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Abstract
The Western diet (WD) is associated with a higher incidence of colorectal cancer (CRC) than the
Mediterranean diet. Polyphenols extracted from Annurca apple showed chemopreventive
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properties in CRC cells. A multifactorial, four-arm study by using wild-type (wt) and ApcMin/+

mice was carried out to evaluate the effect on polyp number and growth of APE treatment (60
μmol/L) ad libitum in drinking water combined with a WD or a balanced diet (BD) for 12 weeks.
Compared with APE treatment, we found a significant drop in body weight (P < 0.0001), severe
rectal bleeding (P = 0.0076), presence of extra-intestinal tumors, and poorer activity status (P =
0.0034) in water-drinking ApcMin/+ mice, more remarkably in the WD arm. In the BD and WD
groups, APE reduced polyp number (35% and 42%, respectively, P < 0.001) and growth (60% and
52%, respectively, P < 0.0001) in both colon and small intestine. Increased antioxidant activity
was found in wt animals fed both diets and in ApcMin/+ mice fed WD and drinking APE. Reduced
lipid peroxidation was found in ApcMin/+ mice drinking APE fed both diets and in wt mice fed
WD. In normal mucosa, mice drinking water had lower global levels of DNA methylation than
mice drinking APE. APE treatment is highly effective in reducing polyps in ApcMin/+ mice and
supports the concept that a mixture of phytochemicals, as they are naturally present in foods,
represent a plausible chemopreventive agent for CRC, particularly in populations at high risk for
colorectal neoplasia.

Introduction
Colorectal cancer (CRC) is the fourth commonest cancer in the United States and Western
countries (1). There is a great difference in CRC incidence among countries and, in
particular, in some regions of the Mediterranean area, a significantly lower incidence is
found (2). Increasing evidence suggests that dietary factors are the predominant components
that modulate susceptibility to this disease. The Western diet (WD), rich in fats and proteins
and poor in dietary fiber, calcium, and other constituents, is associated with a higher
incidence of CRC than the Mediterranean diet (3), which encourages a balanced intake of
macronutrients and health-promoting micronutrients (4).

Studies on migrations of populations from low- to high-risk areas have shown an increased
incidence of colon cancer among descendents in a single generation (5–7). Furthermore, a
sharp increase in CRC incidence has been registered in traditionally low-risk areas (i.e.,
Asia), possibly because of the adoption of Westernized style meals (8). On the contrary,
epidemiologic data strongly support the hypothesis that the Mediterranean diet is associated
with a lower risk of developing CRC. Gallus and colleagues evaluated case–control studies
done in the Northern of Italy between 1983 and 2001 and found ORs between 0.3 and 0.7
for epithelial cancers among those with an increased consumption of fruit and vegetables
(9). Furthermore, Trichopoulou and colleagues found an overall reduction in mortality
among Greeks who strongly adhered to a Mediterranean diet (10). Accordingly, the Polyp
Prevention Trial provided evidence that dry bean intake is inversely associated with
advanced adenoma recurrence (11). Moreover, the EPIC study highlighted an inverse
association between CRC incidence and the consumption of a diet rich in fruit and
vegetables, especially among nonsmokers (12).

The Mediterranean diet differs from the Western counterpart in the quantity and quality of
macronutrients (i.e., less fats, mainly polyunsaturated), and, also because, it is rich in certain
plant-derived micronutrients, particularly phytochemicals. There is in vitro and in vivo
evidence for chemopreventive effects of plant polyphenols. In particular, epigallocatechin
gallate (EGCG) has gained attention for its ability to inhibit cell proliferation and metastasis
and enhancing apoptosis (13). Recently, EGCG has been found to reduce polyp formation
by approximately 30% in the ApcMin/+ mouse (14), whereas resveratrol and the synthetic
analog DMU-212 induced a polyp reduction of 27% and 24%, respectively, in the same
strain (15).
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In spite of the promising laboratory findings, when the administration of single polyphenols
is translated into clinical trials, the evidence is inconclusive (16, 17). Importantly, the
clinical trials are mainly focused on supplementation of single compounds, whereas the
epidemiologic evidence supports an interpretation that the mixture of bioactive compounds,
as they naturally occur in the diet, may act synergistically to be effective (18). It is possible
that when their consumption is associated with a balanced intake of proteins, carbohydrates,
fatty acids, and micro-nutrients, as occurs in the Mediterranean diet, the overall health-
promoting effect is more significant.

