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Abstract
The recent increase of colon, breast, and prostate cancer incidence in Korea has been attributed to a diet pattern
change to a more Western style, in which the foods eaten are higher in protein and fat. Whether high protein
intake itself stimulates tumor cell growth and exacerbates disease status has been investigated, however, many
epidemiological studies have inconsistent results between meat intake and the risk of certain cancers. These inconsistent results are partly because of the difficulty of studying the effects of just the meat intake. Other factors,
such as overall meal context, could not be completely excluded in the study. To address the question of whether
high protein itself is independently associated with carcinogenesis, we initiated ICR mice with 200 nmol (50
μg) 7,12-dimethylbenz[a]anthracene (DMBA) and fed animals either a normal diet (ND, 14% casein) or a high
protein diet (HPD, 50% casein) for 15 weeks with 12-O-tetradecanoylphorbol-13-acetate (TPA) promotion in
two-stage skin carcinogenesis protocol. There was no significant difference between ND and HPD group in food
intake and body weight throughout the experiment. However, tumor multiplicity of the HPD group was decreased
by 75.5% compared to that of the ND group. In addition, HPD inhibited skin hyperplasia and epidermal cell
proliferation. Western analyses with whole skin lysates showed that HPD inhibited TPA-induced Akt (S473), S6K
(T389), 4E-BP1 (Thr 37/46) and Erk1/2 (Thr202/Tyr204) phosphorylation as well as COX-2 expression. Taken
together, these data suggest that a high protein diet has an anticarcinogenic effect by inhibiting the TPA-induced
Akt signaling pathway.
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INTRODUCTION
Cancer has been a leading cause of death throughout
the world. Various factors including genetic and environmental factors can affect cancer incidence, however, diet
is one of the major causes of cancer, along with tobacco
(1). Recent increase of colon, breast, and prostate cancer
incidence in Korea has also been thought to result from
a change in the diet to a more Western style, including
high protein and high fat foods.
The effect of a high protein diet on cancer is, however,
still under debate. According to a prospective investigation study with 142,251 European men, a 35 g/day
increase in consumption of dairy protein was associated
with a 32% increase of prostate cancer incidence (2).
A pooled analysis of 13 prospective studies reported that
intakes of meat (red meat, processed meat, poultry) was
not associated with the risk of renal cell cancer (3). A
large volume of epidemiological evidence that looked
at meat as a risk factor for colorectal cancer is inconsistent between Europe and the United States, likely because of the different contexts of the meals in the different countries (4). On the other hand, a high energy and
high protein diet is generally recommended to cancer
†

Corresponding author. E-mail: kimeunj@cu.ac.kr
Phone: +82-53-850-3523, Fax: +82-53-850-3516

