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Purpose: Esophageal cancer is a common malignant tumor that develops rapidly and has a
poor prognosis clinically. Astaxanthin (AST) is a carotenoid pigment with strong antioxidant,
anti-inflammation, and antitumor activities. However, little is known about the effects of
astaxanthin in esophageal cancer. The present study aimed to investigate the protective
effects and related mechanisms of natural astaxanthin against N-nitrosomethylbenzylamine
(NMBA)-induced esophageal cancer in rats.

Methods: F344 rats were induced subcutaneously with NMBA dissolved in dimethyl
sulfoxide (0.35 mg/kg body weight three times per week for 5 weeks). Rats were fed normal
diets with or without 25 mg/kg/day AST at different stages. At different time points, levels of
oxidative stress factors in serum and esophagus tissue were analyzed. Western blotting was
performed to observe the expression of NFkB and COX2 in esophagus tissue.

Results: AST clearly reduced the incidence of visible tumors in esophageal cancer during
the early-stage intervention group. Furthermore, when compared with the simple exposed
group, AST significantly increased levels of GPx and SOD activity, decreased the activity
level of malondialdehyde (all P<0.05). Early-stage and whole-stage intervention groups
effectively attenuated expression levels of NFkB and COX2 proteins compared with the
simple exposed group (all P<0.05).

Conclusion: Natural AST significantly suppressed the occurrence of esophageal cancer by
increasing antioxidant capacity and anti-inflammation capacity by inhibiting expression
levels of NFkB and COX2 proteins.
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Introduction

Esophageal cancer is the seventh—-most common malignant tumor in the world and
the sixth-most common cause of cancer death. It is estimated that about 572,000
new cases were registered globally in 2018, accounting for 3% of all new cases of
cancer."> Over 90% of all esophageal squamous-cell carcinoma (ESCC) cases
occur in lower-income countries, such as in parts of Asia and sub-Saharan
Africa.! ESCC is a major subtype in China, accounting for >90% of the total
number of cases of esophageal cancer.* However, in less developed regions of
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the world, major risk factors for ESCC remain unclear.
Like many cancers, esophageal cancer is a heterogeneous
disease that is molecularly, biologically, and clinically
distinct. Itis mainly divided into two main histopathologi-

cal types:

Prevention and control of ESCC is one of the most impor-

esophageal adenocarcinoma and ESCC.’
tant public health issues in the world.

Epidemiological studies have found that eating more
fruit and vegetables can reduce the risk of common
chronic incommunicable diseases.®’ One study showed
that insufficient fruit intake is one of the major risk factors
for the death of esophageal cancer in China, with a popu-
lation attributable risk of 27.4%.® Fruit and vegetables
have numerous anticancer agents, such as vitamins, caro-
tenoids, flavonoids, and certain minerals. Carotenoids are a
class of orange, red, or yellow fat-soluble pigments that
have various biological effects, such as anti-tumor and
anti-oxidation. Astaxanthin (AST) belongs to the ketone
carotenoids, which are naturally present in such seafood as
salmon, red fish, shrimp, krill lobster, and microalgae (eg,
Haematococcus pluvialis), and it has a long history of
human consumption. AST has the highest antioxidant
activity among all carotenoids:™'® ten times that of
B-carotene and 100 times that of vitamin E (VE).'" A
recent study showed that AST has an effect superior to
canthaxanthin and B-carotene when it comes to protecting
against the elevation of reactive oxygen species and sup-
pressing ultraviolet A—induced oxidative stress in human
dermal fibroblast cells.'> AST has also been proven to
inhibit inflammatory responses and oxidative stress by
activating Nrf2—ARE signaling pathways.'*'* In addition,
AST has been shown to play an important role in improv-
ing human immuno response by inhibiting the production
of redox-sensitive transcription factors and inflammatory
factors.'” In the multistage carcinogenesis process, the
chemopreventive effect of nutrients on cancer may be
“time-selective”, ie, there may be different intervention
effects at different stages of cancer development, and
may be effective in the early stage of canceration and not
effective in the late stage.'® A population-based nutrition-
intervention experiment found that selenium (Se), VE and
B-carotene interventions reduced the risk of esophageal
cancer in people <55 years of age by 17%, but the risk
of disease in people aged >55 years increased by 14%.'” In
(NMBA)-treated HET1A
cells, VE intervention up-regulated the tumor-suppressor

