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Abstract: Brassica oleracea var. capitata L. (white cabbage) is a valuable vegetable with diverse nu-
traceutical benefit. Present study aimed to investigate the preventive effects of B. oleracea extract (BOE)
standardized by vitamin U on indomethacin (IND)-induced acute gastric injury in Sprague-Dawley
rats. Pre-administration of three different doses of BOE (12.5–50 mg/kg) for 14 days significantly
decreased visible ulcerative lesions in the gastric tissue. In addition, BOE alleviated IND-mediated
increase in histological score with inhibiting invaded percentage of lesion and restoring mucosa thick-
ness in peri-ulcerative region. BOE increased the gastric tissue bound to Alcian blue and inhibited the
decrease in hexose, sialic acid, and collagen levels by IND, suggesting that BOE protects the gastric
tissue through preserving mucus and mucosal integrity. Moreover, BOE pre-administration blocked
the reduction of prostaglandin E2 and down-regulated histamine and mRNA expression related
to secret gastric acid. Furthermore, BOE mitigated inflammatory responses in the gastric tissue by
decreasing activity of myeloperoxidase and expression of nuclear factor-κB-dependent inflammatory
genes. BOE also suppressed malondialdehyde with preventing the reduction of glutathione, superox-
ide dismutase, and catalase in the gastric tissue. Therefore, results from present study suggest that
BOE will have a potential for preventing gastric injury.

Keywords: antioxidant; anti-inflammation; Brassica oleracea var. capitata L. extract (BOE); indomethacin
(IND)-induced acute gastric injury

1. Introduction

Gastric ulcer affects about 5–10% of the general population during their lifetime [1].
Although gastric ulcer is caused by imbalance between multiple aggressive and cytopro-
tective factors, the use of non-steroidal anti-inflammatory drugs (NSAIDs) and infection
with Helicobacter pylori are considered as the major risk factors for accelerating hypersecre-
tory acidic environment in the gastric tissue. Especially, NSAIDs have been prescribed
extensively because of their analgesic, anti-inflammatory and antipyretic activities, but the
use of NSAIDs increases relative risk of gastric ulcer by 4.7 times [2]. Although NSAIDs
vary in potential to provoke adverse effects in the gastric tissue [2,3], the major mechanism
correlated with the gastrointestinal toxicity is the inhibition of prostaglandin biogenesis,
which impairs gastric mucosa through reducing the secretion of mucus and bicarbonate [1].
Moreover, NSAIDs also damage the mucosal integrity by infiltrating inflammatory cells
into the gastric tissue and inducing oxidative stress [1,4,5]. Thus, in order to prevent gastric
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ulcer caused by NSAIDs, great attention has been paid to natural resource exhibiting
anti-inflammatory and antioxidant activities, and several edible plants and those-derived
phytochemicals have been suggested as promising alternative candidates [6–9].

Brassica oleracea var. capitata L. (general name, white cabbage), which belongs to
Brassicaceae family, has been cultivated as one of the most valuable vegetables worldwide
due to its long-term storage ability. In addition, B. oleracea has been traditionally consumed
for managing diverse diseases related to inflammation and gastrointestinal disorders [10].
Modern nutraceutical studies have suggested that B. oleracea possesses wide range of
beneficial activities. For instance, B. oleracea induces apoptosis of certain types of cancer [11],
relieves hydrogen peroxide-mediated oxidative stress in cardiomyoblast cells [12], protects
the liver from carbon tetrachloride-induced injury [13], improves serum glucose and
lipid profiles in alloxan-induced diabetic rabbits [14], and inhibits the activity of enzymes
associated with neurodegeneration [15]. Especially, Cheney and colleagues reported that
supplementation with fresh cabbage juice or its concentrated extract accelerates the healing
process in patient with gastric ulcer [16,17]. In addition, Cheney suggested that vitamin U,
S-methylmethionine sulfonium chloride, is the major active ingredient correlated with anti-
ulcerogenic activity in cabbage juice [18]. However, only a few studies using experimental
animals have been conducted to prove the gastroprotective nature of cabbage. For instance,
it has been reported that post-administration of B. oleracea aqueous extract for 5–7 days
shortened the length of ulcerogenic lesions and alleviated acidity of gastric juice in aspirin-
administered rats [9,19]. Therefore, the prophylactic effect of B. oleracea on gastric ulcer as
well as relevant gastroprotective mechanisms remain to be further established.

