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ABSTRACT
Purpose Deregulation of IGF signaling plays an important role
in prostate cancer and contributes to invasion and metastasis.
We determined the effect of apigenin, a plant flavone, on IGF
signaling and its downstream targets in TRAMP mice.
Methods Mice received p.o. apigenin at 20 and 50 μg/day
dose for 20 weeks. ELISA, Western blotting and immunohis-
tochemistry were performed to examine the IGF-axis and its
regulated pathway in response to apigenin intake.
Results Increased serum levels of IGF-I, VEGF, uPA and
concomitant decrease in IGFBP-3 were observed; p-Akt
(Ser473), p-ERK1 (T202/Y204) and p-ERK2 (T185/Y187)
expression increased in the dorso-lateral prostate of TRAMP
mice during the course of cancer progression as a function of age.
P.o. administration of apigenin resulted in substantial reduction in
the levels of IGF-I and increase in the levels of IGFBP-3 in the
serum and the dorso-lateral prostate. This modulation of IGF/
IGFBP-3 was associated with an inhibition of p-Akt and p-ERK1/2.
Apigenin intake resulted in marked inhibition of VEGF, uPA,
MMP-2 and MMP-9 which coincided with tumor growth
inhibition and complete absence of metastasis in TRAMP mice.
Conclusions Our results indicate that apigenin effectively sup-
pressed prostate cancer progression in TRAMPmice by attenuating
IGF-I/IGFBP-3 signaling and inhibiting angiogenesis and metastasis.

KEY WORDS angiogenesis . apigenin . insulin-like growth
factor . metastasis . prostate cancer

ABBREVIATIONS
ERK extracellular signal-regulated kinases
IGF-1 insulin-like growth factor 1
IGF-IR insulin-like growth factor 1 receptor
IGFBP-3 insulin-like growth factor-binding protein 3
IRS-1 insulin receptor substrate 1
JNK c-Jun N-terminal kinases
MMP matrix metalloproteinases
PCNA proliferating cell nuclear antigen
PI3K phosphoinositide 3-kinase
TRAMP transgenic adenocarcinoma of the mouse prostate
uPA urokinase-type plasminogen activator
uPAR urokinase receptor
VEGF vascular endothelial growth factor

INTRODUCTION

IGF-I signaling plays an important role during tumor
development and its upregulation has been observed in
many human tumors including prostate cancer (1,2).
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Epidemiological evidence suggests that patients with
elevated serum IGF-I levels in the upper quartile of the
reference range had a 4-fold increase risk of developing
prostate cancer when compared with patients whose
serum IGF-I levels were in the lower quartile (3–5).
Furthermore, studies indicate that circulating IGF-I levels
may be a better predictor of prostate cancer than serum
PSA (6). Studies demonstrate that levels of IGFBP-2 and
IGFBP-3 are also altered in the serum and prostate tissue
of prostate cancer patients (7,8), suggesting that the IGF-I
signaling axis could be an important contributor in the
development and progression of prostate cancer.

Two IGF ligands are known viz. IGF-I and IGF-II; these
ligands are primarily synthesized by the liver (1,2). The
biological functions of these ligands are mediated mainly by
the IGF-I receptor, which binds IGF-I with higher affinity
than IGF-II (2). IGF-I binds to the IGF-IR, which is a
heterdimeric transmembrane protein comprised of two
subunits -α and -β. The β subunit expresses intrinsic
tyrosine kinase activity and is activated upon ligand binding
to the α-subunit (2). Tyrosine kinase activation results in
autophosphorylation within the kinase domain, leading to
downstream signaling. The activated IGF-IR then phos-
phorylates adapter proteins, such as IRS-1, which in turn
activates phosphatidylinositol 3-kinase (PI3K)/Akt and the
mitogen-activated protein kinase signaling pathways.
Activation of the latter pathways has been shown to
contribute to cancer progression (2).

