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Abstract

Spondias mombin L. (yellow mombin) is a tree with a nutritional fruit that is commonly con-
sumed in the North and Northeast of Brazil, as the juice of its pulp is rich in antioxidant com-
pounds. This study aimed to investigate the gastroprotective and ulcer healing activities of
yellow mombin juice (YMJ) in Wistar rats, and to elucidate the possible involved mecha-
nisms. Phytochemical characterization of the lyophilized fruit juice was performed by high-
performance liquid chromatography (HPLC). The gastroprotective activity of YMJ was
investigated in ethanol (25, 50, and 100% YMJ) and indomethacin (100% YMJ) models of
acute gastric ulcer in rats. Then, the effect of YMJ on mucus production and gastric secre-
tions, and the involvement of non-protein sulfhydryl groups and prostaglandins in the
gastroprotective process were examined. Moreover, the ulcer healing effect of YMJ was
investigated in a model of acetic acid-induced chronic ulcer through histological and immu-
nohistochemical analyses. HPLC results identified the presence of epicatechin (7.1 +

1.6 pg/mL) and quercetin (17.3 £ 2.5 yg/mL) in YMJ. Ethanol-induced gastric lesions were
inhibited by YMJ (25, 50, and 100%) by 42.42, 45.09, and 98.21% respectively, and indo-
methacin-induced lesions were inhibited by YMJ (100%) by 58.96%, compared to control
group. Moreover, YMJ reduced gastric content and total acidy by 57.35 and 71.97%,
respectively, compared to the control group. Treatment with YMJ also promoted healing of
chronic ulcer, regeneration of the gastric mucosa, and restoration of mucus levels in glandu-
lar cells, as confirmed by histological analysis. It also increased cellular proliferation, as
demonstrated by high reactivity to Ki-67 and bromodeoxyuridine. In conclusion, YMJ was
found to possess gastroprotective and ulcer healing activities that are correlated to its
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antisecretory action. These results support the commercial exploration of YMJ as a func-
tional food.

Introduction

Peptic ulcer is a widespread disease whose incidence varies from one country to another, but is
generally considered as a worldwide public health problem. Peptic ulcer is usually aggravated
by an imbalance between destructive and defensive factors such as mucosal blood flow and
production of mucus, bicarbonate, and prostaglandins in the stomach [1, 2]. Other factors
may also trigger the development of peptic ulcers, such as Helicobacter pylori infection [3], eth-
anol consumption, prolonged use of non-steroidal anti-inflammatory drugs (NSAIDs), some
dietary habits, and psychological stress [4]. On the other hand, gaseous mediators [5] and nes-
fatin-1 [6] were reported to be involved in acceleration of ulcer healing.

The genus Spondias (Anacardiaceae) comprises 18 species and several hybrids distributed
in the Americas, Asia, and Madagascar. In tropical America, four Spondias species are of eco-
nomic importance: S. dulcis Parkinson, S. purpurea L., S. tuberosa Arruda, and S. mombin L.
The fruits of S. mombin L. are known by many different popular names, the best known of
which in Brazil are cajd, caja-mirim, and tapereba [7, 8].

Our research group when evaluating the antiulcerogenic capacity of the Spondias mombin
ethanolic extract (SmEE) showed that SmEE has antiulcerogenic activity mediated by antioxi-
dant activity, stimulation of the gastric mucus production or involvement of the sulthydryl
groups and nitric oxide, besides antisecretory, anti-Helicobacter pylori activities and cicatri-
zante gastrico. In addition, they found that the major compounds found in SmEE, ellagic acid
and gallic acid are gastric protectors and when evaluated in association the protective activity
is increased [9].

S. mombin (yellow mombin) fruits play an important role in the agribusiness of the North
and Northeast regions of Brazil due to their characteristic flavor and exotic aroma. They are
popularly consumed either as fresh fruits or processed pulp, juices, or ice cream [10]. The fruit
contains phenolic compounds and thus, exhibits antioxidant activities [11], and can reduce
inflammation and lipid peroxidation [12] that take place in gastric lesions.

There is a growing interest in functional foods containing phytochemicals, which are non-
nutritive plant chemicals that can be applied in the prevention or treatment of diseases [13]. In
this study, we aimed to investigate the gastroprotective and ulcer healing properties of yellow
mombin juice (YM]), and to elucidate the mechanisms of action involved in these effects.

Material and methods
Reagents and chemicals

The following substances were used in our study: Alcian Blue, N-ethylmaleimide (NEM),
nitro-L-arginine methyl ester, ranitidine, carbenoxolone (Sigma-Aldrich, St. Louis, USA), ace-
tic acid, glucose (Vetec, Duque de Caxias, Brazil), ethyl ether, formaldehyde, phenolphthalein
(FMaia, Cotia, Brazil), xylazine, ketamine (Vetbrands, Paulinia, Brazil), Ki-67 antibody (code:
s¢-23900), and bromodeoxyuridine (BrdU) antibody (code: sc-32323) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA).
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Plant material and extract preparation

S. mombin fruits were collected in Crato, Ceara, Brazil, in December 2015 (S 7°13.00.6”-W
39°22.15.1”). A voucher specimen was deposited in the Herbarium of the Agronomic Institute
under the registration number #91073. Botanical identification was done by Rita de Cassia
Pereira. The pure fruit juice (5000 g) was dehydrated with the aid of a lyophilizer for phyto-
chemical analysis and then dissolved and diluted in 0.9% NaCl solution to obtain 100, 50, and
25% solutions before being investigated in an in vivo experiment of ethanol-induced ulcer at a
dose of 10 mL/kg. The pH of YM]J (2.79 + 0.05) was determined in triplicate using a pH meter
(Bante Instruments, Shanghai, China).

Phytochemical study

Phytochemical analysis of YM] was performed using high-performance liquid chromatogra-
phy (HPLC) (Shimadzu, Kyoto, Japan) with a diode array detector (DAD), a C;4 column with
particle size of 5 um and dimensions of 250 x 4.6 mm, and a guard column (Thermo Fisher
Scientific, MA, USA). Temperature was maintained at 40 °C throughout the analysis. Two
solutions were used for the mobile phase: Solution A, which consisted of phosphoric acid in
ultra-purified water (0.1% v/v); and solution B, which consisted of acetonitrile (100%). The
two solutions were delivered using a gradient system as follows: 0-60 min/95-5% (A), 60-70
min/5-95% (A), and 70-75 min/95% (A), at a flow rate of 0.6 mL/min. A volume of 40 pL of
the analytical standards and samples was injected, and detection was performed by the DAD at
a wavelength of 340 nm.