The Annurca is an apple variety with a “Protected Geographical Indication” from Southern
Italy, and a whole extract from the fruit displays stronger antioxidant activity than other
apple varieties (19). We previously showed that the whole Annurca apple polyphenol extract
(APE) has in vitro chemopreventive properties by modulating cell viability, apoptosis, and
reactivating tumor suppressor genes (20). On the basis of these observations, in this study,
we aimed to evaluate the anticancer effects of APE in ApcMin/+ mice, which spontaneously
develop multiple intestinal polyps within a few weeks of birth, fed either a BD or a WD.

Materials and Methods
APE

APE was extracted from the frozen flesh of Annurca apples as previously described (21). Its
polyphenol composition, as assessed by high-performance liquid chromatography/tandem
mass spectrometry (HPLC/MS/MS), was as follows: 35.7% procyanidin B2; 32.7%
chlorogenic acid; 22.6% epicatechin; 4.3% catechin; 3.6% phlorizin; 0.7% caffeic acid and
0.5% rutin. Because APE is a mixture of different phenolic compounds with different
molecular weights, to give APE an arbitrary molar concentration, its polyphenol
concentration was expressed as catechin equivalents (21). APE of 6.1 mmol/L catechin
equivalents in a 60:40 water:ethanol solution was prepared, aliquoted, stored at −80°C to
maintain stability, and diluted 1:100 every other day over the study period, just before
providing it to the mice in the drinking water. A final APE concentration of approximately
60 μmol/L catechin equivalents, approximately 0.002% APE in drinking water, was given to
APE-treated mice. The final alcohol concentration was 0.4%.

Animal treatments and tissue harvesting
This study was approved by the Institutional Animal Care and Use Committee at the Baylor
Research Institute, Dallas, TX. Six-week-old wild-type (wt) female C57BL/6 mice were
bred with male ApcMin/+ mice (The Jackson Laboratory). Animals were housed in a
temperature and humidity controlled animal facility with a 12-hour light/dark cycle. The
ApcMin/+ offspring were identified by an allele-specific PCR assay (22). Animals were
either fed a standard balanced diet (BD) AIN-93G or a WD characterized by low dietary
fiber, calcium, vitamin D, and high-fat content. Both diets were purchased from Research
Diets. The characteristics of the diets are reported in Supplementary Table S1. APE of 60
μmol/L catechin equivalents in a 60:40 water:ethanol solution was provided to each animal.
Control animals were provided 0.4% alcohol in their drinking water. At 5 weeks of age,
animals were weaned and started the feeding protocol. ApcMin/+ and wt mice (n = 98) were
randomized into an 8-group matrix based on the genotype (wt or ApcMin/+), the type of diet
(BD or WD), and the drinking water they were receiving (water or APE; Supplementary Fig.
S1). Mice were allowed to eat food and drink APE or water ad libitum. Food intake, body
weight, animal activity, and physical changes were monitored weekly. Animal activity was
measured manually and scored every 30 seconds over a 5-minute period as either very poor
(continuously immobile, not responding to stimuli, score = 0), poor (immobile but
responding to stimuli, score = 1), or normal (responding to stimuli and active, score = 2) by
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modifying a previously published protocol (23). The presence of visible rectal bleeding was
recorded. After 12 weeks of treatment, mice were sacrificed by cervical dislocation and
blood was collected by intracardiac puncture under anesthesia with Isofluorane (IsoFlo;
Burns Vet Supply). The entire gastrointestinal tract was removed immediately after
sacrifice, washed with PBS, cut into 5 segments [I–IV from proximal (I) to distal small
intestine (IV), and colon], then cut longitudinally. Fresh tissues were collected for molecular
studies. Segments were flattened on filter paper, fixed overnight in 10% buffered formalin
and then stained with 0.2% methylene blue (Sigma Aldrich). The number, location, and size
of visible tumors throughout the intestine were determined at 10× magnification by using an
Olympus SZX-ILLB100 dissecting microscope (Center Valley) by 2 independent
investigators. After counting, segments were transferred to 10% buffered formalin to be
processed for histopathologic examination. Polyp size was determined by caliper
measurement of the largest (Dim1) and the perpendicular diameter (Dim2). On the basis of
Dim1, polyps throughout the intestinal tract were classified into 3 categories (1 mm, 1–3
mm, and >3 mm). Polyp area (A) was calculated according to the equation A = π × (Dim1/2)
× (Dim2/2). Polyp load was expressed as the sum of all the polyp areas for each animal
(mm2). After sacrifice, mice were also examined for the presence of extraintestinal tumors.