†

patients for the efficacy of chemotherapy and for the
improvement of total body health, including immune
system. It cannot be excluded, however, that a high protein diet stimulates tumor cell growth and exacerbates
the disease, since amino acids are well-known activator
of mammalian target of rapamycin (mTOR), a central
regulator of cell growth (5).
A mouse skin carcinogenesis model has been traditionally used to investigate a multistage process of malignant
neoplasm development (6-10). Distinct physiological and
molecular events in each process can be relatively easily
detected and, moreover, skin tumor development can be
seen by eye without sacrificing animals. The process is
largely divided into three stages: tumor initiation, promotion, and progression. In tumor initiation stage, a single
application of carcinogen such as 7,12-dimethylbenz[a]
anthracene (DMBA) to mouse skin causes a mutation
of an oncogene (e.g., H-ras) (11). In the tumor promotion
stage, repetitive treatment of tumor promoters, such as
12-O-tetradecanoylphorbol-13-acetate (TPA) to the initiated skin leads to clonal expansion of initiated cells
and results in benign epidermal tumors called papillomas
(12). If the additional genetic mutations occur in the pap-
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illomas, those can be converted to malignant carcinomas
in tumor progression stage.
TPA treatment of mouse skin induces various epigenetic changes, including inflammation, induction of
epidermal hyperplasia, alteration of gene expression, and
signal transduction (13). TPA elicits those events mainly
by binding to the cysteine-rich zinc fingers in the protein
kinase C (PKC) with much higher potency than an endogenous ligand, diacylglycerol (14,15). Activated PKC
then triggers mitogen-activated protein kinase (MAPK)
cascades, which leads to the expression of genes involved in hyperproliferation and inflammation, such as
cyclooxygenase-2 (COX-2) (16). Recently, a large body
of evidence indicated that activation of the phosphoinositide-3-kinase (PI3K)/Akt signaling pathway plays a critical role in COX-2 expression, as well as skin tumorigenesis. TPA-induced COX-2 expression correlated well
with the increased Akt activity; moreover, specific inhibition of Akt with PI3K inhibitor or expression of dominant negative Akt inhibits COX-2 expression (17).
Akt is a member of the AGC family of serine/threonine protein kinases activated by an upstream receptor
kinase signaling pathway, such as insulin receptor and
insulin-like growth factor I receptor. Ligand binding to
the receptor activates the kinase activity of the receptor,
which phosphorylates insulin receptor substrate 1 (IRS1). Activated IRS-1 recruits Src-homology-2 (SH2) domain-containing proteins, such as PI3K (18,19), which
produces phosphatidylinositol-3-phosphate (PtdIns(3,4,
5)P3) on the cell membrane. PtdIns(3,4,5)P3 recruits
pleckstrin homology (PH) domain-containing proteins,
including phosphoinositide-dependent kinase 1 (PDK1),
which phosphorylates and activates Akt (20). Upon activation, Akt leads to downstream signaling components,
including mTOR, endothelial nitric oxide synthase, and
forkhead transcription factors, which modulate cell proliferation and survival (21). Lu et al. (22) showed that
a single topical application of diverse chemical skin tumor promoters to mouse skin rapidly activates epidermal
Akt.
We studied the efficacy of a high protein diet on skin
tumorigenesis and show that a high protein diet significantly decreased mouse skin tumor development by
inhibiting the TPA-induced Akt signaling pathway.

MATERIALS AND METHODS
Animals and diets
Twenty female ICR mice were obtained from Orient
Bio Inc. (Seongnam, Korea) at 5 weeks of age. Animals
were acclimated for 1 week and divided into two groups:
normal diet (ND, n=10) and high-protein diet (HPD, n=

Table 1. Composition of experimental diets
(g/kg diet)
Groups
Ingredients
1)
2)
ND
HPD
Corn starch
466
106
Dextrin
155
155
Casein
140
500
Sucrose
100
100
Cellulose
50
50
Soybean oil
40
40
AIN 93M mineral mix
35
35
AIN 93 vitamin mix
10
10
Choline bitartrate
2.5
2.5
L-Cystine
1.8
1.8
t-Butylhydroquinone
0.008
0.008
Total (g)
1000.308
1000.308
1)
ND: normal diet (AIN-93M).
2)
HPD: high protein diet.