Animals

Totally, 182 Wistar rats (200-320 g) of both sexes, obtained from the Department of Physiol-
ogy and Pharmacology at the Federal University of Pernambuco (UFPE, Pernambuco, Brazil),
were used in the experiments. Animals were kept under standard environmental conditions
(12:12 h light-dark cycle, a temperature of 22 + 2 °C, and a humidity of 55-65%), with free
access to filtered water and industrialized dry food (Presence, Purina, Sdo Paulo, Brazil). All
experimental protocols were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals by the National Institute of Health (Washington, DC, 2011) and were sub-
mitted to and approved by the UFPE Ethics Committee on Animal Use, under license number
23076.019290/2016-52. In all experiments, animals were euthanized by CO, inhalation in a
CO, chamber.

Investigating the gastroprotective activity of YM]

Ethanol-induced gastric lesions. After fasting for 16 h, rats were randomly distributed
into five groups (n = 6/group) as follows: control group, rats received 0.9% NaCl by oral route;
lansoprazole, rats were orally pretreated with lansoprazole (30 mg/kg); YMJ (25, 50, and 100),
rats were orally pretreated with 25, 50, and 100% YM]J (10 mL/kg), respectively.

One hour after pretreatment, all animals received absolute ethanol (99.8%, 4 mL/kg) by oral
administration to induce gastric lesions according to the method described by Morimoto et al.
[14] with slight modifications. After 1 h, animals were euthanized, stomachs were removed
and photographed, and lesions were measured (Image J software, Bethesda, MD, USA). Results
were expressed as the total area of ulcerative lesions (mm?).

Indomethacin-induced gastric lesions. After fasting for 16 h, rats were randomly distrib-
uted into three groups (n = 6-8/group) as follows: control group, rats received 0.9% NaCl by
oral route; ranitidine, rats were orally pretreated with ranitidine (60 mg/kg); YM] (100), rats
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were orally pretreated with 100% YM] (10 mL/kg). Thirty minutes after pretreatment, all ani-
mals received indomethacin (30 mg/kg) by subcutaneous administration to induce gastric
lesions according to the method described by Djahanguiri [15]. After 6 h, animals were eutha-
nized, stomachs were removed and photographed, and gastric lesions were evaluated as
described previously.

Evaluation of mucosal protective factors

Determination of mucus adhering to the gastric mucosa. This experiment was per-
formed according to the method described by Raffatullah et al. [16] with some modifications.
After fasting for 18 h, rats were randomly distributed into three groups (n = 6/group) as fol-
lows: control group, rats received 0.9% NaCl (1 mL/kg) by oral route; carbenoxolone, rats were
orally administered carbenoxolone (200 mg/kg); and YM] (100), rats were orally administered
100% YM]J (10 mL/kg). After 1 h, rats were anesthetized by an intraperitoneal (i.p.) injection
of xylazine (6 mg/kg) and ketamine (60 mg/kg), then they were submitted to longitudinal inci-
sion for pylorus ligation. Four hours later, animals were euthanized, and the glandular portion
of the stomach was separated, weighed, and immersed in 10 mL of 0.1% Alcian Blue solution
(0.16 M sucrose/0.05 M sodium acetate, pH 5.8). After 2 h of immersion, excess dye was
removed by rinsing with 7 mL of 0.25 M sucrose for two successive times. Each stomach was
sequentially transferred to 10 mL of 0.5 M MgCl, solution for 2 h. Then, 4 mL of the dye solu-
tion was shaken vigorously with an equal volume of ether. The resulting emulsion was centri-
fuged at 176 x g for 10 min, and the absorbance of the aqueous layer was measured at 595 nm.
Then, the amount of blue dye extracted per gram of wet glandular tissue was calculated, and
the result was expressed as pug of Alcian Blue/g of tissue.

Investigation of the role of sulfhydryl compounds (-SH groups) in gastroprotection.
After fasting for 18 h, rats were distributed into six groups (n = 5-7/group). Three groups
received 0.9% NaCl solution (control, 10 mL/kg, i.p.), and three groups received NEM (10 mg/
kg, i.p.), which is a sulthydryl compound blocker [17], to investigate the involvement of endog-
enous—SH groups in the gastroprotective effect of YM]. After 30 min, the three groups that
received 0.9% NaCl and the three groups that received NEM were pretreated as follows: one
group received 0.9% NaCl solution by oral route, the second group was orally administered
carbenoxolone (100 mg/kg), and the third group was orally administered 100% YM]. One
hour after pretreatment, gastric lesions were induced in all groups by oral administration of
absolute ethanol (4 mL/kg). After 1 h, animals were euthanized, stomachs were removed and
photographed, and the injuries were evaluated (Image J software, Bethesda, MD, USA). Results
were expressed as the total area of ulcerative lesions (mm?).

Investigation of the role of prostaglandins in gastroprotection. After fasting for 18 h,
rats were distributed into six groups (n = 4-8/group). Three groups received 0.9% NaCl solu-
tion (control, 10 mL/kg, i.p.), and three groups received indomethacin (30 mg/kg, i.p.), an
NSAID that inhibits cyclooxygenase enzyme and thus, reduces the production of prostaglan-
dins [17], to investigate the involvement of prostaglandins in the gastroprotective effect of
YM]J. After 30 min, the three groups that received 0.9% NaCl and the three groups that
received indomethacin were pretreated as follows: one group received 0.9% NaCl solution by
oral route, the second group was orally administered misoprostol (50 ug/kg), and the third
group was orally administered 100% YM] (10 mL/kg). One hour after pretreatment, gastric
lesions were induced in all groups by oral administration of absolute ethanol (4 mL/kg).
Again, animals were euthanized 1 h after ethanol administration, stomachs were removed and
photographed, and the injuries were evaluated by computerized planimetry using Image J
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software (Bethesda, MD, USA). Results were expressed as the total area of ulcerative lesions
(mm?).