Studies indicate that IGF-I production in the normal
prostate is by the stromal cells, whereas IGF-IR is expressed
by normal prostate epithelial cells; these features play a role in
the maintenance of paracrine regulation (9). In vivo studies
demonstrate that IGF-I may increase proliferation of
prostate cancer cells, whereas antisense-mediated inhibi-
tion of IGF-IR suppresses cell invasiveness and in vivo

tumor growth (10). Deregulated expression of IGF-I in
prostate epithelium leads to neoplasia in transgenic mice
(11). 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. In-
creased IGF-I signaling induces vascular endothelial
growth factor (VEGF) and triggers ‘angiogenic switch’
leading to prostatic neovascularization (12). It is also
known that type-I, IGF-receptor is a regulator of matrix
metalloproteinase-2 synthesis, which together with
urokinase-type plasminogen activator (uPA) activation
and VEGF production leads to increased tumor angio-
genesis and metastasis (13,14). Because this signaling is
activated and contributes to cancer progression, inhibition
of IGF-IR actions may be achievable through the IGF
axis, thereby offering another rational approach to the
prevention and/or therapy of prostate cancer.

Apigenin (4, 5, 7 trihydroxyflavone) is a natural
bioflavonoid which has been shown to possess potent
cancer preventive and therapeutic properties (15 and
references therein). Apigenin inhibits the growth of various
human cancer cells and induces apoptosis (16). Apigenin is
a potent inhibitor of several protein kinases, including
epidermal growth factor receptor and src tyrosine kinase
(17,18). 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 (19,20). Our group has demonstrated that apigenin
induces apoptosis in prostate cancer cells, both in vitro and
in vivo, through upregulation of IGFBP-3 and suppression
of IGF-I signaling (21,22). Transgenic adenocarcinoma of
the mouse prostate (TRAMP) mice spontaneously devel-
ops prostatic adenocarcinoma which simulates progressive
form of human disease and therefore serves as a useful
model for the study of prostate cancer (9). We have recently
shown that oral intake of apigenin by TRAMP mice, at
doses equivalent to human consumption of a healthy diet of
flavonoids (6–64 mg/day of flavones and flavonols), inhibits
the development of prostate cancer and its subsequent
progression by blocking β-catenin signaling (23,24). Under-
standing the molecular mechanism(s) of apigenin-mediated
inhibition of prostate cancer is essential in developing
rational mechanism-based approaches to the prevention
and treatment of prostate cancer. In this report, we
demonstrate that apigenin-mediated suppression of prostate
cancer progression, metastasis and angiogenesis in TRAMP
mice appears to be mediated through inhibition of IGF-I
and its downstream signaling pathways.

MATERIALS AND METHODS

Materials

Antibodies for anti-IGF-I (sc-9013), anti-IGFBP-3 (sc-9028),
anti-Akt (sc-8312), anti-MMP-2 (sc-13595), anti-MMP-9
(sc-10737) and anti-β-Actin (sc-47778) were procured
from Santa Cruz Biotechnology, CA; whereas, total
anti-ERK (4695), anti- p-ERK1/2 (4370), anti-p-Akt
(Ser-473) and anti-p-Akt (Thr-308) were purchased from
Cell Signaling Technology, MA. Anti-VEGF antibody
was procured from Lab Vision Corporation, CA. Mouse
IGFBP-3 (MGB300) and mouse/rat IGF-I (MG100)
Quantikine ELISA Kit was obtained from R&D Systems,
MN. Mouse VEGF (MMV00) Quantikine ELISA Kit, p-Akt
(S473) (SUV887) pan-specific surveyor IC; p-ERK1
(T202/Y204)/ERK2 (T185/Y187) (SUV1018) surveyor IC
and mouse uPA total antigen ELISA kits were purchased
from Cell Sciences, MA.
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Animals

Male and female heterozygous C57BL/TGN TRAMP
mice, Line PB Tag 8247NG were purchased as breeding
pairs from The Jackson Laboratory (Ann Arbor, MI). The
animals were bred and maintained at the AAALAC-
accredited Animal Resource Facility of CaseWestern Reserve
University. Housing and care of the animals was in
accordance with the guidelines established by the University’s
Animal Research Committee and with the NIH Guidelines
for the Care and Use of Laboratory Animals. Transgenic
males for the studies were routinely obtained as [TRAMP x
C57BL/6] F1 or as [TRAMP x C57BL/6] F2 offspring.
Identity of transgenic mice was established by PCR based
DNA-screening as previously described (23).

Study Design and Apigenin Intake

The animals were fed with the autoclaved Teklad 8760
high-protein diet and tap water ad libitum throughout the
study. In the first set of experiments, TRAMP and non-
transgenic mice were divided into 4 groups and each group
consisted of 8–10 mice. The 4 groups were sacrificed at 8,
16, 24 and 32 weeks of age, respectively. Blood and the
dorso-lateral prostate tissue were collected for further
investigation.

