily and served as a control group. The second group of animals received 50μg/mouse/
day doses of apigenin in vehicle, respectively, for 8 weeks. These doses are comparable to the
daily consumption of flavonoid in humans as reported in previously published studies (29,
30). Apigenin feeding was started 2 weeks after cell inoculation and was continued for 8 weeks.
Animals were monitored daily, and their body weights were recorded weekly throughout the
studies. Once the tumors started growing, their sizes were measured twice weekly in two
dimensions with calipers. Tumor volume was determined with the equation: volume =
(width)2 × length × π/6. Tumor measurements were taken by one individual and performed in
duplicate to confirm measurements. At the termination of the experiment, tumors were excised
and weighed to record wet tumor weight. A portion of the tumors from control and treated
animals was used for preparation of tumor lysate used in further experiments.
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Apoptosis by ELISA
Apoptosis was assessed by M30-Apoptosense™ ELISA kit (Alexis Biochemicals, San Diego,
CA) according to the manufacturer’s protocol and color developed was read at 450-nm against
the blank and values were plotted against standards provided and expressed as units per liter.

Statistical analysis
Changes in tumor volume and body weight during the course of the experiments were
visualized by scatter plot. Differences in tumor volume (mm3) and body weight at the
termination of the experiment among two groups were examined using analysis of variance
(ANOVA) followed by Tukey’s multiple comparison procedure. The statistical significance
of differences between control and treatment group was determined by simple ANOVA
followed by multiple comparison tests. All tests were two-tailed and P values less than 0.05
were considered to be statistically significant.

RESULTS
Since IGF-I/IGF-IR axis plays an important role in cell growth and proliferation, we initiated
studies to evaluate IGF-I mediated phosphorylation and its downstream signaling in human
prostate cancer DU145 cells. As shown in figure 1A, treatment of serum starved DU145 cells
with 25ng/mL IGF-I caused a rapid phosphorylation of IGF-IR which was assessed through
phospho-specific antibody directed against Tyr1131 and Ser1146. This phosphorylation was
attained as early as 10 min with highest levels attained at 30 min post IGF-I incubation, and
this phosphorylation was maintained up to 60 min. Similar phosphorylation response was
observed in Akt at Ser473 in DU145 cells after IGF-I treatment.

Previous studies have demonstrated that knockdown of the IGF-IR receptor through siRNA or
antisense approach affects the two major signaling pathways, the ERK and Akt pathways
[11,34]. Since incubation with IGF-I cause increase in Akt phosphorylation at Ser473 in DU145
cells (figure 1A), therefore, we next determined whether inhibition of Akt phosphorylation
causes a similar response to IGF-IR phosphorylation. For these studies we incubated DU145
along with 25ng/mL IGF-I for 8 h with and without PI3K-Akt inhibitor LY294002. Exposure
of cells to a 10μM concentration of LY294002 caused a decrease in phosphorylation of Akt at
Ser473 whereas no significant decrease in IGF-IR phosphorylation was observed in these cells
(Figure 1B).