10) group. At 6 weeks of age, animals were fed ad libitum either an ND (14% casein) or HPD (50% casein)
for 17 weeks (Table 1). All animals were kept in controlled conditions of humidity (50±10%), light (12-hour
o
light/dark cycle), and temperature (23±2 C). Food intake
was recorded daily and body weight was measured once
a week.
Two-stage skin carcinogenesis
At 6 weeks of age, dorsal skins of the mice were
shaved 2 days prior to tumor initiation. Initiation was
accomplished by a single topical application with 200
nmol (50 μg) DMBA (Sigma, St. Louis, MO, USA) under subdued light. At 2 weeks after initiation, the mice
were treated with 6.5 nmol (4 μg) of TPA (Alexis Biochemicals, San Diego, CA, USA) in 200 μL of acetone
twice a week for 15 weeks. The tumor incidence (number of mice bearing tumors/total number of mice) and
the tumor multiplicity (number of papillomas/mouse)
were manually counted and recorded weekly. Tumor size
was measured with calipers at the end of experiment.
Western analysis
Whole skin was homogenized in RIPA buffer (0.1%
SDS, 1% Triton X-100, 0.5% deoxycholate, 50 mM Tris
(pH 7.5), 150 mM NaCl, 50 mM NaF, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 1 mM PMSF, 10 μg/mL leupeptin, 10 μg/mL aprotinin). Samples were resolved by
SDS-PAGE and transferred to polyvinylidene difluoride
membrane. The blot was blocked with 5% non-fat dried
milk in 0.1% Tween-20-Tris-buffered saline (TTBS) and
probed overnight at 4oC with antibody against phosphoAkt (S473), Akt, phospho-S6K (T389), S6K, phospho4EBP1 (Thr 36/46), 4EBP1, phospho-Erk1/2 (Thr 202/
Tyr 204) (Cell Signaling Technology, Danvers, USA),
COX-2 (BD Biosciences, San Jose, CA, USA), and Actin
(Santa Cruz biotechnology, Santa Cruz, CA, USA) at
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Body weight (g) .

1:1000 dilution. After washing three times with 0.1%
TTBS, the blot was then probed with horseradish peroxidase-conjugated secondary antibody (Santa Cruz biotechnology) at 1:1000 dilution for 1 hr at room temperature. After washing three times with 0.1% TTBS,
the specific bands were detected by an enhanced chemiluminescence kit (Bio Science Technology, Pohang,
Korea).
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35

30

ND
HPD

Statistical analysis
Data were expressed as means±standard error (SE).
Student’s t-test was conducted using SPSS statistical
packages (ver. 19) to determine the statistical differences
between experimental groups. A p-value <0.05 was considered statistically significant.

RESULTS
Body weight and food intake
Body weight was not significantly different between
ND and HPD groups throughout the experimental period
(Fig. 1). Daily food intake was also similar between two
groups, however, mice in HPD group tended to eat less
(8.42 g vs 7.48 g for ND and HPD group, respectively,
Table 2)
Tumor multiplicity and incidence
Tumor multiplicity was significantly decreased in HPD
fed mice (Fig. 2A). At 15 weeks of tumor promotion,
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Fig. 1. Weekly changes of body weight. ICR mice were fed
either ND (n=10) or HPD (n=10) for 17 weeks. Body weight
of each mouse was recorded once a week. Each value is the
mean±SE.
Table 2. Daily diet intake
Group
ND
1)
HPD
1)

HPD: high protein diet.

Tumor Multiplicity .
(No. of papillomas/mouse) .

(A)

Food intake (g/day)
2)
8.42±0.12
7.48±0.15
2)

Values are mean±SE.
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Histological analysis
Twelve female ICR mice were obtained from the
Orient Bio Inc. (Seongnam, Korea) at 5 weeks of age.
Animals were acclimated for 1 week and divided into
ND (n=6) and HPD (n=6) groups. At 6 weeks of age,
animals were fed ad libitum either an ND or HPD for
4 weeks. In each diet group, dorsal skin of the mice
were shaved and treated with either acetone or TPA (6.5
nmol (4 μg)/200 μL acetone/mouse) twice a week for
2 weeks before animals were sacrificed.
For measuring the rate of epidermal cell proliferation,
100 mg/kg body weight of 5-bromo-2'-deoxyuridine
(BrdU, Sigma, St. Louis, MO, USA) was injected i.p.
into mice 1 hr before sacrifice. Dorsal skin was isolated
from the mice, fixed in formalin, and processed for paraffin embedding. Tissue sections were stained with hematoxylin and eosin (H&E) and immunostained with antibodies against BrdU (BD Biosciences, San Jose, CA,
USA). The number of BrdU-positive cells in the interfollicular epidermis was counted in five random tissue
sections in each mouse. The labeling index was calculated as the percentage of BrdU-positive basal cells to
total number of basal cells in the interfollicular epidermis.
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Fig. 2. Two-stage skin carcinogenesis study. Ten female mice
in each ND (n=10) and HPD (n=10) group were initiated with
200 nmol (50 μg) DMBA and promoted with 6.5 nmol (4
μg) of TPA in 200 μL of acetone twice a week for 15 weeks.
(A) Tumor multiplicity (average number of papillomas/tumor
bearing mouse) and (B) incidence of tumors (percentage of
mice bearing tumors) were recorded weekly. Each value is
the mean±SE. #p<0.1.
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Table 3. Tumor size
Tumor size (cm)
Total number
of tumors
<0.5
0.5
ND
12.0±4.14 0.25±0.25 12.25±4.29*
HPD
4.3±1.20
0
4.30±1.20
The size and number of tumors were measured in each diet
group at the end of experiment.
Values are mean±SE. *p<0.1.
No. of tumors
Group