As the process for discovering novel gastroprotective candidates, we recently reported
that pre-administration of B. oleracea extract (BOE) standardized by vitamin U could
protect the gastric tissue from acidified ethanol-induced ulcer in mice [20]. However, for
reaching general conclusions and expanding indications, it is necessary to evaluate the
efficacy of BOE in more than one experimental model. Among diverse etiologies to induce
gastric ulcer, about 25% of urgent gastric ulcer are known to be associated with NSAIDs
administration [21]. Thus, in the present study, indomethacin (IND) was chosen as the
second experimental model for gastric ulcer because it is a representative NSAID with a
high relative risk for gastrointestinal toxicity [2,3]. Therefore, the purpose of the present
study was to evaluate the prophylactic effects of BOE on IND-mediated gastric ulcer and
explore its mechanisms involved. Furthermore, present study used omeprazole (OM; an
irreversible proton pump inhibitor) as a reference drug for comparing gastroprotective
effects of BOE.

2. Materials and Methods
2.1. Materials

Certified BOE powder was provided by grow® company (Ridgefield, NJ, USA) via
Echo Trading Co. (Seongnam, Korea). Vitamin U was obtained from Tokyo Chemical In-
dustry (Tokyo, Japan). Enzyme-linked immunosorbent assay (ELISA) kits for rat histamine,
prostaglandin E2 (PGE2), tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, and IL-
18 were supplied by Mybiosource (San Diego, CA, USA). Trizol was obtained from Thermo
Fisher Scientific (Rockford, IL, USA) and a High-capacity cDNA reverse transcription kit
was from Applied Biosystems (Foster City, CA, USA). IND, OM, hematoxylin, eosin, Al-
cian blue, palmityltrimethylammonium bromide, o-dianisidine dihydrochloride, hydrogen
peroxide, orcinol, thiobarbiturate, Ehrlich’s reagent, 1,1,3,3-tetramethoxypropane, Ellman’s
reagent, nitroblue tetrazolium chloride, and other reagents were purchased from Merck
(Darmstadt, Germany).

2.2. Measurement of Vitamin U in BOE

Concentration of vitamin U in BOE was analyzed by high-performance liquid chro-
matography (HPLC), as reported previously [20]. Briefly, an appropriate amount of BOE or
standard (vitamin U) was dissolved in distilled water, lyophilized by vacuum evaporator,
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and re-dissolved in 0.2 N sodium citrate (pH 2.2). The BOE or serially diluted vitamin U
was separated on an analytical column, Capcell Pak C18 UG120 (size, 250 × 4.6 mm; pore
size 5 µm; Shiseido, Tokyo, Japan) at 40 ◦C. Mobile phase was 40 mM NaH2PO4 (pH 7.8)
(solution A) and acetonitrile:methanol:water (45:45:10%)(solution B). The eluent initially
consisted of 95:5% (solution A:solution B). During 0 to 31 min, the amount of solution B
increased linearly to 56%, and then remained the same for 2 min. Finally, between 33 and
34 min, the amount of solution B increased to 100%, and then stayed for an additional 4 min.
Flow rate was 1.5 mL/min, and vitamin U was detected at 338 nm using a photodiode
array detector in Agilent LC system (Agilent Technologies, Palo Alto, CA, USA).

2.3. Animals and Treatment

Sixty SPF/VAF Outbred Crl:CD (Sprague-Dawley) rats (gender, male; age, 6 weeks
old) were provided from OrientBio (Seongnam, Korea), acclimatized for 9 days, and then
divided into the following six groups (N = 10 per group): vehicle, IND, IND + OM,
IND + BOE-H, IND + BOE-M, and IND + BOE-L. BOE, OM, and IND were dissolved
in distilled water. Using a zonde attached to 3 mL syringe, three different doses of BOE
(e.g., 50 mg/kg for BOE-H, 25 mg/kg for BOE-M, and 12.5 mg/kg for BOE-L) were orally
administered to the rats once daily for 14 consecutive days. In case of vehicle and IND
groups, equal volume of water was administered for 14 days to provide same stress
from oral gavage. For OM group, 10 mg/kg OM was orally administered to the rat once
on day 14 after administration of water for 13 days (i.e., the first administration of test
material = day 1). To induce gastric injury, 25 mg/kg IND was orally administered at
30 min after the last treatment of test material. Rats in vehicle group was administered
to equal volume of water instead of IND. The drug concentration for OM and IND was
chosen according to the previous report [6]. At 6 h after IND treatment, all animals were
euthanized to collect bloods and gastric tissues. Plasma was obtained by centrifugation of
blood at 12,000× g for 10 min, and all samples were stored at −150 ◦C until analysis.