Histologic characterization of the polyps
One representative segment for the small intestine (IV segment) and the entire length of the
colon were Swiss-rolled, formalin-fixed, and paraffin-embedded to be processed for
histologic evaluation. One slide of each specimen was stained with hematoxylin and eosin
and evaluated independently by 2 pathologists for histologic characterization of the polyps
(grade of dysplasia and cancer).

Quantification of apple polyphenol metabolites in mice serum
Polyphenolic compounds were extracted from mice serum by using the procedure previously
described (24), and their composition was studied by HPLC/MS/MS analysis. MS and MS/
MS analyses of serum samples were done on an ABI 3000 Triple Quadrupole Mass
Spectrometer (Applied Biosystems) equipped with a TurbolonSpray source working in the
negative ion mode. The quantification was carried out by using a calibration curve obtained
with pure epicatechin and chlorogenic acid (purchased from Sigma Aldrich). Analyses were
done in multiple reactions monitoring mode, tracking the following precursor/product ion
combinations: m/z 353 → 191 for chlorogenic acid and m/z 289 → 245 for epicatechin.

Determination of serum malondialdehyde and ferric reducing ability of plasma
Lipid peroxidation was evaluated in serum samples by malondialdehyde (MDA; ref. 25).
The results were expressed as nmol per mL of serum. Reducing power of plasma samples
was determined by the ferric reducing antioxidant power (FRAP) assay (26). The results
were expressed as mmol/L Trolox Equivalents (TE) per mL of serum.

Bisulfite pyrosequencing for promoter and global DNA methylation analysis
DNA was extracted from frozen normal tissues and polyps with the QIAmp DNA extraction
kit and subjected to bisulfite treatment by using the EpiTect Bisulfite Kit according to the
manufacturer’s instructions (Qiagen). A quantitative bisulfite pyrosequencing method for all
DNA methylation analyses was done with PSQ HS96Gold SNP Reagents on a PSQ 96HS
machine (Biotage) as previously described (27). We analyzed methylation of LINE-1 (long
interspersed nucleotide element-1, which is a good indicator of cellular 5-methylcytosine
level), genes frequently methylated in human polyps (Cdkn2a, Rassf1a, Mlh1, Mgmt,
Timp3, and Tmeff2), age-related hypomethylated genes (P2rx7, Igf2-DMR1), and age-
related hypermethylated genes (Esr1, Nkx2–5, Gpr37, Prdm5, Myod1, Nptx2, and Igf2-
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DMR2). The complete nomenclature of each gene is reported in the Supplementary
Material. Primer sequences and PCR conditions for bisulfite pyrosequencing assays are as
previously reported (27). Each pyrosequencing reaction was done at least twice and the
values averaged.

Statistical Analysis
Sample size was determined on the basis of average number of polyps and variances in the
ApcMin/+ strain. We estimated that 12 mice in each group would be sufficient to detect a
difference in means across the groups, with a desired power of 90% and a minimal reduction
of 15%. This test is based on a 1-way ANOVA test. Relative weight gain was defined as:
(weight at time t − weight at time t0)/weight at time t0. A generalized linear mixed model
was used to evaluate the relative weight gain changes over time and among the different
groups and to analyze number and size of polyps and polyp load. These variables were
considered as a function of the liquid, food, and liquid food interactions as follows: Yijk = μ
+αi + βj + γij + εijk, in which Yijk is the outcome, μ is the overall mean (intercept–constant),
αi is the food effect, [i = 1 (WD) or 2 (BD)], βj liquid effect [j = 1 (water), 2 (apple)], γij is
the food–liquid interactions [i = 1, 2 and j = 1, 2] and εijk is the random error.

Student’s t test with 2-tailed P was used to evaluate the mean differences between 2 groups
for the continuous variables. Differences for methylation among groups of animals were
assessed by the Kruskal–Wallis nonparametric test. χ2 test and Fisher exact tests were
applied to analyze categorical variables. JMP version 8.02 and SAS version 9.2 were used
for the statistical analyses. Data were expressed as mean ± SEM if not differently stated.
Significance was assigned at P < 0.05.

