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Spontaneous initiation, promotion and progression of
colorectal cancer in the novel A/J Min/1 mouse

Marianne Sødring1, Gjermund Gunnes2 and Jan Erik Paulsen1

1 Department of Food Safety and Infection Biology, Norwegian University of Life Sciences, Oslo, Norway
2 Department of Basic Sciences and Aquatic Medicine, Norwegian University of Life Sciences, Oslo, Norway

The C57BL/6J multiple intestinal neoplasia (Min/1) mouse is a widely used murine model for familial adenomatous polyposis,

a hereditary form of human colorectal cancer. However, it is a questionable model partly because the vast majority of tumors

arise in the small intestine, and partly because the fraction of tumors that progress to invasive carcinomas is minuscule. A/J

mice are typically more susceptible to carcinogen-induced colorectal cancer than C57BL/6J mice. To investigate whether the

novel Min/1 mouse on the A/J genetic background could be a better model for colorectal cancer, we examined the spontane-

ous intestinal tumorigenesis in 81 A/J Min/1 mice ranging in age from 4 to 60 weeks. The A/J Min/1 mouse exhibited a dra-

matic increase in number of colonic lesions when compared to what has been reported for the conventional Min/1 mouse;

however, an increase in small intestinal lesions did not occur. In addition, this novel mouse model displayed a continual

development of colonic lesions highlighted by the transition from early lesions (flat ACF) to tumors over time. In mice older

than 40 weeks, 13 colonic (95% CI: 8.7–16.3) and 21 small intestinal (95% CI: 18.6-24.3) tumors were recorded. Notably, a

considerable proportion of those lesions progressed to carcinomas in both the colon (21%) and small intestine (51%). These

findings more closely reflect aspects of human colorectal carcinogenesis. In conclusion, the novel A/J Min/1 mouse may be a

relevant model for initiation, promotion and progression of colorectal cancer.

Colorectal cancer is the third most common cancer world-
wide and accounted for approximately 1.4 million new cases
and close to 700,000 deaths in 2012. Incidence rates are
slightly higher in men than in women, and this cancer
becomes increasingly more common with age.1 One of the
most common inherited colorectal cancer syndromes is fami-
lial adenomatous polyposis (FAP), which is caused by germ-
line mutations in the tumor-suppressor gene adenomatous
polyposis coli (APC).2,3 FAP patients inherit a mutated APC
allele and when the second allele is inactivated by mutation,
a large number of adenomas develop in the colon.4 Inactiva-
tion of the second APC allele leads to reduced degradation of
b-catenin and activation of the canonical Wnt signaling
pathway, which in turn leads to dysplasia.5,6 Mutation in one
APC allele followed by mutation in, or loss of, the second
allele is also apparent in �80% of sporadic colorectal cancer
cases.7 In humans, most colorectal cancers progress slowly,
taking anywhere from 5 to 20 years for early colonic lesions
to develop into benign adenomas, and an additional 5 to 15

years for those adenomas to develop into malignant
carcinomas.8,9

One of the most frequently used murine models for colo-
rectal cancer is the multiple intestinal neoplasia (Min/1)
mouse (Mus musculus). This particular mouse model was dis-
covered after a random mutation by the mutagen ethylnitro-
sourea caused spontaneous formation of adenomas
throughout the intestinal tract.10 Similar to the mutation seen
in the human APC gene, the Min/1 mouse has a heterozy-
gous truncation mutation at codon 850 of its Apc gene,
which results in the spontaneous formation of numerous
neoplastic lesions in the mouse intestine.4,11–13

The appearance of preneoplastic lesions is the first step in
colon carcinogenesis, and the ability to recognize these early
stages of colorectal cancer is an important factor in the devel-
opment of reliable biomarkers for colorectal cancer early
detection, diagnosis and treatment.14 Putative preneoplastic
lesions known as aberrant crypt foci (ACF) were originally
described in the colon of carcinogen-treated mice.15 These
lesions were identified by a characteristic morphology of
enlarged crypts, thickened epithelial lining, irregular lumens,
increased pericryptal space and elevation from the
mucosa.15,16 In 2000, Paulsen et al.17 did not detect any ACF
in the colon of C57BL/6 Min/1 mice, but instead discovered
enlarged, flat dysplastic crypts with compressed luminal
openings that were given the name ACFMin, later renamed
flat ACF when identical lesions were identified in rats.17,18

These flat ACF differed from the “classic” ACF first described
by Bird15 in that they were not elevated from the mucosa,
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and they were not visible without methylene blue staining
and transillumination. Later studies revealed that only the
flat ACF, not the classic ACF, exhibited a continuous devel-
opment from the monocryptal stage to tumors, suggesting
that these flat ACF are in fact early stages of colon
carcinogenesis.17,19

The conventional Min/1 mouse is bred on a C57BL/6J
(B6) genetic background, a substrain of the C57BL/6 which is
likely one of the best known and most widely used inbred
mouse strains.20 It has been shown that the B6 substrain is
relatively resistant to colonic carcinogens, and the B6 Min/1
mouse primarily develops adenomas in the small intestine
and only a few lesions in the colon that rarely progress to
cancer.10,21–23 On the other hand, an A/J genetic background
strain has been found to be highly susceptible to colon-
specific carcinogens.23–25 A new Min/1 mouse model has
been established at the Norwegian Institute of Public Health,
where the Min/1 trait has been transferred from the B6
Min/1 mouse to mice with an A/J genetic background by
backcrossing for >12 generations, producing an A/J Min/1
mouse.26 After establishing the A/J Min/1 mouse, it was dis-
covered that this mouse was more susceptible to both sponta-
neous and azoxymethane (AOM)-induced colon
carcinogenesis than the B6 Min/1 mouse.26

The objective of this work was to study the long-term
spontaneous intestinal tumorigenesis in the novel A/J Min/1
mouse with focus on determining its potential use as a model
for colorectal cancer.

Material and Methods
Animals, housing and diet

This study was conducted in strict accordance with The Nor-
wegian Regulation on Animal Experimentation, and approved
by the Institutional Animal Care and Use Committee at the
Norwegian University of Life Sciences, Campus Adamstuen.
The A/J Min/1 mouse was created at the Norwegian Insti-
tute of Public Health after backcrossing of the Min/1 trait
onto an A/J genetic background for >12 generations, secur-
ing their status as inbred.26 This mouse strain was transferred
to the Department of Experimental Biomedicine at the Nor-
wegian University of Life Sciences, Campus Adamstuen,
where it has been maintained as an inbred colony for several
additional generations. A/J Min/1 males were mated with A/
J 1/1 females, and the resulting A/J Min/1 pups (n5 81,
48 females and 33 males) were used for the study. All ani-
mals were housed in Makrolon Type III open top plastic

cages in a room with a 12-hr light/dark cycle, 55–65%
humidity and 20–228C. Water and feed were given ad libi-
tum. All animals were fed the standard rodent diet RM1
(SDS Special Diet Services, Witham, UK) for the duration of
the study. Mice were euthanized at various time points in
order to get an overview of tumorigenesis in the A/J Min/1
mouse model. All mice were sacrificed by cervical dislocation.

For this study, a total of six age groups were represented:
early juvenile, juvenile, mature adult, early middle-aged adult,
middle-aged adult and late middle-aged adult (Table 1). The
age groups were chosen based on Flurkey et al.27 As only
one Min/1 mouse lived to the age of 60 weeks, the late
middle-aged adult age group was excluded from all data anal-
yses, except correlation analysis. To describe the distribution
of flat ACF and tumors in relation to age, all recorded lesions
were grouped into lesion size classes. As the colonic lesions
considered to be the smallest ranged in size from 0.002 to
0.008 mm2, this was chosen as the first size class. The
remaining lesions were grouped into four other size classes
based on a suitable logarithmic scale with a base of 8: 0.009–
0.064 mm2, 0.065–0.512 mm2, 0.513–4.096 mm2 and lesions
greater than 4.097 mm2.

Identification of intestinal lesions

The colon and small intestines were prepared as previously
described.28 Once prepared, surface microscopy and transillu-
mination using an inverted light microscope (CKX41, Olym-
pus Inc., Hamburg, Germany) equipped with a digital color
camera (DP25, Olympus) was used to examine the intestines
for small intestinal and colonic tumors, as well as flat ACF.
The flat ACF can be recognized by the color difference when

Table 1. Number and age span of A/J Min/1 mice separated into
five age groups

Group Age (weeks)
Number of mice
(females/males)

Early juvenile 4–6 15 (15/0)

Juvenile 7–12 11 (6/5)

Mature adult 13–24 12 (10/2)

Early middle-aged adult 25–39 20 (9/11)

Middle-aged adult 40–56 22 (8/14)

Late middle-aged adult1 57–71 1 (0/1)

1The late middle-aged adult age group was excluded from data analy-
sis owing to the low number of mice in this age range.

What’s new?

Human colorectal cancer (CRC) manifests itself as benign tumors in the colon that progress to carcinomas. In contrast, most

rodent CRC models for Apc-driven tumorigenesis primarily develop benign tumors in the small intestine instead of the colon,

which rarely progress to carcinomas. Here, the novel A/J Min/1 mouse was observed to spontaneously develop numerous

colonic lesions, and a progression from benign tumor to carcinoma was found in both the colon and small intestine.
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compared to normal epithelia; flat ACF stain a brighter blue/
green while normal crypts a more subdued brownish-green
(Fig. 1a). Furthermore, flat ACF have enlarged crypts, lay flat
against the surrounding epithelium and have compressed
luminal opening which give the lesions a gyrus-like appear-
ance. The tumor resembles the flat ACF, but contains 30 or
more aberrant crypts, and is usually elevated from the
mucosa. Tumors in the small intestine resemble tumors in
the colon, but they appear as discrete depressions with multi-
ple aberrant crypts surrounded by adjacent villi (Fig. 1b).

To study lesion development in the intestine, three varia-
bles were measured: (i) lesion size (mm2), calculated from
the diameter measured by surface microscopy using an eye-
piece graticule, (ii) number of lesions and (iii) tumor load
(mm2), defined as the sum of the area of all lesions observed
in an intestine. Two types of lesions were examined in the
colon: flat ACF and tumor. As flat ACF are not present in

the small intestines, only tumors were recorded in this seg-
ment of the intestinal tract.

Histology

Intestines from 16 mice aged 15–60 weeks were used to
examine whether carcinomas were formed in the A/J Min/1
mouse. These intestines were prepared as described above,
followed by a modification of the Swiss roll technique.29

Briefly, the longitudinally cut, flat-fixed, methylene blue-
stained intestines were carefully rolled lengthwise, from prox-
imal to distal end with the mucosa facing inward, using a
pair of tweezers. The prepared Swiss rolls were embedded in
paraffin, and each prepared paraffin block contained the
small intestine (three segments: proximal, middle and distal)
and the colon from one mouse. Histological sections (2–3
mm) were made at three different depths in the paraffin
block in order to detect a larger number of intestinal lesions.