N-nitrosomethylbenzylamine

gene PTENby controlling the PPARy-signaling pathway
and restrained canceration. Compared with late-stage VE

intervention, early-stage VE intervention significantly
inhibited cell proliferation.'® This suggested that the pro-
tective effect of VE intervention against esophageal cancer
was time-selective. In 2012, Yang et al also found that VE
and Se combined with interventional esophageal cancer in
rats were time-selective and that early intervention was
effective and late intervention ineffective.' Currently, the
protective effect of AST in esophageal cancer is unclear.
Therefore, the application of AST in animal models can
help us better understand its potential protective effects
and possible molecular mechanisms in human esophageal
cancer.

In this study, we used a rat model of esophageal cancer
to focus on the effects of an AST dietary intervention. We
hypothesized that the chemoprevention of natural AST
supplementation may have time selectivity and inhibit
the occurrence of esophageal cancer by increasing antiox-
idant capacity and suppressing inflammation.

Methods

Chemicals

Natural AST oil (5%) extracted from Haematococcus pluvialis
was provided by Asta Biotechnology (Hubei, China). NMBA
(purity>98.5%) was obtained from Ash Stevens (Riverview,
MI, USA). Dimethyl sulfoxide (DMSO) was purchased from
Sigma-Aldrich, St Louis, MO, USA). A total SOD assay kit
(hydroxylamine method), malondialdehyde (MDA) assay kit
(TBA method), GPx assay kit (colorimetric method) were
provided by Jiancheng Bioengineering Institute (Nanjing,
China). A BCA protein assay kit was purchased from
Solarbio Science and Technology (Beijing, China).

Animals, diet, and treatment

A total of 75 6-week-old specific pathogen—free male F344
rats were purchased from Vital River (license SCXK [Jing]
2012-0001). Experimental procedures and animal-use and
-care protocols were approved by the Committee on
Ethical Use of Animals of the Laboratory Animal Center
at Zhengzhou University.

After the rats had been acclimated for 1 week in the
quarantine room, they were divided randomly into five experi-
mental groups (A—E, 15 rats to each group). Rats were housed
in a controlled barrier environment with temperature 20°C—
22°C, humidity 50%—60%, and a 12-hour light/dark cycle and
given water ad libitum. After 2 weeks' acclimation, rats in
groups B-E were injected subcutaneously with NMBA solu-
bilized in 20% DMSO at 0.35 mg/kg body weight three times
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Figure | Esophageal cancer rat model and timing of astaxanthin intervention.
Notes: Group A was given vehicle (20% dimethyl sulfoxide in water) as the
negative-control group and provided a normal diet (weeks 0-25). Group B was
the simple carcinogenic group and given a normal diet (weeks 0-25). Groups C-E
were early-stage, late-stage, and whole intervention (natural astaxanthin) groups
(weeks 0—12, 13-25, and 0-25), respectively. The intervention diet was mixed every
day, and was a normal diet + natural astaxanthin oil (pure astaxanthin 25 mg/kg/day
body weight).

per week for 5 weeks. As shown in Figure 1, rats in group A
were given vehicle (20% DMSO) as the negative control and
provided a normal diet (weeks 0-25). Group B was the simple
carcinogenic group and given a normal diet (weeks 0-25).
Groups C-E were early-stage, late-stage, and whole interven-
tion groups receiving natural AST at weeks 0-12, 13-25, and
0-25, respectively. The intervention diet was mixed every day,
and contained the normal diet + natural AST oil at pure AST
25 mg/kg/day body weight.