Determination of gastric acid secretion. This experiment was carried out according to
the pylorus ligation method described by Shay et al. 18] with slight modifications. Animals
were divided into four groups (n = 5-6/group): control, ranitidine, YMJ, and false-operated
(received no treatment at all). After fasting for 18 h with free access to 5% glucose solution, ani-
mals were anesthetized by an i.p. injection of xylazine (6 mg/kg) and ketamine (60 mg/kg),
then they were submitted to longitudinal incision for pylorus ligation. Immediately after
ligation, animals were distributed into four groups (n = 5-6/group) as follows: control, rats
received 0.9% NaCl (0.1 mL/100 g) by intraduodenal route; ranitidine, rats were administered
ranitidine (60 mg/kg) by intraduodenal route; YM] (100), rats were administered 100% YM]
(10 mL/kg) by intraduodenal route, and a false-operated group, which received no treatment
at all. The abdominal wall was sutured, and 4 h later, animals were euthanized. Gastric secre-
tions were collected and centrifuged at 176 x g for 30 min. Then, the gastric content (g), its
pH, and the total acidity (mEquiv.[H"]/g/4 h) were determined.

Evaluation of ulcer healing property of YM]

Acetic acid-induced gastric ulcer. Chronic ulcer induction was carried out based on the
method described by Takagi et al. [19] with some modifications. Animals were divided into
three groups (n = 5-6/group), and the study lasted for 14 days. After fasting for 16 h, animals
were anesthetized by an i.p. injection of xylazine (6 mg/kg) and ketamine (60 mg/kg) for surgi-
cal exposure of the stomach. Then, 0.05 mL of 30% acetic acid was injected into the subserosal
layer of the external wall of the stomach. You can add the distribution here as follows: One
day after the surgery, daily treatment began, and animals were distributed into three groups
(n = 5-6/group) as follows: control, rats received 0.9% NaCl by oral route; ranitidine, rats were
orally administered ranitidine (60 mg/kg); and YM] (100), rats were orally administered 100%
YM]J (10 mL/kg), once a day for 14 consecutive days. During the treatment, animals were
observed for signs of toxicity, such as piloerection, diarrhea, changes in locomotor activity, or
mortality. Moreover, body weight was recorded. On day 15, rats were euthanized, stomachs
were removed and photographed, and the injuries were evaluated (Image J software, Bethesda,
MD, USA). Results were expressed as the total area of ulcerative lesions (mm?).

In order to reduce the number of animals, our experimental procedure of gastric cicatriza-
tion using acetic acid followed the Russell-Burch Principles of reduction, substitution, and
refinement in animal use (known as the 3R’s Principle). The experiments for this study and a
related study were carried out jointly so that for the control and ranitidine groups, data from
the same animals is used for both this study and a previously published study [9], allowing a
reduction of 12 animals.

Histological analysis. Stomach tissue specimens with chronic ulcers (from acetic acid-
induced rats) were sectioned and fixed in 10% buffered formalin. Then, tissue specimens
were washed with water, immersed in 70% ethyl alcohol for 3-4 days, and embedded in
paraffin. Finally, 5-um thick paraffin sections were cut and stained with hematoxylin and
eosin (H&E) and Periodic Acid-Schiff (PAS). Stained gastric tissue sections were examined
under a light microscope and photographed using Leica camera, model EC3, attached to the
microscope and connected to the Leica Application Suite software EZ (Leica, Wetzlar,
Germany).

Immunohistochemical analysis. The immunohistochemical staining of Ki-67 and BrdU
was carried out in 4-pm thick sections cut from paraftin blocks of samples containing ulcer-
ated areas. Initially, samples were deparaffinized in xylene and hydrated [20].
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The expression of Ki-67 and BrdU proteins was evaluated using the free-biotin method in
conjugation with horseradish peroxidase (HRP). Antigen retrieval was performed using a pres-
sure cooker for 2 min, after which the slides were cooled to room temperature, and endoge-
nous peroxidase was blocked using bovine serum albumin for 1 h. After cooling, slides were
incubated overnight with primary mouse monoclonal anti-Ki-67 antibody (Santa Cruz Bio-
technology, code: sc-23900, dilution 1:200) and anti-BrdU antibody (Santa Cruz Biotechnol-
ogy, IIB5, code: sc-32323, dilution 1:200). Visualization was carried out using HRP. Slides
were washed, incubated with diaminobenzidine (DAB) chromogen solution (Dako Corpora-
tion, Carpiteria, CA USA), washed in water, counterstained with hematoxylin, dehydrated,
and mounted. Cells positive for Ki-67 and BrdU were detected by the presence of a dark red-
dish-brown chromogen in the nucleus or nucleus/cytoplasm, respectively, of epithelial cells in
the lesion area. Reactivity was scored using the following system: positive, mild (detected in
10-15% of the analyzed cells), moderate (in 25-50% of the analyzed cells), strong (in more
than 50% of the analyzed cells); or negative (in less than 10% of the analyzed cells).

Statistical analysis

Results were expressed as mean + standard error of the mean (S.E.M). The differences between
means were analyzed by analysis of variance (ANOVA) followed by Tukey’s test for one-way
analysis. Statistical analysis was performed using GraphPad Prism 6.0". The level of signifi-
cance for rejection of the null hypothesis was set at 5% (p < 0.05).

Results
Phytochemical characterization of YM]J by HPLC

The manual extraction of juice from 5000 g of yellow mombin was able to yield approximately
400 mL of YM]J. A 2-mL aliquot was frozen, lyophilized, and the lyophile (0.48 g) was used for
the phytochemical analysis. From the chromatographic analysis of YM]J, it was possible to
identify and quantify two components by the similarity of their retention times and ultraviolet
absorption spectrum (A = 340 nm) to those of the analytical standards used: epicatechin at 20.2
min (7.1 + 1.6 ug/mL), and quercetin at 14.5 min (17.3 + 2.5 pg/mL).

Gastroprotective activity of YM]

Ethanol-induced gastric lesions. Ethanol administration resulted in extensive damage to
the gastric mucosa with hemorrhagic erosions in the control group (pretreated with 0.9%
NaCl). However, pretreatment with YMJ (25, 50, and 100%) and lansoprazole significantly
inhibited the gastric lesions by 42.42, 45.09, 98.21, and 89.22%, respectively, compared to the
control group (Figs 1 and 2).

Indomethacin-induced gastric lesions. The subcutaneous administration of indometha-
cin (30 mg/kg) resulted in injury to the gastric mucosa with an area of 16.36 + 3.44 mm? in the
control group. Pretreatment with pure YMJ (100%) and ranitidine (60 mg/kg) significantly
inhibited the gastric lesions by 58.96% and 86.43%, respectively, compared to the control
group (Figs 3 and 4).