Figure 1. Representative examples of morphological features of intestinal lesions. Identification of methylene blue-stained (a) flat ACF and

tumors in the colon (magnification 3100) and (b) tumors in the small intestine (magnification 340). Both panel (a) and (b) are made up of

different original images grouped together for clarity. Arrows point to small lesions. Images to the left of the vertical bar in panel (a) show

flat ACF, while colonic tumors are shown to the right of the bar. Immunohistochemical analysis of b-catenin expression in the colon (c, d)

shows that b-catenin in normal crypts (arrowheads) is present almost entirely at the cell border, while in the flat ACF/tumor, b-catenin
accumulates in the cytoplasm (arrows). Panel (c) shows b-catenin accumulation in a tumor (magnification 3100), while panel (d) shows

b-catenin accumulation in a single-crypt flat ACF (magnification 3400). Immunohistochemical analysis of the proliferation marker Ki67 in

the colon (e) shows numerous Ki67-positive nuclei throughout the tissue of tumors (bottom right, arrow) but only in scattered cells at the

bottom of the crypts in normal tissue (top left, arrowhead) (magnification 3200).
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As the intestines were slit open longitudinally before Swiss
roll preparation, the three depths were chosen to detect
lesions on the right, center and left areas of the flattened
intestine. Each section was then stained with periodic acid-
Schiff (PAS) and scored by a pathologist. Lesions with clear
infiltrative growth through the muscularis mucosae and into
the submucosa were classified as carcinomas, while those
without infiltrative growth were classified as adenomas.
Regional lymph nodes and livers from a few older animals
were embedded in paraffin, sliced and stained with hematox-
ylin and eosin (HE). Histological sections were examined for
metastases.

Immunohistochemistry

The tissue was stained for b-catenin and Ki67 to assess Wnt
signaling activation and increased proliferation, respectively.
Paraffin sections were deparaffinized and rehydrated, before
quenching endogenous peroxidases with 3.0% H2O2. Antigen
retrieval was performed in Tris/EDTA (pH 9.1) for b-catenin
and in citrate buffer (pH 6.0) for Ki67. For b-catenin, sec-
tions were blocked using the Mouse on Mouse (M.O.M) kit
(Vector Laboratories, Burlingame, CA), before incubation
with a primary monoclonal antibody against b-catenin (Puri-
fied mouse anti-b-catenin, C19220; Transduction Laborato-
ries, Lexington, KY) at a 1:2,500 dilution. Sections were
incubated in M.O.M. biotinylated anti-mouse IgG reagent fol-
lowed by addition of the avidin–biotinylated peroxidase com-
plex. For Ki67, DAKO Envision kit was used (K401111–2,
DAKO, Glostrup, Denmark). Sections were blocked using N-
serum from goat in 5% BSA/TBS (1:50 dilution), before incu-
bation with a primary polyclonal antibody against Ki67 (rab-
bit anti-Ki67, AB15580, Abcam PLC, Cambridge, UK) at a
1:1,000 dilution. Next, sections were incubated in anti-rabbit
HRP-labeled polymer reagent (K401111–2, DAKO). For both
b-catenin and Ki67, antibody binding was detected with
DAB substrate according to the manufacturer’s protocol
(34065, Thermo Scientific Pierce, Waltham, MA for b-
catenin, and K401111–2, DAKO for Ki67). Sections were
counterstained with hematoxylin.

Statistics

Results are expressed as mean values with 95% confidence
intervals. All comparisons were performed two-tailed with a
significance level of 5%. A Spearman rank correlation coeffi-
cient (rs) was computed to assess the relationship between
intestinal lesions and age. Tumor distribution along the small
intestine was tested with a one-way ANOVA followed by
Tukey post hoc test. All statistical tests were completed using
SigmaPlot statistical software (Systat Software, San Jose, CA).

Results
Gender differences

Because of the uneven gender distribution over time (Table 1),
it was not possible to test for gender differences. However,
both genders showed similar developmental trends with age;

males and females showed an increase in number of lesions
and lesion load in both colon and small intestine, and both
genders developed carcinomas. Therefore, data for males and
females were pooled for further analysis. Males appeared to
have a slightly higher incidence of lesions and lesion load,
which has previously been seen in B6 Min/1 mice30,31; how-
ever, in the 16 intestines examined for carcinomas, no signifi-
cant difference between males and females was detected (two-
tailed t-test: p5 0.250).

Colon

Scoring the total number of flat ACF and tumors in A/J
Min/1 mice at different ages revealed large interindividual
variation in colonic tumorigenesis, as illustrated by the scat-
ter plot in Figure 2a. The highest number of colonic lesions
(flat ACF and tumors) observed in a single colon was 82
lesions, while the highest number of colonic tumors in one
colon was 41. An average of eight (95% CI: 5.82–9.83) colo-
nic tumors developed in A/J Min/1 mice from 11 to 60
weeks, with the majority of tumors occurring in animals
over the age of 25 weeks (mean 11; 95% CI: 7.98–13.13). In
mice over the age of 40 weeks, an average of 13 (95% CI:
8.74–16.30) colonic tumors was observed. Colonic tumors
were not evident before the age of 11 weeks, after which
they continued to increase in number (rs5 0.805, n5 81,
p< 0.001). In contrast, flat ACF were observed in all ani-
mals. However, their numbers varied with age (Fig. 2a):
from 0 to 24 weeks (from early juvenile to mature adult),
the number of flat ACF increased (rs5 0.857, n5 38,
p< 0.001) while after 24 weeks, the number of flat ACF
decreased (rs520.607, n5 43, p< 0.001). This pattern of
fluctuating number of flat ACF and increasing number of
tumors is consistent with a possible transition of lesions
from flat ACF to tumor as mice age, as previously sug-
gested.18,19 This potential developmental relationship between
flat ACF and tumors is further illustrated when the animals
were separated into five age groups: early juvenile, juvenile,
mature adult, early middle-aged adult and middle-aged adult
(Fig. 2b; Table 1). During the last three periods, the number
of flat ACF declined and the number of tumors increased.
Grouping the animals also made it possible to calculate the
fraction of newly formed flat ACF (influx) at the different
ages (Fig. 2b), given that the total number of lesions solely
comprises new flat ACF, previously formed flat ACF and
tumors, and that flat ACF develop into tumors. The forma-
tion of flat ACF peaked at the juvenile age group and
declined to a minimum in middle-age adult. The total num-
ber of lesions was somewhat reduced in middle-aged adult,
possibly due to some regression of small lesions or merging
of larger lesions. The tumor load (total area of tumors per
animal) increased dramatically with age (Fig. 2c).

All flat ACF and tumors recorded in each colon in each
age group were grouped together according to size, and the
average number of lesions per size group per animal was cal-
culated (Fig. 2d). These size distributions of pooled flat ACF
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and tumors displayed a gradual shift toward larger size
classes with age (Fig. 2d). As indicated in the figure, only flat
ACF were recorded in early juvenile. In mature adult more
flat ACF were observed (area under the curve) and more
lesions reached the size of a tumor. In middle-aged adult the
size distribution of flat ACF and tumors was continuous and
overlapping. Altogether these size distributions demonstrated
age-dependent growth of flat ACF and transition from flat
ACF to tumor (Fig. 2d).

Classic ACF made up only 0.4% of the lesions scored,
thus suggesting that spontaneous formation of these lesions
is uncommon in the A/J Min/1 mouse, which coincides with
previous findings.17

Observed tumors displayed an increased cytoplasmic b-
catenin accumulation (Figs. 1c and 1d), indicating Wnt sig-
naling activation. An increased frequency of Ki67-positive
nuclei was also detected in tumors, indicating enhanced pro-
liferation in tumor tissue (Fig. 1e).

Figure 2. Number, size and load of lesions spontaneously formed in the colon of A/J Min/1 mice. (a) Distribution of flat ACF and tumors in

mice ranging from 4 to 60 weeks. Solid gray and solid black circles represent tumors in males and females, respectively; open gray circles

and open black circles represent flat ACF in males and female, respectively. Each data point in each category represents one mouse.

(b) The average number of flat ACF (gray) and tumors (black) in mice ranging from 4 to 54 weeks, separated into five age groups. Error bars

represent a 95% confidence interval. The dashed line represents the influx of new lesions over time. (c) Tumor load in mice separated into

five age groups. Tumor load represents the sum of the area of all lesions observed. All values show group mean with the 95% confidence

interval. (d) Size distribution of flat ACF and tumors. Graphs represent size distribution in the age groups early juvenile, juvenile, mature

adult, early middle-aged adult and middle-aged adult. The smallest size class contains lesions with 1–4 crypts. In the colon, lesions are

considered tumors if they contain >30 crypts/lesion (�0.4 mm2).
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Small intestine

Scoring the total number of tumors at different ages revealed
large interindividual variation also in small intestinal tumori-
genesis, as illustrated by the scatter plot in Figure 3a. An
average of 21 tumors (95% CI: 18.91–23.38) developed in the
small intestine of mice from 4 to 60 weeks, with 44 tumors
being the highest number of lesions observed in a single
mouse. When examining mice older than 40 weeks, the aver-
age number of tumors was still 21 (95% CI: 18.57–24.30),
suggesting that the number of lesions was relatively uniform
over the lifespan of the mouse (Fig. 3a). Small intestinal

tumors were represented in all ages, and a weak, nonsignifi-
cant correlation was found between the number of lesions
and age (rs5 0.167, n5 81, p5 0.137). When mice were
grouped into the five age groups, a decrease in number of
lesions from mature adult to early middle-aged adult was evi-
dent (Fig. 3b). An increase in number of lesions was corre-
lated with age in mice from 4 to 24 weeks (rs5 0.642,
n5 38, p< 0.001), while a nonsignificant, negative correlation
of number of tumors and age was observed after 24 weeks
(rs520.265, n5 43, p5 0.085). The number of calculated
newly formed tumors was steady from age group early

Figure 3. Number, size and load of lesions spontaneously formed in the small intestine of A/J Min/1 mice. (a) Distribution of small intesti-

nal tumors in mice ranging from 4 to 60 weeks. Solid gray and solid black circles represent tumors in males and females, respectively.

Each data point represents one mouse. (b) The average number of small intestinal tumors in mice ranging from 4 to 54 weeks, separated

into five age groups. Error bars represent a 95% confidence interval. The dashed line represents the influx of new lesions over time.

(c) Tumor load in three small intestinal segments: proximal (dashed line), middle (dotted line) and distal (solid line). All values show group

mean with a 95% confidence interval. Labels show significant difference between the three segments: proximal (p), middle (m) and distal

(d). *p<0.05, **p<0.001. (d) Size distribution of small intestinal tumors. Graphs represent size distribution in the age groups early juve-

nile, juvenile, mature adult, early middle-aged adult and middle-aged adult. The smallest size class contains lesions with 1–4 crypts.
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juvenile up to age group mature adult, after which formation
of new lesions appeared to slow down or cease (Fig. 3b).

To determine tumor distribution along the small intestine,
the intestine was cut into three equally long segments when
prepared: proximal, middle and distal. Microscopy revealed
that these three segments had very different number of
tumors, with the distal end being the most densely populated.
Figure 3c shows the difference in tumor load in these three
segments as observed in the five age groups. A significant dif-
ference in tumor load in the three segments was found in all
age groups: juvenile, mature adult, early middle-aged adult
and middle-aged adult (all p< 0.001); early juvenile
(p5 0.001). However, post hoc tests revealed that there was
no significant difference between tumor load in the proximal
and middle segments in any of the age groups, except for in
the mature adult age group (p5 0.025). Furthermore, for all
groups, tumor load in both the proximal and middle seg-
ments was significantly smaller than that in the distal
segment.