Collection of blood and esophageal tissue
In the 13th week of the experiment, 1 mL blood samples
from all rats were collected from the retroorbital vein after
anesthetizing them with isoflurane. Then, blood samples
were centrifuged at 3,000 rpm for 10 minutes and sera
stored at —80°C until analysis. At the end of week 25, rats
were humanely killed with 10% chloral hydrate anesthesia.
Blood samples were collected from abdominal venous
blood in vacutainer tubes containing EDTA-K2 and cen-
trifuged (3,000 rpm for 10 minutes) to obtain serum. Sera
were stored at —80°C until analysis.

Esophagi were excised and opened longitudinally and
mucosae observed. Visible tumor were measured with a
vernier caliper and recorded. Half of each esophagus was
fixed in 4% paraformaldehyde for pathological analysis,
while the other half of the esophagus was quickly frozen in
liquid nitrogen and then stored at —80°C.

Histopathological analysis
Serial 5 um esophageal sections were cut for staining.
Tissue sections were deparaffinized in xylene and rinsed

in gradient ethanol and running double-distilled water.
Sections were stained with hematoxylin for 15 minutess
and washed with distilled water, then stained with eosin
for 1 minute, quickly washed with distilled water, dehy-
drated by gradient alcohol, and finally fixed with a neutral

resin.

Glutathione peroxidase assays

Activities of GPx in plasma were tested according to the
operation instructions of the Nanjing Institute of
Bioengineering. Sserum samples were diluted with normal
saline solution (1:19) prior to assays. Sera and reagents were
mixed and stood at room temperature for 15 minutes, then
250 pL mixed solution was added to a 96-well plate and
paralleled and the absorbance measured at 412 nm with a

microplate reader.

Superoxide dismutase assays

SOD activities in plasma were tested according to the
operation instructions of the Nanjing Institute of
Bioengineering. Serum samples were diluted with normal
saline solution (1:19) prior to assays. Sera and reagents
were mixed and incubated at 37°C for 20 minutes. The
mixed solution was added to a 96-well plate and absor-

bance measured at 450 nm with a microplate reader.

Malondialdehyde assays

MDA activities in plasma were tested according to the opera-
tion instructions of the Nanjing Institute of Bioengineering.
Sera and reagents were mixed and bathed at 95°C for 40
minutes, centrifuged at 10 minutes at 4,000 rpm, then 250 pL.
supernatant was added to a 96-well plate and absorbance
measured at 532 nm with a microplate reader.

Western blot of NFkB and COX2

Frozen esophageal tissue was homogenized with a glass
homogenizer for 10 minutes to lyse in RIPA buffer and protein
supernatant collected by centrifugation at 12,000 rpm at 4°C
for 5 minutes. Protein concentrations were determined with
the BCA assay kit. Electrophoresis with 10% SDS-PAGE was
performed and proteins (50 pg) transferred onto polyvinyli-
dene difluoride membranes. Subsequently to being blocked
with tris-buffered saline—Tween 20 containing 5% skimmed
milk at room temperature for 1 hour with constant agitation,
the membrane was incubated with primary antibodies (anti-
NF«B 1:1,000 [8242], anti-COX2 1:1,000, [12282]; all from
Cell Signaling Technology) overnight at 4°C and then incu-
bated with horseradish peroxidase—labeled goat antirabbit sec-
ondary antibody (IgG 1:10,000; Dingguo Changsheng

OncoTargets and Therapy 2019:12

submit your manuscript

5089

Dove


http://www.dovepress.com
http://www.dovepress.com

Cui et al

Dove

Biotechnology, Beijing, China) at room temperature for 2
hours. GAPDH was detected in the the same samples as the
loading control. Density of the bands was quantified using
Image]J software (National Institutes of Health, USA).

Statistical analysis

Statistical analysis was performed using SPSS 21.0. Rates
between groups were compared using y2 or Fisher's exact
tests. Oxidative stress index and expression levels of protein
are described using mean + SD and were analyzed by one-
way ANOVA. LSD method was used to compare the two
groups. P<0.05 was considered statistically significant.

