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ABSTRACT
Epidemiological studies have demonstrated clear associations between specific dietary and
environmental risk factors and incidence of colorectal cancer, but the mechanisms responsible for
these associations are not known. An animal model could facilitate such an understanding. Both
genotoxic and nongenotoxic carcinogens induce aberrant crypt foci (ACF) in the colons of F344 rats.
F344 rats were provided with diets that contained putative risk factors for CRC: low calcium and low
vitamin D, high iron, high fructose, and decreased light (UV) exposure or a control diet for 14 wk.
The rats were then assessed with biochemical measures and by topological examination for
evidence of colon abnormalities. Circulating ionized calcium was decreased from 2.85 to 1.69
mmol/L, and ACF were increased from 0.7 to 13.6 lesions/colon (both P < 0.001). Rats exposed to
the multiple environmental conditions associated with colon cancer, developed ACF similar to the
heterogeneous or ill-defined ACF in the human colon. Heterogeneous ACF are the most frequently
seen in humans and are also seen in rats shortly after exposure to the non-genotoxic colon
carcinogen, dextransulfate sodium. The rodent model could be used to assess the pathways from
diet and environment to colon cancer and to provide guidance for clinical studies.

Introduction
Epidemiology studies have shown that the incidence of
colorectal cancer (CRC) is associated with dietary and
lifestyle risk factors. The associations have been evalu-
ated by the World Cancer Research Fund/American
Institute of Cancer Research in their Expert Report (1).
The report judged as “convincing” or “probable” CRC
risk with increased consumption of red meat, processed
meat and alcoholic beverages; with decreased consump-
tion of calcium, dairy products, garlic and foods contain-
ing dietary fiber; and with physical inactivity, increased
adult attained height and increased body and abdominal
fatness. Obesity itself was found to be associated with
consumption of energy-dense foods and sugary drinks
(1). In addition, recent cohort studies have demonstrated
a strong association of CRC risk with low circulating 25-

hydroxyvitamin-D (2,3). How does such a diverse group
of largely dietary risk factors initiate CRC? How do these
factors produce the mutations that result in the wide-
spread genetic damage that is so characteristic of CRC?

Results of experimental animal studies could explain
several of the risk factors: First, calcium supplementation
inhibited the promoting effect of a high fat diet on
azoxymethane-induced aberrant crypt foci (ACF) (4),
through a process that was thought to occur through the
formation of calcium soaps (5,6). The increased concen-
tration of colonic calcium supported the maintenance of
the colonic barrier by decreasing the effect of bile and
fatty acids. A diet presumed to simulate the Western
diet—a diet with low calcium and vitamin D, and high
fat and phosphate—increased colonic epithelial prolifer-
ation and foci of hyperproliferation in mice after 12 wk
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(7). A similar diet with decreased methyl donors and
fiber, provided for 18 to 24 mo, induced colonic tumors
(8). Calcium supplementation of the latter diet decreased
the yield of tumors markedly (9). Second, high meat diets
with heme iron promoted the growth of induced ACF in
rats under conditions in which dietary calcium was
decreased in a process that increased oxidative stress
(10,11). Third, high energy-dense diets led to hyperinsu-
linemia and promotion of the growth of azoxymethane-
induced ACF in rats (12).

McKeown-Eyssen et al. proposed a model that
involved the interaction of these risk factors (13). They
suggested that: 1) calcium deficiency leads to focal fail-
ures of tight junctions (14), decreased colonic barrier
function, foci of hyperproliferation, inflammation and
oxidative stress; 2) ferrous iron as from meat consump-
tion increases the toxicity of the oxidative stress through
the formation of the highly reactive hydroxyl radical
(15); and 3) energy substrate excess increases circulating
insulin and cell proliferation. It also increases the levels
of short chain sugars involved in glycolysis (e.g., glyceral-
dehyde, methylglyoxal, dihydroxyacetrone and glyoxal)
(16), which result in the formation of the highly cyto-
toxic and genotoxic reactive carbonyl species (RCS) in
the presence of oxidative stress (17–19). These endoge-
nous toxins form DNA adducts (20) and may be the pre-
sumed carcinogens responsible for the formation of
colonic polyps and cancers.

We sought a model to test these proposals. F344 rats
exposed to genotoxic colon carcinogens, such as azoxy-
methane, develop preneoplastic ACF and CRC (21,22).
These ACF are discrete, well-defined lesions consisting
of clusters of large intensely stained crypts with slit-like
lumens that contrast sharply with the uniform sur-
rounding normal crypts and are typically dysplastic on
histologic examination. Similar, though more heteroge-
neous and ill-defined, lesions are also induced when
animals are exposed to non-genotoxic colon carcino-
gens such as dextransulfate sodium (DSS) (22) and are
also associated with increased risk of colon cancer in
humans (23). ACF can be assessed with fewer animals
in a much shorter time than cancers in rats or other
rodents (22) and could be possible endpoints, as they
can also be observed in the human colon, frequently
associated with colonic tumors. ACF have been criti-
cized as surrogate end points for cancer because of an
implied assumption that they are the only lesions
directly on the path to cancer and that only one path-
way leads to malignancy. We now know that multiple
pathways from risk factors to cancers are likely the
norm and that the effects of those risk factors likely
interact (13). To assess these pathways and interactions,
we need rapid assessments of possible colonic cell

damage, such as could be available with measures of
colonic aberrations.