Evaluation of mucosal protective factors

Effect of yellow mombin juice (YM]) on the production of gastric mucus. The gastric
mucus level in control group animals submitted to pylorus ligation was found to be 8.79 +
0.67 pg of Alcian Blue/g of tissue. Pretreatment with carbenoxolone (200 mg/kg) significantly
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Fig 1. Effect of pretreatment with yellow mombin juice (YM]) on ethanol-induced gastric lesions in rats. Results are expressed as
mean * S.E.M. (n = 6/group). Results were analyzed by one-way ANOVA followed by Tukey’s test, *p < 0.05, **p < 0.01,
#p < 0.0001.
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expressed as mean + S.E.M. (n = 6-8/group). Results were analyzed by one-way ANOVA followed by Tukey’s test, *p < 0.05,
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Fig 4. Photomicrographs of stomach sections from rats with indomethacin-induced gastric lesions.
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increased the production of mucus by 76.8%, while pretreatment with YM]J did not signifi-
cantly alter the mucus production, compared to the injured control group (Fig 5).

The role of sulfhydryl compounds (-SH groups) in gastroprotection. Administration
of NEM exacerbated ethanol-induced gastric lesions by 45.38% compared to the groups
administered NaCl solution. However, pretreatment with YMJ (100%) and carbenoxolone
(100 mg/kg) significantly inhibited the ulcerative lesions induced by absolute ethanol in both
NaCl and NEM-administered groups, i.e., YMJ continued to exert its gastroprotective effect
even after NEM administration (Fig 6).

The role of prostaglandins in gastroprotection. Administration of indomethacin exacer-
bated ethanol-induced gastric lesions in groups pretreated with NaCl and misoprostol by
65.54% and 553.08%, respectively, compared to the NaCl-administered groups pretreated with
NaCl and misoprostol, respectively. However, pretreatment with YMJ (100%) significantly
inhibited the ulcerative lesions induced by absolute ethanol in both NaCl and indomethacin-
administered groups, with no significant difference between NaCl-administered/YM]J-pre-
treated and indomethacin-administered/YM]-pretreated groups (Fig 7).

15+
Hl control
o § " T J carbenoxolone (200 mg/kg)
g I 100% YMJ
C w -
29 s
A ) 5 N
<D
= | \
0-

Fig 5. Effect of pretreatment with yellow mombin juice (YM]) on gastric mucus production. Results are expressed as mean + S.E.
M. (n = 6/group). Results were analyzed by one-way ANOVA followed by Tukey’s test, “*p < 0.01.

https://doi.org/10.1371/journal.pone.0201561.9g005
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Fig 6. Effect of yellow mombin juice (YM]) on gastric lesions induced by ethanol in N-ethylmaleimide (NEM)-administered
rats. Results are expressed as mean + S.E.M. (n = 5-7/group). Results were analyzed by one-way ANOVA followed by Tukey’s test,
*p < 0.05,***p < 0.001.
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Effect of YM]J on gastric acid secretion. Four hours after pylorus ligation and intraduo-
denal administration of NaCl, ranitidine, and YM]J, animals were euthanized and gastric secre-
tions were collected, It was found that the intraduodenal administration of YM]J (100%) and
ranitidine (60 mg/kg) significantly reduced the total acidity by 71.97 and 51.50%, respectively,
and the content of gastric secretions by 57.35 and 66.17%, respectively (Table 1).

Ulcer healing properties yellow mombin juice (YM])

Acetic acid-induced gastric ulcer. Results of this experiment showed that treatment with
YM]J (100%) and ranitidine (60 mg/kg) for 14 consecutive days decreased the area of the
chronic ulcer by 57.34 and 70.65%, respectively, compared to the control group, which demon-
strated an ulcer area of 58.19 + 3.29 mm?> (Fig 8). These results demonstrate that YMJ has a
healing effect on chronic acetic acid-induced ulcers (Fig 8A). Furthermore, throughout the
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Fig 7. Effect of yellow mombin juice (YM]) on gastric lesions induced by ethanol in indomethacin-administered rats. Results

are expressed
***p < 0.001.

as mean + S.E.M. (n = 4-8/group). Results were analyzed by one-way ANOVA followed by Tukey’s test, **p < 0.01,

https://doi.org/10.1371/journal.pone.0201561.9007
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Table 1. Effect of intraduodenal administration of yellow mombin juice (YM]) on gastric secretion in Wistar rats subjected to pylorus ligation.

Treatment pH Total acidy Gastric content
(mEquiv.[H"]/g/4 h) (g)
False-operated 5.33 +£0.31** 10.78 + 0.85** 0.16 £ 0.01***
Control 3.06 +0.08 17.30 + 1.42 0.68 +0.01
100% YM]J (10 mL/kg) 3.45+0.31 4.85 £ 1.04"* 0.29 +0.11%*
Ranitidine (60 mg/kg) 3.95+0.11* 8.39 £0.89"** 0.23 +£0.03***

Results are expressed as mean + S.E.M. (n = 5-6/group). Results were analyzed by one-way ANOVA followed by Tukey’s test,
“p < 0.05,

**p < 0.01,

***p < 0.001.

https://doi.org/10.1371/journal.pone.0201561.t001
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Fig 8. Effect of yellow mombin juice (YM]) on healing of the gastric mucosa in rats with chronic acetic acid-induced gastric
ulcer. Results are expressed as mean + S.E.M. (n = 5-6/group). Results were analyzed by one-way ANOVA followed by Tukey’s test,

**%p < 0.0001.
https://doi.org/10.1371/journal.pone.0201561.9g008

study period, daily administration of YM] caused no sign of visible toxicity, death, or alteration

in body mass (Fig 8B).

Histological analysis of H&E-stained stomach specimens revealed well-defined ulcers with
complete destruction of the mucosal and submucosal layers caused by acetic acid administra-
tion in control group rats. However, stomach specimens from rats orally treated with YM]J (10

mL/kg) and ranitidine (60 mg/kg) demonstrated regeneration of the gastric mucosa, as

revealed by the reappearance of the epithelial and stromal layers, compared to the control
group. Moreover, PAS staining showed increased mucus production, as demonstrated by the

areas intensely stained by magenta color in the mucosal epithelial layer (Fig 9).

Immunohistochemical investigation using monoclonal antibodies against Ki-67 and BrdU
showed strong reactivity to BrdU, marked by the great quantity of BrdU-positive nuclei, and
moderate reactivity to Ki-67, as demonstrated by the dark reddish-brown color in the gastric
mucosa of animals treated with YM]J and ranitidine for 14 days. On the other hand, tissues

from the control group demonstrated no reactivity for any of the two markers due to the

destruction of the epithelial layer, as shown in Fig 10.