In the second experiment, 8 week-old male TRAMP
mice were equally divided into 3 groups consisting of 12
mice per group. Equal number of non-transgenic mice
was considered for comparison. Apigenin (10 mg) was
suspended in 1 ml vehicle material (0.5%methyl cellulose and
0.025% Tween 20) by sonication for 30 s at 4°C and further
diluted for appropriate concentration. Apigenin, 20- and
50- μg/mouse/day (w/v) was administered by gavage in
0.2 ml of a vehicle consisting of 0.5% methyl cellulose and
0.025%Tween 20, daily for 6 days per week for 20 weeks,
starting at 8 weeks of age. The per-oral route was chosen in
order to simulate dietary consumption of flavonoids in
humans. These doses are comparable to the daily consump-
tion of flavonoid in humans as reported in previously
published studies (24). It is important to emphasize that
apigenin reaches its maximum concentration in blood 24 h
post ingestion; therefore, we opted for daily dosing of
apigenin in order to maintain peak blood levels in mice
during these studies. Animal were sacrificed at specified ages;
serum was isolated from blood and dorso-lateral prostate
tissues were excised and weighed. Total prostate tissue
lysates were prepared for ELISA and Western blotting.

Preparation and Analysis of Tissue

The dorsolateral prostates were excised and weighed, and a
small portion was fixed overnight in 10% zinc–buffered

formalin and then transferred to 70% ethanol. Sections (4 μm)
from 8 prostate tissues were cut from paraffin-embedded
tissue and mounted on slides. The sections were stained with
H&E as previously described (23) and were evaluated for the
presence or absence of the following lesions: prostatic
intraepithelial neoplasia, well-differentiated adenocarcino-
ma, moderately differentiated adenocarcinoma, and poorly
differentiated adenocarcinoma. The histologic characteristics
of these lesions have been well established and described in a
previous publication (25).

ELISA Assay

ELISA for IGF-I, IGFBP-3, VEGF and uPA were performed
in serum samples of both TRAMP and non-transgenic
littermates at various ages of sacrifice and analyses were
reported in units/mL of serum. ELISA for p-Akt (Ser-473)
and p-ERK (T202/Y204)/ (T185/Y187) were performed in
the lystaes obtained from the dorso-lateral prostates of
TRAMP and non-transgenic mice. The analyses were
performed according to vendor’s protocol and results were
reported in unit/per mg protein.

Metastases Examination

Microscopic examinations of lymph nodes, liver, and lungs
were done to evaluate for the presence of metastases. The
India ink method was used to examine the lungs for
metastasis as previously described (23).

Immunohistochemistry

IHC for PCNA was done on formalin-fixed, paraffin-
embedded prostate tissue sections using a standard protocol
as previously described using 3,3′-diaminobenzidene and
counterstaining with Mayer’s hematoxylin (23,25).

Western Blot Analysis

Prostate tissues excised from mice were stored at -80°C. For
Western blotting, 25 μg protein was resolved over 4–20%
Tris-glycine polyacrylamide gel and then transferred onto
the nitrocellulose membrane. The blots were blocked using
5% nonfat dry milk and probed using appropriate primary
antibodies overnight at 4°C. The membrane was then
incubated with appropriate secondary antibody horseradish
peroxidase conjugate (Santa Cruz Biotech) followed by
detection using chemiluminescence ECL kit (GE Healthcare
Biosciences). For equal loading of proteins, the membrane
was probed with appropriate loading controls. Densitometric
measurements of the bands in Western blot analysis were
done using digitalized scientific software program using
Kodak 2000R imaging system.
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Statistical Analysis

Changes of various biomarkers in prostate during the
course of the experiments were analyzed by analysis of
variance (ANOVA) using Kruskal-Wallis test, a nonpara-
metric test based on Wilcoxon scores followed by pair-
wise comparison in which P values were not adjusted for
multiple comparisons. All tests were two sided and P<0.05
was considered to be statistically significant.