≤

tumor multiplicity of the mice in HPD group was 75.5%
lower than that of the mice in ND group (average 4.3
and 12.5 papillomas/mice for HPD and ND group, respectively, Table 3). However, tumor incidence was
higher in the HPD group compared to the ND group
at 14 and 15 weeks. At the end of the experiment, 80%
and 60% of mice in HPD and ND group, respectively,
developed skin papillomas (Fig. 2B). Of note is that the
fluctuation of tumor incidence shown in Fig. 2B is due
to regression of some small size tumors.
Epidermal cell proliferation
To identify a mechanism of reduced tumor development by HPD in mice, we performed a BrdU incorporation experiment. Animals were fed ad libitum either an
ND or HPD for 4 weeks and treated with either acetone
or TPA twice a week for last 2 weeks. BrdU was injected
i.p. 1 hr before the animals were sacrificed.
TPA treatment to dorsal skin caused skin hyperplasia,
which indicates epidermal cell proliferation. Histological
analysis showed that the epidermis of HPD fed mice
was thinner than that of ND group (Fig. 3A, 3C), which

became more obvious with TPA treatment (Fig. 3B, 3D).
The rate of basal and TPA-induced cell proliferation in
the interfollicular epidermis was also significantly reduced by HPD (Fig. 3E).
Western analysis showed that TPA treatment to mouse
skin increased phosphorylation of Akt (S473) and of its
downstream signaling components such as S6K (T389)
and 4E-BP1 (Thr37/46) (Fig. 4A～4D). TPA-induced activation of Erk1/2 (Thr 202/Tyr 204) and increased expression of COX-2 was also observed (Fig. 4E, 4F).
Interestingly, however, HPD feeding abolished TPA-induced responses of these proteins.