Discussion

This study was carried out to investigate the gastroprotective activity of YM], the juice of S.
mombin fruit, in acute gastric lesions induced by different necrotizing agents, and its healing
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ranitidine

HE

PAS

Fig 9. Photomicrographs of gastric mucosa sections stained with H&E and PAS from rats with chronic acetic acid-induced
gastric ulcer. Animals were orally treated with 0.9% NaCl solution (control group), ranitidine (60 mg/kg), or YMJ (100%) for 14
days. The filled arrow indicates the absence of the epithelial layer (internal ulcer area), and the dashed arrow indicates the remaining
epithelial layer (ulcer edge). H&E, Hematoxylin and eosin; PAS, Periodic Acid-Schiff; magnification, 40x.

https://doi.org/10.1371/journal.pone.0201561.g009

Control ranitidine

Fig 10. Immunohistochemical staining of Ki-67 and BrdU in the gastric mucosa of rats with chronic acetic acid-induced gastric
ulcer. Animals were orally treated with 0.9% NaCl solution (control group), ranitidine (60 mg/kg), or YMJ (100%) for 14 days. The
filled arrow indicates the absence of the epithelial layer (internal ulcer area), and the dashed arrow indicates the remaining epithelial
layer (ulcer edge). Photomicrographs demonstrate the immunoreactivity to Ki-67 and BrdU, magnification, 200x.

https://doi.org/10.1371/journal.pone.0201561.9g010
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effect in chronic gastric lesions induced by acetic acid, as well as the mechanisms involved in
its action.

It was found that induction of gastric lesions by ethanol results in depletion of gastric defen-
sive mechanisms, starting from the formation of reactive oxygen species (ROS) such as super-
oxide anions, hydroxyl radicals, and lipid peroxides [21] that result in glutathione depletion
and thus, intracellular oxidative stress, changes in membrane permeability, and mitochondrial
membrane depolarization that ultimately lead to cell death [22]. Our results showed that
administration of pure (100%) and diluted (50 and 25%) YM] to ethanol-induced rats signifi-
cantly inhibited ethanol-induced gastric injury.

Administration of indomethacin was found to suppress prostaglandin synthesis and thus,
increase susceptibility to gastric mucosal lesions, as shown in the control group. However, pre-
treatment with YM]J significantly reduced mucosal damage compared to the respective control
group pretreated with NaCl.

Quercetin, a compound found in YM], was previously reported to inhibit the production of
ROS and act as an anti-apoptotic during gastric injury [23]. Moreover, quercetin, in combina-
tion with pantoprazole (a proton pump inhibitor), was reported to prevent diclofenac sodium-
induced gastroenteropathy in rats [24]. Epicatechin, another compound found in YMJ, is a
polyphenolic compound that was reported by Rozza et al. [25] to have gastroprotective proper-
ties and to strengthen the mucus barrier, neutralize the gastric juice, and act as an antioxidant.
HPLC results identified the presence of quercetin and epicatechin as major compounds in
YM]J, which suggests that, at least in part, the gastroprotective effects of YM] are mediated by
these compounds.

From our results, YM]J was found to possess gastroprotective properties in ethanol and
indomethacin models of acute gastric injury, which suggests the potential involvement of pros-
taglandins, mucus production, and/or antioxidant capacity in the antiulcer activity of YM]J
[26].

As far as we know, this is the first study to investigate the gastroprotective effect of the juice
from the fruit pulp of S. mombin. Tiburski et al. [27] reported the nutritional composition and
in vitro antioxidant capacity of the frozen pulp of yellow mombin. The antioxidant activity
was determined by the Trolox equivalent antioxidant capacity assay using the radical cation
ABTS™" (2,2-azobis-(3-wtilbenzotiazolina-6-sulfonato)., and was found to be 17.47 + 3.27
mmol Trolox equivalent/g. Data from the literature suggest that agents that increase the anti-
oxidant defenses of the gastric mucosa are considered to be beneficial in the treatment of gas-
tric lesions [20, 28].

After confirming the gastroprotective action of the juice, we aimed to elucidate the possible
mechanisms of this action through a number of experiments. First, the effect of YM] on
mucus production was evaluated. As expected, carbenoxolone increased mucus production;
however, YMJ did not affect it. This result negates the enhancing effect of YM]J on mucus pro-
duction. Increased mucus secretion is among the important mechanisms of gastric mucosal
defense against necrotizing agents [29, 30]. In addition, when associated with bicarbonate pro-
duction, it may play a significant role in the prevention of ulcer formation and the protection
of newly formed cells from acid and peptic injury [17].

Then, the roles of-SH groups and prostaglandins in the mechanism of YM] action were
investigated. Our results showed that there was no significant difference between the gastro-
protective effect of YM]J in the absence and presence of NEM, as well as in the absence and
presence of indomethacin. These data indicate that the gastroprotective effect of YM] is not
associated with the production and/or presence of sulfthydryl compounds and does not depend
on the production of prostaglandins. The-SH groups are responsible for increasing the pro-
duction and maintaining the stability of gastric mucus through the formation of disulfide
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bridges, and are involved in maintaining gastric integrity by limiting the production of free
radicals involved in tissue damage [31]. The relatively high concentration of-SH groups in the
gastric mucosa indicates their possible role in gastroprotection [3, 20].

Prostaglandins may be involved in the gastroprotection process by inhibiting gastric acid
secretion or enhancing gastric mucosal protective factors such as stimulation of mucus secre-
tion, bicarbonate, and increased membrane phospholipids [32].

After pylorus ligation, the intraduodenal administration of YM] was effective at reducing
the concentration of H' ions, thereby decreasing the gastric acidity, and also decreasing the
content of gastric secretions. These results indicate that the antisecretory activity of YMJ could
contribute to its gastroprotective activity. In addition, data from the literature [33, 34] show
that catechin and epicatechin are potent non-competitive inhibitors of H*/K"-ATPase, which
supports the antisecretory activity of YM]J demonstrated in this study.

Moreover, YM] assisted the healing of acetic acid-induced gastric injury in rats. The acetic
acid model highly resembles human peptic ulcer regarding pathological features, the healing
process, and the ulcer recurrence cycle [35]. Thus, it is largely applied to evaluate the gastric
healing capacity of synthetic or phytochemical substances [20, 36, 37].

Administration of YM] once daily for 14 days after the induction of gastric injury with ace-
tic acid accelerated the healing process through mucosal and submucosal re-epithelialization,
as demonstrated by H&E staining. Moreover, the YM]J-treated group was found to restore
mucus production in glandular mucus producing cells, as demonstrated by PAS staining. The
mucus layer acts as the first line of defense against luminal pepsin by forming a pre-epithelial
mucus-buffer barrier along with phospholipids [38].