Results
Esophageal tumorigenesis suppressed by

natural astaxanthin at early and whole stages
The incidence of visible tumors is summarized in Table 1. No
tumors were found in esophagi in group A. Tumor incidence
in the simple exposure group was increased to 71.4%. When
compared with simple exposure group, early-stage and entire
ASTsupplementation (groups C and E) significantly inhibited
tumor incidence to 12.5% and 13.3% (P<0.005), but inci-
dence was not decreased by ate-stage supplementation
(P>0.05). As shown in Figure 2, proportions of aberrant
epithelial cells in lesion were distinct among different groups
(P<0.001). Most of the rats in the simple exposure group
(group B) and late-stage AST-supplementation group (group
D) were found to have tumors in the esophageal mucosa,
while those in the early-stage AST-supplementation group
(group C) and entire AST-supplementation group (group E)
were mainly dysplasia. The effects of early intervention and
entire intervention were similar, and the preventive effect
was not obvious in late intervention. Taken together, early-
stage and entire AST supplementation efficiently suppressed
tumorigenesis in the esophagi of rats, but not late-stage

AST altered expression of oxidation

markers in esophageal carcinogenesis

GPx activity in serum was significantly increased in rats fed
AST compared to the simple exposure group. Week 25tGPx
activity in rat serum is shown in Figure 3A and Table 2.
Compared with simple exposure, early-stage AST supple-
mentation and entire AST supplementation effectively
increased GPx activity (P<0.05), but late-stage supplementa-
tion did not (£>0.05). In the 25th week, GPx activity in AST-
supplementation groups was obviously higher than the sim-
ple exposure group (P<0.05). When compared with the con-
trol group, early-stage and entire-stage AST supplementation
resulted in significantly increased plasma levels of the GPx
activity (P<0.05), as shown in Figure 3B and Table 3.

As shown in Figure 3C and Table 4, similar results
were found when SOD activity was detected in serum.
SOD activity in with AST-supplemented groups were sig-
nificantly higher than group A or group B (P<0.05), but
compared with the simple exposure group increased SOD
activity in the early-stage AST-supplementation group was
not detected (P>0.05).

Figure 3D and Table 5 show that MDA levels in serum
of the simple exposure group were notably higher than
other groups (P<0.05). In contrast, with AST supplementa-
tion, MDA in serum was significantly inhibited (P<0.05).
There were no significant differences in MDA among the
control group, early-intervention group, late-intervention
group, and whole intervention group (all P>0.05).

Natural AST time-selectively altered
expression of NFkB protein in esophageal

carcinogenesis

The NFxB pathway has been shown to be important
in upregulating inflammation reaction. To explore the
mechanistic pathway of AST, we researched whether

supplementation. NMBA-induced  esophageal carcinogenesis  was
Table | Time-selective suppression of esophageal carcinogenesis by astaxanthin

Group n Normal Hyperplasia Dysplasia Carcinoma P

epithelium

A 15 58.3% 41.7% 0 0 <0.001

B 15 0 0 28.6% 71.4%

C 15 12.5% 12.5% 68.8% 6.3%

D 15 0 12.5% 25% 62.5%

E 15 13.3% 20%% 66.7% 13.3%

Notes: Incidence of esophageal tumors and microscopic lesions (hyperplasia, dysplasia and carcinoma) expressed. P-value for comparison between groups by z* and Fisher’s

exact tests.
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Figure 2 AST inhibited the incidence of tumor in the NMBA-induced esophageal carcinogenesis rat model.
Notes: Pathological lesions in epithelial tissue (H&E, 200%). (A, B) Normal epithelial tissue and hyperplasia in epithelial tissue found in group A; (C) dysplasia in epithelial
tissue found in groups C and E; (D) carcinoma in esophageal epithelial tissue found in group D.

Abbreviation: AST, astaxanthin.
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Figure 3 Astaxanthin (AST) altered expression of oxidation markers in esophageal carcinogenesis.