We therefore asked do F344 rats develop ACF as seen
in humans when they are fed a diet and exposed to an
environment that simulates risk factors for CRC in man?
We report here that F344 rats fed a diet and exposed to
an environment that decreased calcium and vitamin D
(calcium, dairy products), increased iron (meat and
processed meat), and increased fructose (energy dense
foods and energy substrate excess), developed ACF in a
period of 14 wk. The ACF we observed were unlike those
observed with genotoxic carcinogens, but resembled the
frequent heterogeneous, and typically nondysplastic
ACF seen in the human colon (22). We also report labo-
ratory measures of each of the proposed environmental
risk factors (13). We suggest that the formation of het-
erogeneous, nondysplastic ACF in rodents could provide
a biomarker for assessing the individual and combined
effects of possible environmental risk factors for CRC.

Materials and methods

Animal study design

One hundred to 150 g male F-344 rats were obtained
from Charles River Laboratories (Senneville, QC, Can-
ada), randomly assigned to the groups of each of the 3
studies, and were tagged individually. Rats were housed
in pairs in ventilated cages and provided with acidified,
demineralized water ad libitum and cornhusk bedding.
Fluorescent lighting was on a 12-h on and off cycle with
a 1 h fade in and out, simulating sunrise and sunset.
After an acclimatization period of 2 or more weeks, they
were given the presumed low- and high-risk diets as
described in Table 1.

Study 1
Twelve rats were assigned to 2 groups of 6 rats each. One
was allocated to Diet A and the second to the presumed
high-risk Diet B (Table 1). At 14 wk, both groups were
sacrificed, under isoflurane anesthesia for collection of
blood for plasma and serum, and after euthanasia (CO2)
for collection of colons.

Study 2
Sixty-five rats were assigned to 2 groups, 1 of 20 rats allo-
cated to the control Diet A and the second of 45 rats to
Diet B. Both groups were sacrificed at 40 wk with collec-
tion of colons after euthanasia for surface, topologic
measures.

Study 3
Thirty-six rats were assigned to 2 groups of 18 rats each
allocated to Diets A or B. Illumination of the room was
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decreased 10-fold as assessed by light meter, with a fluo-
rescent light controller (Lutron Control, Coopersburg,
PA). At 14 wk, the rats were sacrificed as before for
plasma and serum, and for colon collection. Colons were
also assessed for surface and histological measures as
noted in the Results section. All rat experiments were
approved by the University of Toronto Animal Care
Committee, and met federal and provincial guidelines
and standards for the care and use of animals in research.

Animal diets
Diets were provided by Research Diets (New Brunswick,
NJ), color-coded and pelleted with content as described
in Table 1. The diets on receipt were bagged and sealed
in quantities sufficient for 1 week and were held at -80�C
until thawed and distributed to the cage hoppers.

Laboratory methods

Chemicals
Trichloroacetic acid, thioglycolic acid, hydrochloric acid,
ferric ammonium citrate, bathophenanthroline disulfo-
nate, sodium acetate, phosphate buffered saline (PBS)
solution, radio-immunoprecipitation assay (RIPA)
buffer, and Hank’s balanced salt solution were purchased
from Sigma-Aldrich (Oakville, ON, Canada).
OxiSelectTM methylglyoxal ELISA kits were purchased
from Cell Biolabs, Inc. (San Diego, CA). Thiobarbituric
acid reactive substances (TBARS) assay kits were pur-
chased from Cayman Chemical Company (Ann Arbor,
MI). Bicinchoninic acid (BCA) protein assay kits were
purchased from Cedarlane (Burlington, ON, Canada).

Sample preparation
Blood for plasma and serum was collected in heparin-
coated syringes or plain syringes, respectively, and then

transferred into collection tubes and stored on ice. The
tubes were inverted 5 times and stored at room tempera-
ture for 30 min. The serum and plasma were collected
following centrifugation at 2000 £ g for 15 min at 4�C.
Supernatants were removed and stored at 80�C. Colon
epithelial cells were prepared with modification to a pre-
viously used method (24). The excised colons were
rinsed with cold PBS solution, cut into 3 pieces, placed
on filter paper, opened longitudinally, and placed in a
Petri dish with 25 mmol/L EDTA in PBS (without cal-
cium or magnesium) for 10 min with gentle swirling
every minute, after which time the epithelial cells had
separated from the colon wall at the basement mem-
brane and were gently scraped off, and, after rinsing with
PBS to remove contaminants, transferred into plastic
tubes for analysis. The samples were homogenized in
1.5 mL 50 mmol/L phosphate, pH 6.7, containing 1
mmol/L EDTA buffer. The tissue samples prepared for
malondialdehyde (MDA) assay were homogenized in
RIPA buffer. The homogenate was centrifuged at 10,000
£ g for 15 minutes at 4�C. The supernatant was removed
and stored at ¡80�C. The protein content was deter-
mined using the BCA protein assay kit (25).