Immunohistochemical analysis was used to verify the regenerative capacity of YMJ on the
gastric mucosa through the detection of proliferating cells at the site of the chronic ulcer. Ki-67
is a nuclear matrix protein expressed by proliferating cells during the G1, S, G2, and M phases
of the cell cycle, but not in quiescent cells [39], while BrdU is a synthetic nucleoside of thymi-
dine that is incorporated into DNA during the S phase of the cell cycle and is expressed by
proliferating cells [40, 41]. Cell proliferation plays an important role in wound healing. Our
results suggest that the antiulcerogenic capacity of YMJ could be mediated by enhancing cell
proliferation and thus, increasing the expression of Ki-67 and BrdU in the process of gastric
healing. In fact, the effectiveness of Ki-67, BrdU, and proliferating cell nuclear antigen as
markers of cellular proliferation was recently reported by Caldas et al. [20] as part of the strat-
egy to evaluate the gastric healing capacity of 1,8-cineole in Wistar rats.

Conclusion

Yellow mombin juice (YM]) was found to exhibit a significant gastroprotective activity, the
mechanism of which may be associated with its antisecretory action. The juice was found to be
effective in accelerating the process of re-epithelialization in rats. Findings of this study open
the perspective for the exploitation of YM] as a functional food.

Author Contributions
Conceptualization: Samara A. Brito, Cynthia L. F. de Almeida, Almir G. Wanderley.

Data curation: Samara A. Brito, Teresinha G. da Silva, Rafael M. Ximenes, Irwin R. A. de
Menezes, Germana F. R. Caldas.

Formal analysis: Samara A. Brito, Cynthia L. F. de Almeida, Jonathan W. de Medeiros, Jacinto
C. Silva Neto, Larissa A. Rolim, Teresinha G. da Silva, Rafael M. Ximenes, Irwin R. A. de
Menezes, Germana F. R. Caldas.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201561 November 5, 2018 13/16


https://doi.org/10.1371/journal.pone.0201561

®PLOS | one

Gastroprotective and gastric healing activities of yellow mombin juice Spondias mombin L.

Investigation: Samara A. Brito, Jonathan W. de Medeiros, Jacinto C. Silva Neto, Germana F.

R. Caldas.

Methodology: Samara A. Brito, Isabela S. Barbosa, Cynthia L. F. de Almeida.

Resources: Cynthia L. F. de Almeida.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Calam J, Baron JH. Pathophysiology of duodenal and gastric ulcer and gastric cancer. British Med. J.
2001; 323:980-982. https://doi.org/10.1136/bmj.323.7319.980.

Laine L, Takeuchi K, Tarnawski A. Gastric mucosal defense and cytoprotection: bench to bedside.
Gastroenterology. 2008: 135, 4. https://doi.org/10.1053/j.gastro.2008.05.030 PMID: 18549814

Zakaria ZA, Balan T, Azemi AK, Omar MH, Mohtarrudin N, Ahmad Z, et al. Mechanism (s) of action
underlying the gastroprotective effect of ethyl acetate fraction obtained from the crude methanolic
leaves extract of Muntingia calabura. BMC Complement. Altern. Med. 2016; 16: 2—17.

Testerman TL, Morris J. Beyond the stomach: an updated view of Helicobacter pylori pathogenesis,
diagnosis, and treatment. World J. Gastroenterol. 2014; 20: 12781-12808. https://doi.org/10.3748/wjg.
v20.i36.12781 PMID: 25278678

Magierowski M, Magierowska K, Hubalewska-Mazgaj M, Surmiak M, Sliwowski Z, Wierdak M et al.
(2017). Cross-talk between hydrogen sulfide and carbon monoxide in the mechanism of experimental
gastric ulcers healing, regulation of gastric blood flow and accompanying inflammation. Biochem phar-
macol. 2018; 149:131-142. https://doi.org/10.1016/j.bcp.2017.11.020 PMID: 29203367

Kolgazi M, Ozdemir-Kumral ZN, Cantali-Ozturk C, Demirci EK, Yuksel M, Sirvanci S et al. Anti-Inflam-
matory Effects Of Nesfatin-1 On Acetic Acid-Induced Gastric Ulcer In Rats: Involvement Of Cyclo-Oxy-
genase Pathway. J. Physiol. Pharmacol. 2017; 68:765-777. PMID: 29375052

Mitchell JD, Daly DC. A revision of Spondias L. (Anacardiaceae) in the Neotropics. PhytoKeys. 2015;
55: 1-92. https://doi.org/10.3897/phytokeys.55.8489 PMID: 26312044

Cabral B, Siqueira EM, Bitencourt MA, Lima MC, Lima AK, Ortmann CF et al. Phytochemical study and
anti-inflammatory and antioxidant potential of Spondias mombinleaves. Braz. J. Pharmacogn. 2016;
26: 304-311. http://dx.doi.org/10.1016/j.bjp.2016.02.002.

Brito SA, Aimeida CLF, Santana Tl, Oliveira ARS, Figueiredo JCBN, Souza IT et al., Antiulcer Activity
and Potential Mechanism of Action of the Leaves of Spondias mombin L., Oxid. Med. Cell. Longev.,
vol. 2018; 2018: 1-20. https://doi.org/10.1155/2018/1731459.

Souza FX, Costa JTA, Lima RN, Crisostomo JR. Growth and development of cajazeira clones culti-
vated in Chapada do Apodi, Ceara. Rev. Bras. Fruticultura. 2006; 28: 414—420. http://dx.doi.org/10.
1590/S0100-29452006000300017.

Tiburski JH, Rosenthal A, Deliza R, de Oliveira Godoy RL, Pacheco S. Nutritional properties of yellow
mombin (Spondias mombin L.) pulp. Food Research International. 2011; 44: 2326-2331. https://doi.
org/10.1016/j.foodres.2011.03.037.