RESULTS

Earlier studies have demonstrated an increase in serum
IGF-I levels in prostate cancer patients (3–6). Because IGFs
are locally produced by most tissues and act in an autocrine
and paracrine manner, we determined the serum levels of
IGF-I and IGFBP-3 in TRAMP and non-transgenic
littermates with progressive age. As shown in Fig. 1, serum
IGF-I levels were significantly higher in TRAMP mice,
starting at 8 weeks of age and remained elevated through-
out 32 weeks, compared to non-transgenic littermates. An
increase of 109% to146% was noted from 8–32 weeks in
TRAMP mice compared to non-transgenic littermates. In
contrast, a decreasing trend in serum IGFBP-3 was noted in
TRAMP mice compared to non-transgenic littermates with
progressive age. A decrease of 25.5% to 30.8% between
16–32 weeks in TRAMP mice was noted compared to non-
transgenic littermates, whereas the levels of serum IGFBP-3
were almost similar at 8 weeks of age in both TRAMP and
non-transgenic mice.

Intrinsic induction of IGF-I triggers multiple signaling
pathways that include PI3K-Akt and MAPK-ERK
pathways, which are implicated in increased cell survival
and proliferation (26). We therefore analyzed the levels
of p-Akt (Ser473) and p-ERK1 (T202/Y204)/ERK2
(T185/Y187) in the lysates obtained from the dorso-
lateral prostates of TRAMP and non-transgenic litter-
mates of various age groups. As shown in Fig. 1, similar to
an increase in the expression of IGF-I in the serum,
significant increases in p-Akt and p-ERK1/2 levels were
observed in the tissue lysates of TRAMP mice, compared
to non-transgenic littermates. A 237% increase in p-Akt
was noted at 16 weeks, 214% at 24 weeks and 146% at
32 weeks of age in TRAMP mice compared to non-
transgenic littermates. Similarly, an increase of 186% was
noted in p-ERK at 16 weeks, 184% at 24 weeks and
128% at 32 weeks of age in the dorso-lateral prostates of
TRAMP mice compared to non-transgenic littermates.
No significant difference in the p-Akt levels were observed
at 8 weeks of age; although 33% decrease in p-ERK was
noted in TRAMP mice compared to non-transgenic
littermates.

Another consequence of increased IGF-I is an increase
in cancer cell invasiveness and angiogenesis, related to the
fact that IGF-I can induce VEGF and uPA (12, 13). We
next determined the serum levels of VEGF and uPA in
TRAMP and non-transgenic littermates in age-dependent
manner. Similar to the observed increases in IGF-I levels,
progressive increases in serum VEGF and uPA levels were
noted in TRAMP mice in an age-dependent manner,
compared to non-transgenic littermates. Compared to non-
transgenic littermates, an increase of 120% to 170% was
observed in serum VEGF and 102% to 136% was noted in
serum uPA in TRAMP mice between 8–32 weeks of age.

2000 12

1500

2000
Non-transgenic
TRAMP

9

12
Non-transgenic
TRAMP

m
L) /m

L)

1500 9

(p
g/

m

P
-3

 (
pg

/

**
** **

1000 6

m
 IG

F
-I

 

G
F

B
P

* * **

500 3

S
er

um

er
um

 I

0 0

S

8 16 24 32 8 16 24 32
skeewforebmuNskeewforebmuN

2
Non-transgenic

24
Non-transgenic

10
0)

1.5
TRAMP

18
TRAMP

g/
m

g)

g/
m

gx
1

**

**

1 12A
kt

 (
ng

1/
2 

(p
g

** ***

0 5 6su
e 

p-
A

p-
E

R
K**

**
0.5 6

T
is

s

is
su

e 
p

0
8 16 24 32

0
8 16 24 32

T
i

24 4

skeewforebmuNskeewforebmuN

24
Non-transgenic
TRAMP

4
Non-transgenic
TRAMP

L) L)

**
**

**18 3
(p

g/
m

L

(p
g/

m
L

** ** **

12 2

V
E

G
F

 

 u
P

A
 (

6 1

er
um

 V

S
er

um

0 0

S
e S

8 16 24 32 8 16 24 32
skeewforebmuNskeewforebmuN

Fig. 1 Levels of insulin like growth factor-I(IGF-I), insulin like growth
factor binding protein-3 (IGFBP-3), phosphorylated forms of Akt and
extracellular signal-regulated kinases1/2 (ERK1/2), vascular endothelial
growth factor (VEGF) and urokinase plasminogen activator (uPA) in the
serum and dorso-lateral prostate during progressive stages of prostate
cancer development in TRAMP mice and age-matched non-transgenic
littermates. Serum levels of IGF-I, IGFBP-3, VEGF and uPA; whereas
phosphorylated levels of Akt (Ser473) and ERK1 (T202/Y204)/ ERK2
(T185/Y187) were detected in the tissue lysates obtained from the dorso-
lateral prostates by Enzyme-linked immunosorbant assay (ELISA) at 8, 16,
24 and 32 weeks of age in non-transgenic and TRAMP mice. Data
represents the mean ± SE of 6 mice. *P<0.05 and **P<0.001 versus
age-matched non-transgenic control. Details are described in “Materials
and Methods.”

