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Abstract

BACKGROUND—Esophageal squamous cell carcinoma (ESCC) is one of two subtypes of
esophageal cancer, with high incidence and mortality rates in developing countries.

OBJECTIVE—The current study investigated the potential chemoprotective effects of
strawberries and aspirin against the development of rat esophageal papillomas, the precursors to
ESCC.

METHODS—Using a prevention model, we administered study diets to rats before, during, and
after Atnitrosomethylbenzylamine (NMBA) treatment. The effects of the four diets were
evaluated: the control diet, 5% strawberry powder in the control diet, 0.01% aspirin in the drinking
water, and the combination of strawberries and aspirin. At week 25, we euthanized all the rats and
collected their esophagi to quantify tumor incidence, multiplicity, and burden, as well as for
molecular analysis.

RESULTS—Both strawberries and aspirin significantly decreased esophageal tumor multiplicity,
with the combination causing the most robust suppression. Aspirin alone and the combination
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decreased the total tumor burden in the esophagus. None of the diets had a significant effect on
tumor incidence or the expression of COX-1 and COX-2. Strawberries and aspirin, alone and in
combination, significantly suppressed squamous epithelial cell proliferation (PCNA).

CONCLUSIONS—Strawberries, aspirin, and their combination exhibit chemoprotective effects
against NMBA-induced esophageal tumors in rats.
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1. Introduction

Esophageal cancer (EC) is the eighth most common cancer worldwide [1]. In 2012, there
were approximately 456,000 new cases (accounting for 3% of all cancers) and 0.4 million
EC-related deaths (accounting for 5% of all cancer deaths) [1]. In the United States, EC is
more common among men than among women, and is the seventh leading cause of cancer-
related death in men [2]. Overall, approximately 17,290 new cases (13,480 in men and 3,810
in women) and 15,850 EC-related deaths (12,850 in men and 3,000 in women) were
estimated to occur in the US in 2018 [2].

EC patients can be asymptomatic or present with dysphagia, chest pain, weight loss,
breastbone pressure, and cough [3]. Currently, imaging technologies, such as endoscopy,
endoscopic ultrasonography, esophagoscopy, and computed tomography are widely used to
diagnose and stage EC [4]. As for many other cancers, surgery, radiotherapy, and
chemotherapy are the standard therapies. Unfortunately, esophagectomy itself has a high
degree of morbidity and mortality, with 2%-25% of patients dying within 30 days after
surgery [5, 6]. Also, more than half of patients present with distant metastases at the time of
diagnosis, and so are not candidates for surgical resection [7]. Due to these challenges, the
overall 5-year survival rate for EC patients is only about 18% [8].

There are two main subtypes of EC: esophageal squamous cell carcinoma (ESCC) and
esophageal adenocarcinoma (EAC). Developing countries have a relatively higher incidence
of ESCC, while EAC is on the rise in developed countries [1, 9, 10]. In the US, there has
been a steady decline in the incidence of ESCC, which might be attributed to decreased
tobacco and alcohol use [11, 12]. However, the increased prevalence of gastroesophageal
reflux disease and obesity might have contributed to the rise of EAC over the past three
decades [7].

High-dose aspirin (325-600 mg/day) has analgesic effects, while low-dose aspirin (75-81
mg/day) is used to prevent cardiovascular disease [13], colorectal cancer, and lung cancer
[14-16]. Observational studies also indicate a lower risk of EC (ESCC and EAC combined)
with daily intake of low-dose aspirin [17-21]. For example, a meta-analysis by the Corley
group that included 2 cohort studies and 7 case-control studies, a total of 1,813 cancer cases,
suggested that routine aspirin intake correlated with a 42% reduction in the odds of
developing ESCC (odds ratio = 0.58; 95% confidence interval (CI): 0.43-0.78) [17].
Similarly, the Bosetti group analyzed 139 studies and observed an overall 39% reduction in
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the risk of ESCC among regular aspirin users (risk ratio = 0.61; 95% CI: 0.50-0.76, p
<0.001) [19]. However, one British study of two independent population-based cohorts
found that low-dose aspirin use did not increase the survival of patients with EC [22].