Determination of iron content
The total iron content of serum and tissue homogenates
was determined using bathophenanthroline disulphonate
(26). One mL of samples with 2 mg/mL protein content
was co-incubated with 1 mL of buffer A (10% trichloro-
acetic acid, 3% thioglycolic acid, 2M HCl) on ice. After
10 min, the precipitated protein was removed by centri-
fugation; the supernatant was combined with 1 mL of
chromogen solution (0.42 mol/L bathophenanthroline
disulphonate, 2 mol/L sodium acetate) and incubated for
30 min at room temperature. Absorbance at 540–
570 nm was determined on duplicate samples and quan-
tified by interpolation from a standard curve constructed
from ferric ammonium citrate diluted in buffer A and
carried through the assay in parallel.

Determination of blood glucose and insulin
Plasma glucose was measured using a glucose analyzer
(Analox GM9D Analyser, Analox Instruments, Ham-
mersmith, UK). Plasma insulin concentrations were
determined by radioimmunoassay (Millipore, Billerica,
MA) (27).

Determination of oxidative stress using MDA as a
biomarker
The serum and tissue MDA concentrations were mea-
sured using the TBARS kit from Cayman Chemical
Company (Ann Arbor, MI) (28). Samples were thawed
and diluted to 10 mg protein/mL in RIPA buffer. One

Table 1. Ingredients of control Diet A and presumed high-risk
Diet B, both based on AIN-76A.

Ingredients AIN-76A diet (g) Diet A (g) Diet B (g)

Grams per 1000 grams of diet
Sucrose 500 0 0
Dextrose (glucose) 0 560 0
Fructose 0 0 560

Corn starch 150 0 0
Maltodextrin 0 90 90

As in AIN-76A except as noted here
Iron (as ferric chloride) 0.05 0.05 0.6
Calcium 5.2 5.2 0.4
Phosphate 5.4 5.3 5.3
Vitamin D3, IU 1000 1000 100
Sodium 1 2 2

Diet A D control diet based on AIN-76 with glucose, maltodextrin; Diet BD as
Diet A with low calcium, low vitamin D3, and high iron, with fructose rather
than glucose (high oxidative and carbonyl stress); The Research Diets prod-
ucts codes for the diets are: D10001, D11011301, and D10102604,
respectively.
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hundred mL of sample or standard was placed in a 5 mL
vial. One hundred mL of SDS solution and 4 mL of the
color reagent were added to each vial. The vials were
placed in boiling water for 1 h, and then immediately
placed in an ice bath for 10 min. The samples were cen-
trifuged at 1600 £ g at 4oC for 10 min and allowed to
stabilize at room temperature for 30 min. Fluorescence
at an excitation wavelength of 530 nm and an emission
wavelength of 550 nm was determined on duplicate sam-
ples and was quantified by interpolation from a standard
curve constructed from MDA diluted in RIPA buffer
and carried through the assay in parallel.

Determination of carbonyl stress using methylglyoxal
derived advanced glycation end products (MG-AGEs)
as a biomarker
The MG-AGEs levels of serum and tissue homogenates
were analyzed using the OxiSelectTM methylglyoxal
ELISA kit. Samples were thawed and diluted to 10 mg
protein/mL in 1£ PBS. One hundred mL of the diluted
samples and prepared methylglyoxal derived bovine
serum albumin (MG-BSA) standards were loaded onto
the 96-well protein binding plate. Samples were incu-
bated overnight at 4�C and then washed with 250 mL
PBS solution. Samples were then incubated with 200 mL
assay diluent for 2 h at room temperature on an orbital
shaker, then washed 3 times with 250 mL 1£ wash buffer
(diluted with deionized water) and were incubated with
100 mL of diluted anti-MG antibody for 1 h. The samples
were washed again with 1£ wash buffer and 100 mL of
diluted secondary antibody-HRP conjugate (diluted
1:1000 with assay diluent) was added. After 1 h of incu-
bation, the samples were washed 5 times with 1£ washed
buffer and allowed to react with 100 mL of substrate
solution for 20 min at room temperature. The reaction
was stopped by adding 100 mL of stopping solution and
absorbance was immediately determined at 450 nm on
duplicate samples and quantified by interpolation from a
standard curve constructed from MG-BSA diluted in
buffer and carried through the assay in parallel (29).