Results
APE prevents cachexia in ApcMin/+ mice fed with the WD

In the wt group, although animals fed WD and drinking water showed a higher relative
weight gain profile, no significant changes were found with respect to diet or APE
supplementation (Fig. 1A). Importantly, a significant protective effect against cachexia was
found for APE in ApcMin/+ animals fed with the WD (Fig. 1B). In fact, mice fed with the
WD and drinking water showed a significant drop in their relative weight gain starting from
week 9 compared with WD-APE (P < 0.0001), suggesting that APE counteracts the negative
effects of the WD (Fig. 1B; Supplementary Tables S2 and S3).

As shown in Table 1, APE protected ApcMin/+ mice from rectal bleeding when fed with
either the BD or WD. No rectal bleeding was observed in animals fed with the BD and
drinking APE, whereas 62% of animals fed with the WD and drinking water experienced
rectal bleeding. On the contrary, animals fed with the WD and drinking APE showed a
significant reduction in rectal bleeding (P = 0.0076), an outcome similar to the impact on
rectal bleeding observed in the animals fed with the BD and drinking water. Data on animal
activity gave a concordant picture with the results for rectal bleeding. Indeed, 54% (7/13) of
ApcMin/+ mice fed with the WD and drinking water showed either poor or very poor activity
compared with the 8% (1/12) of their APE-drinking counterparts (P < 0.05). Interestingly,
animals fed with the WD and drinking APE had better activity than mice fed with the BD
and drinking water, suggesting that APE counteracts the effects of the WD. Of note, 2
animals fed with the WD and drinking water developed extra-intestinal tumors
(trichoepithelioma and epithelial inclusion cyst).
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APE reduces polyp number and eliminates high-grade dysplasia in ApcMin/+ mice
As shown in Table 2, animals fed with the WD and drinking APE developed a smaller
number of polyps in the small intestine and colon (21.92 ± 0.67) than animals fed with the
WD and drinking water (38 ± 1.81; 42% reduction, P < 0.001). A significant reduction
(35%, P < 0.001) was also observed among animals fed with the BD and drinking APE
(17.23 ± 0.59) compared with those drinking water (26.58 ± 1.08). This was maintained
when considering the small intestine and colon individually. The combination of the BD and
APE resulted in a decrease in polyps of 55% compared with animals fed with the WD and
drinking water (P < 0.0001). Interestingly, animals fed with the WD and drinking APE had a
polyp reduction of 18% compared with animals fed with the BD and drinking water (P =
0.0079). Among APE-drinking animals, those fed with the BD developed 21% fewer polyps
than animals fed with the WD (P = 0.0066). Considering the overall number of polyps, a
multivariate regression analysis showed a strong effect of APE on polyp number
(Supplementary Fig. S2).

Three animals fed with the WD and drinking water developed 2 invasive cancers in the
rectum and 1 in the small intestine, whereas 1 fed with the BD and drinking water developed
an invasive cancer in the small intestine. None of the APE-drinking animals developed
cancers. Moreover, when looking at the histology of the polyps, although most of the polyps
were tubular adenomas with low-grade dysplasia, 8 cases in the WD–water group (4 colons
+ 4 small intestines) and 9 cases in BD–water group (3 colons + 6 small intestines) had
polyps with high-grade dysplasia (Supplementary Fig. S3). None of the APE-drinking
animals developed polyps with high-grade dysplasia.

APE treatment significantly affects polyp growth
We also examined the effect of APE treatment on polyp growth in ApcMin/+ mice fed with
the BD or WD. Looking at polyp distribution by size (Fig. 2), in the small intestine, polyps
measuring less than 1 mm were more common in the APE–BD group, whereas 1 to 3 mm
and larger than 3 mm polyps were significantly associated with the water-drinking arms, in
particular in those fed with the WD. A similar distribution was found in the colon. In
particular, polyps less than 1 mm were found only in the APE–BD group, which had no
polyps larger than 3 mm. Statistical analysis in the colon was hampered by the paucity of
polyps in this segment, as expected in the ApcMin/+ mouse.

