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Abstract Recent studies have shown that whey protein has
many useful effects including its anti-cancer effect. In this
study we have compared the protective effect of dietary
whey protein with whey protein hydrolyzate against azoxy-
methane and dextran sodium sulfate induced colon cancer in
rats. We used a rat model of the colon cancer induced by
administration of azoxymethane followed by repeated dex-
tran sodium sulfate ingestion which causes multiple tumor
development. Colon tissues were analyzed histologically in
addition to biochemical analyses performed by measuring
lipid peroxidation, protein oxidation and glutathione levels
in both of colon and liver tissues of rats after sacrification.
Macroscopic and microscopic tumors were identified in all
groups that received azoxymethane followed by repeated
dextran sodium sulfate. Group fed with whey protein hy-
drolyzate showed significantly less macroscopic and micro-
scopic tumor development compared with group fed with
whey protein. The protocol applied to generate an appropri-
ate model of colon cancer was successful. Whey protein
hydrolyzate was found to be more effective in preventing
colon tumor development compared with whey protein.
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Colorectal cancer (CRC) is the second leading cause of
cancer deaths in the United States, with over 150,000 new
cases diagnosed each year. Although a small subset of these
cases are well-characterized hereditary syndromes, the vast
majority of CRCs are considered non-familial occurring in
individuals with heightened genetic susceptibility as a result
of the interaction between multiple genes with low pene-
trance and environmental exposures [1]. Advances in early
detection and surgery have been largely responsible for
reducing mortality and morbidity of colon cancer, and our
understanding of prevention is increasing [2]. Accumulating
evidence suggests that diet is an important environmental
factor in the etiology of CRC [3]. Epidemiological data
generally support the association between total energy in-
take, high fat diets and red meat intake and increased colon
cancer risk [4]. The Western-style diet and cooking techni-
ques are risk factors for developing colon cancer [5, 6].
Oxidative stress caused by reactive oxygen species plays a
significant role in a number of age-specific diseases such as
cancer and neurodegenerative disorders. Some proteins such
as whey proteins have also been reported to have the ability
to scavenge active oxygen species. Animal studies have
shown that whey protein protects against carcinogen in-
duced colon tumors in male rats [2, 7-9].

In addition to proteins, protein hydrolyzates have also
been found to exhibit the antioxidant activity. During pro-
tein hydrolysis, overall antioxidant activity of protein is
enhanced as its tertiary structure is disrupted and the solvent
accessibility of released amino acids increases [4, 10]. Pep-
tides generated from whey protein hydrolysis have been also
found to have antioxidant properties [11].
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In this study, azoxymethane (AOM) and dextran sodium
sulfate (DSS) were used for induction of tumors. The dis-
covery that 1, 2-dimethylhydrazine and its metabolite
azoxymethane are specific colon carcinogens paved the
way to model non-familial CRC in rodents. It has been
shown that AOM-induced CRC mirrors the occurrence of
non-familial CRC in humans, including a preponderance of
distal colonic tumors that are pathologically similar to spo-
radic CRC in left-sided human colonic cancers [1].

Oral administration of DSS solution to rodents can cause
acute inflammatory reaction and ulceration in the entire colon,
and has been employed to recapitulate human ulcerative coli-
tis [12]. Moreover, repeated oral DSS ingestion was shown to
cause colon carcinoma in mice when the ingestion is of 7 days’
duration and is repeated 9 times [13, 14]. It has also been
found that a prior administration of AOM can accelerate and
increase the incidence of DSS-induced colon carcinogenesis
[15, 16]. In this study, we compared the protective effect of
whey protein with whey protein hydrolyzate against AOM
and DSS-induced colon carcinogenesis in rats.

Materials and Methods
Animals and Diets

Wistar albino male rats were obtained from Marmara Univer-
sity Experimental Research and Animal Laboratory. Marmara
University Animal Ethical Committee approved the protocols
used in this study. Rats were 13 weeks of age and their weights
ranged from 150 to 340 g. They were housed in cages (five
rats/cage) and maintained in an air-conditioned environment
of 20 °C with 12 h light—dark cycle. Rats in all groups were
fed standard commercial rat chow. All rats were given tap
water ad libitum. Induction of colonic cancer in rats was
achieved by injection of AOM subcutaneously at a dose of
15 mg/kg, once a week for 2 weeks. Seven days later, 2 %
DSS was added to the drinking water over 5 days, followed by
15 days of regular water. This procedure was repeated for a
total of 4 times to induce development of tumors in the colon.
Figure 1 describes this protocol.