Determination of clinical biochemical measures and
serum vitamin D content
Serum samples were assessed for clinical chemistry at
IDEXX laboratory (Markham, ON, Canada) and 25-
hydroxyvitamin D measures at the Diagnostic Center for
Population and Animal Health, Michigan State Univer-
sity, Lansing, MI.

Colon preparation for surface mucosal assessment
Colons were cleaned, opened longitudinally, and cut in 3
approximately equal lengths. In Study 2, colons were
fixed in Bouin’s, which stained the colons so as to

provide a permanent image of the mucosal surface crypt
structure. The advantage of easy repeatability of crypt
viewing was offset by the brittleness of the specimens
that made detailed histological preparations difficult. In
Study 3, colons were fixed in formalin and stained later
with Methylene Blue (0.1%).

Colonic mucosal microscopic assessment
The microscopic topological examination assessed the
entire colonic mucosa for ACF and lymphoid follicles
using the following criteria: Discrete or well-defined
ACF are typically observed after a carcinogen such as
azoxymethane (AOM) (4). They consisted of clusters of
large intensely stained crypts with slit-like lumens and
contrast sharply with the uniform surrounding normal
crypts (an example is shown in Fig. 1). Heterogeneous or
ill-defined ACF are the most frequently observed ACF in
the human colon (21, 23) and also observed in the pres-
ent study in the rat. They consisted of clusters of large,
darkly staining crypts, with no sharp demarcation from
the surrounding crypts, and with variability in crypt size.
Roncucci et al. observed that when the crypt openings
were round or oval, the ACF were usually found to be
nondysplastic, but in contrast when they were slit-like,
they are usually dysplastic (23). In the present study het-
erogeneous ACF were counted when they contained
clusters of 4 or more crypts with an area of greater than
4-times that occupied by normal crypts, criteria adopted
by Roncucci et al. and Whiteley et al. (Figure 2 and 3)
(22, 23). Colons were also examined for mucin-depleted
foci (MDF). These colonic lesions have also been
observed in the human colon and in the rat colon after
genotoxic carcinogens. They consist of foci of crypts that
had either an absence or very small production of
mucins identified by high-iron diamine Alcian Blue stain
(30). We observed typical isolated lymphoid follicles
(ILF). Lymphoid follicles were also associated with het-
erogeneous ACF (Figs. 2B and 3B). These were not
scored as ILF. Large lymphoid follicles (gut-associated
lymphoid tissue) were observed at similar sites in all
animals.

Histological methods
A small number of colon specimens were examined his-
tologically. In Study 3, eight representative complete
colons, four from treated animals with heterogeneous
ACF visible on topological examination and four from
control animals, were “Swiss-rolled”, fixed in formalde-
hyde, sectioned, stained with Hematoxylin and Eosin,
and examined for mucosal abnormalities. In a few cases,
sections were labeled with antibody to Ki67 and counter-
stained with Hematoxylin with appropriate positive and
negative controls.
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Statistical methods
Data are expressed as mean §SD, and comparisons
among treatment groups were made using 2-way analysis
of variance. When only 2 groups of treatment means
were evaluated, 2-sample t-tests were used. For count
data, the square root transformation was used to stabilize
the variance before performing the t-test (P < 0.05 was
considered significant), as indicated in the text where
applicable.

Results

Study 1

To assess the effect of the dietary intervention on meta-
bolic, biochemical, and clinical chemistry measures, ani-
mals were assigned to either the high-risk Diet B or the
control Diet A, and the measures were assessed at 14
wk (Table 2). The weight gains of the animals on Diet
B were decreased (101 vs. 140 g, P < 0.001); fasting

glucose was increased (9.2 vs 8.0 mmol/L, P D 0.012);
and fasting insulin was increased (95 vs. 35 picoM, P D
0.046). The high-risk diet increased serum and colonic
iron (13.4 vs. 0.1 mmol/L, P < 0.03 and 216 vs.
52 mmol/L, p D 0.001, respectively) and cholesterol
(3.1 vs 1.9 mmol/L, P D 0.001), but the measure of oxi-
dative stress, MDA in serum and colon, were not signif-
icantly affected; the measure of carbonyl stress was
increased in the serum (270 vs. 208 mg/L, P D 0.045)
but not in the colon (95 vs. 72 mg/L).

Study 2

To determine whether the intervention had a biological
effect on colonic epithelium, animals were assigned to
either the high-risk Diet B or the control Diet A, and sac-
rificed at 40 wk to assess topological measures of the
colonic mucosa (Table 3). The weight gains of the 41 ani-
mals that received Diet B and survived were 16% lower

Figure 2. Two examples of heterogeneous (or ill-defined) aberrant crypt focus (ACF) as observed on the colonic mucosal surface after
Bouin’s fixation in Study 2. The ACF are the foci of large, darkly staining enlarged crypts bordering an infolding pattern over what
appears to be a lymphoid follicle. Faint outlines of the openings of small crypts are seen at the center of both ACF. (The mucosal fields
are 1.7 £ 0.8 mm and 2.7 £ 1.3 mm.)