Notes: Supplementation with AST maintained normal esophageal tissue and antioxidant-enzyme levels after NMBA-induced oxidative injury. (A) GPx-activity analysis of rat
serum at weeks |3 and 25. (B) Protective effects of AST were observed especially in the early-stage supplementation group. Suppression of NMBA-induced esophagus
oxidative damage was measured in the late-stage supplementation group. (C) Level of SOD activity in serum. (D) Level of MDA activity in serum. Statistical analysis carried
out using one-way ANOVA followed by LSD test. P<0.05 versus vehicle control group (group A); °P<0.05 versus simple exposure group (group B); “P<0.05 versus early-
stage AST-supplementation group (group C); “P<0.05 versus late-stage AST-supplementation group (group D); °P<0.05 versus entire AST-supplementation group (group E).

suppressed by AST through regulating the inflammation
factor NFxB. In the ESCC rat model, NFkB expression
was apparently inhibited in rats supplemented with AST
at early and entire stagess (Figure 4 and Table 6) NF«xB
in the simple exposure group and late-stage AST-sup-
plementation group was expressed more than in the
vehicle control group (P<0.05). NFkB was significantly
downregulated in the early-stage AST-supplementation

group and especially in the entire AST-supplementation
group (P<0.05), but not in the late-stage AST-supple-
mentation group. Importantly, late-stage AST supple-
mentation increased the levels of NF«B in esophageal
tissue compared with early-stage and entire supplemen-
tation (P<0.05). Taken together, these data suggest that
NF«B played a critical role in suppression of esophageal
carcinogenesis with AST intervention.
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Table 2 Activity of GPx in serum of rats at the |3th week (mean
1SD)

Table 5 Activity of MDA in serum of rats with NMBA-induced
esophageal carcinogenesis (mean + SD)

Group n GPx (U/mL) F P Group n MDA (nmol/mL) F P

A I5 3,906.01+253.03><¢ A 15 8.18+1.53°

B I5 4,178.28+230.96><° B 15 I1.46+2.61%<

C 15 6,008.05+ 1 94.60*°4 135.99 <0.001 C 15 9.17+1.37° 6.39 <0.001
D 15 4,089.22+177.41¢ D 15 8.92+1.27°

E 15 5,792.74+237.94*>¢ E 15 8.89+1.55°

Notes: At the |3th week, blood samples of rats in each group were collected from
the retroorbital vein. Statistical analysis was carried out using Xz test and Fisher’s
exact tests. P<0.05 versus vehicle control group (group A); ®P<0.05 versus simple
exposure group (group B); P<0.05 versus early-stage AST-supplementation group
(group C); %P<0.05 versus late-stage AST-supplementation group (group D); °P<0.05
versus entire AST-supplementation group (group E).

Abbreviation: AST, astaxanthin.

Table 3 Activity of GPx in serum of rats at 25th week (mean + SD)

Group n GPx (U/mL) F P

A 15 4,246.74+359.67°°

B 15 4,066.27+913.85

C 15 5,586.11£684.06>° 13.44 <0.001
D 15 4,968.46749.58°

E 15 5,654.37£743.96*°

Notes: At the 25th week, samples of rats in each group were collected from
abdominal venous blood. Statistical analysis was carried out using y* and Fisher’s
exact tests. “P<0.05 versus vehicle control group (group A); ®P<0.05 versus simple
exposure group (group B); P<0.05 versus early-stage AST-supplementation group
(group C); 9P<0.05 versus late-stage AST-supplementation group (group D); °P<0.05
versus entire AST-supplementation group (group E).

Abbreviation: AST, astaxanthin.