2.4. Histopathology

The stomach was opened along with greater curvature and washed mildly to remove
gastric contents and blood clots. After capturing image of gastric mucosa, visible ulcerative
area was calculated as mm2 using an image analyzer software (isolution FL ver9.1, IMT
i-solution Inc; Burnaby, BC, Canada). For microscopical observation, the fundus/body
regions that had been fixed in 10% neutral-buffered formalin was embedded in paraf-
fin, sectioned, and stained with hematoxylin and eosin, as described previously [6,19].
Histopathological analyses of the gastric tissue were conducted using an image analyzer
software (isolution FL ver9.1, Burnaby, BC, Canada). Briefly, invaded lesion (%) was
calculated as the percentage of lesion length to fundus/body’s wall length, and mucosa
thickness from luminal mucosal surface to muscularis mucosa (mm) was calculated on the
peri-ulcerative region. In addition, histological score was semi-quantitatively estimated
as the following four grades: 0, normal intact mucosa; 1, slight surface erosive damage;
2, moderate mucosa damage; 3, severe total mucosa damage.

2.5. Alcian Blue Binding Assay

To quantify gastric mucus, the gastric tissue was stained with Alcian blue binding solu-
tion consisting 0.02% Alcian blue, 0.16 M sucrose, and 0.05 M sodium acetate buffer (pH 5.8)
for 24 h, and then centrifuged at 3000× g for 10 min. Using an UV/VIS spectrophotometer
(OPTIZEN POP, Mecasys; Daejeon, Korea), absorbance of resulting supernatant was de-
termined at 620 nm, and amount of mucus was calculated as mg/g tissue, as described
previously [20,22].

2.6. Measurement of Total Hexose, Sialic Acid, and Collagen

Gastric mucosa including mucus was collected by scraping, homogenized in 10 vol-
umes of phosphate-buffered saline using TacoTMPrep bead beater (3 cycles, 30 sec/cycle)



Processes 2021, 9, 372 4 of 15

(GeneReach Biotechnology; Taichung, Taiwan) and SONICS Vibra CellTM sonicator (3 cy-
cles, 1 min/cycle, 20% amplitude)(Sonics & Materials Inc., Newtown, CT, USA), and
centrifuged at 12,000× g for 10 min. The resulting supernatant was used as gastric mu-
cosal homogenate. As described previously [20,23], the amount of total hexose, sialic acid,
and collagen in the gastric mucosal homogenate was calorimetrically quantified. Briefly,
level of total hexose was determined at 425 nm after the tissue homogenate was reacted
with orcinol in sulfuric acid. In addition, level of sialic acid was read at 550 nm based
on periodate-thiobarbiturate assay. For quantifying collagen, mucosal proteins were hy-
drolyzed using 6 M hydrogen chloride, and the level of hydroxyproline was determined
at 565 nm after the hydrolyzed samples were further reacted with Ehrlich’s reagent. The
amount of all mucosal components was normalized by tissue weight.

2.7. ELISA

Level of histamine in the plasma and levels of PGE2 and pro-inflammatory cytokines
in the gastric mucosal homogenate were quantified using commercial ELISA kits (My-
biosource) and microplate reader (Sunrise, Tecan; Männedorf, Switzerland).

2.8. Quantitative Polymerase Chain Reaction (qPCR)

After total RNA isolating from the gastric tissue was reverse transcribed to cDNA,
qPCR was carried out using a CFX96 thermal cycler (Bio-Rad; Hercules, CA, USA). Ex-
pression level of specific mRNA was normalized by that of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), as endogenous control, as described previously [20]. Primers
for amplifying specific genes were listed in Table 1.

Table 1. Oligonucleotide sequences used in the present study.

Gene Name Nucleotide Sequence (5′→3′) GenBank
Accession No.

Amplicon
Size (bp)

H+/K+ ATPase
Sense ATCATTGGACGCATCGCCTCTCTGG

NM_012509.1 420Antisense GTCTTCTGTGGTGTCCGCCGTGTGG

H2R
Sense ATGGAGCCCAATGGCACAG

NM_012965.3 105Antisense GCCAGCAATGGTGATGAGGA

CCK2R
Sense CAGCAGGCCGGTGATAAGA

D50608.1 245Antisense GGTGGACATGAGAAGGTGT

NF-κB
Sense GCGCATCCAGACCAACAATAA

LC369719.1 425Antisense GCCGAAGCTGCATGGACACT

COX-2
Sense TGCGATGCTCTTCCGAGCTGTGCT

NM_017232 472Antisense TCAGGAAGTTCCTTATTTCCTTTC

iNOS
Sense CACCACCCTCCTTGTTCAAC

U26686.1 132Antisense CAATCCACAACTCGCTCCAA

GAPDH
Sense TGGTGAAGGTCGGTGTGAAC

NM_017008.4 190Antisense TTCCCATTCTCAGCCTTGAC

H2R, histamine H2 receptor; CCK2R, cholecystokinin 2 receptor; NF-κB, nuclear factor-κB; COX-2, cyclooxygenase-2; iNOS, inducible nitric
oxide synthase.