Figure 1. An example of the very few discrete (or well defined) aberrant crypt foci (ACF) observed in animals on Diet B in Study 3. Note
the slit-like lumens likely indicative of a dysplastic histology. (The mucosal field is 1.7 £ 0.8 mm.)
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than the 20 animals that received the control diet (224 vs.
266 g, P < 0.01). One surviving rat on the high-risk diet
had an invasive 8 £ 6 mm adenocarcinoma in the sig-
moid colon. On examination of the mucosal surface: Dis-
crete ACF of the type seen with AOM were infrequent
and did not differ in number between the 2 diets
(0.22 vs. 0.07). Heterogeneous ACF were observed as
clusters of large, darkly staining crypts frequently bor-
dering lymphoid follicles (Fig. 1A and 1B). An outline of
small crypt openings was seen at the center of some of
these heterogeneous ACF (6 of 22 we photographed)
(Fig. 1A) (the small crypts were not seen at the time the
colons were scored). Heterogeneous ACF were more fre-
quent in the colons of animals on the high risk than the
control diet (6.2 vs. 2.8 heterogeneous ACF/colon, P D
0.048). MDF were observed in only a few animals
(0.10 vs. 0.06). ILFs appeared to be more frequent in ani-
mals on Diet B (1.67 vs. 0.67/colon, P D 0.20). The rats
on the high-risk diet also showed significant co-

morbidities: 2 died with congestive heart failure and 2
were euthanized after suffering bone fractures.

Study 3

These results suggested that circulating calcium should be
further decreased by adding an additional risk factor to
the dietary intervention—a 10-fold decrease in the ambi-
ent fluorescent light levels, measured in lux, to limit the
degree of endogenous vitamin D formation. To assess the
effects of the dietary risk factors on biochemical and colon
topological measures, animals were provided with either
the high-risk Diet B and decreased lighting or the control
Diet A, and assessed for the measures 14 wk later
(Table 4). Topologic measures were made as in Study 2
but with a stain that permitted subsequent histological
assessments (Fig. 2A and 2B). The high-risk diet with
decreased light exposure decreased weight gain, 25-
hydroxyvitamin D (12.0 vs. 42.5 nmol/L), and calcium

Figure 3. Two examples of heterogeneous (or ill-defined) aberrant crypt focus (ACF) as observed on the colonic mucosal surface follow-
ing formalin fixation and staining with Methylene Blue in Study 3. Again, a faint outline of the openings of small crypts can be seen at
the center of the ACF. We suggest that these changes follow the loss of clusters of crypts and are an early response to the loss of adja-
cent crypts (The mucosal fields are 1.7 £ 0.8 mm.).

Figure 4. An example of the histological appearance at low and high power of an inflammatory/hyperproliferative focus observed in
Study 3. On histologic examination of the colons that had been “Swiss rolled,” the foci were noted by their narrow caliber, mucin, and
Goblet cell-depleted crypts (yellow arrow in Fig. 4A), and then by the frequent mitotic figures (red arrows in Fig. 4B), the damaged lumi-
nal surface of the aberrant crypt focus, and the many acute and chronic inflammatory cells. The large crypts, so evident on the topologic
en face preparation, were not as evident in this histological section.
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(1.69 vs. 2.85 mmol/L), but increased cholesterol, phos-
phorus, magnesium, and ALP (all P< 0.001). Circulating
and colon MDAs and MG-AGEs measures were not
affected (P > 0.05). As with Study 2, there was a signifi-
cant increase in the numbers of heterogeneous ACF in
the colons of animals on the high-risk diet (13.6 vs. 0.7
per colon, P < 0.001) (Fig. 2A and B). ILF were also
increased (7.4 vs. 0.6, P < 0.001). As seen in Study 1, the
outline of small crypt openings was present at the center

of some of the heterogeneous ACF (9 of 21 we photo-
graphed) (Fig. 2A).

Colons from animals of both groups were examined his-
tologically. Those from animals on the control Diet A were
unremarkable. In contrast, those from animals on Diet B
were punctuated by clusters of 2 to 8 crypts, which differed
from normal crypts by a notable loss of goblet cells and
smaller crypt diameter (Fig. 4A and Fig. 4B), presumably
corresponding to the small crypt openings observed

Table 2. Metabolic, biochemical and clinical measures for rats after 14 weeks on Diet A and B (Study 1).