The small intestinal tumors recorded in each animal in
each age group were grouped together according to size, and
the average number of lesions per size group per animal was
calculated (Fig. 3d). The same five lesion size classes as in
Figure 2d were used to describe the distribution of small
intestinal tumors in relation to age. As the mice aged (Fig.
3d), both the number (area under the curve) and the size of
the tumors increased, which is represented by the shift to the
right seen in the graphs. Interestingly, the smallest tumors
observed in the small intestine (Fig. 3d, early juvenile—
mature adult) exhibited sizes that were comparable to the
largest flat ACF in the colon (Fig. 2d).

Carcinoma formation

A set of 16 intestines were prepared as Swiss rolls to examine
the spontaneous formation of carcinomas in the A/J Min/1
mouse. As carcinomas are likely linked to aging, the majority
of intestines chosen were from older animals. Upon examina-
tion of the Swiss rolls, numerous distinct proliferative lesions
were detected. The lesions were well demarcated from normal
mucosal tissue, and were slightly raised above the normal
level of the mucosa, often with a narrow base and wider top.
The lesions displayed loss of villus formation (small intestine)
and aberrant, irregular, branching crypts with marked loss of
mucus-secreting cells (dedifferentiation). Cells showed pro-
nounced atypia with considerable variation in size of both
cells and nuclei, with multiple, distinct, magenta nucleoli up
to 2 mm, and a mitotic index of 1–2 per high-power field.
The lesions were expansile and compressed the surrounding
tissue. Lesions clearly invading the muscularis mucosae into
the submucosa were classified as carcinomas, while those
without infiltrative growth were classified as adenomas (Figs.
4a and 4d).

Of the 16 intestines, three were from mice under the age
of 30 weeks. In those three animals, no carcinomas were
detected. The first small intestinal lesion scored as a carci-

noma appeared in the middle segment of the small intestine
at week 30. Small intestinal carcinomas were identified in at
least one small intestinal segment in all mice above this age
(Fig. 5a). The distal end of the small intestine was the most
densely populated, which mimics what was observed with
surface microscopy for tumor distribution (see Fig. 3c). Car-
cinomas were not identified in the colon until week 41 (Fig.
5b), and of the examined mice from 41 weeks and up, 78%
had colon carcinomas. When carcinomas in the small intes-
tine and carcinomas in the colon were combined, all mice
above the age of 30 had intestinal carcinomas. Furthermore,
in mice older than 40 weeks, 21% of colonic tumors and 56%
of small intestinal tumors were identified as carcinomas.
Grouping the examined mice into age groups (including the
late middle-aged adult group) revealed that the frequency of
animals with intestinal carcinomas within a group increased
with age: 0% in the juvenile and mature adult age groups,
75% in the early middle-aged adult age group, 100% in the
middle-aged adult and late middle-aged adult age groups
(Fig. 5c). Histological sections of regional lymph nodes and
liver from older mice were examined for metastases, but
none were detected. However, in one mouse, invasive growth
into a local lymphatic vessel was observed, indicating high
risk for metastases in this individual (Fig. 4e).

Discussion
In this work, spontaneous tumorigenesis in the novel A/J
Min/1 mouse was studied. After examining the intestines of
mice ranging from 4 to 60 weeks, it was evident that the
colon and the small intestine developed a comparable tumor
load represented by a large number of adenomas and carci-
nomas. In addition, the proportion of carcinomas increased
progressively with age. There were two types of colonic
lesions: flat ACF and tumors. Previous studies have demon-
strated that these lesions share multiple characteristics such
as compressed crypt openings, severe dysplasia and stimu-
lated Wnt signaling.17,19 Using AOM-stimulated B6 Min/1
mice19 or AOM-stimulated rats18 with rapidly growing flat
ACF, it was hypothesized that flat ACF and tumors in fact
could represent the same type of dysplastic lesions at differ-
ent stages of crypt multiplication and colonic tumorigenesis.
This potential developmental relationship between flat ACF
and tumors could be further studied in the A/J Min/1
mouse as they spontaneously form a large number of colonic
lesions. Several observations in this study supported this
hypothesis: as the A/J Min/1 mice aged the number of flat
ACF was reduced while the number of tumors increased; the
size distribution of pooled flat ACF and tumors shifted
toward larger size classes with age; in older animals the size
distribution of flat ACF and tumors overlapped, indicating a
continuous growth of flat ACF to the size of a tumor; no
tumors evolved without the presence of flat ACF as they
were scored in all mice, regardless of age. Initiation of new
lesions may potentially be limited to certain susceptible peri-
ods of life. In BL6 Min/1 mice, initiation of both
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Figure 4. PAS-stained Swiss roll sections showing (a) small intestinal adenoma, (b) small intestinal carcinoma, (c) colonic adenoma,

(d) colonic carcinoma and (e) invasive growth into a local lymph vessel. In (a–d), arrows point to the muscularis mucosae. Carcinomas

show infiltration through the muscularis mucosae, while adenomas do not. For comparison, examples of normal intestinal tissue are

labeled. All magnifications are 3100. Panel (e) shows growth of tumor tissue (T) into the lumen of a lymphatic vessel (*) (magnification

3400).
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carcinogen-induced and spontaneous lesions appeared to
occur before the age of 2–3 weeks, and the period of sponta-
neous initiation coincided with when the mice were most
susceptible to carcinogens.32,33 The influx of lesions observed

in the A/J Min/1 mouse may indicate that the window of
time when new lesions are formed is considerably longer in
this mouse. Already in the juvenile group, formation of flat
ACF appeared to have reached a maximum. It also appeared
that the growth of flat ACF was slow in younger mice, and
that these lesions only began to accelerate at a later stage in
the animals’ life, with a surge of transition and tumor forma-
tion around 30 weeks.

Traditionally, lesions that develop in the small intestine of
Min/1 mice have been termed microadenomas, adenomas or
tumors, while in the colon, small lesions have been assigned
an additional name, for instance flat ACF.18 Based on the
structure of the small intestinal tumors, their origin may be
similar to the flat ACF in the colon. Previous research has
shown that both flat ACF and emerging small intestinal
tumors initially arise as a single dysplastic crypt,32 which
may suggest that even small intestinal tumors start out as
lesions similar to flat ACF. In the small intestine of the A/J
Min/1 mouse, a decrease in the number of tumors in mice
older than 24 weeks was detected. However, the observed
tumor load highlights that, even if the number of small intes-
tinal tumors appeared to decrease, tumors in older mice were
much larger than those observed in younger animals. Thus,
the decrease in tumor numbers may simply be due to diffi-
culty distinguishing larger lesions via surface microscopy,
resulting in lesions potentially made up of more than one
tumor being scored as a single, large tumor. Also, in all age
groups, the majority of tumors were found in the distal seg-
ment of small intestine, which is consistent with previous
findings in the intestine of B6 Min/1 mice.30

Yamada et al.34 found that microadenomas, which resem-
ble the flat ACF, formed in the colon of untreated B6 Min/1
mice had lost the remaining nonmutated Apc allele, suggest-
ing that loss of heterozygosity, and consequently APC func-
tion, leads to development of these microadenomas.
However, loss of heterozygosity in the Apc gene did not
appear to be sufficient to allow for progression from microa-
denoma to tumor.34,35 It appears that microadenomas
required an additional alteration, such as the addition of the
inflammatory stimulus dextran sulfate (DSS),35 or the colon
carcinogen AOM,19 to progress to tumors. In contrast, flat
ACF in the A/J Min/1 mouse spontaneously progressed to
tumors without the addition of carcinogenic agents, suggest-
ing that the additional stochastic event needed for tumor for-
mation in the A/J Min/1 mouse model arises with time.
This time-related event that promotes tumor formation in
the A/J Min/1 mouse may potentially be caused by increased
inflammation occurring in older animals; it has been sug-
gested that both a change in redox status as well as a dysre-
gulation of the immune system that occurs during aging may
lead to increased inflammation with age.36 However, in this
study, pronounced inflammatory cell infiltration was not
detected. Additionally, the average diameter of lesions in the
colon of 34-week-old A/J Min/1 mice was 5.0 mm, while

Figure 5. Formation of carcinomas in the small intestine and colon

of the A/J Min/1 mouse. (a) Small intestinal carcinomas. (b) Colo-

nic carcinomas. Solid gray and solid black circles represent tumors

in males and females, respectively. Each data point in each cate-

gory represents one mouse. (c) Frequency of mice in each age

group with carcinomas.
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Oyama et al.35 observed that, even at 35 weeks, no spontane-
ously formed lesions were greater than 0.3 mm in diameter.

The genetic background appears to have an effect on both
lifespan and tumor formation of Min/1 mice. The Min/1
trait has been introgressed on various inbred genetic back-
grounds, including BTBR, AKR and FVB.37–39 Min/1 trait on
a BTBR genetic background resulted in over 600 small intesti-
nal lesions and 12 colonic lesions, while, on the other end of
the spectrum, AKR Min/1 mice developed on average four
lesions in the small intestine and zero colonic lesions.37,40

BTBR Min/1 mice also had a short lifespan of no >84 days
due to the enormous number of lesions present in the small
intestine, while AKR Min/1 mice could live for up to 336
days. The conventional B6 Min/1 mouse seldom lives past
120 days and develop an average of 30 small intestinal
tumors, and <1 colonic tumor.10,19,30,41 In contrast, the novel
A/J Min/1 mouse presented with a greater number of tumors
in the colon, with the majority of these colonic tumors occur-
ring in older animals, but did not exhibit an increase in small
intestinal tumors. Furthermore, this mouse had a longer life-
span; in this study, the oldest mouse reached 420 days before
showing signs of declining health, requiring termination.

Most tumors in the B6 Min/1 mouse are benign adeno-
mas that rarely progress to cancer, which may be due to the
limited 120-day lifespan of this mouse.10,38 Another model
for colonic tumor development, the Apc1/Min-FCCC mouse,
lives much longer than the conventional Min/1 mouse, and
has a maximum lifespan of 241 days. However, even with the
extended lifespan, colonic adenomas in this mouse do not
progress to cancer, unless a stimulus such as DSS is adminis-
tered.42,43 Halberg et al.21 crossed B6 Min/1 males with
C57BR/cdcJ females producing Min/1 hybrids with a mean
lifespan of 232 days. However, these F1 hybrids exhibited a
considerable reduction in number of intestinal tumors, with,
on average, only 19 tumors recorded in the entire intestinal
tract. In contrast to the Apc1/Min-FCCC mouse, 56% of the
tumors in the F1 Min/1 hybrids were identified as invasive
adenocarcinomas.21 In the novel A/J Min/1 mouse model,
benign adenomas in both the colon and the small intestine
progressed to carcinomas with age. A 100% incidence of
intestinal carcinomas was found in mice older than 30 weeks.
The longer lifespan of the A/J Min/1 mouse likely allowed
for the progression of lesions from adenomas to carcinomas.

