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Effects of sterigmatocystin on esophageal epithelium
and experimental reflux esophagitis in rats
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Abstract. Patients with reflux esophagitis experience an
increased incidence of esophageal cancer. In China, this
may be the result of contamination of the food supply by
Aspergillus fungi, which is known to harbor sterigmatocystin,
a carcinogenic mycotoxin. To delineate the potential link
between sterigmatocystin and esophageal cancer, an experi-
mental model of reflux esophagitis was developed in rats that
had undergone a cardiectomy and partial pylorus ligation.
The rats were treated with sterigmatocystin or saline, and
esophageal squamous cell hyperplasia was assessed based
on the pathological evaluation. The expression of prolifer-
ating cell nuclear antigen (PCNA), transporter associated
with antigen processing 1 (TAPI) and low molecular weight
protein 2 (LMP2) was determined by immunohistochemistry.
Intraperitoneal administration of sterigmatocystin promoted
the proliferation of squamous epithelium. In addition, it also
increased the expression of PCNA in esophageal epithelial
cells in rats with reflux esophagitis and was correlated with
the increased severity of epithelial hyperplasia. The expression
levels of TAP1 and LMP2, which are located in the cytoplasm
of esophageal epithelial cells, were reduced in rats with reflux
esophagitis, and sterigmatocystin exposure further decreased
the expression. Thus, the downregulation of TAP1 and LMP2
proteins by sterigmatocystin may directly affect tumor immu-
nity by allowing transformed cells to escape the host immune
surveillance, thereby promoting esophageal cancer.
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Introduction

Sterigmatocystin is a mycotoxin derived from the Aspergillus
fungus, and is a known carcinogen (1-4). The development
of esophageal cancer has been linked to sterigmatocystin
consumption (1,3); however, a variety of factors, including
esophageal mucosal injury and immune function, are likely
to be involved in disease onset (5,6). Epidemiological studies
have demonstrated that the eating habits of residents in China
contribute to the relatively high incidence of esophageal cancer
and the prevalence of reflux esophagitis (6,7). The presence
of contaminating mycotoxins in the Chinese food supply is a
serious and widely recognized issue (1,8). Previous studies of
the sterigmatocystin mycotoxin have demonstrated its ability
to negatively impact immune function. Sterigmatocystin treat-
ment of human peripheral blood mononuclear cells resulted in
a significant downregulation of the gene expression of trans-
porter associated with antigen processing 1 (TAP1) and low
molecular weight protein 2 (LMP2), two key regulators of the
immune response. Moreover, sterigmatocystin was observed
to inhibit the expression of human leukocyte antigen (HLA)-I
in human esophageal squamous cells in a dose-dependent
manner (9,10). Considering the extent of sterigmatocystin
mycotoxin contamination in the general food supply and its
suggested link to esophageal cancer and decreased immune
function, this study was conducted to investigate the effects
of sterigmatocystin exposure in rats with reflux esophagitis.
Proliferating cell nuclear antigen (PCNA), LMP2 and TAP1
protein expression was determined in these rats in the absence
and presence of sterigmatocystin.

Materials and methods

Materials. Thirty healthy male Wistar rats (age, 4 weeks;
weight, 40-50 g) were purchased from the Experimental
Animal Center of Hebei Medical University in China
(Hebei, China). This study was conducted with the approval
of the Local Ethics Committee of Hebei Medical University
(no. DK051207). Sterigmatocystin was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Goat anti-human LMP2
polyclonal antibody and goat anti-human TAP1 polyclonal
antibody were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). The PCNA polyclonal antibody
was purchased from Wuhan Boster Biological Technology,
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Ltd. (Wuhan, China). The immunohistochemical staining kit
(model no. 1386323) was purchased from Beijing Zhong Shan
Golden Bridge Biotechnology Co., Ltd. (Beijing, China).

Grouping and modeling. Rats (n=30) were randomly divided
into the following three groups (n=10): i) Control group,
treated with placebo and surgery; ii) esophagitis model group,
experimental reflux esophagitis achieved by cardiectomy and
ligation of half of the pylorus without sterigmatocystin; and iii)
sterigmatocystin-treatment group, the reflux esophagitis model
with sterigmatocystin treatment. Surgery was performed when
the rats acclimated to their environment for 1-2 days.