2.9. Measurement of Myeloperoxidase (MPO) Activity

MPO activity in the gastric tissue was determined, as described previously [6,20].
Briefly, the gastric tissue was lysed in 50 mM potassium phosphate (pH 6.0) and 0.5%
palmityltrimethylammonium bromide and centrifuged at 12,000× g for 10 min. After
the resulting pellet was further incubated with hydrogen peroxide and o-dianisidine
dihydrochloride, MPO activity determined at 460 nm and normalized by tissue weight.
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2.10. Lipid Peroxidation Assay

For estimating lipid peroxidation, the gastric mucosal homogenate was boiled for
1 h with thiobarbiturate, sodium dodecyl sulfate, and acetic acid, followed by measuring
optical intensity at 532 nm. The malondialdehyde concentration (nM) in the homogenate
was calculated by interpolation to the standard curve of 1,1,3,3-tetramethoxypropane and
normalized by tissue weight.

2.11. Measurement of Glutathione Concentration

After the gastric mucosal homogenate was precipitated by adding trichloroacetic
acid, supernatant was reacted with Ellman’s reagent and measured absorbance at 412 nm.
Glutathione concentration (nM) was normalized by tissue weight.

2.12. Measurement of Catalase and Superoxide Dismutase Activities

Catalase and superoxide dismutase activities were determined by reacting the gastric
mucosal homogenate with hydrogen peroxide and nitroblue tetrazolium chloride, as
described previously [6,20]. Enzyme activities were normalized by tissue weight.

2.13. Statistical Analyses

Numerical results were expressed as mean ± standard deviation (SD). Levene’s test
was conducted to evaluate the equality of variances. When the numerical results indicated
the homogeneity of variance, the group means were compared with One-way analysis
of variance. As post hoc analysis, the Tukey honestly significant difference test was used
to assess mean difference among experimental groups. For numerical results showing
significance in Levene’s test, Welch’s test was followed by Dunnett’s T3 test to compare
the means among groups. All statistical analyses were performed using SPSS Statistics
for Windows (Version 23; SPSS Inc., Chicago, IL, USA), and p < 0.05 was considered
as significant.

3. Results
3.1. HPLC Analysis for Quantifying Vitamin U in BOE

Prior to evaluate gastroprotective effect of BOE, we quantified the concentration of
vitamin U, a representative gastroprotective compound dissolved in B. oleracea [18], in BOE.
For obtaining calibration curve, serially diluted vitamin U was injected into the HPLC
system. After the area of the peak with similar retention time in the chromatogram eluting
with BOE was interpolated into the calibration curve of vitamin U, we calculated that
BOE used in the present study contained 44.97 mg/g of vitamin U, which was similar to
previous report [20].

3.2. Pre-Administration of BOE Alleviates IND-Mediated Gastric Injury in Rats

To explore whether BOE has prophylactic effects against IND-mediated gastric injury,
rats that had been orally administered with three different doses of BOE (12.5–50 mg/kg)
for 14 days were treated with 25 mg/kg IND for 6 h. OM (10 mg/kg) was used as a reference
drug and was orally administered once on day 14 (i.e., the first BOD administration = day
1). During the experimental period, there were no statistical differences in body weight
among experimental groups (data not shown). When the stomach was opened along with
greater curvature, focal hemorrhagic ulcerative lesions were shown throughout whole
gastric mucosa in rats treated with IND. However, those lesions were decreased in rats
treated with three different doses of BOE and OM (Figure 1a). When macroscopic visible
lesion on the gastric mucosa was quantified using an image analyzer, the ulcerative area
was significantly increased in IND-treated rats as compared to vehicle group. However, pre-
administration of three different doses of BOE as well as OM was significantly prevented
the IND-induced increase in gross ulcerative area. There were no statistical differences in
gross lesion area between IND + OM and IND + BOE-M groups (Figure 1b).
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Figure 1. B. oleracea extract (BOE) reduces indomethacin (IND)-mediated gross gastric ulcer in rats. Sprague-Dawley rats
were orally administered with BOE, omeprazole (OM), and IND, as described in method section. (a) Representative images
of the stomach at 6 h after IND treatment. Scale bars indicate 8 mm. (b) Using an image analyzer, macroscopic visible
lesion was calculated as gross lesion area (mm2). Results are expressed as mean ± standard deviation (SD) of ten rats
(a p < 0.01, b p < 0.05 versus vehicle group; c p < 0.01 versus IND-treated group; d p < 0.01, e p < 0.05 between IND + OM and
IND + BOE groups). Car., cardiac region; Fun., fundus/body region; Pyl., pylorus region.