The most common etiological factors in both China and Western countries are tobacco and
alcohol use. Other factors include a low intake of fruit and vegetables and a diet lacking in
micronutrients, specifically in some regions of China where ESCC is very common [9]. In
the Chinese-US cooperative Linxian Nutrition Intervention Trials (LNIT), the diets of
29,584 adults (aged 40-69 years) were supplemented with various micronutrients, including
(A) retinol and zinc, (B) riboflavin and niacin, (C) ascorbate and molybdenum, (D) a-
tocopherol, S-carotene, and selenium, and also these agents in combination as AB, AC, BC,
AD, BD, CD, and ABCD, as well as placebo, for 63 months. Ten-year follow-up studies
found that supplementation with a-tocopherol, S-carotene, and selenium reduced mortality
from ESCC by 17% in subjects who began the supplementation at age <55 years [23]. These
results suggest potential chemoprotective effects of micronutrients against ESCC prior to
initiation or during the early stages of these disease. However, supplementation increased
ESCC mortality by 14% in patients 55 years or older [23], which raises concerns regarding
the optimized timing of administration of micronutrient supplement for preventing ESCC.

Berries, such as strawberries, blueberries, blackberries, red raspberries, and black
raspberries, are widely consumed worldwide and present many health benefits [24-28]. For
example, strawberries contain abundant vitamins, minerals, and phytochemicals that have
shown to be chemoprotective through their regulation of key cellular pathways involved in
the initiation and progression of cancer. These studies describe the anti-proliferative effects
of strawberries in prostate cancer, cervical cancer, ovarian cancer, hepatoma, leukemia, and
melanoma [29].

One focus of our laboratory is the chemopreventive effects of berries against ESCC [30-41].
Carlton, et al. previously demonstrated that both 5% and 10% strawberries reduced the
multiplicity of rat esophageal tumors induced by the carcinogen A-
nitrosomethylbenzylamine (NMBA) [42]. More importantly, they observed a dose-
dependent inhibition as 10% strawberries produced more robust suppression than 5%
strawberries and also decreased tumor incidence [42]. In a post-initiation protocol, in which
study diets were initiated after NMBA treatment, they observed that both 5% and 10%
strawberries inhibited tumor multiplicity but saw no dose-dependent effects [42]. The
relevance of these observations by Carlton, et al. is that NMBA is found in many foods,
including grilled/smoked meat, pickled and preserved vegetables [43], and moldy corn in the
high-incidence regions of China [9]. It is also the most potent N-nitrosamine carcinogen for
the rat esophagus [44].

To date, the evidence that aspirin might protect against ESCC comes largely from
epidemiological studies. Therefore, our current study aimed to investigate the
chemoprotective abilities of strawberries and aspirin during the complete carcinogenic
process, including both tumor initiation and promotion/progression [32]. Our results
confirmed the observations of Carlton et al. on the chemopreventive effects of strawberries
in the rat esophagus. For the first time, they also provided experimental evidence of aspirin’s
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chemopreventive effects in rat esophagus. Moreover, our results indicate that the
combination of strawberries and aspirin produces stronger suppression of esophageal tumor
development in rats than either agent alone.

2. Materials and methods

2.1. Animals and reagents

All animal protocols followed the institutional guidelines for animal care and were approved
by the Medical College of Wisconsin Animal Care and Use Committee. Three-to-five-weeks
old male Fisher-344 (F-344) rats obtained from Harlan Sprague-Dawley (Indianapolis, IN)
were housed two per cage under standard conditions (20 + 2°C, 50% + 10% relative
humidity, and 12-hour light/dark cycles). Diet and water were available ad /ibitum. The
hygienic condition of each cage was examined daily, and the bedding was changed twice a
week, according to the recommendations of the American Association of Laboratory Animal
Care (AALAC).