Anantharaju PG, Gowda PC, Vimalambike MG, Madhunapantula SV. An overview on the role of dietary
phenolics for the treatment of cancers. Nutr. J. 2016; 15: 99. https://doi.org/10.1186/s12937-016-0217-
2 PMID: 27903278

Liu RH. Potential synergy of phytochemicals in cancer prevention: mechanism of action. J. Nutr. 2004;
134: 3479S-34858S. https://doi.org/10.1093/jn/134.12.3479S PMID: 15570057

Morimoto Y, Oshima S, Hara H, Sukamoto T. Effects of the new anti-ulcer agent KB-5492 on experi-
mental gastric mucosal lesions and gastric mucosal defensive factors, as compared to those of tepre-
none and cimetidine. Jpn. J. Pharmacol. 1991; 57: 495-505. http://doi.org/10.1254/jjp.57.495. PMID:
1803065

Djahanguiri B. The production of acute gastric ulceration by indomethacin in the rat. Scand. J. Gastro-
enterol. 1969; 4:265-267. PMID: 5346672

Raffatullah S, Tarig M, Al-yahya MA, Mossa JS, Ageel AM. Evaluation of turmeric (Curcuma longa) for
gastric and duodenal antiulcer activity in rats. J. Ethnopharmacol. 1990; 29: 25-34. https://doi.org/10.
1016/0378-8741(90)90094-A PMID: 2345457

Matsuda H, Li Y, Yoshikawa M. Roles of capsaicin-sensitive sensory nerves, endogenous nitric oxide,
sulphydryls and prostaglandins in gastroprotection by mormodin, an oleanolic acid oligoglycoside, on
ethanol-induced gastric mucosal lesion in rats. Life Sci. 1999; 65: 27-32.

Shay H, Komarov SA, Fels SS, Meranze D, Gruenstein M, Siplet H, et al. Simple method for the uniform
production of gastric ulceration in the rat. Gastroenterology, 1945; 5: 43—61.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201561 November 5, 2018 14/16


https://doi.org/10.1136/bmj.323.7319.980
https://doi.org/10.1053/j.gastro.2008.05.030
http://www.ncbi.nlm.nih.gov/pubmed/18549814
https://doi.org/10.3748/wjg.v20.i36.12781
https://doi.org/10.3748/wjg.v20.i36.12781
http://www.ncbi.nlm.nih.gov/pubmed/25278678
https://doi.org/10.1016/j.bcp.2017.11.020
http://www.ncbi.nlm.nih.gov/pubmed/29203367
http://www.ncbi.nlm.nih.gov/pubmed/29375052
https://doi.org/10.3897/phytokeys.55.8489
http://www.ncbi.nlm.nih.gov/pubmed/26312044
http://dx.doi.org/10.1016/j.bjp.2016.02.002
https://doi.org/10.1155/2018/1731459
http://dx.doi.org/10.1590/S0100-29452006000300017
http://dx.doi.org/10.1590/S0100-29452006000300017
https://doi.org/10.1016/j.foodres.2011.03.037
https://doi.org/10.1016/j.foodres.2011.03.037
https://doi.org/10.1186/s12937-016-0217-2
https://doi.org/10.1186/s12937-016-0217-2
http://www.ncbi.nlm.nih.gov/pubmed/27903278
https://doi.org/10.1093/jn/134.12.3479S
http://www.ncbi.nlm.nih.gov/pubmed/15570057
http://doi.org/10.1254/jjp.57.495
http://www.ncbi.nlm.nih.gov/pubmed/1803065
http://www.ncbi.nlm.nih.gov/pubmed/5346672
https://doi.org/10.1016/0378-8741(90)90094-A
https://doi.org/10.1016/0378-8741(90)90094-A
http://www.ncbi.nlm.nih.gov/pubmed/2345457
https://doi.org/10.1371/journal.pone.0201561

®PLOS | one

Gastroprotective and gastric healing activities of yellow mombin juice Spondias mombin L.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Takagi K, Okabe S, Saziki R. A new method for the production of chronic gastric ulcer in rats and effects
of several drugs on its healing. Jpn. J. Pharmacol. 1969; 19: 418-426. PMID: 5307474

Caldas GFR, da Silva Oliveira AR, Araujo AV, Lafayette SSL, Albuquerque GS, Silva-Neto JC, et al.
Gastroprotective mechanisms of the monoterpene 1, 8-cineole (eucalyptol). PloS One. 2015; 10: 1-17.
http://dx.doi.org/10.1371/journal.pone.0134558.

Alvarez-Suarez JM, Dekanski D, Risti¢ S, Radonji¢ NV, Petronijevi¢ ND, Giampieri F et al. Strawberry
polyphenols attenuate ethanol-induced gastric lesions in rats by activation of antioxidant enzymes and
attenuation of MDA increase. PLoS One. 2011; 6: 1-11. http://dx.doi.org/10.1371/journal.pone.
0025878.

Lu'Y, Cederbaum Al. CYP2E1 and oxidative liver injury by alcohol. Free Radic. Biol. Med. 2008; 44:
723-738. https://doi.org/10.1016/j.jhep.2012.08.018. PMID: 18078827

Hu XT, Ding C, Zhou N, Xu C. Quercetin protects gastric epithelial cell from oxidative damage in vitro
and in vivo. Eur. J. Pharmacol. 2015; 754: 115—-124. https://doi.org/10.1016/j.ejphar.2015.02.007
PMID: 25701726

Singh DP, Borse SP, Nivsarkar M. Co-administration of quercetin with pantoprazole sodium prevents
NSAID-induced severe gastroenteropathic damage efficiently: Evidence from a preclinical study in rats.
Exp. Toxicol. Pathol. 2017; 69: 17—26. https://doi.org/10.1016/j.etp.2016.10.004 PMID: 27780667

Rozza AL, Hiruma-Lima CA, Tanimoto A, Pellizzon CH. Morphologic and pharmacological investiga-
tions in the epicatechin gastroprotective effect. Evid. Based Complement. Altern. Med. 2012; 2012: 1—
8. http://dx.doi.org/10.1155/2012/708156.

Kato S, Takeuchi K. Alteration of gastric ulcerogenic and healing responses in rats with adjuvant-
induced arthritis. Jpn. J. Pharmacol. 2002; 89: 1-6. hitps://doi.org/10.1254/jjp.89.1 PMID: 12083738

Tiburski JH, Rosenthal A, Deliza R, de Oliveira Godoy RL, Pacheco S. Nutritional properties of yellow
mombin (Spondias mombin L.) pulp. Food Res Int. 2011; 44:2326-2331. http://dx.doi.org/10.1016/j.
foodres.2011.03.037.