DISCUSSION
Meat consumption has been a focus of interest as a
risk factor for several cancers (e.g., colon, breast, and
prostate cancer) in many epidemiological studies (23-26).
The results, however, showed that there is no clear association or scientific consensus between red or processed
meat intake and the risk of these cancers. This lack of
consensus is partly due to food intake other than meat,
such as fruit and vegetables, alcohol consumption, and
other factors, such as physical activity, that could not
be completely excluded in the studies (4). In addition,
if meat intake does increase the risk of cancer, this risk
may not be a function of meat, per se, because meat
also contains fat and/or certain carcinogens that can be
generated through various cooking and processing methods (27,28). In this study, we addressed the question of
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Fig. 3. Epidermal cell proliferation. Twelve female ICR mice were fed ad libitum either an ND (N=6) or HPD (N=6) for
4 weeks. In each diet group, dorsal skin of the mice was shaved and treated with either acetone or TPA (6.5 nmol (4 μg)/200
μL acetone/mouse) twice a week for 2 weeks before the animals were sacrificed. For measuring the rate of epidermal cell
proliferation, 100 mg/kg body weight of BrdU was injected i.p. into mice 1 hr before sacrifice. Dorsal skin was isolated from
mice, fixed in formalin, and processed for paraffin embedding. Tissue sections were stained with hematoxylin and eosin (H&E)
and immunostained with antibodies against BrdU. All sections were photographed at ×200. Tissue sections of (A) acetone-treated
skin of mice in ND group, (B) TPA-treated skin of mice in ND group, (C) acetone-treated skin of mice in HPD group, (D)
TPA-treated skin of mice in HPD group. Data are representative of at least three independent tissues. (E) Labeling index of
acetone or TPA-treated mouse skin in each diet group. The index represents the percentage of BrdU-positive cells relative
to the total number of basal cells in the interfollicular epidermis. Each value is the mean±SE. of labeling indices from three
*
***
mice/group. p<0.05, p<0.001.
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Fig. 4. Effect of HPD on Akt signaling pathway and COX-2 expression. Twelve female ICR mice were fed ad libitum either
an ND (N=6) or HPD (N=6) for 4 weeks. In each diet group, dorsal skin of the mice were shaved and treated with either
acetone or TPA (6.5 nmol (4 μg)/200 μL acetone/mouse) twice a week for 2 weeks before animals were sacrificed. (A) Whole
skin lysates were subjected to western analysis. Phosphorylation and protein level were determined by immunostaining with
the appropriate antibodies. A: acetone, T: TPA. (B)～(F) Quantification of western analysis. Signals of phosphorylated protein
and COX-2 were normalized to total protein levels of each protein and actin, respectively. The data shown are representative
*
***
of triplicate experiments and each value is the mean±SE. p<0.05, p<0.001.

whether high protein itself is independently associated
with tumor development and here we provide strong evidence that the increase of casein (as a source of animal
protein) from 14% (ND) to 50% (HPD) to an otherwise
isocaloric experimental diet does, in fact, significantly
inhibit mouse skin carcinogenesis.
Ho et al. (29) recently found that carbohydrate (CHO)
reduction (from 55.2% to 10.6% or 15.6%) and protein
increase (from 23.2% to 58.2 or 63.5%) in the energy
composition of diet inhibited growth of SCCVII xenograft tumors and the tumor incidence in NOP mice,

which are spontaneous mouse models of breast cancer.
Rose et al. (30) showed that dietary glycine supplementation (5% glycine and 15% casein) inhibited growth
of tumors arising from B16 melanoma cell implanted
C57BL/6 mice compared to that of control diet (20%
casein) fed mice. On the other hand, although 1 or 2
papillomas developed in some of the mice, tumor incidence became higher at 14 and 15 weeks of TPA promotion in the HPD group compared to that of the ND
group. It has been shown that a high-fat/high-protein diet
(30% protein and 30% fat) promoted the occurrence
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of DMBA-induced pancreatic ductal adenocarcinomas
during a 9-month experimental period in rats (31).
Nevertheless, since the decrease of tumor incidence is
another critical aspect of antitumorigenic properties, it
is absolutely needed to investigate more thoroughly the
effect of a high protein diet in the occurrence of mouse
skin cancer.
To investigate the mechanism by which HPD inhibits
skin tumorigenesis, we analyzed epidermal hyperplasia
and the rate of epidermal cell proliferation. The result
showed that HPD suppressed TPA-induced skin hyperplasia as well as both basal- and TPA-induced epidermal
cell proliferation. Recently, it has been reported that Akt
signaling plays an important role in both skin tumor promotion and progression stages (22,32). TPA treatment
led to activation of Akt and its downstream effectors
in cultured primary keratinocytes as well as in mouse
skin (22). In addition, overexpression of Akt transformed
keratinocytes (32) and targeted Akt overexpression in the
basal layer of stratified epithelia using the bovine keratin
K5 promoter in mice developed spontaneous epithelial
tumors in multiple organs (33). In our study, multiple
TPA treatment also increased phosphorylation of Akt and
its downstream signaling components such as S6K and
4E-BP1 in mouse skin of ND group. HPD feeding abolished this TPA induced Akt signaling activation as well.
It appears that the protein levels of Akt, S6K, and
4E-BP1 are also a little bit decreased in both acetoneand TPA-treated skin of the HPD group compared to
that of ND group. This can be partly because of negative
feedback inhibition of mTOR signaling pathway. mTOR
is a serine/threonine protein kinase that exists in two distinct protein complexes, mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2) (34-36). mTORC1
regulates cell growth and size by stimulating protein synthesis and by inhibiting autophagy (37-39). The most wellknown substrates of mTORC1 are S6K and 4EBP1,
which are involved in the ribosome biogenesis and translation initiation, respectively (40). The activity of mTORC1
is tightly controlled by a wide range of signals such as
growth factors, insulin, cellular energy levels, and amino
acids (41-43). Indeed, amino acids are one of the most
important regulators of mTORC1 activity (reviewed in
(5)); in their absence, growth factors and insulin cannot
activate mTORC1. mTORC1 signaling pathway is closely associated with the PI3K signaling pathway, which
is often highly activated in various cancer. Phosphorylated
S6K, however, inhibits insulin signaling pathway by negative feedback inhibition. It directly phosphorylates insulin receptor substrate-1 (IRS-1) which leads into degradation of IRS1 (44). In fact, in C50 murine epidermal