The first observed incidence of colon carcinoma was seen in
a 41-week-old A/J Min/1 mouse, which in mice, according
to Flurkey et al.27 equals approximately 38 human years.
FAP patients develop cancer at a median age of 42 years.2

In the A/J Min/1 mouse, the average colonic to small
intestinal lesion count ratio, when lesions of all sizes are
scored, was found to be 1.1:1. Even though the A/J Min/1
mouse does not develop tumors solely in the colon, but also
shows a similar tumor load in the small intestine, the ratio of
colonic to small intestinal lesions is closer to the ratio
observed in human FAP (>1:1) than that of the B6 Min/1
mouse (<1:40).44 In human CRC, nuclear accumulation of
b-catenin has been found to occur early, and is consistent
throughout the adenoma–carcinoma sequence.45 In compari-
son, the novel A/J Min/1 mouse model shows b-catenin
accumulation in monocryptal lesions as well as tumors. The
novel A/J Min/1 mouse model more closely resembles the
PIRC (Polyposis In the Rat Colon) rat model for colorectal
cancer, in that this rat also develops a greater number of
lesions in the colon.44 Femia et al.46 found that the number
of mucin-depleted foci, which are comparable to the flat
ACF, and macroscopic tumors in the PIRC rat colon
increased with age. This is similar to what was observed for
the A/J Min/1 mouse.

In summary, we have studied long-term spontaneous
intestinal tumorigenesis in the novel A/J Min/1 mouse to
explore whether it may be a more appropriate model for
colorectal cancer than existing murine FAP models. We
found that this novel mouse presented with a substantial
increase in colonic tumors, and that these lesions showed
Wnt signaling activation. Furthermore, we found that past a
certain age, both colonic and small intestinal adenomas pro-
gressed to carcinomas. This potential for carcinoma forma-
tion may be due to the increased lifespan of this mouse when
compared to conventional models where carcinomas have
not been detected. Taken together, these findings suggest the
novel A/J Min/1 mouse model as a relevant model for initia-
tion, promotion and progression of colorectal cancer.
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Abstract. Background: Flat aberrant crypt foci 
(flat ACF) and mucin depleted foci (MDF) have 
previously been described as preneoplastic 
colonic lesions. We used the novel A/J Min/+ 
mouse model, which demonstrates extensive 
spontaneous colon carcinogenesis, to refine the 
method of detection of flat ACF, and to further 
characterize and define them as early lesions by 
histological examination and comparison with 
MDF.  Materials and Methods: Colons were 
stained with methylene blue (MB) for flat ACF 
detection and restained with HID-AB for MDF 
detection. Results: Optimal flat ACF 
recognition required at least 24 hours of 
storage post MB staining and adherence to a set 
of characteristics. The fraction of flat ACF 
corresponding with MDF was 93%. Flat 
ACF/MDF displayed the same picture of severe 
dysplasia, lack of mucus and goblet cells and 
accumulation of cytoplasmic β-catenin. 
Conclusion: The easily detectable flat ACF are 
reliable surface biomarkers of Apc-driven colon 
carcinogenesis. 

Introduction  
To date, a variety of preneoplastic lesions 
thought to be the initial step in colon 
carcinogenesis have been characterized, 
including aberrant crypt foci (ACF), flat 
aberrant crypt foci (flat ACF), and mucin-
depleted foci (MDF) (1–4). 
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Aberrant crypt foci (ACF) were originally 
described by Bird in 1987 in the colon of mice 
treated with carcinogens, and are identified by 
their characteristic morphology of enlarged 
crypts, thickened epithelial lining, irregular 
lumens, increased pericryptal space, and 
elevation from the mucosa (1, 5). The MDF was 
first described by Caderni et al. in 2003 (4), in 
the colon of azoxymethane (AOM)-treated rats, 
and was found to show dysplastic properties 
similar to those observed in colonic tumors. 
This lesion is first and foremost characterized 
by no- or scarce production of mucins. Other 
features of this lesion includes distorted cryptal 
lumens that are smaller than surrounding crypts, 
elevation from the mucosa, and crypt 
multiplicity of more than  3 crypts (4, 6). 
Furthermore, the MDF also shows both β-
catenin accumulation and Apc mutations, two 
traits present in colonic tumors, further 
emphasizing the MDF as a preneoplastic lesion 
for colon carcinogenesis (7, 8).  

The multiple intestinal neoplasia (Min/+) mouse 
is, like humans with the familial adenomatous 
polyposis (FAP) syndrome, heterozygous for a 
mutation in the tumour suppressor gene Apc. 
This mutation leads to the development of 
numerous neoplastic intestinal polyps. 
Inactivation of Apc with β-catenin accumulation 
mimics Wnt signalling pathway stimulation 
(reviewed in: 10–12). Unlike human FAP, 
conventional C57BL/6J (B6) Min/+ mice 
develop tumors predominantly in the small 
intestine. Even though the incidence of colonic 
tumors is very low in this mouse, preneoplastic 
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colonic lesions called flat ACF were found in 
the colons of young B6 Min/+ mice; however, 
no ACF were detected (3). Flat ACF differed 
from the ‘classic’ ACF described by Bird as 
they were not elevated from the mucosa, and 
they were undetectable without methylene blue 
(MB) staining and transillumination. Later 
studies in azoxymethane (AOM) treated B6 
Min/+ mice and rats revealed that only the flat 
ACF, not the classic ACF, demonstrated a 
continuous development from monocryptal 
stage to tumor (2, 12). In AOM treated B6 
Min/+ mice scored for flat ACF, MDF and 
classic ACF, a 57% correspondence between 
flat ACF and MDF was observed. 
Approximately 50% of the non-coincident 
lesions were identified as classic ACF, and the 
rest were not identified (13).   

Our novel Min/+ mouse on an A/J genetic 
background provides a better model for 
colorectal cancer as these mice spontaneously 
develop a considerable number of colonic 
lesions that demonstrate a continuous growth 
from the monocryptal stage to adenoma and, 
with time, carcinoma (14).  The flat ACF is 
seldom chosen when colonic lesions are to be 
scored, mainly due to a notion that this 
particular lesion is difficult to detect (15). 

The objectives of the present study were to: i) 
refine the method of detection for flat ACF 
using the sensitive A/J Min/+ mouse; ii) further 
characterize the flat ACF and define them as 
early lesions of colon carcinogenesis by 
histological examination and comparison with 
MDF. 

Materials and methods 

A/J Min/+ mice. Intestines collected from A/J 
Min/+ mice bred at the Department of 
Experimental Biomedicine at the Norwegian 
University of Life Sciences, Campus 
Adamstuen were used for the study. All animals 
were housed in Makrolon Type III open top 
plastic cages in a room with a 12-hour light/dark 
cycle, 55-65% humidity and 20-22°C. Water 
and feed were given ad libitum. All animals 

were fed the standard rodent diet RM1 (SDS 
Special Diet Services, Witham, UK) for the 
duration of the study. Mice were sacrificed by 
cervical dislocation. This study was conducted 
in strict accordance with The Norwegian 
Regulation on Animal Experimentation, and 
approved by the Institutional Animal Care and 
Use Committee at the Norwegian University of 
Life Sciences, Campus Adamstuen.  

Methylene Blue (MB) staining and scoring of 
flat ACF. The colon was excised from anus to 
cecum, rinsed in, and flushed with, ice-cold 
phosphate buffered saline solution (PBS) to 
remove any intestinal contents, before being slit 
open longitudinally. Next, the colon was fixed 
flat between two PBS-soaked filter papers held 
together with staples. The flat-fixed colon was 
then stored in 10% neutral buffered formalin for 
at least 24 hours before staining. Once fixated, 
the colon was removed from the filter paper. 
Any remaining fat on the muscularis side of the 
colon was carefully removed with a pair of 
forceps, before the colon was stained for 8-10 
seconds in a glass beaker containing a 0.2% 
methylene blue (MB) (M9140, Sigma-Aldrich, 
St. Louis, MO) dissolved in 10% neutral 
buffered formalin solution. After no more than 
10 seconds, the colon was transferred to a new 
beaker filled with 10% formalin, rinsed of 
excess MB, before again being transferred to 
another beaker containing 10% formalin for a 
second rinse. Next, the colon was moved to an 
individual 50 ml Falcon® polypropylene tube 
filled with either 10% formalin or 70% ethanol 
for at least 24 hours. This last step is of 
importance because the flat ACF is barely 
visible until after at least 24 hours post 
methylene blue staining (see Figure 1a). To 
examine the MB-stained intestine, the colon was 
placed in a Nunc® OmniTray single-well plate 
(Thermo Fisher Scientific, Waltham, MA). This 
plate was divided into segments by carving 
vertical lines, each 1 cm thick, down the length 
of the plate. Additionally, one horizontal line 
spanning the plate was drawn down the center 
of the plate, thus dividing the plate into a top 
and bottom section. This grid was used to map 
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the location of all colonic lesions. The colon, 
with the mucosal side down, was fixed under a 
glass microscope slide to ease scoring. To 
examine the colon for flat ACF, surface 
microscopy and transillumination using an 
inverted microscope (CKX41, Olympus Inc., 
Hamburg, Germany) equipped with a digital 
color camera (DP25, Olympus Inc.) was used. 
Morphological appearance and surface location 
of each lesion were documented with an image 
and grid coordinates.  

To be considered a flat ACF, a lesion must 
fulfill certain specific criteria. It must i) turn a 
bright blue/green color after MB staining, a 
coloration distinguishable from normal crypts 
which stain a more subdued brownish-green, ii) 
have enlarged crypts with compressed luminal 
openings, iii) show elongated pit patterns, which 
gives it a gyrus-like appearance. One additional 
feature of the flat ACF is usually, but now 
always, present: the majority of the lesions lay 
flat against the surrounding epithelium in the 
colon; however, a small number of lesions may 
appear somewhat polypoid. To be considered a 
flat ACF, the first three criteria must be met, 
while flatness, albeit the lesion’s name 
suggesting so, is not required. Although flat 
ACF can be detected from the monocryptal 
stage, in order to compare this lesion to the 
MDF, only flat ACF containing more than 3 
crypts were scored for the comparison analysis; 
thus, all lesions between 4 and 30 crypts were 
scored. 

High-Iron Diamine Alcian Blue (HID-AB) 
staining and scoring of MDF. After scoring the 
MB-stained colon for flat ACF, the same colon 
was stained with the HID-AB mucin stain to 
look for MDF. High-Iron Diamine stains 
sulfomucins a dark brown, while alcian blue 
stains sialomucins blue (16). Other than the 
amount of diamines used, the staining procedure 
was as described by Caderni et al. (17). Briefly, 
the MB-stained colons were rinsed in distilled 
water for 5 minutes before staining with a HID 
solution made with 45 mg N-N’-dimethyl-m-
phenylenediamine (219223, Sigma-Aldrich, St. 

Louis, MO) and 55 mg of N-N’-dimethyl-p-
phenylenediamine (D4139, Sigma-Aldrich, St. 
Louis, MO) dissolved in 50 ml of distilled 
water, with 1.4 ml of 60% ferric chloride. Each 
colon was stained for no less than 18 hours at 
room temperature, , rinsed three times in 
distilled water, and stained for 30 min with 1% 
alcian blue (A1357, Sigma-Aldrich, St. Louis, 
MO) in 3% acetic acid. Next, colons were 
rinsed in 80% ethanol three times followed by a 
rinse in distilled water, and stored in 10% 
formalin or 70% ethanol.  HID-AB stained 
colons were examined like the MB stained 
intestines, and morphological appearance and 
surface location of each MDF was documented 
with an image and grid coordinates, which was 
later compared to the corresponding information 
gathered from the MB stained colon. All MDF 
larger than 3 crypts, and smaller than 30 crypts, 
were scored for comparison with flat ACF. 