Next, the fundus/body region of the stomach was further stained with hematoxylin
and eosin for conducting histopathological evaluation among experimental groups. Desqua-
mation of focal epithelium, congestion, infiltration of inflammatory cells, necrosis of gastric
glands, and submucosal edema were found in the rats treated with IND, which is parallel
with previous observation that IND provokes severe ulcerative lesions [6–8]. However,
those histopathological changes were reduced by three different doses of BOE and OM
(Figure 2a). Especially, results from histomorphometric and semi-quantitative analyses indi-
cated that three different doses of BOE significantly suppressed the IND-mediated increase
in the ulcerative histological score, which was caused by increasing the percentage of in-
vaded lesion and decreasing mucosa thickness in peri-ulcerative region. Pre-administration
of OM also inhibited significantly the histomorphometric changes induced by IND, while
the magnitude of OM-mediated reduction in the histomorphometric analyses was lesser
than that associated with BOE-H. There were no statistical differences in histomorphometric
results between IND + OM and IND + BOE-M (/BOE-L) groups (Figure 2b).

3.3. Pre-Administration of BOE Restores Integrity of the Gastric Mucus Impaired by IND

To explore whether BOE protects the gastric tissue through maintaining gastric mucus,
the mucus was quantified by Alcian blue binding assay. Compared to vehicle-treated
rats, IND significantly decreased the gastric mucus. Pre-administration of three different
doses of BOE and OM prevented the mucus loss induced by IND. There were no statis-
tical differences in the mucus contents among IND + OM and three IND + BOE groups
(Figure 3a). Next, we further quantified the level of monosaccharide in the gastric mucosal
homogenates to investigate glycoprotein level in the gastric mucus. In parallel with results
from Alcian blue binding assay, pre-administration of three different doses of BOE as well
as OM significantly attenuated the IND-mediated reduction of total hexose and sialic acid
in the gastric mucosal homogenate (Figure 3b). Moreover, rats pre-administered with
BOE-H, BOE-M, and OM significantly blocked the collagen loss by IND (Figure 3c). There
were no statistical differences in the total hexose, sialic acid, and collagen contents among
IND + OM and three IND + BOE groups, except for sialic acid and collagen contents, which
the preventive effects by BOE-H were greater than those seen by OM (Figure 3b,c).
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Figure 2. BOE alleviates microscopic ulcerative lesions in IND-treated rats. (a) Representative
fundus/body region stained with hematoxylin and eosin. Dashed squares in the left column are
enlarged in the middle and right columns. Scale bars indicate 80 µm. (b) Histomorphometric
analyses. Invaded percentage of lesion and mucosa thickness were calculated using an image
analyzer. Histological score was estimated on four grades from 0 to 3. Results are expressed as
mean ± SD of ten rats (a p < 0.01, b p < 0.05 versus vehicle group; c p < 0.01, d p < 0.05 versus
IND-treated group; e p < 0.01 between IND + OM and IND + BOE groups). ED, edematous change;
EP, surface epithelium; LU, lumen; ML, muscular layer; MM, muscularis mucosa; MU, mucosa layer;
SM, submucosa.
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Figure 3. BOE restores integrity of the gastric mucus. (a) Gastric mucus was quantified after the gastric tissue was stained
with Alcian blue. (b) Glycoprotein in the mucus was measured as total hexose and sialic acid levels in the gastric mucosal
homogenates. (c) Collagen was determined as quantifying hydroxyproline level in the gastric mucosal homogenates.
Results are expressed as mean ± SD of ten rats (a p < 0.01, b p < 0.05 versus vehicle group; c p < 0.01, d p < 0.05 versus
IND-treated group; e p < 0.01 between IND + OM and IND + BOE groups).