NMBA was purchased from Ash Stevens (Detroit, MI), and aspirin was purchased from
Sigma-Aldrich (St. Louis, MO). All reagents were prepared immediately prior usage.

2.2. Diet preparation

A Hobart mixer was used to prepare each diet. The American Institute of Nutrition-76A
(AIN-76A) synthetic diet was purchased from Dyets, Inc. (Bethlehem, PA) for use as the
control diet. Strawberries of the Commander variety were obtained from Driscoll Farms
(Watsonville, CA), and were picked ripe, washed, frozen, and shipped to Van Drunen Farms
(Momence, IL) for freeze-drying. Strawberry powder was added to the control diet at 5% of
the final diet mixture. The control diet and the 5% strawberry diet were stored in a -20°C
freezer.

Aspirin was first dissolved in 20% DMSO, and then diluted to a concentration of 0.01% in
water.

2.3. Animal experiments

When the rats arrived at our animal facility, they were placed on the AIN-76A control diet to
acclimate for 1 week and then changed to their corresponding diets until the end of the study
(Fig. 1A). They were randomly assigned to five groups: group 1, vehicle injection and
control diet; group 2, NMBA injection and control diet; group 3, NMBA injection and
control diet supplemented with 5% strawberry powder; group 4, NMBA injection, control
diet, and 0.01% aspirin in the drinking water; group 5, NMBA injection, control diet
supplemented with 5% strawberry powder and 0.01% aspirin in the drinking water (Fig. 1B).
After 2 weeks on their respective diets, the rats were injected subcutaneously with either
vehicle control (20% DMSO in water) or NMBA (0.35 mg/kg body weight dissolved in 20%
DMSO) once per week for 15 weeks. They continued to receive their respective diets during
the 15-week injection period and for 7 subsequent weeks. At week 25, all the rats were
euthanized, and their esophagi were collected to quantify tumor incidence, multiplicity, and
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burden (tumor burden = tumor multiplicity x average tumor size), and for histological and
molecular analyses.

2.4. Western blot analysis

Protein lysates of rat esophagi were used for western blot analysis. Antibodies for COX-1
(#9896; dilution, 1:1000), COX-2 (#12282; dilution, 1:500), PCNA (#13110; dilution,
1:500), cyclin D1 (#2978; dilution, 1:500), cyclin A2 (#4656; dilution, 1:500), and CDK4
(#12790; dilution, 1:500) were purchased from Cell Signaling Technology (Danvers, MA)
and used to quantify their respective levels in the esophageal lysates. The antibody against
S-actin (691001; dilution, 1:5000) was purchased from MP Biomedical (Santa Ana, CA).
Anti-rabbit (#7074S; dilution, 1:3000) and anti-mouse (#7076S; dilution, 1:3000) secondary
antibodies were purchased from Cell Signaling Technology (Danvers, MA). Blots were
quantified by densitometry, using ImageJ software, and levels of the proteins of interest were
normalized to levels of B-actin.

2.5. Statistical analysis

Tumor data and western blot data were compared, using one-way ANOVA and Tukey’s post-
hoctest (SigmaPlot, San Jose, CA). A pvalue <0.05 was considered statistically significant.

3. Results

3.1. Strawberries and aspirin significantly suppress esophageal tumor development

As indicated above in Materials and Methods, all rats were euthanized at week 25 and their
esophagi were collected. Tumor incidence, multiplicity, and burden were evaluated. None of
the rats on the control diet (group 1) developed esophageal tumors. All the rats in the
carcinogen control group (group 2) developed tumors (100% incidence). The study diets had
no effect on tumor incidence in groups 3-5 (Fig. 1B). However, all three study diets (groups
3-5) decreased tumor multiplicity, with the diet given to group 5 (strawberries in the diet
and aspirin in the drinking water) being the most effective (Fig. 2A). This suggests that the
combination of strawberries and aspirin inhibits esophageal tumor development more
strongly than either agent alone. Furthermore, aspirin alone or in conjunction with
strawberries significantly suppressed the tumor burden (Fig. 2B). Overall, these results
suggest that strawberries and aspirin, alone and in combination, suppress the development of
esophageal tumors.