Table 4 Activity of SOD in serum of rats with NMBA-induced
esophageal carcinogenesis (mean + SD)

Group n SOD (U/mL) F P
A 15 232.65+27.70%°
B 15 212.64+22.60%°
C 15 236.45+30.64%° 5.22 0.001
D 15 265.45+4].23*
E 15 269.19433.63*

Notes: At the 25th week, samples of rats in each group were collected from
abdominal venous blood. Statistical analysis was carried out using y* and Fisher’s
exact tests. “P<0.05 versus vehicle control group (group A); ®P<0.05 versus simple
exposure group (group B); “P<0.05 versus early stage AST-supplementation group
(group C); 9P<0.05 versus late-stage AST-supplementation group (group D); °P<0.05
versus entire AST-supplementation group (group E).

Abbreviations: NMBA, N-nitrosomethylbenzylamine; AST, astaxanthin.

AST time-selectively altered COX2

expression in esophageal carcinogenesis

As AST had reduced the upregulation of NFkB caused by
NMBA, we investigated whether AST intervention could
regulate COX2 expression through NFxB-signaling path-
ways and inhibit inflammation in esophageal tumor cells.

Notes: Statistical analysis was carried out using y* and Fisher’s exact tests. *P<0.05
versus vehicle control group (group A); 5P<0.05 versus simple exposure group
(group B); °P<0.05 versus early-stage AST-supplementation group (group C);
9P<0.05 versus late-stage AST-supplementation group (group D); °P<0.05 versus
entire AST-supplementation group (group E).

Abbreviation: NMBA, N-nitrosomethylbenzylamine; MDA, malondialdehyde; AST,
astaxanthin.
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Figure 4 Effects of astaxanthin (AST) on the NFkB p65 protein. AST time-selec-
tively altered the expression of NFkB protein in esophageal carcinogenesis.
Notes: (A) Protein levels of NFkB determined by Western blot. Compared with
group A (lane I), increased NFkB was observed in group B (lane 2) and the late-
stage supplementation group (group C, lane 4). Also, protein expression of NFkB
was significantly decreased in the early-stage AST-supplementation group (lane 3)
and the entire NST-supplementation group (lane 5) when compared to the group B
(lane 2). Expression levels of samples were normalized to corresponding levels of
GADPH. (B) Quantitative analysis of NFkB protein level in esophageal carcinogen-
esis. Data shown as mean * SD. Statistical analysis was carried out using one-way
ANOVA followed by LSD test. *P<0.05 versus vehicle control group (group A);
®P<0.05 versus simple exposure group (group B); °P<0.05 versus early-stage AST-
supplementation group (group C); P<0.05 versus late-stage AST-supplementation
group (group D); °P<0.05 versus entire AST-supplementation group (group E).

As shown in Figure 5 and Table 7, the inhibitory effect of
AST on NMBA-induced COX2 expression was similar to
NF«B. COX2 was overexpressed in esophageal epithelium
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Table 6 Astaxanthin time-selectively altered the expression of
NFkB protein in esophageal carcinogenesis (mean + SD)

Table 7 Astaxanthin time-selectively altered the expression of
COX2 protein in esophageal carcinogenesis (mean + SD)

Group n NFxB/GADPH F P Group n COX2/GADPH F P

A 15 0.56+0.06"%¢ A 15 0.54+0.06>

B I5 0.83+0.09*<¢ B I5 0.74%0.03%<°

C 15 0.59+0.05%¢¢ 122.16 <0.001 C 15 0.57+0.02> 35.82 <0.001
D 15 0.83+0.07%<¢ D 15 0.80+0.05%<¢

E 15 0.34+0.05*¢ E 15 0.40+0.08*¢

Notes: Statistical analysis was carried out using x> and Fisher’s exact tests. *P<0.05
versus vehicle control group (group A); ®P<0.05 versus simple exposure group
(group B); P<0.05 versus early-stage AST-supplementation group (group C);
9P<0.05 versus late-stage AST-supplementation group (group D); °P<0.05 versus
entire AST-supplementation group (group E).

Abbreviation: AST, astaxanthin.
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Figure 5 AST time-selectively altered the expression of COX2 protein.