Considering the polyp load (Table 3), in the WD groups, the polyp load per mouse was
44.11 ± 6.64 mm2 for APE-drinking mice and 91.1 ± 6.39 mm2 for their water-drinking
counterparts, corresponding to a reduction of 52% (P < 0.001). Similarly, in the BD group,
the polyp load per mouse was 17.92 ± 6.39 mm2 for APE-drinking mice and 44.65 ± 6.65
mm2 for their water-drinking counterparts, corresponding to a reduction of 60% (P < 0.001).
A strong effect of APE on polyp load was confirmed by multivariate regression analysis
(Supplementary Fig. S4). No differences in polyp load were found between water-BD and
APE-WD mice, suggesting that APE treatment was effective in completely reverting the
diet-induced enhancement on polyp growth. However, mice eating the BD and drinking
APE had a reduction in polyp load of 80% compared with animals eating the WD and
drinking water (P < 0.001).

APE has antioxidant and antilipoperoxidation properties
Polyphenol metabolites such as epigallocatechin-glucuronide, parent-epicathechin,
dimethylated-epicathechin, glucuronidated-epicathechin, and sulfated-epicatechin, as well as
chlorogenic acid, were found only in serum samples from APE-drinking mice. The total
serum concentration of polyphenol metabolites expressed as the sum of all detected
compounds was significantly higher (P < 0.05) in BD animals than in those fed with the
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WD, being 109.0 ± 63.6 versus 11.4 ± 6.7 nmol/L, respectively, in wt mice, and 196.8 ±
135.4 versus 0.006 ± 0.003 nmol/L in ApcMin/+ mice.

To establish whether APE influences the systemic oxidative balance in treated animals, the
FRAP of serum and serum MDA concentration, as a marker of lipid peroxidation, were
measured. In wt animals, serum FRAP values were significantly higher in APE-treated than
in water-drinking animals (Fig. 3A), whereas among ApcMin/+ mice, the difference did not
reach significance. Serum MDA concentrations were significantly lower in APE-drinking
than in water-drinking animals, except for wt mice fed with BD (Fig. 3B).

APE protects against DNA hypomethylation
In an attempt at clarifying the possible mechanisms exerted by APE and following up on our
previous findings that APE could reactivate silenced tumor suppressor genes (TSG) in vitro
(20), we analyzed the methylation status of TSGs commonly silenced in human polyps and
colon cancers (Cdkn2a, Rassf1a, Mlh1, Mgmt, Timp3, and Tmeff2). Surprisingly, we found
a very low level of methylation of these genes (average 6.6%), without differences between
normal tissues and polyps irrespective of the dietary regimens or what they were drinking
(Supplementary Fig. S5).

We also analyzed the methylation status of LINE-1 (Fig. 4A) and age-related
hypomethylated genes Igf2-DMR1 and P2rx7 (Fig. 4B and C). A higher level of LINE-1
methylation was observed among animals receiving the BD and drinking APE in both
normal tissues and polyps, while no differences were found for animals fed with the WD
(Fig. 4A). For Igf2-DMR1, we found a higher level of methylation in normal tissues from
animals fed with the BD and drinking APE (Fig. 4B), whereas for P2rx7, a higher level of
methylation was observed in normal tissues from animals fed with the WD and drinking
APE (Fig. 4C). Also, as expected, polyps showed lower levels of methylation (34%)
compared with normal tissues (35.73%; P = 0.0163).

Finally, we analyzed the methylation of age-related hypermethylated genes (Esr1, Nkx2–5,
Gpr37, Prdm5, Myod1, Nptx2, and Igf2-DMR2) but the differences were not significant
(Supplementary Fig. S6).

Discussion
In this study, we show that APE is a very effective chemo-preventive agent in the ApcMin/+

mouse, a model of familial adenomatous polyposis. APE supplementation to the drinking
water decreased polyp numbers and sizes, improved mouse activity, and eliminated (in the
BD group) or greatly reduced (in the WD group) rectal bleeding. Importantly, APE strongly
reduced lipid peroxidation, increased antioxidant activity, and protected against increased
hypomethylation, particularly in the normal tissue. In accordance with previous reports (28),
our data suggest that the WD is associated with a larger number of polyps in animals
genetically predisposed to polyp formation, leading to increased rectal bleeding, cachexia,
and cancer.

We found that APE significantly reduced the polyp number when comparing groups
matched by diet, with a reduction by 35% in animals fed with the BD and 42% in those fed
with the WD; moreover, the polyp load was decreased by 52% to 60%. Importantly, APE is
not only biologically active in polyp reduction in the BD-fed animals, but it also counteracts
the tumorigenic effect of the WD on the ApcMin+ animals. In fact, in the WD group, APE
significantly decreased the number of polyps to a degree less than that found in the BD
water-drinking group. Therefore, although a WD significantly increases the number of
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polyps, a BD supplemented with APE was the most effective combination in the prevention
of polyps in the ApcMin/+ mice.