Histological examination. After scoring the MB 
and HID-AB stained intestines, histological 
cross-sections were prepared. The HID-AB 
stained intestines were cut into 1 cm segments 
from distal to proximal end and embedded in 
paraffin with the muscle side down, before 
histological cross sections (2-3µm) cut in 
parallel with the mucosal surface, were made. 
The sections were stained with hematoxylin and 
eosin (HE). A set of intestines only stained with 
MB were also used. These intestines were 
prepared with a modification of the Swiss roll 
technique (18). Briefly; the longitudinally cut, 
flat-fixed colon was rolled lengthwise, from 
proximal to distal end with the mucosa facing 
inward, using a pair of curved dissecting 
forceps. To hold the roll together, a pin was 
pushed carefully through it. The prepared Swiss 
rolls were embedded in paraffin before 
histological sections (2-3µm) were made. Each 
section was then manually stained with both 
MB and HID-AB. The sections were stained 
with MB and HID-AB to observe how 
histological sections of flat ACF and MDF stain 
as compared to whole colon staining.  For MB 
staining: the histological sections were stained 
for 10 seconds in the same MB solution used to 
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stain the full colon, followed by two 10% 
formalin rinses before overnight storage in 10% 
formalin. For HID-AB staining: the sections 
were stained in the equivalent HID solution as 
used for the colon whole mount for no less than 
18 hours, and subsequently rinsed in dH2O prior 
to a dip in alcian blue. Next, the sections were 
rinsed in dH2O again, and counterstained for 5 
minutes with nuclear fast red to achieve the pink 
coloration seen in the whole mount sample 
scored for MDF. Finally the sections were 
rinsed in dH2O, before mounting from xylene. 

Immunohistochemistry. Swiss rolls were also 
subjected to β-catenin staining to show Wnt 
signaling activation. Paraffin sections were 
deparaffinized and rehydrated, before 
endogenous peroxidase quenching with 3.0% 
H2O2. Antigen retrieval was performed in 
Tris/EDTA (pH 9.1). Sections were blocked 
using the Mouse on Mouse (M.O.M) kit (Vector 
Laboratories, Burlingame, CA), before 
incubation with a primary monoclonal antibody 
against β-catenin (Purified mouse anti-β-
catenin, C19220; Transduction Laboratories, 
Lexington, KY) at a 1:2,500 dilution. Sections 
were incubated in M.O.M. biotinylated anti-
mouse IgG reagent followed by addition of the 
avidin–biotinylated peroxidase complex. 
Antibody binding was detected with DAB 
substrate according to the manufacturer’s 
protocol (34065, Thermo Scientific Pierce, 
Waltham, MA). Sections were counterstained 
with hematoxylin, and mounted from xylene. 
 

Results 

Detection of flat ACF. Flat ACF were easily 
identified when the colons were prepared as 
described in detail above. Critical steps for 
detection were: flushing through the colon with 

ice cold PBS to remove luminal content; 
longitudinal bisection of the colon before 
careful flattening on a smooth, PBS-soaked 
surface; transferring the wet, flat colon 
preparation to filter paper and placing another 
wet filter paper on top, securing with staples; 
fixing flat between the filter papers in formalin 
for at least 24 hours. Testing showed that 
staining with MB for no more that 8-10 
seconds, followed by at least 24 hours of storage 
before surface examination, produced optimal 
lesion coloration. When adhering to these time 
requirements, flat ACF appeared as blue-green 
structures that differed from the surrounding 
tissues which stained a brownish-green color 
(Figure 1a). In addition to coloration, 
compressed crypt openings exhibiting gyrus-
like pit patterns (see Figure 1a and 1b) were 
considered critical features for flat ACF 
detection. Furthermore, the majority of flat ACF 
exhibited a flat structure compared with the 
surrounding mucosa, even at a relatively large 
size (Figure 1b, right); however, sometimes 
these lesions could have a polypoid appearance, 
even when small in size (Figure 1b, middle). 
Polypoid flat ACF were differentiated from 
classic ACF by their gyrus-like pit pattern.  

Correspondence between flat ACF and MDF. 
Ten colons from A/J Min/+ mice ranging from 
10 to 32 weeks old were examined after staining 
with two distinct staining methods to detect the 
early colonic lesions flat ACF and MDF. A total 
of 107 lesions were scored. Of these, 106 were 
scored as flat ACF and 100 were scored as 
MDF: 99 lesions were scored as flat ACF in 
MB and as MDF in HID-AB, with a fraction of 
correspondence of 92.5% (Figure 1b and d). A 
total of 7 lesions (6.5 %) were scored as flat 
ACF in the MB stained intestine, but did not 
fulfil the criteria of an MDF after HID-AB
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Figure 1. Representative examples of morphological features of colonic lesions spontaneously 
formed in the A/J Min/+ mouse. Images a (right), and b (top) are good examples of flat ACF 
fulfilling the criteria of coloration, crypt size, compressed luminal openings, and gyrus-like pit 
patterns. (a) Illustrates the importance of allowing sufficient time to pass after staining the colon 
with methylene blue prior to scoring : coloration of a large flat ACF after 10 minutes (left), 3 hours 
(middle), and 24 hours (right). (b) Coinciding lesions identified as flat ACF with MB staining (top) 
and as MDF with HID-AB staining (bottom). The middle image shows a polypoid flat ACF/MDF 
that is slightly elevated from the mucosa. (c) A non-corresponding lesion scored as a flat ACF, but 
not as an MDF. This lesions may have been a collection of smaller flat ACF in close proximity 
(rather than one large lesions), with healthy, mucin-producing crypts interspersed in between, 
masking mucin depletion in the adjacent lesions. (d) Histogram showing the percent of flat ACF 
scored in MB-stained colons corresponding with MDF scored in HID-AB-stained colons (green 
box), percent of flat ACF not scored as MDF in HID-AB (red box), and percent of MDF not 
corresponding with flat ACF in MB (orange box). Values in parentheses show the number of lesions 
in each category. All magnifications are x100 

 

staining. Also, 0.9% of lesions that were 
identified as MDF in the HID-AB stained colon 
were not scored as flat ACF in the MB stained 
intestine (Figure 1d). The non-corresponding 
lesions were either not detected, or did not 
fulfill criteria for the specified lesion (Figure 
1c).  

Histological characterization of corresponding 
flat ACF and MDF. After surface examination, 
histological cross-sections were made to 
determine the pathological status of the lesions. 
All the flat ACF/MDF examined exhibited the 
same picture of severe dysplasia as shown in 
Figure 2a-c. Longitudinal sections made from 
Swiss rolls demonstrated that small and large  
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Figure 2. Representative examples of histological features of colonic lesions spontaneously 
formed in the A/J Min/+ mouse. (a – c) Cross-sections of HE-stained flat ACF of different sizes. 
Longitudinal sections of HE-stained Swiss rolls showing small flat ACF (d and e), and a tumor (f); 
note that both small and large lesions (a – e, f) display the same degree of dysplasia.  Longitudinal 
sections of Swiss rolls stained with (g and j) methylene blue (MB), (h and k) high-iron diamine 
alcian blue (HID-AB) counterstained with nuclear fast red, and (i and l) ß-catenin 
immunohistochemistry.  (g – i) shows a 1-2 crypt flat ACF/MDF, while (j – l) shows a large flat 
ACF/MDF. HID-AB staining (h and k) clearly allowed for detection of the dysplastic lesions by 
indicating loss of goblet cells and mucus production, while MB staining (g and j) merely stained the 
dysplastic crypts a darker blue than normal crypts. β-catenin accumulation (i and l) was observed in 
sections coinciding with the MB and HID-AB lesions, indicating  that both show Wnt signaling 
pathway activation. Magnifications (a – e), and (g – i): x400; Magnifications (f), and (j –l): x100 
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lesions always displayed the same degree of 
dysplasia (Figure 2d-f). Serial sections from 
Swiss rolls were stained with MB, HID-AB and 
β-catenin in order to define characteristic 
features of these lesions. While HID-AB 
staining clearly allowed for detection of the 
dysplastic status of the lesions by indicating loss 
of goblet cells and mucus production (Figure 2h 
and k), MB staining did not do anything other 
than stain the dysplastic crypts a darker blue 
than normal crypts (Figure 2g and j). Swiss roll 
immunohistochemistry showed β-catenin 
accumulation in sections coinciding with MB 
and HID-AB lesions, indicating Wnt signaling 
pathway activation in both lesions (Figure 2i 
and l). 

Non-corresponding flat ACF and MDF. The 
one lesion identified as MDF, but not scored as 
flat ACF, was obviously overlooked since it 
displayed all characteristics of a flat ACF, in 
particular compressed pit pattern. The 7 lesions 
that were scored as flat ACF, but not identified 
as MDF (see Figure 1c), were attempted to be 
identified in cross sections without success.  

Discussion 

In the present work, we used the novel A/J 
Min/+ mouse model, which demonstrates 
extensive spontaneous initiation, promotion, and 
progression of colorectal cancer (14), to refine 
the method of detection of flat ACF, and to 
further characterize and define them as early 
lesions of colon carcinogenesis.   

Although flat ACF have been recognized as 
suitable preneoplastic colonic lesions (19–21), 
few other groups have used them in 
experimental studies. This is apparently due to 
difficulties with technical or methodological 
aspects of flat ACF detection; consequently, the 
present work aimed at providing more detailed 
and refined methods of detection. Of particular 
importance were the time requirements during 
MB staining: the colons should not be stained 
more than 8-10 seconds; after which the colons 
must be stored in 10% formalin or 70% ethanol 
for at least 24 hours. After 24 hours, the flat 

ACF had retained more methylene blue than the 
surrounding normal epithelium, which then 
allowed for a color distinction between 
dysplastic and healthy crypts (see Figure 1a). 
The reason for this is unknown, but Ochiai et al. 
(22) suggests that dysplastic tissue may be more 
resilient to decolorization after treatment with 
methanol than normal tissue. This may also 
potentially be true for decolorization in formalin 
or 70% ethanol, which is used in the method 
described here. Other than showing slightly 
darker coloring in dysplastic crypts, staining 
histological sections of flat ACF with MB did 
not provide any additional information to 
explain why a color difference is produced. 
Since other structures, such as lymphoid 
aggregates, may attain similar coloration as flat 
ACF, an additional feature for flat ACF 
detection was defined: to be considered a flat 
ACF, the lesions must contain compressed crypt 
openings with gyrus-like pit patterns. The 
majority of flat ACF did not protrude above the 
surrounding mucosa; however, a few lesions did 
appear slightly polypoid. By examining pit 
patterns, these polypoid flat ACF could be 
distinguished from classic ACF, a type of 
lesions which accounts for only 0.4% of the 
preneoplastic lesions in this model (14).  