Whey protein and whey protein hydrolyzate were the whey
products used in this study. Hilmar™ 8010 is a functional
80 % whey protein concentrate designed specifically by dry-
mix applications to enhance dispersibility and quick hydration
into solution. It is derived from fresh, sweet dairy whey
processed by a special cross-flow filtration, agglomeration
and surface treatment. Hilmar™ 8380 is the hydrolyzed form
ofan 80 % whey protein derived from fresh, sweet dairy whey
processed by special cross-flow filtration process. The con-
centrate is then enzymatically hydrolyzed to produce a mix-
ture of peptides and free amino acids for enhanced nutritional
and functional benefits. For standardizing the dose given to
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Fig. 1 Tumor induction protocol with azoxymethane (AOM) and 2 %
dextran sulfate sodium (DSS)

rats and to guarantee ingestion, both whey protein and whey
protein hydrolyzate solutions were given by orogastric tube
under mild ether anesthesia at a dose of 2 ml/rat for 2 times
weekly for 15 weeks.

Rats were divided into 6 groups as shown in Table 1 and
were followed for weight-change, bloody diarrhea and sur-
vival until sacrification. Weights of rats were measured and
recorded weekly. They were sacrified 15 weeks after the last
AOM injection. The colon (from cecum to anus) was re-
moved and opened longitudinally. It was then washed and
cleaned from its contents with saline. The whole colon was
examined for tumors both visually and by palpation. A
small sample (400 mg) from distal colon was excised from
the lateral edge of the colon and away from tumors without
disturbing the integrity of the colon. This sample was used
for biochemical analyses. The whole colon was fixed in
10 % neutral-buffered formalin solution for histopathologi-
cal examination. The liver tissue was resected and wrapped
with aluminum foil, and then kept in =70 °C liquid nitrogen
for biochemical determinations.

Table 1 Treatment groups, received material and number of rats in
each group

Group no. Group name Number Received material(s)
of rats

1 Sham 10 Saline

2 Tumor 11 AOM+DSS

3 Tumor+WP 11 AOM, DSS and WP

4 WP 10 WP

5 Tumor+WPH 10 AOM, DSS and WPH

6 WPH 10 WPH

WP whey protein

WPH whey protein hydrolyzate
AOM azoxymethane
DSS dextran sodium sulfate
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Histopathological Evaluation

After macroscopic examining of tumors visually and by
palpation, the location, the diameter and the multiplicity
(the number of tumors per tumor-bearing rat) were recorded.
Then, gross tumors were removed and the remaining colon
tissue was divided into 2 cm segments for further evaluation
of microscopic lesions. Later, paraffin-embedded cross-
sections of the colon were examined by routine procedures.
Sections of paraffin-embedded colons (5 pm) were stained
with hematoxylin and eosine (H&E) for histopathological
evaluation. All sections were evaluated by two different
pathologists unaware of the groups.

Biochemical Analyses

Oxidative stress markers were measured in colon and liver
tissues. These were malondialdehyde (MDA) for lipid per-
oxidation, protein carbonyls for protein oxidation (PCO)
and glutathione (GSH/GSSG). Tissue lipid peroxidation
was measured after reaction with thiobarbituric acid spec-
trophotometrically. Protein oxidation was followed through
the oxidant effect caused by formation of carbonyl groups
from protein structures. These carbonyl groups react with
2,4-dinitrophenylhydrazine to give the colored product
which can be determined spectrophotometrically. The fluo-
rescence intensity of the product formed by the complex of
glutathione with o-phthaldialdehyde was measured as a
function of time for GSH/GSSG [17-19].

Statistical Analysis

Statistical analysis was performed with SPSS 11.0.1 for
Windows statistical program. Kruskal-Wallis analysis for
more than two independent groups of data not normally
distributed, while Mann—Whitney-U analysis was used for
binary comparisons. For comparison of qualitative data
between groups (tumor number, presence of adenoma,
etc.), Chi-square test and Fisher’s exact test were used. In
all analyses, p<0.05 was considered statistically significant.

Results
Weight Loss and Bloody Diarrhea

There were no differences among the groups in terms of initial
weight, weight gain or loss except for WPH group. WPH
group showed a significant weight gain compared with Sham,
Tumor and Tumor+WP group (p=0.0013). Bloody diarrhea
was seen only in one rat in Tumor+WP group at week 15 of
the study. During the course of the study, 2 rats of WP group

died after ether anesthesia at week 10 and week 12. One rat in
Tumor+WPH group died at 2 weeks.