Apigenin Blocks IGF-I Signaling in TRAMP 1509



To investigate the effects of apigenin intake on
prostate tumor growth and progression in TRAMP mice,
experiments were conducted using a control group and
administering apigenin at doses of 20 and 50 μg/day to
two other groups of TRAMP mice, starting at 8 weeks of
age and continuing for 20 weeks. All TRAMP mice
receiving vehicle only developed advanced prostate
tumors that extensively infiltrated the abdominal region.
Apigenin administration to TRAMP mice resulted in
significant reductions in the incidence of palpable
tumors: 56% of animals receiving 20 μg/day of apigenin
developed palpable tumors, whereas 38% of animals
receiving 50 μg/day of apigenin developed palpable
tumors. We also studied the effects of apigenin intake
on the development of systemic metastases. At the end of
the 28 week experiment, 100% of the control group of
TRAMP mice developed invasive cancers; 75% of these
animals showed metastases to lymph nodes, 42% showed
metastases to lungs, and 33% showed metastases to liver.
In sharp contrast, none of the TRAMP mice that
received apigenin exhibited metastases to any of the
distant organs studied (Fig. 2a).

Next we evaluated the dorso-lateral prostates of
TRAMP mice in control and apigenin-receiving groups
of animals at 28 weeks of age (Fig. 2b). Prostates of
vehicle-treated control TRAMP mice exhibited ~17%
prostatic intraepithelial neoplasia and cancers of variable
size, >50% of which were composed of well-differentiated
adenocarcinoma, 23>18% composed of moderately dif-
ferentiated cancer and <4% composed of poorly differ-
entiated cancer. About 5% of the prostate tissue was
nonneoplastic in these animals. The histologic findings in
the prostates of 20 μg/day apigenin-treated TRAMP
mice at 28 weeks were notably different from findings in
vehicle-treated TRAMP mice, showing a >25% propor-
tion of nonneoplastic prostate tissue with concomitant
decreases in prostatic intraepithelial neoplasia (<15%)
and well-differentiated (<40%), moderately differentiated
(<12%), and poorly differentiated (<2%) cancers. The
prostates of mice receiving a higher dose of 50 μg/day
apigenin showed the following findings: more than 50%
of the prostate tissue was non-neoplastic, and there were
with significant reductions in the proportions of prostatic
intraepithelial neoplasia (<4%) and well-differentiated
(<30%), moderately differentiated (<5%), and poorly
differentiated (<1%) cancers, respectively, as compared
to the vehicle-treated control group. Examples of the
typical histology of the dorso-lateral prostates of age-
matched non-transgenic, TRAMP, apigenin-treated mice
are shown in Fig. 2c.

We next determined the effects of apigenin intake on
cellular proliferation in mouse prostates by assessing the
expression of a proliferation-related protein, PCNA. PCNA

is a requisite auxiliary protein for DNA polymerase δ–
driven DNA synthesis and is cell cycle regulated (27). As
shown in Fig. 3a, p.o. administration of apigenin markedly
suppressed proliferation and PCNA protein expression in
the dorso-lateral prostates of TRAMP mice. A significant
decrease of 59% and 78% in PCNA expressing epithelial
cells was observed after intake of 20 and 50 μg/day
apigenin (Fig. 3b).

Next we sought to determine the effect of apigenin on
transgene expression, as apigenin might be a consequence
of direct suppression of the probasin promoter resulting in
reduced expression of the Tag transgene. Apigenin treat-
ment to TRAMP mice did not alter the expression of the
PB-Tag transgene (T and t antigen protein) because it was
readily detectable in both apigenin and control group (data
not shown).