Notes: (A) Protein level of COX2 determined by Western blot. Expression
normalized to GADPH. Lane I, vehicle control group; lane 2, simple exposure
group; lane 3, early-stage AST-supplementation group; lane 4, late-stage AST-sup-
plementation group; lane 5, entire AST-supplementation group. (B) Quantitative
analysis of COX2 protein levels in esophageal carcinogenesis. Data shown as mean
+ SD. Statistical analysis was carried out using one-way ANOVA followed by LSD
test. *P<0.05 versus vehicle control group (group A); 5P<0.05 versus simple expo-
sure group (group B); “P<0.05 versus early-stage AST-supplementation group (group
C); 9P<0.05 versus late-stage AST-supplementation group (group D); °P<0.05 versus
entire AST-supplementation group (group E).

Abbreviation: AST, astaxanthin.

Group A

NMBA-induced esophageal
Compared with the control group, COX2 in the simple expo-

tissue in carcinogenesis.
sure group increased significantly (P<0.05). Compared with
the simple exposure group, early stage and entire-stage AST
supplementation suppressed COX2 by 57% and 40%,

Notes: Statistical analysis was carried out using y* and Fisher’s exact tests. *P<0.05
versus vehicle control group (group A); ®P<0.05 versus simple exposure group
(group B); P<0.05 versus early-stage AST-supplementation group (group C);
9P<0.05 versus late-stage AST-supplementation group (group D); °P<0.05 versus
entire AST-supplementation group (group E).

Abbreviation: AST, astaxanthin.

respectively. Also, COX2 expression in the whole interven-
tion group was significantly lower than the control group
(P<0.05), but significantly higher in the late-stage AST-
supplementation group than the control group (P<0.05).
These results suggested that the inhibitory effects of AST in
esophageal cancer might be associated with suppression of
COX2 proteins.

Discussion

The overall aim of this study was to investigate the inhibitory
role of AST in NMBA-induced esophageal carcinogenesis
and show that the preventive effect of AST on esophageal
cancer is time-selective. We found that supplementation with
natural AST at the early stage significantly decreased the
incidence of esophageal carcinogenesis and increased anti-
oxidant and anti-inflammation capacity through upregulated
expression of NFkB and COX2 proteins in NMBA-induced
rats. This demonstrated that early-stage AST supplementa-
tion was more effective in restraining carcinogenesis than
late supplementation, and the antioxidant compound may
have protective effects on the body during the initiation
phase of esophageal cancer. Consistently with our findings,
Yang et al found that the early and whole VE and Se inter-
vention groups significantly inhibited the incidence of eso-
Xu et al reported that
supplementation with o-tocopherol during the initiation

phageal tumors in rats.'’
phase of tumor was better than that after initiation.'®
Additionally, nutritional intervention trials of Se, VE, and
[B-carotene intervention in Linxian in 1985-1991 showed that
intervention agents had not reduced the risk of esophageal
cancer in any of the population after 10 years' follow-up.
However, they decreased the risk of esophageal cancer in
people aged <55 years by 17%, but increased the risk of

esophageal cancer in those aged >55 years by 14%."”
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Oxidative stress is one of the crucial modes of NMBA-
induced esophageal cancer. In the esophageal cancer animal
model induced by NMBA, free radicals produced by metabolic
activation of NMBA stimulate DNA damage and gene
mutation. AST has the highest antioxidant activity in

carotenoids,'°

and inhibits the production of redox-sensitive
transcription and inflammatory factors by scavenging reactive
oxygen species and reactive nitrogen to achieve protective
effects.’” This study found that AST suppressed oxidative
stress by increasing levels of GPx and SOD and reducing
MDA in the esophageal cancer rat model. This indicates that
AST exerts antioxidant properties in NMBA-induced esopha-
geal cancer. These three enzymes represent the body’s ability
to resist oxidation. Generally speaking, GPx and SOD can
eliminate superoxide radicals and H,O,, and reduce the for-
mation of hydroxyl radicals in the body, thereby exerting
antitumor effects. MDA is a reliable and sensitive indicator
oxidative damage in the body,”® which damages the structure
and function of cell membranes by amplifying reactive oxygen

species through chain reactions.?!