In the control group (placebo treatment), esophageal
diameter was small (~3 mm), thus the surgery required
precise technical procedures. While under 10% chloral
hydrate anesthesia (3 ml/kg, administered intraperitoneally),
the abdominal cavity was opened to expose the stomach and
esophagus, the anterior branch of the left gastric artery was
ligated to reduce bleeding and the abdomen was closed. Prior
to and following surgery, rats were allowed liquid glucose
only for 24 h. Additionally, a liquid diet was provided for three
days following surgery, subsequent to which a normal diet
was resumed. After 7 days, placebo treatment (intraperitoneal
injection with saline) was administered once a day for seven
days.

In the esophagitis model group, the abdominal cavity was
opened to expose the stomach and esophagus while mice were
under anesthesia (10% chloral hydrate administered intraperito-
neally). The anterior branch of the left gastric artery was ligated
and the sphincter was cut off by the removal of the cardiac
smooth muscle; simultaneously, one-third of the circumference
of the lower esophageal smooth muscle was removed. The
abdomen was closed and the rats were provided with the same
diet and saline injections as described for the control group.

In the sterigmatocystin treatment group, anesthesia,
surgical procedures and food intake were identical to those
described for the experimental esophagitis group. Seven days
after the normal diet was resumed, an intraperitoneal injection
of sterigmatocystin (30 pg/kg) was administered, followed by
consecutive daily sterigmatocystin injections for seven days.
A parenteral route of sterigmatocystin administration was
performed rather than peroral administration, as this route
failed to induce esophageal cancer in our previous study (1).

A number of rats from all groups were sacrificed 5 or
11 weeks after the seventh day of treatment (n=6 in the control
group, n=8 in the esophagitis model group, n=10 in the sterig-
matocystin treatment group). The groups were split evenly into
two groups for the two sacrifice time points.

Pathological analysis. The esophagus was excised en bloc and
examined for general morphological changes. Tissue samples
were then placed in formalin solution to be longitudinally
fixed. Conventional hematoxylin and eosin (H&E) staining
was performed on the sections and histological changes were
evaluated by light microscopy.

Immunohistochemical detection of PCNA, TAPI and LMP2
expression. Immunohistochemical staining was performed
according to the manufacturer's instructions (Santa Cruz
Biotechnology,Inc.,Santa Cruz,CA,USA). Phosphate-buffered
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saline was used in lieu of primary antibody as a negative
control.

Criteria for pathological analysis. Two blinded experts
performed the pathology-based diagnosis. The esophagitis
classification of specimens was conducted according to
the following Tokyo standards (11,12): 0, no esophagitis
observed; 1, redness or white turbidity; 2, erosion, ulcer
esophageal length of <1/3 of the total oesophageal length
(units) and non-integration; 3, erosion, esophageal ulcers
account for the full length (1/3-2/3 units) and with integra-
tion; and 4, erosion, esophageal ulcers account for the full
length (>2/3 units). Inflammation scores were allocated based
on the following criteria (per high power field): 0, no inflam-
matory cell infiltration; 1, a small number of inflammatory
cells; 2, moderate inflammatory cell infiltration; and 3, a
large quantity of inflammatory cell infiltration. Hyperplasia
scores were allocated according to the following classifica-
tions: 0, normal esophageal stratified squamous epithelium
basal cell layer; 1, basal cell hyperplasia was 1/3 of the total
thickness; and 2, basal cell hyperplasia was 1/3-2/3 of the
total thickness.

Criteria for immunohistochemical analysis. This was
performed by two common film reading statistical procedures.
For PCNA, the number of positive cells per high power field
(x400) for 10 fields was counted. The average rate of positive
cells for every 100 epithelial cells was used as the PCNA
labeling index (PCNA LI). For TAP1 and LMP2, the number
of positive cells per high power field (x400) for 10 fields was
counted. The average rate of positive cells for every 100
epithelial cells was used as the rate of expression of TAP1 and
LMP2.

Statistical analysis. SPSS 11.0 (SPSS Inc., Chicago, IL, USA)
statistical software was used for single-factor analysis of vari-
ance (ANOVA) and Student-Newman-Keuls test was used
for pairwise comparisons. P<0.05 was considered to indicate
statistically significant differences.