In a further series of experiments we tested whether or not apigenin could inhibit IGF-I induced
proliferative activity in prostate cancer DU145 cells. We pretreated serum starved cells with
varying concentrations of apigenin before stimulation with IGF-I. As shown in figure 2, cell
cycle analysis of propidium iodide stained cells from the serum starved control revealed a
significant block of 76.6% in the G1-phase of the cell cycle. Treatment with 25ng/mL IGF-I
induced almost a 2-fold increase in the number of cells in the S-phase along with a concomitant
decrease in the number of cells in the G1-phase (61.3%) of the cell cycle. These results are in
agreement with previous reports that IGF-I can stimulate DNA synthesis and proliferation in
DU145 cells [35]. We also determined the effects of LY294002 on cell cycle progression in
DU145 cells stimulated with IGF-I. Treatment of cells with 10μM LY294002 in the presence
of IGF-I increased the percentage of cells in the G1-phase to 71.4% with a decreased percentage
of cells in the S-phase (15.4%). Treatment of DU145 cells with apigenin caused a dose-
dependent increase of cells in the G1-phase from 72.2% to 78.1% along with inhibition of the
IGF-I induced progression of cells into the S-phase. Furthermore, treatment of cells with
apigenin caused a dose-dependent increase of cells in the sub-G1 phase, a finding which is
indicative of apoptosis.
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Next we evaluated the effects of apigenin on IGF-I/IGF-IR signaling after stimulation with
IGF-I. Treatment of cells with apigenin significantly inhibited the IGF-IR phosphorylation
induced by IGF-I. This effect was observed with 5μM apigenin and was persistent in apigenin
concentrations up to 40μM. The blockade of IGF-IR activation by apigenin further resulted in
suppression of IGF-I-induced activation of Akt (Figure 3). IGF-I activates PI3K-Akt, and the
activated Akt in turn activates its downstream signals to promote cell growth and proliferation,
effects that are attributed in part to enhanced phosphorylation of glycogen synthase kinase
(GSK)-3β and increased levels of cyclinD1 protein [4,5]. Therefore next we evaluated the
effects of apigenin on some of the downstream targets of Akt. As shown in figure 3, IGF-I
induced phosphorylation of GSK-3β and increased cyclin D1 protein in DU145 cells. Apigenin
treatment caused a dose-dependent decrease in the phosphorylation of GSK-3β and cyclinD1.
We also evaluated the effect of apigenin on the expression of p27/kip1, the cyclin-dependent
kinase inhibitor, which is downregulated during cell proliferation in prostate cancer cells
[36]. Treatment of DU145 cells with apigenin caused a dose-dependent increase in the protein
levels of p27/kip1, which was more pronounced at 10-40μM apigenin treatments (Figure 3).

It is of interest that DU145 cells have low basal levels of phosphorylated Akt, whereas two
other prostate cancer cell lines, PC-3 and LNCaP, have constitutively high basal levels of
phospho-Akt. This observation has been attributed to the loss of PTEN (phosphatase and tensin
homologue deleted on chromosome 10) function in both these cell lines [37,38]. Consequently,
we investigated whether apigenin could suppress growth in PC-3 cells, which exhibit high
constitutive expression of phospho-Akt and IGF-IR. We treated log phase growing cells with
10-40μM concentrations of apigenin. Exposure of PC-3 cells to apigenin resulted in an
increased accumulation of cells in the G1-phase from 64.8% and 69.4% at 10- and 20-μM
doses. A simultaneous reduction of the percentage of cells in the S-phase was observed after
apigenin treatment. Furthermore, apigenin treatment caused an increase in the sub-G1
percentage of cells, which is indicative of apoptosis (Figure 4).

Next we evaluated the effects of apigenin on the inhibition of constitutively expressed IGF-IR
and Akt phosphorylation in PC-3 cells. Treatment of cells with apigenin at doses of 5-40μM
caused a significant decrease in IGF-IR phosphorylation and phospho-Akt levels in a dose-
dependent fashion. Furthermore, apigenin treatment caused a decrease in the phosphorylation
of GSK-3β and cyclinD1, with concomitant increase in p27/kip1 levels, an effect earlier
observed in DU145 cells after IGF-I stimulation (Figure 5). These results indicate that apigenin
is capable of suppressing both stimulated and constitutive IGF-IR and Akt phosphorylation,
with resultant effects on the downstream signaling in prostate cancer cells.