We have observed that apigenin intake reduces the
incidence of prostate tumors in TRAMP mice. Next we
sought to determine whether this reduction correlates with
serum IGF-I and IGFBP-3 levels. As shown in Fig. 4a,
apigenin administration for 20 weeks to TRAMP mice
resulted in lowering of serum IGF-I and restored serum
IGFBP-3 levels. Analysis of serum data suggested that the
IGF-I to IGFBP-3 ratio was inhibited by 40% and 45% at
20 and 50 μg/day, respectively. Furthermore, apigenin
feeding resulted in significant inhibition in the protein
expression of IGF-I and concomitant restoration of IGFBP-
3 levels in the dorso-lateral prostate tissue of TRAMP mice
(Fig. 4b).

We also determined the effect of apigenin intake on the
PI3K-Akt and MAPK-ERK pathways. As shown in Fig. 5a,
apigenin intake for 20 weeks to TRAMP mice resulted in
significant reductions in p-Akt (29% at 20 μg/day and
74% at 50 μg/day) and ERK1/2 (81% at 20 μg/day
and 86% at 50 μg/day) levels in the tissue lysates
obtained from the dorso-lateral prostates. Western blot
analysis demonstrated that phosphorylation of Akt at
Ser473 was inhibited in apigenin-fed animals compared
to control animals; a modest decrease in Akt at Thr308
was observed in animals receiving a higher dose of
apigenin (50 μg/day). No changes were observed in the
total Akt levels. We also observed significant inhibition
in phosphorylation of ERK1/2 in the dorso-lateral
prostates of TRAMP mice after apigenin intake. The
effect was dose-dependent; however, no significant
changes were observed in the total ERK protein
expression (Fig. 5b).

Next we determined the effect of apigenin intake in
TRAMP mice on VEGF and uPA levels. As shown in
Fig. 6a, a significant decrease in serum VEGF and uPA
levels were observed after apigenin feeding to TRAMP
mice. A decrease of 51% was noted at 20 μg/day and 72%
at 50 μg/day in serum VEGF, whereas a decrease of 34%
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was noted at 20 μg/day and 41% at 50 μg/day in serum
uPA levels after apigenin feeding. Similar results were
noted in the VEGF protein in the tissue lysates obtained
from dorso-lateral prostates of TRAMP apigenin-fed mice
(Fig. 6b). We also investigated the protein expression of
MMP-2 and MMP-9 in the dorsolateral prostates of control
and apigenin-fed TRAMP mice. As shown in Fig. 6b, a
significant decrease in protein expression of MMP-2 and

MMP-9 was observed after apigenin feeding to TRAMP
mice in a dose-dependent manner.

DISCUSSION

IGF-I is a peptide growth factor that is primarily produced
in the liver along with IGF binding protein, IGFBP-3 (1,2).
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In men with prostate cancer, elevated serum IGF-I levels
have been observed at least 5 years prior to the clinical
diagnosis of prostate cancer (6). Based on these findings, it
has been proposed that serum IGF-I may serve as a
marker for early detection of prostate cancer, although
the role and origin of the elevated serum IGF-I was not
well characterized. Furthermore, it has been difficult to
follow changes in the IGF axis in prostate tissue at the

molecular level during clinical disease progression. We began
by evaluating the levels of IGF-I and its binding protein
IGFBP-3 in the serum of TRAMP mice and non-transgenic
littermates at varying ages. The serum IGF-I levels were
significantly higher as cancer progressed from undetectable
cancer at 8 weeks to prostate adenocarcinoma at 32 weeks,
compared to age-matched non-transgenic mice. This increase
in IGF-I was associated with a concomitant decrease in its
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binding protein IGFBP-3, and relative assessment of the
ratios of IGF-I and IGFBP-3 suggested a progressive and
significant shift that favored increasing IGF-I levels.
These results were consistent with previous observations
in which prostate-specific IGF-I was found to be
increased during prostate cancer progression in TRAMP
mice (28). Our findings were similar to previous studies as
the increase in serum IGF-I was probably due to
progressive disease response of the prostate rather than
due to a systemic response and further support the notion
that progression of prostate cancer in TRAMP mice is
IGF-I dependent (9,28).