We found a high correspondence (93%) 
between flat ACF and MDF, and histological 
characterization of the lesions strongly 
suggested that these surface biomarkers indeed 
represent the same dysplastic lesions formed in 
APC-driven colon carcinogenesis. Hence, the 
A/J Min/+ mouse model resembles the Pirc rat 
(23). Of the non-corresponding lesions, one 
MDF was not scored as a flat ACF. However, 
this lesion was presumably a flat ACF since the 
MDF clearly showed all characteristics required 
for classification as a flat ACF. There were also 
seven lesions that were scored as flat ACF but 
not as MDF. Why these lesions were scored as 
flat ACF while failing to fulfill the criteria for 
MDF is uncertain. Although the A/J Min/+ 
mouse only has a very small fraction of classic 
ACF (14), one explanation may be that some of 
these non-coincidental lesions were in fact 
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classic ACF, which do not exhibit complete 
mucin depletion (4). Another potential 
explanation is that the flat ACF scored may 
have been a collection of smaller flat ACF in 
close proximity (rather than one large lesion), 
with healthy, mucin-producing crypts 
interspersed between these smaller flat ACF, 
masking mucin depletion in the adjacent lesions 
(see Figure 1c).  It is also possible that non-
coincidental lesions represent something that 
has yet to be described. Unfortunately, 
preparing histological cross-sections of this 
small fraction of lesions was unsuccessful.    

In AOM treated B6 Min/+ mice, the 
correspondence between flat ACF and MDF has 
previously been determined to be only 57% 
(13), in contrast to 93% in the present study. 
The discrepancy between these two studies may 
be due to additional tumor causing mechanisms 
in AOM treated Min/+ mice that are not present 
in the spontaneous tumorigenesis of the A/J 
Min/+ mouse. In the AOM-treated B6 Min/+ 
mouse (13), some MDF were scored as classic 
ACF, while in the A/J Min/+ mouse, classic 
ACF are rarely observed (14). In the study by 
Femia et al (13), some of the lesions scored in 
the MB stained colon may have actually been 
polypoid flat ACF wrongly scored as classic 
ACF. As the present work clearly shows, flat 
ACF may appear polypoid (see figure 1b, 
middle). Here, when these polypoid flat ACF 
were restained with HID-AB, mucin depletion 
was unmistakable.  

In conclusion, flat ACF can easily be detected 
by surface examination of MB-stained colons 
from the A/J Min/+ mouse, which demonstrates 
extensive spontaneous colon carcinogenesis. 
The virtually complete overlap between flat 
ACF and MDF, as well as their comparable 
histological characteristics, suggests that these 
structures indeed represent the same early, 
dysplastic colonic lesion. Consequently, flat 
ACF are reliable surface biomarkers of APC-
driven colon carcinogenesis.  
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Abstract
Red and processed meats are considered risk factors for colorectal cancer (CRC); howev-

er, the underlying mechanisms are still unclear. One cause for the potential link between

CRC and meat is the heme iron in red meat. Two pathways by which heme and CRC pro-

motion may be linked have been suggested: fat peroxidation and N-nitrosation. In the pres-

ent work we have used the novel A/J Min/+ mouse model to test the effects of dietary hemin

(a model of red meat), and hemin in combination with nitrite (a model of processed meat) on

intestinal tumorigenesis. Mice were fed a low Ca2+ and vitamin D semi-synthetic diet with

added hemin and/or nitrite for 8 weeks post weaning, before termination followed by exci-

sion and examination of the intestinal tract. Our results indicate that dietary hemin de-

creased the number of colonic lesions in the A/J Min/+ mouse. However, our results also

showed that the opposite occurred in the small intestine, where dietary hemin appeared to

stimulate tumor growth. Furthermore, we find that nitrite, which did not have an effect in the

colon, appeared to have a suppressive effect on tumor growth in the small intestine.

Introduction
Colorectal cancer (CRC) is the third most common cancer worldwide, and accounts for a large
number of deaths each year [1]. Although the cause of sporadic CRC is not clear, it appears
that food and nutrition is closely related with both causation and prevention of this type of can-
cer [2]. Intake of red and processed meat has been linked to an increased risk of colorectal can-
cer; however, it is still unclear exactly how these are connected. The relationship between red
meat and CRC is complex, and may depend on other variables besides the meat itself; heme
iron or nitrite in meat, harmful intestinal microbiota, abnormally functioning digestive system,
or an unbalanced diet composition [3,4]. Research suggests that heme iron in the meat may be
the culprit, which may explain why the link between CRC and red meat is stronger than the
link between CRC and intake of white meat, which is low in heme iron [5,6]. Two pathways by
which heme and CRC promotion may be linked have been suggested: fat peroxidation which
produces aldehydes capable of forming mutagenic adducts with DNA, and N-nitrosation
which may result in the formation of N-nitroso-specific DNA adducts. The former pathway
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may explain CRC promotion by fresh, red meat, while the latter may clarify CRC promotion
by nitrite-cured (processed) meat [7]. Heme iron is believed to catalyze the endogenous forma-
tion of N-nitroso compounds (NOCs) in the colon, many of which are known carcinogens
[6,8]. In processed meat, added nitrate and nitrite may also contribute to exogenous formation
of NOCs within the meat. Furthermore, nitrite cured meat combines heme iron and nitrite in
the digestive tract producing more endogenous NOCs than fresh meat, which may account for
the hypothesis that processed meat is more closely related to CRC promotion than fresh meat
[2,9].

Development of colorectal cancer is a multistep process involving tumor initiation, promo-
tion, and progression. In humans, most colorectal cancers progress very slowly; it may take
5–20 years from early colonic lesions to develop into benign adenomatous polyps, and another
5–15 years for those adenomas to develop into a malignant carcinoma [10,11]. Most cases of
colorectal cancer appear to be caused by somatic mutations, but a small number of cases are
the result of germ-line mutations in the tumor-suppressor gene adenomatous polyposis coli
(APC) which causes an inherited condition called familial adenomatous polyposis (FAP)
[12,13]. FAP is characterized by the development of multiple adenomas in the colon, and oc-
curs when an individual that has inherited one mutated APC allele experiences loss of heterozy-
gosity. Inactivation of the second APC allele causes decreased degradation of β-catenin and
activation of the canonical Wnt signaling pathway, which in turn leads to dysplasia [14–16]. In
individuals who do not have FAP, approximately 80% of sporadic colon cancer cases still ap-
pear to be related to mutations in the APC gene where one allele mutates first, followed by mu-
tation in, or loss of, the second allele [17].

The APC multiple intestinal neoplasia (Min/+) mouse (Mus musculus) is one of the most
widely used murine models for human FAP. The Min mouse has a heterozygous truncation
mutation at codon 850 of the tumor suppressor gene APC. This mutation is analogous to the
mutation seen in the human APC gene, and results in the spontaneous formation of several
neoplastic lesions in the mouse intestines [16,18–20]. FAP patients usually develop hundreds
to thousands of adenomas in the colon and rectum, while the conventional Min/+mouse, bred
on a C57BL/6J genetic background, mainly develops adenomas in the small intestine and only
a few in the colon [13,21]. A new Min/+mouse strain, established at the Norwegian Institute of
Public Health, develops a much higher number colonic lesions as compared to the C57BL/6J
Min/+mouse, and may therefore be more suited as a model for human CRC [22]. These early
colonic lesions are known as flat aberrant crypt foci (flat ACF), and are visible as enlarged
crypts with compressed pit patterns, which are not elevated from the mucosa, and are only visi-
ble with methylene-blue staining and transillumination. The flat ACF exhibits a continuous de-
velopment from the monocryptal stage to adenoma. The adenoma, a benign lesion that may
develop into a malignant adenocarcinoma, resembles the flat ACF, but contains a larger num-
ber of aberrant crypts, and is usually elevated from the mucosa [23].

The objective of the present study was to investigate the potential involvement of dietary
heme and dietary nitrite on the development of colorectal cancer in the A/J Min/+mouse model.

Materials and Methods

Ethics Statement
Experiments were conducted in accordance with The Norwegian Regulation of Animal Experi-
mentation, and approved by the Norwegian Animal Research Authority (application ID:
5556). All animals were sacrificed by cervical dislocation.
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Animals
The A/J Min/+mouse was produced at the Norwegian Institute of Public Health after backcross-
ing the Min/+ trait onto an A/J genetic background for more than 12 generations to secure their
status as inbred [22]. This mouse was transferred to the Norwegian University of Life Sciences,
Campus Adamstuen, where it has been maintained for several generations. The mice are main-
tained as an inbred colony, with brother-sister breeding as the chosen breeding-pair configuration
when possible. New A/J blood is regularly added to the colony by backcrossing A/J +/+ females
purchased from Jackson Laboratory (The Jackson Laboratory, Bar Harbor, ME) with resident A/J
Min/+mice in order to uphold the A/J Min/+mouse line. All animals involved in the present
study were bred at the experimental animal facilities at the Norwegian University of Life Sciences,
Campus Adamstuen.

A/J Min/+males were mated with A/J +/+ females, and the resulting Min/+ pups from
each litter were used for the experiment. In total, 80 Min/+ offspring were used (1:1 ratio of
males to females). All animals, both parents and offspring, were housed in Makrolon Type III
open top plastic cages in a room with a 12-hour light/dark cycle, 55–65% humidity and 20–
22°C. Water and feed were given ad libitum. Once born, the litter remained in the parental
cage until weaned at 19–21 days, after which the pups were separated from the parental cage.
Only mice with the APC mutation were used for the experiments, and to correctly determine
the genotype of each mouse, ear tissue was collected at time of weaning. The ear tissue was sub-
sequently processed to extract DNA for polymerase chain reaction. Allele-specific PCR was
used to genotype the mice using three primers; MAPCMT (5’-TGAGAAAGACAGAAGTA
-3’), MAPC 15 (5’-TTCCACTTTGGCATAAGGC-3’), and MAPC 9 (5’-GCCATCCCTT-
CACGTTAG-3’). The PCR product from a Min allele is 327bp long, while the PCR product
from a wild-type allele (+) is 618bp long [24].

Diets and experimental study design
Four experimental diets were designed: Hemin (model of red meat), Hemin+Nitrite (model of
processed meat), Nitrite, and Control. The amount of hemin added to the diet was chosen
based on demonstrated effectiveness in previous studies [25–28]. The Hemin+Nitrite and the
Nitrite diet contained 2.8μmol/g of sodium nitrite (NaNO2). To balance the iron and sodium
contents of the diets, each diet received the appropriate amount of iron (FeCl3) and/or sodium
(NaCl): 0.5μmol/g and 2.8μmol/g respectively. Each experimental diet was on a semi-synthetic
AIN-93M basis, with reduced calcium (15μmol/g) and no added vitamin D (0IU/g) (SDS spe-
cial diet services, Witham, UK). To achieve low vitamin D, the milk protein casein, usually
present in the AIN-93M diet, was exchanged for Hamlet soy protein for all four diets. The
semi-synthetic AIN-93M diet base contained 4% fat and 73% carbohydrates. Both the Hemin
and the Hemin+Nitrite diets contained 0.5μmol/g hemin, a ferric form of heme iron with a
chloride ligand. Once genotyped, the A/J min/+mice were randomly assigned to four experi-
mental groups to test effects of the four diets on intestinal tumorigenesis: Hemin (n = 21, 11 fe-
males and 10 males), Hemin+Nitrite (n = 20, 10 females and 10 males), Nitrite (n = 20, 10
females and 10 males), and Control (n = 19, 10 females and 9 males). The animals were fed the
experimental diets for eight weeks, from weaning at 3 weeks until 11 weeks, when the experi-
ment was terminated.