Next we evaluated the effects of apigenin on PC-3 tumor xenografts in nude mice. As shown
in figure 6A, growth of PC-3 tumors in nude mice was significantly inhibited by administration
of apigenin to these mice. The tumor volume was reduced by 51% (p<0.0001) and the wet
weight of tumor was decreased by 40% (p < 0.001) in nude mice receiving apigenin. No
evidence of systemic toxicity was noted in these mice, as evidenced by their continued normal
food intake and their maintenance of body weight (data not shown). Earlier results in cell
culture demonstrated that apigenin induces decreased proliferation of PC-3 cells [33]; therefore
we evaluated the effects of apigenin intake on the induction of apoptosis in tumor xenografts.
As shown in figure 6B, oral administration of apigenin at doses of 50μg/mouse/day resulted
in a marked induction of apoptosis in PC-3 tumor xenografts as shown by M-30 reactivity
measured by ELISA assay. Compared to vehicle-treated controls, 2.86-fold increases
(p<0.0001) in the induction of apoptosis were observed in PC-3 tumors after apigenin
treatment. Furthermore, consistent with the findings in cell culture, apigenin administration to
nude mice resulted in a marked decrease in the expression of IGF-IR, phospho-IGF-IR, p-Akt
Ser473, p-GSK3β, cyclinD1, with concomitant increases in the p27/kip1 levels, compared to
mice receiving vehicle treatment. Likewise, the expression of cyclinD1 and PCNA levels were
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also inhibited after apigenin treatment, indicating apigenin-mediated suppression of tumor cell
proliferation (Figure 6C).

DISCUSSION
Numerous studies have demonstrated that mitogenic as well as cell survival signaling via the
IGF/IGF-IR pathway is constitutively activated and that such signaling provides growth and
survival advantages to prostate cancer cells [1-5]. It is widely accepted that the IGF-axis
activates anti-apoptotic signaling, which in turn upregulates the PI3K and MAPK pathways in
cancer cells [4,5]. The induction of these pathways occurs through the IGF-IR signaling
pathway. Therefore, inhibition of IGF-IR signaling is critical to inhibition of prostate cancer
growth and survival. In our previous studies we demonstrated induction of IGFBP-3, the
binding protein for IGF-I, by apigenin, thereby reducing the amount of ligand available for
interaction with IGF-IR [32]. In this study, we demonstrate that apigenin blocks IGF-I regulated
events and modulate IGF-I/IGF-IR signaling pathways in prostate cancer cells.

The IGF-IR is a glycoprotein complex consisting of two transmembrane β-subunits and two
extracellular α-subunits. The ligand binding specificity is conferred by the α-subunits, whereas
the β-subunits contain the tyrosine kinase. The expression of the receptor subunits appears to
be transcriptionally downregulated by IGF-I through a negative feedback inhibition
mechanism [39]. Binding of IGF-I to its receptor causes activation of the receptor tyrosine
kinase and its autophosphorylation [40]. Our studies demonstrate that apigenin is capable of
suppressing autophosphorylation in prostate cancer cells both in constitutively expressed cell
lines and after IGF-I stimulation. Furthermore, IRS-1 is a critical substrate for the IGF-I
receptor tyrosine kinase and contains multiple phosphorylation sites [41]. IRS-1 functions as
an adaptor protein for other SH2 proteins like PI3K [42]. IGF-IR not only mediates the
mitogenic and anti-apoptotic actions of IGF-I but also may stimulate differentiation, depending
on the cell type and other factors in the microenvironment [1-5]. Previously, we have
demonstrated that apigenin causes inhibition of IGF-I-induced IRS-1 phosphorylation in
prostate cancer cells, an effect that may be one of the mechanisms that contribute to inhibition
of the prostate cancer cell proliferation cascade.

Evidence suggests that PI3K/Akt and MAPK are important pathways in transmitting IGF-I
mitogenic and antiapoptotic signals [4,5]. Our previous studies using specific inhibitors of
MEK1/2 and p38 demonstrated an inhibition of PC-3 cell proliferation in parallel with
inhibition of phophorylation of ERK1/2 and p38 [33]. Interestingly, high phosphorylation of
ERK1/2 was observed after treatment of cells with apigenin which usually do not activate the
downstream signaling molecules that favors cell proliferation [33,43]. Akt is another major
influence in IGF-I signaling, and a number of factors regulated by Akt have been shown to be
involved in regulating cell survival and proliferation [44]. In the present study we observed
that apigenin blocked constitutive as well as IGF-I induced activation of Akt.