3.4. Pre-Administration of BOE Downregulates Essential Factors for Secreting Gastric Acid

Because IND injures the gastric mucosa by enhancing the secretion of gastric acid [24],
we explored the effect of BOE on essential factors associated with secreting gastric acid.
As expected, the level of histamine in the plasma was significantly increased in IND-
treated group compared to vehicle-treated group. Pre-administration of BOE significantly
decreased the level of plasma histamine in a doses-dependent manner, while OM adminis-
tration did not change the histamine level increased by IND. When comparing histamine
levels among IND + OM and three IND + BOE groups, magnitude of the reduction by
BOE-H and BOE-M was more potent than that by OM (Figure 4a). In addition, pre-
administration of BOE-H, BOE-M, or OM significantly suppressed IND-mediated decrease
in PGE2 level in the gastric mucosal homogenates. Statistical significance was only seen in
rats receiving BOE-H when comparing PGE2 level to OM-treated rats (Figure 4b). Moreover,
IND-mediated increases in the mRNA expression of H+/K+ ATPase, H2R, and CCK2R
were significantly inhibited by pre-administration of three different doses of BOE, ex-
cept for H+/K+ ATPase mRNA, which did not differ between IND + BOE-L and IND
group. Of three mRNAs expression, H+/K+ ATPase mRNA was only decreased by pre-
administration of OM, and the mRNA reduction of H2R and CCK2R by BOE-H and BOE-M
was statistically significant as compared to that by OM (Figure 4c).

3.5. Pre-Administration of BOE Attenuates IND-Mediated Gastric Inflammation

To explore whether BOE protects the gastric tissue by alleviating inflammatory re-
sponses induced by IND, we measured MPO activity in the gastric tissue. IND significantly
increased MPO activity as compared to vehicle, and pre-administration of three different
doses of BOE and OM significantly reduced the IND-mediated increase in MPO activ-
ity. There were no statistical differences in MPO activity among IND + OM and three
IND + BOE groups (Figure 5a). In addition, results from qPCR indicated that IND sig-
nificantly increased the mRNA level of NF-κB, which is a pivotal transcription factor for
regulating genes associated with inflammation in the gastric tissue [25]. However, IND-
mediated increase in NF-κB mRNA was significantly attenuated in rats administered with
three different doses of BOE and OM. Although magnitude of the reduction in NF-κB
mRNA by BOE-H was greater than that by OM, the inhibitory effect seen in response
to BOE-M and BOE-L did not differ from that by OM (Figure 5b). Moreover, three dif-
ferent doses of BOE as well as OM significantly prevented IND-mediated expression of
inflammatory enzymes (e.g., COX-2 and iNOS) (Figure 5c) and cytokines (e.g., TNF-α,
IL-1β, IL-6, and IL-18). Inhibitory effects of inflammatory enzymes and cytokines in three
BOE-treated groups did not differ from those by OM-treated group, except for iNOS mRNA
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level between IND + BOE-H and IND + OM, IL-1β protein level between IND + BOE-
L and IND + OM, IL-6 protein level between IND + BOE-H (/BOE-L) and IND + OM
(Figure 5d).

3.6. Pre-Administration of BOE Suppresses Lipid Peroxidation by Enhancing Antioxidant
Activities

To explore the effect of BOE on IND-mediated oxidative stress, lipid peroxidation was
monitored by quantifying level of malondialdehyde in the gastric tissue. IND increased
the level of malondialdehyde, suggesting that IND induces oxidative stress in the gastric
tissue. However, pre-administration of three different doses of BOE and OM significantly
decreased the malondialdehyde level. Although reduction of malondialdehyde by BOE-H
administration was greater than that in response to OM, there were no statistical differences
between BOE-M (/BOE-L) and OM (Figure 6a). In addition, three different doses of
BOE and OM significantly prevented IND-mediated depletion of glutathione as well as
decreases in catalase and superoxide dismutase activities, except for catalase activity in
OM-administered group. Especially, the magnitudes of restoration in antioxidant activities
by BOE-H were greater than those by OM (Figure 6b,c).

Figure 4. BOE down-regulates essential factors associated with secreting gastric acid. Levels of
plasma histamine (a) and PGE2 in the gastric mucosal homogenate (b) were determined using
commercial ELISA kits. (c) mRNA level associated with secreting gastric acid was quantified by
qPCR. Results are expressed as mean ± SD of ten rats (a p < 0.01, b p < 0.05 versus vehicle group;
c p < 0.01, d p < 0.05 versus IND-treated group; e p < 0.01, f p < 0.05 between IND + OM and IND + BOE
groups).
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Figure 5. BOE attenuates IND-mediated inflammation in the gastric tissue. (a) Myeloperoxidase (MPO) activity was
determined after gastric tissues were incubated with hydrogen peroxide and o-dianisidine dihydrochloride. mRNA levels of
NF-κB (b) and inflammatory enzymes (c) and protein levels of cytokine (d) in the gastric tissue were measured using qPCR
and commercial ELISA, respectively. Results are expressed as mean ± SD of ten rats (a p < 0.01, b p < 0.05 versus vehicle
group; c p < 0.01, d p < 0.05 versus IND-treated group; e p < 0.01, f p < 0.05 between IND + OM and IND + BOE groups).