We have previously demonstrated that oral intake of
apigenin at levels comparable to human consumption
results in significant inhibition in the development and
progression of prostate cancer along with increased survival
of TRAMP mice (23). In this study, we examined the
underlying pathways to understand whether IGF-I-induced
signaling pathways are altered by apigenin intake and
further determined whether this feeding regimen inhibits
the expression of molecules involved in angiogenesis and
subsequent metastasis. It is widely accepted that IGF-I is
involved in multiple cellular responses related to growth,
including synthesis of DNA, RNA and cellular proteins (1,2).
Binding of IGF-I to its receptor IGF-1R causes activation of

the receptor tyrosine kinase and its autophosphorylation,
stimulating cell proliferation in most tissues including
normal and malignant prostate cancer cells (2). Our previous
studies have demonstrated that apigenin suppresses
autophosphorylation in prostate cancer cells both in
constitutively expressed cell lines and after IGF-I stimulation,
and induces IGFBP-3, the binding protein for IGF-I, thereby
reducing the amount of ligand available for interaction with
IGF-1R (21). Our present studies in TRAMP mice
demonstrate that apigenin feeding resulted in inhibition
of IGF-I and elevation of IGFBP-3 levels in the serum and
prostate gland during age progression.

Evidence suggests that PI3K-Akt and MAPK are
important pathways in transmitting IGF-I mitogenic and
anti-apoptotic signals (26). Activation of the catalytic
subunit of PI3K results in the production of phosphatidyl
inositols and causes membrane translocation, phosphoryla-
tion, and activation of the Ser/Thr kinase Akt/PKB, a
major transducer of the PI3K signal (29). The mitogenic
effects of IGF-I in prostate cancer cells converge at the level
of the MAPK-ERK (29,30). Examining the expression of
these proteins revealed increasing levels of phosphorylation
of Akt at Ser473 and ERK1 at T202/Y204 and ERK2 at
T185/Y187 in an age-dependent manner in the prostates
of TRAMP mice. Our previous studies using specific
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Fig. 4 Effect of apigenin intake on
IGF-I and IGFBP-3 levels in serum
and dorsolateral prostates of
TRAMP mice. (a) Serum levels of
IGF-I and IGFBP-3 were detected
through ELISA assay as provided by
the vendor’s protocol. Apigenin
intake caused dose-dependent
increase in IGFBP-3 level whereas,
IGF-I levels significantly decreased.
**P<0.001, TRAMP apigenin
versus TRAMP control (Kruskal-
Wallis test). Bars ± SE of 6 mice
(b) Protein expressions IGF-I and
IGFBP-3 in the total lysate of the
dorsolateral prostates of non-
transgenic control, TRAMP control,
TRAMP (20 μg/day apigenin) and
TRAMP (50 μg/day apigenin) was
detected by Western blotting. A
significant decrease in IGF-I protein
expression was observed after
apigenin feeding, conversely
IGFBP-3 protein expression were
increased. Representative data
from two mice per group. Equal
loading of protein in the lanes
was confirmed by stripping the
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β-actin, a housekeeping protein.
Details are described in “Materials
and Methods.”
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inhibitors of MEK1/2 and p38 demonstrated an inhibition
of PC-3 cell proliferation in parallel with inhibition of
phosphorylation of ERK1/2 and p38 (19). 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 (31). 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 (32). We previously observed that apigenin
blocked constitutive as well as IGF-I induced activation of
Akt in human prostate cancer cells (33). In the present
study, apigenin administration to TRAMP mice resulted
in the inhibition of downstream signaling cascades,
including both the PI3K-Akt and the MAPK-ERK
signaling pathways.

Studies demonstrate that serum IGF-I levels correlate
with the increase in mean vessel density associated with
prostate cancer progression, suggesting a relationship
between IGF-I and the induction of prostatic neovascula-
rization (8). In human prostate cancer, VEGF expression
has been related to a more aggressive and metastatic
phenotype (34,35). Parallel to human studies, our studies in
TRAMP mice demonstrate a significant increase in serum
VEGF which correlates with disease progression. We
therefore investigated whether oral intake of apigenin
would alter levels of the angiogenesis marker, VEGF.
Our earlier observations had shown that apigenin
administration to TRAMP mice reduces the incidence
of invasion and metastasis of prostate cancer in these
animals. In the current study, apigenin intake by
TRAMP mice resulted in significant reductions in serum

201

P<0 0001
P<0.0001

150 75) gx
10

0)

P<0.003

P<0.0001

P<0.0001

0.

ng
/m

g

(p
g/

m
g

**
100.5

p-
A

kt
 (

R
K

1/
2 

(**

50 25is
su

e 
p

e 
p-

E
R

0.T
i

T
is

su
e

** ** **

00

NTG TRAMP TRAMP TRAMP NTG TRAMP TRAMP TRAMPNTG TRAMP- TRAMP- TRAMP-
Control      20µg          50µg apigenin 