Recently, synthetic and natural compounds have been tested as chemopreventive agents for
CRC in the ApcMin/+ model. Synthetic drugs, such as coxibs, dramatically reduce polyp
number (29, 30), but their use has been hampered by cardiovascular toxicity (31).
Surprisingly, when tested in long-term animal studies (>3 months), the COX-2 inhibitor
celecoxib has a protumorigenic effect in the intestine (32).

On the other hand, natural compounds have lower toxicity and fewer side effects than
synthetic drugs, but they are often less effective for adenoma prevention. For example,
resveratrol caused a 27% decrease in polyp formation (15), whereas curcumin caused a 40%
reduction (33). EGCG, a polyphenol compound chemically similar to those in APE,
administered to ApcMin/+ mice at doses of 0.01% (14), 0.08%, or 0.16% (22) in drinking
fluids led to reductions in small intestinal tumors ranging from 37% to 47% (22). In our
study, APE used at a dose of 60 μmol/L of catechin equivalents (~0.002%), a dosage 10- to
50-fold lower than the concentration of EGCG, had similar efficacy in reducing polyps,
suggesting that the mixture of multiple polyphenols naturally present in the apple acted
synergistically. We believe that the presence in APE of both monomeric polyphenols
(catechin, epicatechin, chlorogenic acid, caffeic acid, and rutin) and polymeric polyphenols
(procyanidins) may explain our striking reduction in number and size of polyps. Indeed, as
also suggested by Gosse and colleagues (34), it is reasonable to speculate that the APE
monomeric fraction, in the parent form or as metabolites, may act locally and systemically
in the upper gastrointestinal tract, whereas the polymeric fraction may act as a dietary fiber
in vivo, reaching the colon unmodified and playing a more important role in the lower
intestine.

In this study, 2 important risk factors for polyp formation were investigated: genetic
predisposition and diet. We found that APE strongly reduced lipid peroxidation in ApcMin/+

mice fed with either diet and wt mice fed with the WD. In WD groups, the effect was
evident in both ApcMin/+ and wt arms, and this was probably associated with the high-fat
diet which increases lipid peroxidation in the absence of APE supplementation (35–37). Our
data suggest that APE prevents lipid peroxidation in high-risk subjects either because they
have an “unbalanced” diet (ApcMin/+fed with the WD) or an excessive sensitivity to
oxidative stress because of the underlying disease (ApcMin/+fed with the BD). Recently, in
support of this interpretation, EGCG has been shown to reduce the adipose tissue mass and
the levels of plasma triglyceride and liver lipids in high-fat diet-induced obese mice (38).

With regard to antioxidant activity, APE increased FRAP in both wt groups. Because of the
higher standard error associated with the measurement of FRAP in the ApcMin/+ animals, we
did not find significant differences between water- and APE-drinking animals. In the
ApcMin/+ BD group treated with APE, FRAP increased minimally compared with water-
drinking animals. This might be a consequence of the intrinsic antioxidant properties of the
BD (higher vitamin C), which may have masked the antioxidant capacity of APE.

Several studies have shown that apple derivatives might modulate tumor formation or
progression by antioxidant or anti-inflammatory properties, as well as by inhibiting cell
proliferation and increasing cell death (39). We tested the hypothesis that the effect of APE
on polyps is mediated by epigenetic modulation. It is known that methylation of promoters
in CpG islands plays a critical role in colon carcinogenesis. Several TSGs are commonly
hypermethylated in human CRC including, p16ARF/INK4a, TIMP3, and hMLH1 (for
review see ref. 40). Interestingly, we found a low level of methylation (average 6.6%)
among all samples and no changes based on diet or APE. These findings suggest that
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contrarily to what happens in humans and what had been previously reported in the same
strain of mice (41), methylation of TSGs does not contribute to polyp growth in the
ApcMin/+ mouse model.