3.2. Strawberries and aspirin do not affect cyclooxygenase expression

Our previous studies demonstrated that dietary 5% black raspberries suppress the expression
of cyclooxygenase (COX)-2 at week 30 in the NMBA-induced rat esophageal tumor model
[38]. In addition, a human clinical trial involving patients with esophageal dysplasia
indicated that oral consumption of 60 g per day of freeze-dried strawberry powder in water
for 6 months led to a 62.9% reduction (p <0.001) in the levels of COX-2 protein expression
in the esophagus [45]. Based on this observation and the fact that aspirin is an irreversible
inhibitor for both COX-1 and COX-2 [46], we examined whether 5% strawberries, aspirin,
or a combination of the two could inhibit COX-1 and COX-2 expression in NMBA-treated
rat esophagus. However, our results revealed no overall increase in COX-2 expression in the
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esophagi of rats that were injected with the carcinogen NMBA compared with those on the
control diet (Fig. 3). Therefore, it was not possible to evaluate any potential effects of the
strawberry and aspirin treatment. These results are inconsistent with our previous study in
which NMBA-treated esophagi had significantly enhanced COX-2 expression in whole
esophagus, and to a greater extent in papilloma tissues, than in untreated control esophagus
[38].

3.3. Strawberries and aspirin suppress esophageal tumor cell proliferation

Given that all three study diets significantly decreased tumor multiplicity, we examined the
diets’ effects on the proliferation of esophageal tumor cells. A significant decrease in the
protein expression of proliferating cell nuclear antigen (PCNA) associated with each of the
three study diets (Fig. 4), which may have directly contributed to the decreased tumor
multiplicity (Fig. 2A). We further investigated the potential effects of strawberries and
aspirin on the expression of cyclins and cyclin dependent kinases (CDK), and observed no
significant changes in the protein expression of cyclin D1, cyclin A2, or CDK4 (Fig. 4),
though aspirin showed a trend toward decreasing the expression of cyclin D1 and CDK4. We
also attempted to examine the effects of these agents on caspase expression, but cleaved
caspase-3 expression was not detectable in normal or treated esophagi (data not shown).

4. Discussion

Chemoprevention research has gained more attention over the past decades in part because
many large-scale epidemiological studies have demonstrated an inverse association between
healthy diets and the risk of cancer. These results provide a convincing rationale for a diet
rich in fruits, vegetables, and fiber.

Our laboratory focuses on chemoprevention of colorectal cancer [47-57] and ESCC [30-
41], using different types of berries. Strawberries have been protective against a number of
cancers, including prostate cancer, cervical cancer, ovarian cancer, hepatoma, leukemia, and
melanoma [29]. Moreover, Carlton, et al. [42] demonstrated their protective effects in the rat
esophagus. It is also known that low-dose aspirin protects against multiple human cancers
such as colorectal cancer and lung cancer [58] as well as lowering the risk of cardiovascular
diseases. Our study is unique because it provided the first experimental evidence for
aspirin’s ability to reduce NMBA-tumorigenesis in the rat esophagus. It also suggests that
the combination of strawberries plus aspirin is more effective than either agent alone. In the
current study, tumor multiplicity was more strongly suppressed by the combination of 5%
strawberries and 0.01% aspirin. The mechanism underlying this collaboration warrants
further investigation.