Figure 6. BOE suppresses lipid peroxidation and enhances antioxidant activities in the gastric tissue. (a) Malondialdehyde
level in the gastric tissue was measured using a thiobarbiturate. (b) Glutathione was quantified in the supernatant after
removing proteins from gastric mucosal homogenate. (c) Catalase and superoxide dismutase activities were determined
after incubating the gastric mucosal homogenate with hydrogen peroxide and nitroblue tetrazolium chloride. Results are
expressed as mean± SD of ten rats (a p < 0.01 versus vehicle group; b p < 0.01, c p < 0.05 versus IND-treated group; d p < 0.01,
e p < 0.05 between IND + OM and IND + BOE groups).

4. Discussion

Throughout macroscopic and microscopic histopathological evaluation, results from
present study proposed that B. oleracea extract standardized by vitamin U could prevent
acute gastric injury induced by IND. In addition, gastroprotective effects of three different
doses of BOE were compared to those of OM. Although most of gastroprotective effects
by BOE-H were more potent than those by OM, there were no statistical differences in
gastroprotective effects among BOE-M, BOE-L, and OM groups.
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Cheney suggested that vitamin U is major bioactive compound that contributes to
the gastroprotection of cabbage juice [18], and studies have reported that effective dosage
of vitamin U for managing gastric ulcer ranges from 100 to 500 mg/kg [26,27]. Because
present results from HPLC analysis showed that BOE contained about 4.5% of vitamin U,
12.5–50 mg/kg of BOE used for the animal experiments in the present study is equivalent
to 0.56–2.25 mg/kg of vitamin U. Thus, concentration of vitamin U in BOE seems to be
too low to reflect the potent gastroprotective effects of BOE. In addition to vitamin U, our
HPLC chromatogram also showed that at least three unidentified peaks absorbing 338 nm
of light were existed in BOE. Moreover, it has been reported that B. oleracea contains various
bioactive compounds including glucosinolates (e.g., sinigrin, glucoiberin, glucoraphanin,
and glucobrassicin), flavonoids (e.g., quercetin, kaempferol, apigenin, and rutin), phenolic
acids (e.g., caffeic acid, p-coumaric acid, ferulic acid, and sinapic acid), carotenoids (e.g.,
tocopherol, α-carotene, and β-carotene) and vitamins (e.g., vitamin K, vitamin C, and
folate) [10,28,29]. Moreover, several bioactive compounds (e.g., kaempferol, quercetin,
rutin, apigenin, caffeic acid, p-coumaric acid, ferulic acid, α-tocopherol, and β-carotene)
and those-derived hydrolysis byproducts (e.g., allyl isothiocyanate, indole-3-carbinol, and
sulforaphane) have been reported to exhibit beneficial effects on gastric ulcer in experimen-
tal animal models [30–41]. Ameliorating oxidative stress, reducing acute inflammation, and
restoration of endogenous cytoprotective molecules are proposed mechanisms associated
with the prevention of gastric ulcer by the aforementioned bioactive compounds. Although
the concentration of individual bioactive compounds in BOE is not sufficient to protect
the gastric tissue, combinations of bioactive compounds may synergistically contribute to
protecting the gastric tissue from IND. Further studies are needed to explore other bioactive
compounds responsible for BOE-mediated gastroprotection.

Because mucus secreted from mucous cells of the gastric tissue is able to separate
chemical and biological toxins in the lumen from epithelium, the mucus has been recog-
nized as the first line of defense to protect the stomach from gastric injury [42]. Mucin,
which is the major building blocks comprising mucus, is protein complex with over 80%
carbohydrate [43]. Moreover, collagen is one of the representative proteins in extracel-
lular matrix for providing mechanical strength of (sub)mucosal and muscular layer [8].
Therefore, present results from Alcian blue binding assay and measurement of gastric
carbohydrate/collagen levels imply that BOE-mediated protection of mucus as well as
mucosal integrity contributes to protecting gastric tissue from IND.

The present results showed that pre-administration of BOE significantly inhibited the
histamine release and mRNA expression associated with secreting gastric acid. Histamine
released from neuroendocrine and paracrine system (e.g., enterochromaffin-like cells in
the gastric tissue) stimulates secretion of gastric acid through H2R activation in parietal
cells. In addition, gastrin also stimulates the acid secretion through direct activation of
CCK2R in parietal cells or CCK2R-mediated histamine release in enterochromaffin-like
cells. Finally, histamine binding to the H2R in the parietal cells pumps out H+ ion via
cAMP-dependent activation of H+/K+ ATPase [44]. More importantly, we further verified
that pre-administration of BOE significantly inhibited the reduction of PGE2 caused by IND.
Studies using specific PGE2 receptor agonist/antagonist as well as mice deficient specific
receptor demonstrate that PGE2-mediated EP1 activation plays a critical role on gastric
protection against NSAIDs [45,46]. In addition, it has been reported that PGE2 inhibits acid
secretion, neutrophil migration, and hypermotility of the gastric tissue. Moreover, PGE2
increases bicarbonate secretion, mucus production, and mucosal blood flow [47], which
provide an evidence that PGE2 is the guardian to protect the stomach from necrotizing
agents including IND. Therefore, present results imply that modulation of histamine and
PGE2 levels in response to BOE can be attributed to protect the gastric mucosa.