Results

Condition of rats. One rat died of an anesthesia overdose during
the surgical procedure, while a second rat died due to an esopha-
geal perforation. Following surgery, two rats died as a result
of intestinal obstruction and an additional two rats died from
unknown causes. A total of 24 rats survived and completed the
study. Reflux behavior via the mouth was observed in the esoph-
agitis model and sterigmatocystin-treated animals after 1 week,
and suggested that the reflux surgery had been successful.
Compared with the control and esophagitis model groups, the
sterigmatocystin-treated animals exhibited a reduced intake of
food and water, reduced locomotor activity and a less glossy
coat.

Esophageal specimens from rats with reflux esophagitis.
Smooth and normal esophageal mucosa were identified in the
control group (Fig. 1). By contrast, the esophagitis model and
sterigmatocystin-treated groups exhibited mucosal congestion
with edema, erosion and ulcers (Fig. 2).
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Table I. Esophageal squamous cell score in reflux esophagitis rats.
Control group Esophagitis model group ST-treated group

Score (n=6) (n=8) (n=10)
Inflammation score at week 5 1.47+0.46 1.89+0.10
Inflammation score at week 11 1.70+0.28 1.87+0.447
Hyperplasia severity score at week 5 1.43+0.06 1.68+0.08"
Hyperplasia severity score at week 11 1.40+0.15 1.62+0.14*
PCNA LI 21.50+£9.79 49.17+18.67 70.10+12.55*

“P<0.05 vs. esophagitis model group. ST, sterigmatocystin; PCNA LI, proliferating cell nuclear antigen labeling index.

Figure 1. Esophageal squmaous epithelium of rats in the control group (stain,
heamatoxylin and eosin; magnification, x400)

H&E staining of the esophagus in rats with reflux esopha-
gitis. At 5 weeks following treatment, the esophageal
tissues in the esophagitis model group exhibited epithelial
hyperplasia, acanthosis of the basal layer in association with
general congestion and edema, vein dilation, angiogenesis,
submucosal infiltration of inflammatory cells and the pres-
ence of eosinophils, neutrophils and lymphocytes. In severe
cases, the esophagus presented mucosal cell degeneration
and necrosis with epithelial shedding and granulation tissue
formation. An ulcer structure was identified in one case.
The esophagus in sterigmatocystin-treated rats showed
esophageal epithelial hyperplasia, acanthosis of the basal
layer and the majority of the nuclei exhibited loss of polarity,
mild to moderate atypia, congestive edema, vein dilation
and angiogenesis. In addition, mucous membranes exhibited
inflammatory cell infiltration consisting predominantly of
neutrophils and lymphocytes, severe mucosal cell degen-
eration and necrosis and a typical ulcer detached structure;
however, no atypical cells were observed in the groups.

At 11 weeks, the esophagus in the esophagitis model and
sterigmatocystin-treated groups exhibited no ulcers, but did
show esophageal mucosal epithelial hyperplasia, mucosal
congestion and edema and cystic fibrosis in the submucosa. In
addition, no atypical cells were observed in the groups.

At weeks 5 and 11, the sterigmatocystin-treated group
had marginally higher inflammation scores compared with
the esophagitis model group; however, the difference was not
statistically significant (Table I; P>0.05).

A -.hl 15

Figure 2. Pathological changes in the esophageal squamous epithelium in the
esophagitis model and sterigmatocystin-treated groups. The inflammation
score was not significantly different (stain, heamatoxylin and eosin; magni-
fication, x400). (A) Esophagitis model group, inflammation score at week 5.
(B) Esophagitis model group, ulcers at week 5. (C) Sterigmatocystin-treated
group, inflammation score at week 5. (D) Sterigmatocystin-treated group,
ulcers at week 5.

The hyperplasia severity score (Table I) for the sterigmato-
cystin-treated group was higher than that of the model group
at weeks 5 and 11. Pairwise analysis between the sterigmato-
cystin-treated and esophagitis model groups indicated that the
difference was statistically significant (P<0.05).