Aspirin is an irreversible inhibitor of both COX-1 and COX-2, and Chen, et al showed that
strawberries are capable of inhibiting COX-2 expression in the human esophagus [45].
However, we did not observe any significant effect of either strawberries or aspirin on
COX-1 or COX-2 expression in NMBA-treated rat esophagus. One possible reason for this
discrepancy might be the length of our study period. Our previous studies that examined the
effects of black raspberries on esophageal tumor development [38] showed overexpression
of COX-2 after NMBA treatment at week 30, which is 5 weeks later than the time point in
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the current study (week 25). In addition, 5% black raspberries suppressed cox-2 mRNA
expression more strongly at week 35 than at weeks 15 and 25 [40]. These results suggest
that a longer course of berry treatment might produce stronger suppression of COX-1 and
COX-2. Another potential reason might be the relatively low dose of aspirin. We used 0.01%
aspirin in the drinking water, which is equivalent to about 35 mg per day for human adults.
At this low dose, aspirin exhibited chemoprotective effects against papilloma tumor
development but did not change COX-2 expression. These results suggest that a higher dose
of aspirin (equivalent to 75-81 mg per day for human adults) might be needed to inhibit
COX-2 expression.

Given that the study diets reduced tumor multiplicity and burden, we examined their
potential effects on esophageal cell proliferation. All three study diets significantly inhibited
the expression of PCNA, which may directly contribute to decreased tumor multiplicity.
Furthermore, we determined if the study diets suppressed cell proliferation by affecting cell
cycle regulators, but did not observe any significant changes in the protein expression of
cyclin D1, cyclin A2, or CDKA4. Interestingly, cyclin D1, but not cyclin D2 or D3, is
overexpressed in many human ESCC cell lines [59], and its expression associates with
CDK4 but not PCNA [59]. In addition, one population-based study showed that NSAID use
could lower the odds ratio of developing ESCC, regardless of the status of cyclin D1 [60].
These results suggest that mechanisms independent of cell cycle regulation might underlie
the chemoprotective effects of strawberries and aspirin.

5. Conclusions

In summary, the current study provided the first experimental evidence of aspirin’s ability to
inhibit the development of NMBA-induced esophageal tumors in rats. It also revealed that
the combination of strawberries plus aspirin has a stronger chemoprotective effect than
either agent alone. Both strawberries and aspirin suppressed cell proliferation independently
of changes in cell cycle regulation. Future studies should investigate the potential underlying
mechanisms and whether strawberries and aspirin have similar effects in the post-initiation
model of esophageal tumor development in rats. If this were the case, these agents might
serve as adjuvant treatments to chemo/radiotherapy for human ESCC.
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Fig. 1.
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A prevention rat esophagus model was used to investigate the chemoprotective abilities of
strawberry powder and aspirin. (A) Study protocol for the prevention model. Rats were
subcutaneously injected with NMBA at 0.35 mg/kg body weight or vehicle control once per

week for 15 weeks. Different study diets were administered 2 weeks prior to the initial

injection with NMBA, during the 15 weeks of injections, and for an additional 7 weeks after
the last injection. (B) Group assignment of the different study diets.
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Strawberries and aspirin significantly suppressed esophageal tumor development. (A) All
three study diets significantly reduced tumor multiplicity. Strawberries and aspirin in
combination showed a stronger effect. (B) Tumor burden was significantly reduced by
aspirin alone and the combined diet. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3.
Strawberries and aspirin do not affect cyclooxygenase expression. Rat esophagi were

collected and analyzed with western blotting to examine the expression of COX-1 and
COX-2. No significant changes were observed in either the control groups or the groups on
the study diets. 7= 4-6.
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Fig. 4.
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Strawberries and aspirin suppressed esophageal tumor cell proliferation. Rat esophagi were
collected and analyzed with western blotting to examine the expression of PCNA, cyclin
D1,cyclin A2, and CDKA4. All three study diets significantly suppressed cell proliferation but
had no significant effects on cell cycle regulation. 7= 4-6, *p < 0.05, **p < 0.01, ***p <

0.001.
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