Cyclin proteins are involved in regulating entry into different phases of the cell cycle, and
cyclin D1 is necessary for progression through the G1 phase [33]. Studies have demonstrated
that cyclin D1 is regulated at a number of different levels, but one primary mechanism of
regulation is through protein degradation. Phosphorylation of cyclin D1 by GSK-3β has been
demonstrated to result in its exclusion from the nucleus to the cytoplasm and it’s targeting for
ubiquitinin degradation [45]. Akt is known to phosphorylate GSK-3β, inactivating it and
facilitating elevation of levels of cyclin D1 protein. Our results demonstrate that apigenin
inhibits the expression of cyclin D1 in association with reduced phosphorylation of GSK-3β
in prostate cancer cells, and hence appears to influence cell cycle arrest and/or apoptosis.
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Another mechanism proposed for the involvement of Akt in cell cycle regulation is the
phosphorylation and inactivation of forkhead transcription factors that can regulate the cell
cycle kinase inhibitor, p27/kip1 [46]. Our studies demonstrate that apigenin caused increased
p27/kip1 levels in human prostate cancer cells, which corroborates our previous findings
[47]. We did not investigate the effects of apigenin on various forkhead transcription factors
in prostate cancer cells; additional studies are required to further elucidate these mechanisms.

Although cell culture studies are informative in demonstrating the effects of apigenin upon
IGF-I regulated mechanisms, it is critically important to determine whether these same effects
are operative in vivo. Our in vivo studies, providing an intake of 50μg/day of apigenin to mice
with PC-3 tumor xenografts, demonstrate that apigenin intake significantly inhibits tumor
proliferation and induces apoptosis, without any apparent signs of toxicity. These results are
consistent with inhibition of IFG-IR signaling in tumor xenografts. Since IGF-IRs are over-
expressed in many human cancers, including prostate cancer, development of ways to blockade
the IGF-IR signaling pathways is a strategy that might be highly successful in the prevention
and/or therapy of prostate cancer.

Our present studies clearly demonstrate that apigenin effectively blocks the IGF-IR signaling
pathway both in cell cultures and in prostate cancer xenografts in vivo. The dose of 50μg/day
apigenin used in our studies corresponds to consumption of approximately 120μg/day of
flavonoid by an adult human, an intake that results in effective physiologically attainable serum
concentrations in adult humans [48,49]. Our studies support the notion that apigenin may be
worthy of further development as a chemopreventive or chemotherapeutic agent, exploiting
its effectiveness in inhibiting IGF-IR signaling in prostate cancer.
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IGF  