Consistently with our
results, AST in type 2 diabetic rats significantly increased
levels of CAT, SOD, and GPx in hippocampus, which
increased the antioxidant capacity of the hippocampus.’>*
Furthermore, another investigation showed that compared
with an H,O, group, MDA was significantly decreased in an
AST-treated group, while GPx and SOD activities were sig-
nificantly improved, such that liver cells of mice were pro-
tected from oxidative damage.*”

We also demonstrated the anti-inflammatory effect of
AST on NMBA-induced esophageal cancer in rats. In the
process of carcinogenesis, inflammatory reactions and oxi-
dative stress promote each other. Inflammatory reactions can
cause the release of a large number of free radicals and lead to
oxidative stress in tissue cells, andoxidative stress can pro-
mote the occurrence of inflammatory reactions through spe-
cific signaling pathways.** Cytokines produced by the
inflammatory response are involved in the development of
tumors, such as IL6, COX2, NFkB, and PGE,, constitute the
microenvironment of tumors andcause cancer by abnormal
expression of signal-transduction pathways in cells.”
Normally, as an important transcription factor in cells,
NF«B is involved in regulation of the transcription and
expression of most inflammatory factors and the activation
of oncogenes and other factors associated with promoting
angiogenesis, proliferation, cell transformation, invasion,
and metastasis.”® Studies have shown that in the early stages
of esophageal cancer, NFkB regulates the expression of

MMPs, and expression of MMP9 and vimentin is

downregulated after siRNA knockdown of NF«kB, which
inhibits tumor invasion and prevents cancer progression.’
Reports have indicated that curcumin treatment in ESCC
cells inhibits the expression of Bcl2 and cyclin D1 by inhibit-
ing the NFxB-signaling pathway, thereby inhibiting cell pro-
liferation and inducingapoptosis in ESCC cells.*® In this
study, we found that natural AST supplementation at the
early stage significantly inhibited NF«B activation in eso-
phageal carcinogenesis and early-stage AST supplementa-
tion also effectively suppressed COX2 levels. As a COX
subtype, COX2, which is induced by cytokines and growth
factors, catalyzes the conversion of arachidonic acid to PGE,
and participates in inflammatory reactions to promote
carcinogenesis.”’ As a downstream molecule, COX2 is regu-
lated by NF«kB. Aberrations in the COX2 pathway are asso-
ciated with tumor development in the digestive system.*’
Epidemiological studies have also found that COX2 inhibi-
tors can reduce therisk of esophageal cancer.®' It has also
been claimed that COX2 expression in human esophageal
cancer tissue is significantly higher than normal esophageal
tissue.>? Additionally, in a model of dimethylhydrazine-
induced colon cancer in rats, NFkB and COX2 expression
in the DMH group was significantly upregulated, while
NF«xB and COX2 expression in the DMH-AST group was
significantly decreased, suggesting that AST inhibited colon
cancer via the NFkB-COX2 signaling pathway.>* Our results
showed that early stage AST supplementation significantly
inhibited the progression of esophageal cancer by suppres-
sing the expression levels of NFkB and COX2 proteins.
However, with late-stage of natural AST supplementation,
the inflammatory pathway has already been activated and
cannot reduce NFkB and COX2. We believe that this work
has, at least in part, established NFkB and COX2 may be
involved in an anti-inflammation pathway that executes the
protective effects of AST on esophageal cancer in a time-
selective manner. Therefore, the chemopreventive action of
AST can be studied deeply and applied in future in the
prevention and treatment of esophageal cancer.

Conclusion

The results of this study provide strong evidence that
natural AST significantly suppresses the occurrence of
esophageal cancer by inhibiting the expression of NFkB
and COX2 in a time-selective manner to increase antiox-
idant and anti-inflammation capacity. These findings sug-
gest that natural AST could be a potential therapeutic agent
for esophageal tumor.
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