PCNA immunohistochemical analysis. PCNA-positive
esophageal squamous cell nuclei were observed in rats with
reflux esophagitis. This is depicted by brown-yellow granules
in Fig. 3, which also represent cell proliferation. The prolifera-
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Table II. The rate of TAP1- and LMP2-positive cells identified
by immunohistochemical staining.

Group TAP1 (%) LMP2 (%)
Control 71.17£6.62 53.83+5.81
Esophagitis model 36.17+5.31% 34.50+6.44*
Sterigmatocystin-treated 20.83+7.08* 22.50+6.72*

*P<0.05 vs. the control group. The number of animals used was
6, 8 and 10 for control, esophagitis and sterigmatocystin groups,
respectively. TAPI1, transporter associated with antigen processing 1;
LMP2, low molecular weight protein 2.

tion index of PCNA expression was 21.50+9.79 in the control
group (n=6), 49.17+18.67 in the esophagitis model group (n==8)
and 70.10+12.55 in the sterigmatocystin-treated group (n=10)
(Table I). According to statistical analysis using one-way
ANOVA, the PCNA proliferation index was statistically
different among the three groups (P<0.05). Further pairwise
analysis of the control and model groups indicated that there
was a significant difference between these two groups (P<0.05),
and there was also a significant difference (P<0.05) between
the model and sterigmatocystin-treated groups (Table I).

Thus, sterigmatocystin exacerbated reflux esophagitis with
marked hyperplasia of the squamous epithelium. In addition,
epithelial cells in the sterigmatocystin-treated group demon-
strated significantly higher PCNA expression compared with
that of the control and esophagitis model groups. It is suggested
that gastric reflux increased the esophageal mucosal injury
and promoted epithelial cell proliferation. Sterigmatocystin
exposure resulted in more evident esophageal squamous cell
hyperplasia.

TAPI immunohistochemical analysis. TAP1 expression in
the esophageal squamous cell cytoplasm was indicated by
brown-yellow granules (Fig. 4). The rate of TAP1-positive cells
in the esophagitis model (n=8) and sterigmatocystin-treated
groups (n=10) was reduced compared with that of the control
group (n=6) (36.17+5.31 and 20.83+7.08% vs. 71.17+6.62%,
respectively; P<0.051; Table II). TAP1 in the sterigmato-
cystin-treated group was significantly lower than that in the
model group (P<0.05; Table II, Fig. 4).

LMP?2 immunohistochemical analysis. LMP2 expression
in the cytoplasm was indicated by brown-yellow granules
(Fig. 4). The number of positive cells in the esophagitis model
group (n=8) and sterigmatocystin-treated group (n=10) was
lower than that in the control group (n=6) (34.50+6.44 and
22.50+6.72% versus 53.83+5.81%; P<0.05, Table II). LMP2
expression in the sterigmatocystin-treated group was signifi-
cantly lower than that in the model group (P<0.05; Table II,
Fig. 4).

Discussion
The fungus, sterigmatocystin, is a carcinogenic mycotoxin.

Sterigmatocystin contamination of human food sources and
animal feed has been confirmed in areas of China with a high
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incidence of esophageal cancer (1). Epidemiological studies
have demonstrated that this high incidence of esophageal
cancer in certain areas of China is also associated with a higher
prevalence of reflux esophagitis (6,7); thus, mycotoxin contam-
ination is a serious public health concern. Zhang et al (1)
demonstrated that sauerkraut soup samples and cornmeal
bought from the Chinese Hebei Taihang Mountain region
were significantly contaminated with sterigmatocystin. This
study was extended by oral administration of purified sterig-
matocystin to experimental animals, and it was determined
that sterigmatocystin induced lung gland cancer and gastric
epithelial dysplasia; however, not esophageal cancer. Thus,
sterigmatocystin may cause esophageal cancer in conjunction
with other underlying, yet unidentified, physiological and/or
environmental factors.