AIN-93M versus RM1
To demonstrate the dynamics of the novel A/J Min/+mouse model, a parallel group of 15 A/J
Min/+mice fed the standard rodent diet, RM1, was included in the study. RM1 is a natural
ingredient diet containing wheat, wheatfeed, barley, whey powder, soya oil, soya protein
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concentrate, and de-hulled extracted toasted soya. In contrast, the semi-synthetic AIN-93M
diet used in this study contained Hamlet soy protein, corn starch, cellulose, sucrose, and soya
oil. Both diets are supplemented with vitamins and minerals. Proximal analyses of both diets,
based on values provided by the manufacturer (SDS special diet services, Witham, UK), are
presented in S1 Table. Lesion development in 11 week (n = 9) and 25 week (n = 6) old
RM1-fed A/J Min/+mice was then compared to 11 week old mice fed the AIN-93M Control
diet (n = 19).

Scoring of small intestinal and colonic lesions
Mice were terminated by cervical dislocation at 11 weeks before the small and large intestines
were excised from anus to stomach, rinsed in, and flushed with, ice-cold phosphate buffered sa-
line solution (PBS), before being slit open longitudinally. The small intestines were divided into
three parts; proximal, middle, and distal, while the colon remained intact. Both small and large
intestines were then fixed flat between PBS-soaked filter papers. The flat fixed intestines were
stored in 10% neutral buffered formalin for no less than 24 hours. Once fixated, the intestines
were stained for 10–15 seconds with 0.2%methylene blue dissolved in the same formalin solu-
tion. The intestines were rinsed in fresh formalin to remove excess methylene blue stain, and
stored in 10% neutral buffered formalin for another 24 hours, prior to examination by transillu-
mination in an inverse light microscope. All examinations were done by an observer blind to
the treatment of each sample. Surface microscopy was used to detect tumors as well as the early
colonic lesions, flat ACF. The latter can be recognized by the difference in color as compared to
normal epithelia; flat ACF stain a brighter blue/green while normal crypts a more subdued
brownish-green. Furthermore, the flat ACF has enlarged crypts, lays flat against the surrounding
epithelium, and has compressed luminal opening which give the lesion a gyrus-like appearance.
The tumor resembles the flat ACF, but contains 30 or more aberrant crypts, and is usually ele-
vated from the mucosa (S1 Fig). To describe the distribution of flat ACF and tumors, the re-
corded lesions were grouped into lesion size classes. The smallest colonic lesions observed
ranged in size from 0.002 to 0.008 mm2, therefore this was chosen as the first size class. The re-
maining lesions were grouped into four additional size classes based on a suitable logarithmic
scale with a base of 8: 0.009 to 0.064 mm2, 0.065 to 0.512 mm2, 0.513 to 4.096 mm2, and lesions
greater than 4.097 mm2.

Statistics
All results are expressed as mean values with 95% confidence intervals. All comparisons were
performed two-tailed with a significance level of 5%. To test for differences between effects of
the four diets, a two-way Analysis of Variance (ANOVA), with gender as a covariate, was used.
Some gender differences were noticed, but no interactions between diet and gender were
found, so the effects seen in the different diet groups were never dependent on gender. Thus,
gender was pooled for further analysis. To test for differences between Hemin+ and Hemin-,
and Nitrite+ and Nitrite-, a two-way ANOVA, was performed. If significant results were ob-
tained in the two-way ANOVAs, the Holm-Sidak pairwise multiple comparisons post hoc test
was used.

Results
To determine the tumorigenic potential of the dietary interventions the following variables
were scored: number of small intestinal and colonic tumors, number flat ACF in the colon, le-
sion size (mm2) and load (total area of the lesions).
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Body weight
Mice were fed specialized diets for 8 weeks, from weaning at week 3 till termination at week 11.
After 8 weeks on the diets, there was a significant difference in body weight for animals in the
four diet groups. Significant differences were also detected between males and females within
each diet, however, no interaction between gender and diet was observed (Table 1). The
Holms-Sidak post hoc test showed that animals in the Hemin+Nitrite group had a significantly
lower body weight at termination than animals in both the Nitrite and the Control diet groups.
However, there was no significant difference in the body weight of animals in the Hemin +-
Nitrite group when compared to those in the Hemin group. The animals fed Hemin were also
significantly lighter than the control animals, but no such difference was observed when these
animals were compared to animals fed nitrite alone. There was no significant difference in
body weight detected in animals in the Nitrite diet group as compared to control animals.

Colon
In the colon, two types of lesions were observed; flat ACF and tumors (Fig 1 and S1 Fig). The
number of flat ACF observed in the colon of mice fed diets Hemin or Hemin+Nitrite was sig-
nificantly lower than in mice fed Nitrite or Control. The size of flat ACF did not differ between
mice fed the four different diets. Nevertheless, a tendency for slightly smaller flat ACFs was
seen in both Hemin and Hemin+Nitrite fed animals, although not significant. The total area of
flat ACF per mouse (flat ACF load) was significantly lower in mice fed Hemin or Hemin+-
Nitrite than in mice fed Nitrite or Control. When compared with flat ACF, the mice had few
colonic tumors. Interestingly, the patterns of tumor number (p = 0.090), tumor size and tumor
load (p = 0.075) observed in animals fed the four experimental diets were similar to those ob-
served for flat ACF. However, the differences in tumor scores did not achieve statistical
significance.

In previous studies, a continuous development from the monocryptal flat ACF to the stage
of adenoma has been demonstrated; all lesions were characterized by severe dysplasia, altered
control of β-catenin and rapid growth [29]. Hence, we present size distributions of pooled flat

Table 1. Average body weight of animals in a diet group, recorded after termination at 11 weeks.

Diet Gender N Body weight

Controla Female 10 20.8 [20.1–21.5]

Male 9 25.2 [23.8–26.6]

Total 19 22.9 [21.6–24.2]

Heminbc Female 11 19.6 [18.3–20.8]

Male 10 22.0 [20.7–23.3]

Total 21 20.7 [19.7–21.7]

Hemin+Nitritec Female 10 18.2 [17.2–19.2]

Male 10 21.4 [20.4–22.4]

Total 20 19.8 [18.8–20.8]

Nitriteab Female 10 20.3 [18.9–21.6]

Male 10 23.4 [22.3–24.4]

Total 20 21.8 [20.7–22.9]

All values are presented as mean [95% confidence interval]. Treatment means with a different superscript

are significantly different at p<0.05. Two-way ANOVA p-values: Diet p<0.001; Gender p<0.001; Diet X

Gender p = 0.410.

doi:10.1371/journal.pone.0122880.t001
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ACF and tumors to illustrate the effects of the dietary interventions (Fig 2). As expected,
Hemin, or Hemin+Nitrite caused a shift towards smaller lesion sizes and fewer lesions com-
pared with Nitrite or Control (Fig 2A). This suppressive effect was apparently due to the pres-
ence of hemin in the diet, as illustrated by the size distributions (Fig 2B) of these lesions in
mice fed Hemin+ (pooled Hemin and Hemin+Nitrite) compared with mice fed Hemin-

(pooled Nitrite and Control). The Two-Way ANOVA (Table 2) showed that hemin in the diet
(Hemin+) caused a statistically significant reduction in the formation of flat ACF and tumors
as well as in the growth of flat ACF. Typically, the load of flat ACF and tumors was reduced by
approximately 60% (p<0.001 and p = 0.019, respectively). When comparing mice fed Nitrite+

(pooled Nitrite and Hemin+Nitrite) to mice fed Nitrite- (pooled Control and Hemin), no sig-
nificant difference was observed (Table 2), indicating that nitrite in the diet did not have an ef-
fect in the colon of the A/J Min/+mice.

Small intestine
The size of small intestinal tumors was reduced in animals in the Nitrite group compared with
animals in the Hemin, Hemin+Nitrite, or Control groups (Fig 3). However, the number of tu-
mors, or tumor load did not differ significantly among animals fed the four diets. The mean sizes
(Fig 3B), as well as the size distributions of the small intestinal tumors from animals (Fig 4A) fed
these diets suggest that dietary hemin might stimulate tumor growth in the small intestines. This
is further illustrated by the size distribution of small intestinal tumors from animals fed Hemin+

and Hemin- (Fig 4B) and their differences in calculated tumor size (P<0.001; Table 2). Also a
suggestive increase (P = 0.084) in tumor load (mm2/mouse) was observed in mice fed Hemin+ as
compared with mice fed Hemin- (Table 2). In contrast, the mean size of tumors in mice fed Ni-
trite+ significantly decreased when compared to mice fed Nitrite-, suggesting that dietary nitrite
may cause a suppressive effect on tumor growth in the small intestine (Table 2).

Fig 1. Colonic lesion development in A/J Min/+ mice fed four different diets; (4) Control; (●) Hemin; (�)
Hemin+Nitrite; (■) Nitrite. A-C shows data for flat ACF, while D-F presents data for colonic tumors. A and D)
Number of lesions, B and E) size of lesions, C and F) flat ACF load and tumor load, respectively. Values
represent the mean, error bars show the 95% confidence interval. Horizontal bars indicate significant
difference between the groups.

doi:10.1371/journal.pone.0122880.g001
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Comparison of control diet and basic maintenance diet
The tumorigenesis induced by the Control (modified AIN-93) diet was compared with the tu-
morigenesis induced by the standard maintenance diet RM1 (Fig 5). In the colon, the RM1 diet
yielded significantly more flat ACF (p<0.001) and more tumors than the Control diet, demon-
strating that dietary components actually may stimulate the A/J Min/+mouse model used
(positive control). Furthermore, the size distribution data showed that flat ACF increased their
size from week 11 to week 25, indicating a progression from early lesion to tumor. In the small
intestine, animals fed RM1 for 11 weeks had a larger amount of lesions than 11 week old AIN-
93M-fed animals. However, the AIN-93M lesions were significantly larger than those seen in
RM1 animals of the same age (p<0.001). RM1-fed animals terminated at week 25 had a

Fig 2. Size distribution of flat ACF and tumors in the colon of A/J Min/+ mice. A) mice fed four different
diets, (4) Control; (●) Hemin; (�) Hemin+Nitrite; (&) Nitrite, and B) mice fed diets with or without hemin, (●)
Hemin+; (�) Hemin-. The smallest size class contained lesions with 1–4 crypts. One crypt had an area of
0.002mm2.In the colon, lesions are considered tumors if they contain more than 30 crypts/lesion
(approximately 0.4mm2).

doi:10.1371/journal.pone.0122880.g002
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comparable number of lesions to those observed in the 11 week old mice, but the lesions in the
25 week old mice were significantly larger (p<0.001).