Dietary groups 1 Diet A (Control) Diet B (Carbonyl stress and oxidative stress)

Number of animals 6 6
Metabolic measures
Weight gain (g) 140§ 7 101§ 5c

Fasting blood glucose (mmol/L) 8.0§ 0.3 9.2 § 0.2b

Fasting insulin (picoM) 35.2 § 4.4 95.0§ 33.6
Biochemistry measures
Iron concentration (mmol/L)
Serum 0.1§ 0.1 13.4§ 4.6a

Colon 52.4§ 6.5 216.2 § 23.8c

MDA concentration (mmol/L)
Serum 3.0§ 1.0 1.3 § 0.6
Colon 0.2§ 0.2 2.2 § 1.1

MG-derived AGEs (mg/L)
Serum 207.7 § 17.2 270.8 § 20.0a

Colon 71.6§ 14.7 94.9 § 13.5
Clinical chemistry measures
Total protein (g/L) 64 § 1 63 § 1
Albumin (g/L) 42 § 1 42 § 1
ALP (IU/L) 77 § 3 160§ 12c

ALT (IU/L) 75 § 6 91 § 4a

CK (IU/L) 774§ 425 435§ 71
Amylase (IU/L) 2577§ 445 2040§ 152
Cholesterol (mmol/L) 1.9§ 0.1 3.1 § 0.1c

Glucose (mmol/L) 9.5§ 0.9 10.0§ 0.5
Creatinine (mmol/L) 30 § 3 28 § 2
Sodium (mmol/L) 144§ 1 143§ 1
Potassium (mmol/L) 3.9§ 0.3 3.6 § 0.2
Na/K Ratio (mmol/L) 37 § 3 40 § 2
Chloride (mmol/L) 97 § 1 97 § 0
Calcium (mmol/L) 2.63 § 0.03 2.13 § 0.17a

Phosphorus (mmol/L) 2.0§ 0.2 2.8 § 0.2b

MDA D malondialdehyde; MG-derived AGEs D methylglyoxal derived advanced glycation end products.
1Diets A, and B as defined in Table 1.
Values are shown as means § SEM.
aSignificant as compared to animals on diet A based on nonparametric 2-tailed t-tests (P � 0.05).
bSignificant as compared to animals on diet A based on nonparametric 2 tailed t-tests (P � 0.01).
cSignificant as compared to animals on diet A based on nonparametric 2-tailed t-tests (P � 0.001).

Table 3. Colonic mucosal surface measures for rats after 40 weeks on Diet A and B (Study 2).

Dietary groups1 Diet A (control) Diet B (carbonyl stress and oxidative stress)

Number of animals 20 41
Weight gain (g) 266 § 6 224 § 4b

Discrete ACF (AOM-like)3 0.30§ 0.13 0.20 § 0.06
Heterogeneous ACF/colon3 4.15§ 1.12 9.05 § 1.79a

ILF/colon 1.40 § 0.45 3.80 § 0.98
MDF4 0.06§ 0.05 0.10 § 0.05

1Diets A and B as defined in Table 1. ILF D isolated lymphoid follicles; ACF D aberrant crypt foci; AOM D azoxymethane; MDF D mucin-depleted foci. Values are
shown as means§ SEM per animal.

2The ACFs per colon per animal as scored for exogenous carcinogens such as azoxymethane.
3The ACFs per colon per animal as scored by criteria of Whiteley et al. (22).
4Fraction of rats with MDF.
aSignificant as compared to animals on diet A based on nonparametric 2-tailed t-tests (P � 0.05).
bSignificant as compared to animals on diet A based on nonparametric 2-tailed t-tests (P � 0.01).
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topologically (Fig. 3A and Fig. 3B). Mitotic figures were fre-
quently observed from the base of the crypt well into the
upper third (Fig. 4B). The hyperproliferative state was con-
firmed with immunohistochemistry (Ki67 stain). The epi-
thelial layer at the luminal surface was frequently ragged
and damaged. Within some of the foci, the lamina propria
was infiltrated by acute and chronic inflammatory cells
(Fig 3A and 3B). All hyperproliferative foci examined had
no evidence of dysplasia, enlarged or vesicular nuclei, strati-
fication, or loss of polarity, indicating that the ACF at this
time were nondysplastic, as in the early phase of DSS carci-
nogenesis (22). The number of foci of hyperproliferating
crypts was less frequent than the number of heterogeneous
ACF observed by the topological examination. For instance,
the colon that contained such crypts shown in Fig. 3A or
Fig. 3B, had 5 such regions in the serial sections, but 48 het-
erogeneous crypts on topological examination.

Discussion

The rats exposed for 14 wk to environmental risk factors
for CRC in humans had, as expected, significantly

decreased serum ionized calcium and 25-hydroxyvitamin
D, and increased serum iron, serum phosphate and choles-
terol, and colonic iron. Their colons on topological exami-
nation had a 20-fold increased number of ACF. The ACF
were unusual. Rather than the usual discrete and compact
structures with slit-like lumens observed after an exposure
to genotoxic carcinogens, the ACF were heterogeneous
with crypts of various sizes, frequently with no clear border
between normal and ACF crypts, and with round or oval
open lumens. For the most part, the colons on histological
examination were unremarkable, although occasionally
the surface epithelium appeared ragged, associated with
focal active colitis with hyperproliferation and apoptosis,
but no evidence of dysplasia.