Esophageal cancer is presumed to be the result of a
multi-factorial process. The normal physiological function of
the esophagus is a muscular tube through which food passes
and esophageal squamous cells have the ability to repair
themselves. However, esophageal mucosal injury appears to
be an important factor involved in esophageal cancer onset in
response to sterigmatocystin. Esophageal sphincter-relaxation
may result in gastric reflux and esophageal inflammation.
The rat gastro-esophageal junction area is similar to that in
humans. Esophageal smooth muscle and gastric sling fibers of
the gastroesophageal junction area are important anatomical
structures controlling the anti-reflux mechanism (13,14).
Cardiac sphincter resection was successfully conducted in a
rabbit model of reflux esophagitis by Xu et al (15). The esopha-
gitis model and sterigmatocystin-treated groups presented
with significant changes in esophagitis; however, the degree
of inflammation was not significantly different between the
two groups, suggesting a successful reflux esophagitis model
in which there may be cardiac relaxation, reflux of gastric
juice and injury to the esophagus (14,16). There was noticeable
esophageal squamous epithelium cell hyperplasia in sterig-
matocystin-treated groups. Hyperplasia may also translate
DNA damage into harmful genetic mutations, and thus result
in oncogene activation or inactivation of tumor suppressor
genes, eventually leading to cancer (17).

In Barrett's esophagus, the normal squamous epithelial
lining of the esophagus is replaced by columnar cells, thus
Barrett's esophagus is presumed to be associated with esopha-
geal adenocarcinoma. Inflammation-associated esophageal
tumorigenesis in Barrett's carcinoma (6) was investigated in
the reflux esophagitis rat model; however, only hyperplasia
of the squamous cells was induced by sterigmatocystin. The
involvement of sterigmatocystin in reflux esophagitis and
carcinoma thus remains to be determined.

Esophageal squamous epithelial hyperplasia with sterig-
matocystin treatment was marginally more evident in the
fifth week than in the eleventh week. It is conceivable that the
repairing capacity of esophageal squamous cells may be high
in rats or the metabolism of sterigmatocystin in rats may be
fast. Therefore, sterigmatocystin-induced esophageal cancer
genesis may be associated with the amount and duration of
exposure to toxic stimuli and esophageal mucosal injury. The
doses and duration of treatment with sterigmatocystin that are
associated with the development of esophageal cancer have not
yet been elucidated.
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Figure 3. Proliferating cell nuclear antigen (PCNA) immunohistochemical staining (stain, streptavidin-peroxidase, magnification, x400) in (A) control group
(B) esophagitis model group and (C) sterigmatocystin-treated group.

Figure 4. Transporter associated with antigen processing 1 (TAPI) and low molecular weight protein 2 (LMP2) immunohistochemical staining results (stain,

streptavidin-peroxidase; magnification, x400) in (A and D) Control group, (B and E) esophagitis model group. (C and F) Sterigmatocystin-treated group.
(A-C) are stained for TAPI and (D-F) are stained for LMP2.

Furthermore, the results of the present study support downregulated the gene expression of TAP1 and LMP2 in
the hypothesis that sterigmatocystin negatively impacts the  human peripheral blood mononuclear cells and inhibited
immune function and monocytes (9,10). Sterigmatocystin  human esophageal squamous cell expression of HLA-I in a
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dose-dependent manner (9,10). Endogenous antigen processing,
presentation and the resulting immune disorder are considered
to be principal mechanisms of tumor immune escape. The
LMP and TAP genes were identified to be involved in the
HLA-II gene regions and are considered to be closely associ-
ated with the handling of endogenous antigen presentation.
Their normal expression is the molecular basis of endogenous
antigen-presention (18,19). Endogenous antigens are combined
with LMP in the cytoplasm to further cleave peptide fragments.
These are transported into the endoplasmic reticulum by TAP,
for presentation at the cell surface and identification by circu-
lating T lymphocytes. Thus, LMP and TAP molecular changes
may directly affect tumor immunity (20,21), strengthening the
ability of a tumor to escape the body's immune surveillance.

Sterigmatocystin exposure resulted in esophageal squa-
mous epithelial cells downregulating the expression of TAP1
and LMP?2 in reflux esophagitis rats. Thus, it was suggested
that peptide transport is blocked and degradation of endog-
enous peptides is limited, thus affecting the MHC class |
molecules in the endoplasmic reticulum assembly and harming
the cell-mediated immune response (19-23). One of the under-
lying molecular mechanisms of sterigmatocystin-induced
esophageal cancer may involve sterigmatocystin functionally
altering gene expression and signaling in transformed cells to
facilitate their escape from host immune surveillance, thereby
promoting cancer onset.
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