NTG TRAMP- TRAMP- TRAMP-
Control      20µg          50µg apigenin 

Akt1/2

1.0    1.1     1.6     1.3      1.4    1.2     1.7     1.1

p-Akt (Ser473)

1.0    0.8      2.6     1.7     0.95  0.67    0.63   0.59

p-Akt (Thr308)

1 0 0 8 2 5 2 3 2 6 2 1 1 7 2 2

Total ERK

1.0 0.8 2.5 2.3 2.6 2.1 1.7 2.2

1.0    1.2     1.4     1.3      1.2    1.1     1.3   1.2

p-ERK1/2

1.0     0.3    1.3    1.4      1.2    1.0     0.2     1.1

β-actin

N t i TRAMP TRAMPNon-transgenic TRAMP
20µg apigenin

TRAMP
50µg apigenin

TRAMP

b

aFig. 5 Effect of apigenin intake on
total ERK, p-ERK1/2, total Akt and
p-Akt (Ser473), (Thr-308) levels in
the dorsolateral prostates of
TRAMP mice. (a) Dorso-lateral
prostate tissues levels of
phosphorylated-Akt (Ser473),
phosphorylated-ERK1
(T202/Y204)/ ERK2 (T185/Y187)
were detected through ELISA
method as provided by the
vendor’s protocol. Apigenin intake
caused dose-dependent decrease
in p-Akt (Ser473) and p-ERK1/2
expression. **P<0.001, TRAMP
apigenin versus TRAMP control
(Kruskal-Wallis test). Bars ± SE of
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1514 Shukla, MacLennan, Fu and Gupta



and prostate tissue levels of VEGF. Previous studies have
demonstrated that apigenin inhibits tumor angiogenesis
through decreasing HIF-1α and VEGF expression (13).
The effect of apigenin administration on HIF-1α levels in
TRAMP mice has not been evaluated, but may be of
considerable interest.

IGF-I activates the urokinase plasminogen activator
(uPA) and uPA receptor (uPAR) systems in various
malignancies (36). Because tumors need proteolytic
enzymes to invade surrounding tissue and metastasize, we
investigated whether tumor progression in TRAMP mice
leads to increase in uPA expression. Our studies
demonstrate significant higher serum uPA levels in
TRAMP mice throughout the 32 weeks that we studied
them, compared to levels in age-matched non-transgenic
mice. We then evaluated the effect of apigenin intake on
uPA levels in TRAMP mice. Previous studies have
demonstrated that apigenin has the ability to block the
generation of uPA in HUVEC cells (37). In the present
study we observed that serum uPA levels were significantly
reduced in apigenin-fed mice, in a dose-dependent
manner. Oral intake of apigenin in TRAMP mice was
associated with reduced levels of both MMP-2 and MMP-9

in the dorso-lateral prostate, compared to controls. It is
known that VEGF stimulates endothelial cells to secrete
several MMPs and uPA, resulting in the degradation of
the vessel basement membrane, which in turn allows the
cells to invade the surrounding matrix and facilitate
migration process (38). The absence of metastases in
apigenin-fed TRAMP mice may reasonably be attributed
to reduced production of VEGF, uPA and matrix
degradation enzymes (MMP-2 and MMP-9), which all
appear to be necessary and intimately involved in the
process of cell invasion and metastasis.

There is growing evidence from epidemiologic and
case–control studies that higher intake of plant flavonoids
reduces the risk of certain chronic diseases including
cancer (39). Reports have shown a strong inverse association
between flavone intake and risk of breast, colorectal, and
epithelial ovarian cancer (39–41). Our studies on the
TRAMP mouse prostate cancer model have shown that
apigenin, a plant flavone, is capable of suppressing prostate
carcinogenesis at physiologically achievable concentrations.
The dose of 20 and 50 μg/day apigenin used in our studies
corresponds to consumption of approximately 50 and
120 mg/day of flavonoid by an adult human, an intake that
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results in effective physiologically attainable serum concen-
trations in humans.

In conclusion, the present studies clearly demonstrate
that apigenin effectively attenuates the IGF signaling
axis in TRAMP mice, thereby inhibiting the invasion
and progression of prostate cancer. Our studies support
the notion that apigenin may be worthy of further
development as an anticancer agent, exploiting its
effectiveness in inhibiting the IGF signaling axis in
prostate cancer.
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