The heterogeneous, nondysplastic ACF induced in
rats with the presumed high-risk diet and decreased UV
exposure, resemble the most common ACF observed in
the normal human colon (23). In humans, heteroge-
neous, nondysplastic ACF of this type make up about
90% of ACF, which includes the serrated ACF with their
luminal serrated or saw-tooth contour that are thought
to develop into the less-aggressive hyperplastic polyps

Table 4. Metabolic, biochemical, clinical, and colonic mucosal surface measures for rats after 14 weeks on Diet A and B with decreased
fluorescent light (UV) (Study 3).

Dietary groups1 Diet A (control) Diet B (carbonyl stress and oxidative stress)

Number of animals 18 18
Metabolic measures
Weight gain (g) 180 § 4 118 § 4c

Biochemistry measures
MDA concentration (mmol/L)
Serum 0.1 § 0.0 0.1 § 0.0

MG-derived AGEs (mg /L)
Serum 217 § 16 241 § 15

Clinical chemistry measures�

Total protein (g/L) 66 § 0 68 § 1
Albumin (g/L) 43 § 0 43 § 1
ALP (IU/L) 104 § 3 203 § 11c

ALT (IU/L) 52 § 1 57 § 2
CK (IU/L) 389 § 52 644 § 68a

Amylase (IU/L) 2723§ 21 2468 § 54a

Cholesterol (mmol/L) 2.2 § 0.0 3.2 § 0.1c

Glucose (mmol/L) 8.3 § 0.1 8.8 § 0.1
Creatinine (mmol/L) 24.7 § 0.5 31.0 § 1.3a

Sodium (mmol/L) 142.0 § 0.5 142.7 § 0.7
Potassium (mmol/L) 4.7 § 0.1 4.3 § 0.0a

Na/K Ratio (mmol/L) 30.7 § 0.4 33.3 § 0.4a

Chlorine (mmol/L) 97.3 § 0.3 93.7 § 0.6a

Calcium (mmol/L) � 2.85§ 0.09 1.69 § 0.03c

Phosphorus (mmol/L) 2.1 § 0.0 4.2 § 0.2c

Bicarbonate (mmol/L) 23.8 § 0.6 17.7 § 0.8b

Magnesium (mmol/L) 0.7 § 0.0 0.9 § 0.0c

25-hydroxyvitamin D � (nmol/L) 42.5 § 3.2 12.0 § 0.7c

Colon mucosal surface measures
Heterogeneous ACF/colon 0.7 § 0.4 13.6 § 3.5c

Isolated lymphoid follicles/colon 0.6 § 0.4 7.4 § 1.4c

1Diets A and B as defined in Table 1. ILFD isolated lymphoid follicles; ACF D aberrant crypt foci. Values are shown as means § SEM. Two sample 2-tailed test was
performed. Heterogeneous ACF and isolated lymphoid follicles are scored per colon per animal.

�Sample size 6 C 6 for all Clinical chemistry, except calcium (12 C 12) and 25-hydroxyvitamin D (4 C 4).
aSignificant as compared to animals on diet A based on nonparametric 2-tailed t-tests (p � 0.05).
bSignificant as compared to animals on diet A based on nonparametric 2-tailed t-tests (P � 0.01).
cSignificant as compared to animals on diet A based on nonparametric 2-tailed t-tests (P � 0.001).
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(31). They have frequently (23,32–35), though not always
(36), been found to be increased in individuals with ade-
nomas and carcinomas though their relationship to
colon carcinogenesis has remained obscure. They do not
appear to represent permanent alterations to the epithe-
lium. In a clinical study in which all ACF were removed,
colons were repopulated with ACF in 1 year, with the
numbers of ACF after repopulation significantly corre-
lated with the baseline number (37). Also interesting is
the association of lymphoid follicles with ACF and
colonic neoplasms in the human colon (40,41).

The heterogeneous ACF that we observed in rats
exposed to CRC risk factors not only resemble human
ACF, they also resemble the nondysplastic ACF as
described in rats after intermittent oral exposures to the
non-genotoxic colon carcinogen, DSS (22). DSS is known
to deplete the skeleton of calcium (42), and levels of dietary
calcium are known to markedly affect DSS-induced
inflammation (43). These observations are perhaps not
surprising because DSS is known to act as a polyanion that
binds calcium covalently replacing it with sodium (44,45).
Oral DSS, by diverting bound calcium to the fecal stream,
could have an effect on colonic ionized calcium similar to
that of dietary calcium restriction. Both oral DSS and
restricted calcium can induce colon cancer (9,22), but the
early effects of the intermittent oral DSS appeared to be
much more marked than the continuous calcium restric-
tion. Epithelial cell damage was more severe, inflammation
was more advanced (46, 47), and the appearance of dyspla-
sia was more prompt (22). Some of the difference may be a
consequence of the intermittent exposure toDSS. The peri-
ods between each exposure could allow recovery from the
general toxicity of calcium deficiency while the genetic
damage induced by the exposure to DSS persists.