MPO, an abundant enzyme expressed in primary azurophilic granules of neutrophils,
facilitates acute inflammation by catalyzing the formation of reactive oxygen species [48].
In addition, mice injected with an antibody against CD11/CD18 or mice lacking with
fucosyltransferase VII showed marked reduction of IND-mediated gastric ulcer and pre-
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served mucosal integrity [4,49], which provide an evidence that adherence and infiltration
of neutrophil are required to accelerate IND-mediated ulcerogenesis. Therefore, present
results showing BOE pre-administration inhibited IND-mediated MPO activity in the
gastric tissue suggest that inhibition of infiltrating neutrophils by BOE may be one of the
plausible mechanisms accounting for anti-ulcerogenic activity of BOE in IND-treated rats.
In addition, results from present study also showed BOE significantly reduced NF-κB
as well as several inflammatory mediators. NF-κB is a ubiquitous transcription factor
which initiates a vast array of biological processes including inflammation [25]. It has been
reported that NF-κB mRNA is increased in patient with gastric ulcer [50]. On the contrary,
genetic ablation of NF-κB subunit (e.g., p50) ameliorates cold stress-mediated mucosal
injury in conjunction with the reduced expression of inflammatory cytokines and adhesion
molecules [51]. Cellular debris released from damaged tissue promotes infiltration of
inflammatory cells (e.g., neutrophils) and triggers inflammatory responses by producing
inflammatory enzymes (e.g., iNOS, and COX-2) and inflammatory cytokines (e.g., TNF-α,
IL-1β, IL-6, and IL-18) which are known to be mainly regulated by NF-κB [25,52,53]. There-
fore, not only inhibition of infiltrating neutrophils but also suppression of NF-κB mRNA
collaboratively contributes to preventing the gastric ulcer caused by IND.

Mice deficient in gp91phox mitigate IND-mediated gastric ulcer [4], which imply that
oxidative stress from infiltrated inflammatory cells is another pathological mechanism for
aggravating mucosal damage during ulcerogenesis. Consistent with previous reports [6],
we also showed that IND depleted glutathione and decreased catalase and superoxide
dismutase activities, resulting in accumulating oxidative stress in the gastric tissue. How-
ever, pre-administration of BOE significantly mitigated IND-induced oxidative stress.
Glucosinolates and those hydrolyzed byproducts possess potent antioxidant activity via
activating nuclear factor E2-related factor 2 (Nrf2) [54]. Nrf2 activators disrupt protein–
protein interaction between Nrf2 and Keap1 and allow Nrf2 to translocate into the nucleus,
where Nrf2 transactivates many antioxidant genes (e.g., superoxide dismutase, catalase,
and glutamate-cysteine ligase) to cope with oxidative stress [54,55]. More interestingly, in
silico study has shown that vitamin U is able to bind to the ETGE motif of Nrf2, which
facilitates the dissociation of Nrf2 from Keap1 [56]. Furthermore, Nrf2 also perturbs the
expression of inflammatory cytokines via direct binding to the proximal promoter of those
genes [57]. Although more studies are needed on the role of Nrf2 in BOE-mediated gastro-
protection, present results suggest that BOE may protect the gastric tissue via activating
Nrf2-dependent signaling pathway.

5. Conclusions

In conclusion, present results showed that pre-administration of BOE standardized
by vitamin U efficiently prevented IND-mediated acute gastric injury via maintaining
mucus and mucosal integrity, regulating factors related to gastric acid secretion, inhibiting
inflammation, and enhancing antioxidant activities. Although results from present study
provide a direct evidence that BOE can prevent the gastric ulcer, several studies including
(1) chemical characterization of BOE beyond vitamin U, (2) major bioactive compounds that
reflect the gastroprotective effects of BOE, (3) detailed molecular targets of BOE, (4) efficacy
of BOE on other gastric ulcer models (e.g., H. pylori and other NSAIDs), and (5) toxicity and
safety of BOE must be further addressed to develop BOE as an alternative gastroprotective
agent. If appropriate studies related to BOE are successfully performed, BOE will be a
potential candidate for development as a gastroprotective nutraceutical.
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