Tumor Incidence and Multiplicity

The injection of AOM which was followed by 4 rounds of 2 %
DSS was effective in inducing tumor development in the distal
colon. At the end of the study, macroscopic and microscopic
tumor development was identified in all groups that received
AOM and DSS. In groups which had not received AOM and
DSS (Groups 1, 4, and 6), none of the rats developed gross
tumors or demonstrated histopathological change. At least one
palpable macroscopical tumor was detected in 10 of 11 rats
(91.9 %) in both Tumor and Tumor+WP groups. In Tumor+
WPH group, macroscopic tumor was found in only 3 of 9 rats
(33 %). The difference was statistically significant (p=0.004).
Multiplicity, which is the number of tumors per tumor-bearing
rat, varied between 1 and 3. Mean tumor multiplicity in Tumor+
WP group was 1.33+0.5. In Tumor group it was 1.4+0.7 and in
Tumor+WPH group it was 2+1. However, there was no signif-
icant difference between the means of these groups (p=0.40).

Tumor Diameter

Mean tumor diameters in group 2, 3 and 5 were 0.54+0.25,
0.45 +0.23 and 0.6 £0.17 cm, respectively. Tumor diameters
ranged between 0.1 and 1 cm. No statistical differences were
noted in mean tumor diameters between groups receiving
AOM and DSS (p=0.5).

Macroscopic and Histopathological View of Colon Tumors

Macroscopically flat, nodular, polypoid and/or caterpillar-like
tumors were seen. These were mainly located in the distal
parts of colon (Fig. 2). Histopathologic evaluation showed
different types of lesions such as aberrant crypt foci, early
adenoma, late adenoma, diffuse dysplasia, high grade dyspla-
sia, intramucosal carcinoma, invasive adenocarcinoma and
signet ring cell adenocarcinoma (Fig. 3). Table 2 lists the
pathological findings observed in Tumor, Tumor+WP and
Tumor+WPH groups. Adenomas were detected in 90.9 %
(10 rats) of the tumor group and in 63.6 % (7 rats) of Tumor+
WP group, but the difference was not statistically significant.
The difference was significant in the Tumor+WPH group,
where 44 % (4 rats) developed adenomas (p=0.049). Diffuse
colonic dysplasia development was detected in 9 rats of Tu-
mor group (82 %) and it was seen in 10/11 of Tumor+WP
group (91 %). Colonic dysplasia was not seen in any rats of
the Tumor+WPH group (p<0.001). Adenocarcinoma was
detected in 2 rats of Tumor group (18 %) and in 1 rat of
Tumor+WP group (9 %) and in 2 rats of Tumor+WPH group
(22 %). This difference was not significant (p=0.7).
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Fig. 2 Macroscopic view of colon tumors: tumors were seen mainly in
the distal parts of colon. a Nodular b flat ¢, d, e Polypoid f Caterpillar-
like tumor

Biochemical Analyses

Biochemical evaluations for colon and liver tissue showed
no significant change in lipid peroxidation (MDA), protein
oxidation (PCO) and GSH/GSSG levels in all groups.

Discussion

Dietary influences on cancer risks have become an increas-
ingly important area of research. The prevention of colon
cancer by dietary whey proteins has been studied in mice
and rats, but the results are contradictory. McIntosh et al. [9]
reported that 1,2-dimethylhydrazine-induced colon tumor
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incidence was reduced in rats fed diets made with either
casein or whey protein compared with diets made with red
meat or soy protein. Although there was a tendency toward a
lower tumor incidence in whey-fed than casein-fed rats, the
difference was not significant in these studies, and data on
tumor mass were not consistent. Other animal studies
showed that whey proteins protect more effectively than
red meat, soy bean and casein against carcinogen-induced
colon tumor expression in male rats [2, 20]. However, a
clear mechanism of how the risk of colon cancer could be
reduced by whey protein has not been shown. In this study,
whey protein hydrolyzate was found to be more effective in
preventing colon tumor development compared with whey
protein.

Rats response to AOM-induced cancer exhibits the same
non-familial form of CRC in humans as tumors tend to
localize distally [1]. In this study, tumors also exhibit the
same non-familial form of CRC in humans with localization
at the mid and distal colon (0.7-15 cm from anus) and were
macroscopically seen as flat, nodular or polypoid. Histo-
pathologically, the cancer type was adenocarcinoma. All of
these properties are exhibited in the same non-familial form
of CRC in humans. In this study, signet ring cell carcinoma
was detected in 2 rats while this was not reported in similar
studies before. Colorectal carcinoma is thought to develop
from adenomatous polyps by accumulation of some muta-
tions. Today, more than 90 % of colorectal cancers are
thought to develop in this way. So the best and most relevant
marker of colorectal cancer is adenoma formation [21].
Colorectal carcinogenesis begins with the earliest stage ab-
errant crypt focus (ACF) and progresses to early adenoma,
then to late adenoma, then to intramucosal carcinoma and
finally to invasive adenocarcinoma.