The early sequential clinicopathological changes
induced by oral DSS have been described in detail for
mice by Cooper et al. (47). Initially there was damage
to the surface epithelial cells with a loss of cells and
increased proliferation of crypt cells. With time, foci of
a few crypts became shortened and detached from the
basement membrane, presumably a result of a loss of
proliferative capacity to provide cells for the surface.
With the loss of crypts, there was the possibility for a
surface epithelial defect and subsequent focal inflamma-
tion and in some cases, lymphoid follicles. Indeed,
inflammation was only observed when local crypts were
apparently missing. A similar sequence appeared to
occur in the human colon after pharmacological doses
of sodium phosphate. The treatment decreased local
ionized calcium over a period of a few hours (48) and
induced “aphthoid ulcers” with underlying lymphoid
follicles by 24 h, but left no evidence of colonic damage
in patients at later periods of 1 to 8 wk (49).

We suggest that these events could be reflected in the
topological view of the affected colons. The loss of
crypts would be recognized as a distortion of the usual
regular crypt pattern. In the affected areas there would
be a smaller number of crypt openings on the surface
due to the loss of crypts, producing a pattern with
apparently larger crypts at the surface, resembling het-
erogeneous ACF. A loss of the surface cells of crypts
would result in loss of barrier function, aphthoid ulcers
with focal inflammation and the appearance of lym-
phoid follicles. With time and a repopulation of new
crypts, the surface would be repaired though the lym-
phoid follicles would remain as ILF. This suggests that
the ACF described here, heterogeneous with round or
oval lumens, are not biomarkers for a discrete step in
the development of cancer, as discrete ACF have been
assumed to be. Instead, they are a response to a loss of
adjacent crypts as described above (47) and potentially
complicated exposures to cytokines, cytotoxins, and
mutagens. The small crypt openings observed on the
surface may represent the small, hyperproliferating
crypts observed histologically and could be a step in the
development of discrete, well-defined ACF. Repeated
exposures to agents that led to such a “landscape” of
changes in the colonic epithelium (50), could result in
the eventual formation of adenomatous polyps and
CRC. This interpretation could explain the results of a
clinical study in which all ACF were removed from an
area of the bowel but was found 1yr later to be repopu-
lated again with ACF with numbers significantly corre-
lated with those at baseline (37). It would also explain
how heterogeneous ACF with lymphoid follicles could,
on their return to normal appearance or on their pro-
gression to tumors, leave evidence of the previous
inflammatory event as the ILF. The interpretation could
perhaps be studied most efficaciously with the brief
intense calcium decrease produced by pharmacological
doses of sodium phosphate rather than the long-term
depletion with dietary or DSS studies.

The laboratory measures of the environmental risk fac-
tors showed that the rats had decreased levels of calcium
and vitaminD, increased levels of colonic iron, and evidence
of insulin resistance (elevated blood glucose), but these
changes did not increase the measures of oxidative stress or
carbonyl stress, MDA and MG-AGEs. One explanation for
the failure to observe these stress products is that the prod-
ucts are formed in very small foci in ACF. The cells at the
base of dysplastic crypts have been found to contain fluores-
cent lipofuscin protein degradation products in lysosomes
(51). Another explanation for the failure to observe a signifi-
cant effect of the diet on these stress measures is that weight
gains were markedly decreased by the diet—not increased
as expected. Calcium was decreased extensively (by 10-
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fold), which might have affected weight gain. But previous
studies that utilized diets with similarly decreased levels of
calcium (7–9) noted no significant decrease in growth rate.
Our choice of fructose as a source of excess calories, hyper-
insulinemia, and presumed increase in glyceraldehyde was
based on in vitro studies that did not examine energy accu-
mulation (18). Future studies could test the effects of diets in
which dietary fat replaced fructose as the agent to promote
energy accumulation and weight gain as was used in the ear-
lier study (9). A still further explanation is that our initial
hypothesis for the central importance of reactive carbonyls
derived from sugars is unsupported. Reactive carbonyl spe-
cies could be derived from lipids rather than sugars, or reac-
tive nitrogen species could be involved rather than reactive
carbonyls (52). Short-term studies with heterogeneous ACF
in rodents could clarify the relative importance of these die-
tary factors on early colonic pathology.

In summary, we have described an experimental
rodent model in which a diet typifying the risk factors
for CRC induced a type of ACF that is common in the
human colon and associated in most studies with the
development of CRC. We suggest that the heterogeneous
ACF described here be considered as exposure bio-
markers for a focal environmental exposure to cytokines
and mutagens. Repeated exposure to an environment
creating such lesions could increase the burden of muta-
tions in the colonic epithelium and could result in the
formation of adenomatous polyps and CRC. The results
of studies based on these lesions could provide guidance
for the design of future clinical studies.
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