Kaplan KA, Odabasoglu F, Halici Z, Halici M, Cadirci E, Atalay F et al. Alpha-Lipoic Acid Protects
against Indomethacin-Induced Gastric Oxidative Toxicity by Modulating Antioxidant System. J. Food
Sci. 2012; 77: 1-7. https://doi.org/10.1111/j.1750-3841.2012.02920.x PMID: 23057764

Taha MME, Salga MS, Ali HM, Abdulla MA, Abdelwahab S|, Hadi AHA. Gastroprotective activities of
Turnera diffusa Willd. ex Schult. revisited: Role of arbutin. J. Ethnopharmacol. 2012; 141:273-281.
https://doi.org/10.1016/j.jep.2012.02.030. PMID: 22374081

Hajrezaie M, Golbabapour S, Hassandarvish P, Gwaram NS, Hadi AHA, Ali HM et al. Acute toxicity and
gastroprotection studies of a new schiff base derived copper (Il) complex against ethanol-induced acute
gastric lesions in rats. PloS One, 2012; 7:1-11. PMID: 23251568

Chandranath SI, Bastaki SM, Singh JA. Comparative study on the activity of lansoprazole, omeprazole
and PD-136450 on acidified ethanol and indomethacin-induced gastric lesions in the rat. Clin. Exp.
Pharmacol Physiol. 2002; 29:173-80. https://doi.org/10.1046/].1440-1681.2002.03626.x PMID:
11906479

Wallace JL. Prostaglandins, NSAIDs, and gastric mucosal protection: why doesn’t the stomach digest
itself? Physiol. Rev. 2008; 88: 1547-1565. https://doi.org/10.1152/physrev.00004.2008 PMID:
18923189

Murakami S, Muramatsu M, Otomo S. Inhibition of Gastric H* K*-ATPase by Quercetin. J Enzyme
Inhib. 1991; 5: 293-298. http://dx.doi.org/10.3109/14756369109069071.

Murakami S, Muramatsu M, Otomo S. Gastric H+, K+-ATPase inhibition by catechins. J. Pharm. Phar-
macol. 1992b; 44: 926-928. https://doi.org/10.1111/j.2042-7158.1992.tb03238.x

Okabe S, Amagase K. An overview of acetic acid ulcer models-the history and state of the art of peptic
ulcer research. Biol. Pharm. Bull. 2005; 28(8), 1321-1341. https://doi.org/10.1248/bpb.28.1321 PMID:
16079471

Nakao K-I, Ro A, Kibayashi K. Evaluation of the morphological changes of gastric mucosa induced by a
low concentration of acetic acid using a rat model. J. Forensic Leg. Med. 2014; 22: 99—1086. https://doi.
org/10.1016/}.jflm.2013.12.016 PMID: 24485432

Wang L, Wang X, Zhang SL, Zhu XM, Liu YQ, Song Z et al. Gastroprotective effect of palmatine against
acetic acid-induced gastric ulcers in rats. J. Nat. Med. 2017; 71: 257-264. https://doi.org/10.1007/
s11418-016-1057-2 PMID: 27858308

Yandrapu H, Sarosiek J. Protective factors of the gastric and duodenal mucosa: an overview. Curr.
Gastroenterol. Rep. 2015; 17: 1-8. https://doi.org/10.1007/s11894-015-0452-2 PMID: 26109006

Scholzen T, Gerdes J. The Ki-67 protein: from the known and the unknown. J. Cell Physiol. 2000;
182:311-22. https://doi.org/10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9
PMID: 10653597

PLOS ONE | https://doi.org/10.1371/journal.pone.0201561 November 5, 2018 15/16


http://www.ncbi.nlm.nih.gov/pubmed/5307474
http://dx.doi.org/10.1371/journal.pone.0134558
http://dx.doi.org/10.1371/journal.pone.0025878
http://dx.doi.org/10.1371/journal.pone.0025878
https://doi.org/10.1016/j.jhep.2012.08.018
http://www.ncbi.nlm.nih.gov/pubmed/18078827
https://doi.org/10.1016/j.ejphar.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25701726
https://doi.org/10.1016/j.etp.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27780667
http://dx.doi.org/10.1155/2012/708156
https://doi.org/10.1254/jjp.89.1
http://www.ncbi.nlm.nih.gov/pubmed/12083738
http://dx.doi.org/10.1016/j.foodres.2011.03.037
http://dx.doi.org/10.1016/j.foodres.2011.03.037
https://doi.org/10.1111/j.1750-3841.2012.02920.x
http://www.ncbi.nlm.nih.gov/pubmed/23057764
https://doi.org/10.1016/j.jep.2012.02.030
http://www.ncbi.nlm.nih.gov/pubmed/22374081
http://www.ncbi.nlm.nih.gov/pubmed/23251568
https://doi.org/10.1046/j.1440-1681.2002.03626.x
http://www.ncbi.nlm.nih.gov/pubmed/11906479
https://doi.org/10.1152/physrev.00004.2008
http://www.ncbi.nlm.nih.gov/pubmed/18923189
http://dx.doi.org/10.3109/14756369109069071
https://doi.org/10.1111/j.2042-7158.1992.tb03238.x
https://doi.org/10.1248/bpb.28.1321
http://www.ncbi.nlm.nih.gov/pubmed/16079471
https://doi.org/10.1016/j.jflm.2013.12.016
https://doi.org/10.1016/j.jflm.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24485432
https://doi.org/10.1007/s11418-016-1057-2
https://doi.org/10.1007/s11418-016-1057-2
http://www.ncbi.nlm.nih.gov/pubmed/27858308
https://doi.org/10.1007/s11894-015-0452-2
http://www.ncbi.nlm.nih.gov/pubmed/26109006
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9
http://www.ncbi.nlm.nih.gov/pubmed/10653597
https://doi.org/10.1371/journal.pone.0201561

o @
@ : PLOS | ONE Gastroprotective and gastric healing activities of yellow mombin juice Spondias mombin L.

40. Dolbeare F. Bromodeoxyuridine: a diagnostic tool in biology and medicine, Part I: Historical perspec-
tives, histochemical methods and cell kinetics. Histochem. J. 1995; 27: 339-369. https://doi.org/10.
1007/BF02389022 PMID: 7657555

41. Jackson DA, Pombo A. Replicon clusters are stable units of chromosome structure: evidence that
nuclear organization contributes to the efficient activation and propagation of S phase in human cells. J.
Cell Biol.1998; 140: 1285—1295. https://doi.org/10.1083/jcb.140.6.1285 PMID: 9508763

PLOS ONE | https://doi.org/10.1371/journal.pone.0201561 November 5, 2018 16/16


https://doi.org/10.1007/BF02389022
https://doi.org/10.1007/BF02389022
http://www.ncbi.nlm.nih.gov/pubmed/7657555
https://doi.org/10.1083/jcb.140.6.1285
http://www.ncbi.nlm.nih.gov/pubmed/9508763
https://doi.org/10.1371/journal.pone.0201561