keratinocytes, amino acid starvation completely inhibited
S6K phosphorylation, whereas amino acid stimulation
restored S6K phosphorylation. Akt phosphorylation was,
however, inversely correlated with S6K phosphorylation
(data not shown). Since we used whole skin lysates,
which contain various cell types, for Western analysis,
we could not see clearly this phenomenon. However, we
could not exclude a possibility that, although prolonged
HPD feeding initially activated mTORC1 signaling, it
later suppressed Akt signaling by negative feedback inhibition and consequently inhibited skin cancer development. Checkley et al. (45) recently reported that topical
treatment of rapamycin, an mTORC1 inhibitor, significantly inhibited TPA-induced epidermal hyperproliferation
and hyperplasia . Intraperitoneal injections of CCI-779,
another mTORC1 inhibitor, to C3H/HeN mice after
SCCVII tumor implantation also resulted in the additive
effect of 10% CHO diet in reducing tumor growth (29).
On the other hand, HPD feeding decreased TPA-induced Erk1/2 activation as well as COX-2 expression.
It has been shown that COX-2 gene expression is regulated by multiple signal transduction kinases such as Erk,
p38, JNK, and Akt, which phosphorylate transcription
factors binding to the COX-2 promoter and result in the
increase of gene expression (17,46-48). A large body of
evidence has shown that specific inhibition of Akt signal
transduction inhibits TPA-induced COX-2 expression
(17,49,50). Segrelles and colleagues studied the relevance of the Akt and Erk pathways in the different stages
of mouse skin tumors. Akt activity was increased
throughout the entire mouse skin carcinogenesis, whereas Erk activity was not increased by TPA treatment in
skin, but was significantly increased only in late papillomas (at least 20 weeks after initiation) and in squamous cell carcinomas. From this result, they proposed
that Akt activity is a more primary event compared to
the activity of Erk in the carcinogenesis process (32).
A discrepancy between their results and ours regarding
TPA-induced Erk1/2 activity is probably due to different
experimental conditions, such as different mouse strain
and analytical method (in vitro kinase assay vs. Western
analysis).
In summary, our results demonstrate that an increase
of dietary protein intake in a two-stage skin carcinogenesis protocol significantly inhibited skin tumor
multiplicity. It also decreased TPA-induced epidermal
hyperplasia and cell proliferation. This antitumorigenic
role of HPD appears to come from its blockade of TPAinduced activation of Akt signal transduction and COX-2
expression. Considering that the effect of HPD on human
cancer is not yet conclusive, more detailed mechanistic
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studies, as well as the efficacy of HPD in other cancer
types, will need to be further investigated.
14.
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