A small portion of colorectal carcinoma arises de novo
starting with epithelial dysplasia, then high-grade dysplasia
without creating adenoma and proceeds to carcinoma. This
type of carcinoma can be seen in inflammatory diseases
such as ulcerative colitis [15]. In our study ulcerative colitis
model was created by giving DSS. Microscopic examina-
tion showed active colitis in all rats receiving DSS. Colonic
dysplasia development was detected in 9 rats of control
group (82 %) and it was seen in 10 of Tumor+WP group
(91 %) while it was not seen in any rat of Tumor+WPH
group (p<0.001). This indicates that WPH can also prevent
colorectal carcinogenesis associated with chronic colitis. In
this study, there was a tendency toward a lower adenoma
incidence in whey-fed compared to standard diet-fed rats but
the difference was not significant. However, in whey protein
hydrolyzate-fed rats adenoma incidence was significantly
decreased. Adenocarcinoma was detected in only 2 rats of
Tumor group (18 %) and in 1 rat of Tumor+WP group (9 %)
and in 2 rats of Tumor+WPH group (22 %). This low inci-
dence of adenocarcinoma in our experiments may be due to
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Fig. 3 Histopathological view
of colon tumors: different types
of tumors observed. a Aberrant
crypt foci, b Early adenoma,

¢ Late adenoma, d Intramucosal
carcinoma, e Invasive
adenocarcinoma (x100), f
Signet ring cell adenocarcinoma
(x200)

Table 2 Pathological findings
and lesions observed in Tumor,
Tumor+WP and Tumor+WPH
groups

Type of lesion

Tumor

Tumor+WP

Tumor+WPH

P value

Macroscopic tumor

Aberrant crypt foci,

Adenoma (early and late)

Early adenoma

Late adenoma

High grade dysplasia

Dysplasia

Intramucosal carcinoma
Adenocarcinoma

Signet ring cell adenocarcinoma

10/11 (% 91)
5/11 (% 45)
10/11 (% 91)
10/11 (% 91)
3/11 (% 27)
411 (% 36)
9/11 (% 82)
211 (% 18)
211 (% 18)
111 (% 9)

10/11 (% 91)
3/11 (% 27)
711 (% 64)
5/11 (% 45)
3/11 (% 27)
4/11 (% 36)

10/11 (% 91)
3/11 (% 27)
1/11 (% 9)
0/11 (% 0)

3/9 (% 30)
6/9 (% 67)
4/9 (% 44)
3/9 (% 30)
2/9 (% 22)
0/9 (% 0)

0/9 (% 0)

2/9 (% 22)
2/9 (% 22)
1/9 (% 11)

0.004
0.211
0.08
0.019
0.95
0.110
<0.001
0.877
0.710
0.546
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relatively short period of time that passed from AOM treat-
ment to sacrification. Other investigators studying this colon
cancer model used two doses of AOM and sacrificed rats
52 weeks post-AOM injection compared with the 15 weeks
post-AOM that we used in this experiment [22].

Whey protein has been shown to reduce the risk of colon
cancer and other cancers [23]. The exact mechanism of action
of whey protein against colon cancer is not clear. It was shown
that whey protein stimulates the immune system [24, 25] by
enhancing hepatic glutathione synthesis [26-28] and can act
like an antioxidant [29, 30]. Rowlands et al. [31] reported that
dietary soy and whey proteins down-regulate expression of
liver and mammary gland phase I enzymes which are involved
in carcinogen activation. Elevated activities of phase II detox-
ification enzymes were also reported in soy-fed rats. Such
dietary effects may result in lower tissue concentrations of
activated carcinogen. The anticancer properties of whey pro-
teins have been ascribed to their ability to elevate cellular levels
of glutathione [8]. Increased tissue concentrations of GSH
would be predicted to have a protective effect because elevated
antioxidant capacity would favor decreased mutagenicity [2].

In conclusion, whey protein hydrolyzate was found to be
more effective in preventing colon tumor development com-
pared with whey protein. A direct association with lipid
peroxidation, protein oxidation and glutathione was not
observed. Therefore, further studies are needed to elucidate
the mechanisms responsible for the observed better protec-
tive effect of whey protein hydrolyzate.
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