Besides the role of CpG island hypermethylation in tumorigenesis, genome-wide DNA
hypomethylation can cause genomic instability, predisposing to DNA strand breakage and
recombination (42). Global genomic hypomethylation seems to be associated with age,
explaining the higher incidence of cancer with aging. Furthermore, it is known that chronic
inflammation can increase the level of global hypomethylation, thus increasing susceptibility
to cancer (43). Because APE is known to have anti-inflammatory properties, we tested
changes in methylation in repetitive sequences such as LINE-1, and age-related
hypomethylated genes such as Igf2 and P2rx7. As expected, we found an increased level of
hypomethylation in polyps compared with normal tissues. Importantly, we found that APE
protected against hypomethylation, particularly in normal tissue as shown by an increase in
methylation in LINE-1 and Igf2-DMR1 for BD-fed animals drinking APE. The regulation of
LINE-1 methylation is poorly understood. It is possible that there could be a synergic effect
between APE and BD in normal tissues, whereas the smaller effects found in polyps (limited
to LINE-1 for animals fed with the BD) may be driven by tumor-related hypomethylation
which cannot be overcome by APE. Our data suggest that, even with short-term treatment,
APE protects against hypomethylation. However, the methylation differences need to be
confirmed in other studies because the use of multiple comparisons could have led to false
positive findings.

Because of the stability and lack of toxicity, mice received APE ad libitum and drank
approximately 5 mL/d. Thus, the effects in this study were attributable to a daily APE
dosage of approximately 8 μmol/L catechin equivalents/kg body weight (corresponding to
~0.9 mg chlorogenic acid/kg). Considering that Annurca is a small apple (mean ~140 g) and
contains approximately 9 mg of chlorogenic acid per 100 g fresh weight (21), the daily
dosage of APE used in this study corresponds to a daily consumption of about 5 Annurca
apples by a 70-kg person.

In conclusion, our data suggest that APE is a candidate chemopreventive agent for CRC,
particularly for high-risk populations (such as FAP) eating a WD. Human studies are
warranted.
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Figure 1.
Effect of APE on the relative body weight in wt (A) and ApcMin/+ mice (B). A strong
protective effect was found for APE in ApcMin/+ animals fed with a WD at week 9.
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Figure 2.
Polyp size distribution in the small intestine (A) and colon (B) of ApcMin/+ mice. A, polyps
smaller than 1 mm were more common in the APE–BD group, whereas polyps sized 1 to 3
mm and larger than 3 mm were significantly associated with the water-drinking arms. *, P <
0.0001 for Water-BD versus APE-BD; **, P < 0.0001 for Water-WD versus APE-WD; ***,
P = 0.0122 for Water-WD versus APE-WD. B, polyps smaller than 1 mm were found only
in APE-BD, which lacked polyps larger than 3 mm.
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Figure 3.
Antioxidant effects of APE. A, APE treatment increases serum FRAP in wt and ApcMin/+

animals. B, serum MDA concentrations were significantly lower in APE-treated ApcMin/+

mice fed with both WD and BD as well as in WD-fed wt animals. Abbreviation: n.s., not
significant.
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Figure 4.
APE affects methylation of age-related hypomethylated genes. Methylation of (A) LINE-1,
(B) Igf2-DMR1, and (C) P2rx7. Abbreviation: n.s., not significant.
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Table 2

Effect of APE on polyp number in ApcMin/+ mice (polyps/mouse)

Water-WD (n = 13) Water-BD (n = 12) APE-WD (n = 12) APE-BD (n = 13)

Small intestine 36.54 ± 1.72 25.67 ± 1.21 21.17 ± 0.73 16.92 ± 0.55

Colon 1.46 ± 0.27 0.92 ± 0.26 0.75 ± 0.22 0.31 ± 0.13

Total 38 ± 1.81a 26.58 ± 1.08b 21.92 ± 0.67a 17.23 ± 0.59b

a
P < 0.001.

b
P < 0.001.
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Table 3

Effect of APE on polyp load in ApcMin/+ mice (polyp load/mouse)

Water-WD (n = 13) Water-BD (n = 12) APE-WD (n = 12) APE-BD (n = 13)

Small intestine 84.5 ± 8.79 38.14 ± 5.88 38.97 ± 3.67 17.18 ± 2.63

Colon 6.6 ± 2.21 6.51 ± 2.82 5.14 ± 1.83 0.74 ± 0.42

Total 91.1 ± 6.39a 44.65 ± 6.64b 44.11 ± 6.65a 17.92 ± 6.39b

a
P < 0.001.

b
P < 0.001.
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