insulin-like growth factor

IGF-IR  
insulin-like growth factor I receptor

PI3K  
phosphatidylinositol 3-kinase

IRS  
insulin receptor substrate

PTEN  
phosphatase and tensin homologue deleted on chromosome 10

ERK  
extracellular signal-regulated kinase

JNK  
c-Jun-N-terminal kinase

MAPK  
mitogen-activated protein kinase

GSK3  
glycogen synthase kinase-3
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Figure 1.
Effect of IGF-I on the phosphorylation of IGF-IR and downstream signaling in human prostate
cancer DU145 cells. (A) The cells were serum starved and treated with 25ng/mL IGF-I and
incubated for indicated times and later subjected to immunoblotting. An increase in IGF-IR
and Akt phosphorylation was observed which attained highest levels at 30 min post IGF-I
exposure. (B) DU145 cells were incubated with PI3K-Akt inhibitor LY294002 for 8 h prior to
IGF-I stimulation. LY294002 treatment markedly dephosphorylated Akt whereas no
significant effect was observed on IGF-IR phosphorylation. The blots were stripped and
reprobed with anti-α-tubulin antibody to ensure equal protein loading. Fold change represents
the protein level of the IGF-I treated cells relative to the control cells treated with vehicle and
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the resulting protein levels were then normalized to the α-tubulin protein. Details are described
in ‘Materials and Methods’.
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Figure 2.
Effect of apigenin on IGF-I-induced proliferation in human prostate cancer DU145 cells. The
cells were fasted for 24 h following which they were treated with apigenin and IGF-I for 24 h
at the indicated doses. (A) Control (no IGF-I or apigenin), (B) IGF-I (25ng/mL), (C) IGF-I
(25ng/mL) + 10μM LY294002, (D) IGF-I (25ng/mL) + 10μM apigenin, (E) IGF-I (25ng/mL)
+ 20μM apigenin, (F) IGF-I (25ng/mL) + 40μM apigenin. Cells were fixed in cold methanol
and stained with propidium iodide in the presence of 5mg/mL RNase, subjected to flow
cytometry, and evaluated using Cell Quest & ModFit cell cycle analysis software. Results are
an average of two independent experiments run in duplicate.
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Figure 3.
Effect of apigenin on IGF-IR signaling after IGF-I stimulation in human prostate cancer DU145
cells. The cells were incubated with indicated doses of apigenin for 24 h and later incubated
with 25ng/mL IGF-I for 30 min and subjected to immunoblotting. A decrease in IGF-IR, Akt
and GSK-3β phosphorylation was observed along with decrease in cyclin D1 and increase in
p27/kip1. No significant changes were noted in total Akt and IGF-IR levels. The blots were
stripped and reprobed with anti-α-tubulin antibody to ensure equal protein loading.. Fold
change represents the protein level of the apigenin treated cells relative to the control cells
treated with vehicle and the resulting protein levels were then normalized to the α-tubulin
protein. Details are described in ‘Materials and Methods’.
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Figure 4.
Effect of apigenin on cell proliferation in human prostate cancer PC-3 cells expressing high
constitutively expressing IGF/PI3K/Akt signaling. Log phase growing cells were treated with
(A) vehicle alone, and (B-D) indicated doses of apigenin for 24 h. Cells were fixed in cold
methanol and stained with propidium iodide in the presence of 5mg/mL RNase, subjected to
flow cytometry, and evaluated using Cell Quest & ModFit cell cycle analysis software. Results
are an average of two independent experiments run in duplicate.
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Figure 5.
Effect of apigenin on IGF-IR signaling in human prostate cancer PC-3 cells. The cells were
incubated with indicated doses of apigenin for 24 h and subjected to immunoblot analysis. A
decrease in IGF-IR, Akt and GSK-3β phosphorylation was observed along with decrease in
cyclin D1 and increase in p27/kip1. No significant changes were noted in total Akt and IGF-
IR levels. The blots were stripped and reprobed with anti-α-tubulin antibody to ensure equal
protein loading. Fold change represents the protein level of the apigenin treated cells relative
to the control cells treated with vehicle and the resulting protein levels were then normalized
to the α-tubulin protein. Details are described in ‘Materials and Methods’.
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Figure 6.
Effect of apigenin on PC-3 tumor growth inhibition in athymic nude mouse xenograft.
Approximately 1 million cells were injected into both flanks of each mouse to initiate prostate
tumor xenograft, and apigenin was provided to the animals 2 weeks after cell inoculation. Mice
were fed ad libitum with Teklad 8760 autoclaved high-protein diet. Apigenin was provided
with 0.5% methyl cellulose and 0.025% Tween 20 as vehicle to these animals perorally on a
daily basis. Group I, control, received 0.2 ml vehicle only, and the II group received 50μg
apigenin per mouse in 0.2 ml vehicle daily for 8 weeks and experiment was terminated. Once
the tumor xenografts started growing, their sizes were measured twice weekly in two
dimensions throughout the study. (A) Apigenin inhibits growth of PC-3 tumor xenograft in
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athymic nude mice as measured by volume and wet weights. (B) Apoptosis assay as determined
by M30 reactivity. . Values are means ± SE, n = 6–8, repeated twice with similar results.
Significantly different from control: **P<0.001. (C) Immunoblots for tumor lysates after
apigenin intake. Apigenin inhibited IGF/IGF-IR signaling pathway. Apigenin intake reduced
tumor proliferation as shown by reduction in PCNA and IGF-IR, caused dephosphorylation of
IGF-IR, Akt, GSK-3β along with decrease in cyclin D1 and increase in p27/kip1. The blots
were stripped and reprobed with anti-α-tubulin antibody to ensure equal protein loading. Fold
change represents the protein level after apigenin administration relative to the control group
administered with vehicle and the resulting protein levels were then normalized to the α-tubulin
protein. Details are described in ‘Materials and Methods’.
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