Discussion
In the present experiment, the A/J Min/+mouse was used to test the effect of dietary hemin (a
model of red meat), and hemin in combination with nitrite (a model of processed meat) on in-
testinal tumorigenesis. Surprisingly, we found that mice fed hemin, either in combination with
nitrite or not, experienced a significant decrease in both number and load of the early colonic
lesions; flat ACF. Hemin thus appeared to suppress growth of flat ACF in the colon of A/J
Min/+mice. The iron(III) chloride added to the Control and Nitrite diets to balance for the
heme iron in the Hemin and Hemin+Nitrite diets could potentially account for the differences
observed in mice fed diets with or without hemin, however, from the literature it seems that

Table 2. Number of lesions, lesions size, and lesion load in the colon and small intestine of A/J Min/+ mice fed a diet with or without hemin
(Hemin+: Hemin and Hemin+Nitrite;Hemin-: Nitrite and Control), or a diet with or without nitrite (Nitrite+: Nitrite and Hemin+Nitrite;Nitrite-: Hemin
and Control).

Number of lesions/mouse Lesion size (mm2/group) Load (mm2/mouse)

Colon Flat ACF Tumor Flat ACF Tumor Flat ACF Tumor

Hemin Hemin + 4.07 [3.18–4.97] 0.49 [0.27–0.71] 0.02 [0.01–0.03] 2.00 [1.47–2.54] 0.09 [0.05–0.12] 0.98 [0.46–1.49]

Hemin - 8.13 [6.45–9.81] 1.05 [0.64–1.46] 0.03 [0.01–0.04] 2.25 [1.74–2.76] 0.24 [0.19–0.28] 2.36 [1.42–3.31]

P-value <0.001 = 0.020 = 0.023 = 0.598 <0.001 = 0.019

Nitrite Nitrite + 6.03 [4.90–7.15] 0.75 [0.45–1.05] 0.03 [0.01–0.04] 2.24 [1.70–2.77] 0.16 [0.11–0.21] 1.68 [0.89–2.46]

Nitrite - 6.08 [4.33–7.82] 0.78 [0.40–1.15] 0.03 [0.01–0.04] 2.10 [1.60–2.60] 0.16 [0.11–0.20] 1.63 [0.86–2.40]

P-value = 0.418 = 0.881 = 0.831 = 0.559 = 0.930 = 0.942

Hemin X Nitrite P-value = 0.918 = 0.570 = 0.140 = 0.279 = 0.646 = 0.819

Small intestine
Hemin Hemin + 22.05 [19.46–24.64] 0.63 [0.45–0.80] 13.80 [11.32–16.28]

Hemin - 20.43 [18.36–22.51] 0.50 [0.38–0.63] 10.31 [9.05–11.57]

P-value = 0.346 <0.001 ns (p = 0.084)

Nitrite Nitrite + 21.33 [18.98–23.67] 0.54 [0.40–0.67] 11.41 [9.58–13.24]

Nitrite - 21.20 [18.80–23.60] 0.60 [0.43–0.77] 12.79 [10.52–15.06]

P-value = 0.898 = 0.024 = 0.456

Hemin X Nitrite P-value = 0.208 = 0.055 = 0.999

Data is presented as mean [95% confidence interval]. Significant results are shown in bold text

doi:10.1371/journal.pone.0122880.t002

Fig 3. Small intestinal lesion development in A/J Min/+ mice fed four different diets; (4) Control; (●)
Hemin; (�) Hemin+Nitrite; (&) Nitrite. A) number of tumors, B) tumor size, and C) tumor load in the small
intestine. Values represent the mean, error bars show the 95% confidence interval. Horizontal bars indicate
significant difference between the groups.

doi:10.1371/journal.pone.0122880.g003
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the free iron concentration added to the non-hemin diets was too low to explain these tumors
[30–34]. The decrease in number and load of flat ACF in A/J Min/+mice fed hemin was mir-
rored for colonic tumors as well, albeit not significantly. We also saw a tendency for hemin-fed
animals to have smaller colonic lesions than animals not fed hemin. Winter et al. [35] found
that mice fed 0.2 μmol/g hemin showed an increase in proliferation when fed hemin for 3
weeks. Furthermore, they saw that apoptosis was inhibited in animals fed hemin for 6 months,
and also that long term hemin-feeding increased DNA adducts in the colon. However, they did
not see any increase in colonic neoplasms. This is similar to what we found in the present
study.

Why hemin-fed A/J Min/+mice in this study did not show an increase in colonic lesions is
uncertain. It has previously been shown that anti-inflammatory drugs decrease the number of
tumors in C57BL/6J Min/+mice [36,37]. Thus, it could be speculated that the effects observed
in the present study may, in some way, be connected to inflammation. Zhong et al. [38] found
that, in a DSS–induced murine model for colitis, hemin decreased colonic inflammation, as

Fig 4. Size distribution of tumors in the small intestine of A/J Min/+ mice. A) mice fed four different diets,
(4) Control; (●) Hemin; (�) Hemin+Nitrite; (&) Nitrite, and B) mice fed diets with or without hemin, (●) Hemin+;
(�) Hemin-. The smallest size class contained lesions with 1–4 crypts.

doi:10.1371/journal.pone.0122880.g004
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well as reduced expression of the proinflammatory cytokine interleukin-17 (IL-17), which has
been implicated in CRC [38–40]. The observed effect in the colon of hemin-fed A/J Min/+mice
in the present study may therefore be the result of a potential indirect anti-inflammatory effect
of hemin.

In many animals studies investigating the effect of red and processed meat, fat is added to
better resemble a westernized diet. One potential reason for the observed decrease in tumori-
genic effect of dietary hemin in the colon of mice in this study is the low fat content in the
diet. In the present study, no additional fat was added to the diet as our main objective was
the potential effect of hemin; our special diets only contained the fat supplied in the base-diet

Fig 5. Size distribution of colonic and small intestinal lesions of A/J Min/+ mice fed two different
rodent diets. A) flat ACF and tumors in the colon, and B) tumors in the small intestine of animals fed (▼)
AIN-93M for 11 weeks, (●)RM1 for 11 weeks, or (�) RM1 for 25 weeks. The smallest size class contained
lesions with 1–4 crypts. One crypt had an area of 0.002mm2. In the colon, lesions are considered tumors if
they contain more than 30 crypts/lesion (approximately 0,4mm2).

doi:10.1371/journal.pone.0122880.g005
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AIN-93M which is 4% soy oil [41]. Intake of polyunsaturated fatty acids together with heme
iron may lead to formation of peroxyl radical species in the intestinal tract, and consequently
colorectal cancer [42]. Heme catalyzes the formation of reactive oxygen species (ROS), which
leads to elevated levels of lipid peroxidation end-products such as malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE), both of which are known risk factors for various diseases, in-
cluding chronic inflammation and various cancers [7,43–45].

Ijssennagger et al. [25] found that heme has two separate effects on colonic epithelium; an
acute reactive oxygen species stress and a delayed cytotoxicity stress. The delayed effects of
heme caused cytotoxicity, hyperproliferation, and hyperplasia in the colon. Acute ROS stress
induced the formation of lipid peroxidation products, and was evident shortly after heme in-
take, but no indication that ROS stress directly causes colonic hyperproliferation was found.
However, intake of heme may lead to the formation of a cytotoxic heme factor (CHF), a com-
pound thought to be formed when reactive lipid peroxides covalently bind to the protoporphy-
rin ring of the heme [46]. Cytotoxic heme factor formation is highly dependent on the
presence of lipid peroxides, and, when enough accumulates in the colon, the cytotoxicity of the
luminal contents increases, which in turn damages the colonic mucosa, and leads to hyperpro-
liferation and hyperplasia [25]. In the present study, we observed a decrease in colonic lesions
in animals fed hemin, and although this differs from other studies, it may possibly be because
we did not add extra fat to the diet to bring about heme-induced ROS, and consequently for-
mation and accumulation of cytotoxic heme factor.

Most studies investigating the effect of dietary heme add an additional amount of fat to the
experimental diet, often 40% fat, to simulate the amount of a typical westernized diet, and
these studies observe an increased risk of CRC [25–27,47–49]. However, there are a few studies
in which less than 40% fat has been added to the experimental diet, and these studies show a
somewhat similar tendency to what is seen in the present study. For example, neither Pence
et al. [50] nor Lai et al. [51] observed an increase in colonic tumors in carcinogen-treated rats
fed beef with a fat content of 5% and 6.35%, respectively. Pierre et al. [28] found that rats fed
diets with 0.5 μmol/g hemin, in combination with 5% safflower oil, did not differ significantly
from the control animals in the number of lesions recorded. The aforementioned, in combina-
tion with the results from the present study, may suggest that heme iron, which has been
shown to be a CRC risk factor, may in fact require other dietary factors such as dietary fat, to
be present, to cause cancer.

In contrast to results observed in the colon of the A/J Min/+mice, lesions in the small intes-
tine of animals fed hemin (Hemin+: Hemin and Hemin+Nitrite), were on average larger than
lesions observed in animals not fed hemin (Hemin-: Nitrite and Control), which correlates
with previous research with rodent models showing an increased risk of CRC with intake of di-
etary heme [26,48,52], however most of these studies are mainly conducted in the colon. In ad-
dition, we found that mice fed diets containing nitrite experienced a decrease in the size of
small intestinal lesions, indicating a potential protective effect of nitrite on small intestinal
tumor promotion. It is unclear why nitrite seemed to have a protective effect in the small intes-
tine of A/J Min/+mice, but it may be due to nitric oxide (NO) derived from dietary nitrite in
the feed. NO is a signaling molecule that can regulate a variety of biological processes, and it
has been suggested that dietary nitrite may have an anti-inflammatory effect [53,54]. NO may
also possibly increase the amount of small intestinal mucus, which could likely explain the pro-
tective effect observed; the mucous layer in the intestine plays many important roles, including
being the first line of defense against detrimental factors from the outside environment, such as
those from foods [55,56].Van Hecke et al. [57] found that nitrite-cured pork meat inhibited
both lipid and protein oxidation in in vitro digestion studies; however, at higher fat contents
(20%), this inhibitory effect was less evident [57]. Also, Chenni et al. [9] found that nitrite
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given via drinking water reduced heme-induced lipid peroxidation in the colon of rats; howev-
er, this effect was not observed to be significant at lower doses.

During this study, a parallel group of A/J Min/+mice were fed the standard rodent diet,
RM1. These mice were included purely as a positive control to be compared to the control ani-
mals fed the AIN-93M special diet, and thus to demonstrate the effectiveness of the novel A/J
Min/+mouse model. The results indicate that animals fed RM1 had both larger and a higher
number of colonic lesions than animals fed the AIN-93M control diet, which is consistent with
previous results seen in C57BL/6J Min/+mice, and likely attributed to compositional differ-
ences in these two diets, such as fiber, fat, and carbohydrate content [58].

After 8 weeks on the special diet, mice fed hemin or hemin in combination with nitrite had
a significantly lower body weight at termination than those fed the control diet. Similar de-
crease in body weight has been observed previously in animals fed heme [26,35]. Even though
we did not observe an increase in colonic lesions in animals fed hemin, the decreased body
weight may indicate that there was a toxic effect of heme.

In conclusion, our results showed that dietary hemin decreased the number of colonic le-
sions in the A/J Min/+mouse, an effect contrary to what was expected. However, the present
study also revealed that dietary hemin had an opposite effect in the small intestine, where it ap-
peared to stimulate tumor growth. Furthermore, our results showed that dietary nitrite had no
effect in the colon of the A/J Min/+mice, but a suppressive effect on CRC promotion in the
small intestine.
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