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Background:Deregulation in prostaglandin (PG) biosynthesis, severe oxidative stress, inflammation and apopto-
sis contribute to the pathogenesis of nonsteroidal anti-inflammatory drug (NSAID)-induced gastropathy. Unfor-
tunately, most of the prescribed anti-ulcer drugs generate various side effects. In this scenario, we could consider
morin as a safe herbal potential agent against IND-gastropathy and rationalize its action systematically.
Methods: Rats were pretreated with morin for 30min followed by IND (48 mg kg−1) administration for 4 h. The
anti-ulcerogenic nature of morin was assessed by morphological and histological analysis. Its effects on the
inflammatory (MPO, cytokines, adhesion molecules), ulcer-healing (COXs, PGE2), and signaling parameters
(NF-κB and apoptotic signaling) were assessed by biochemical, RP-HPLC, immunoblots, IHC, RT-PCR, and ELISA
at the time points of their maximal changes due to IND administration.
Results: IND induced NF-κB and apoptotic signaling in rat's gastric mucosa. These increased proinflammatory
responses, but reduced the antioxidant enzymes and other protective factors. Morin reversed all the adverse
effects to prevent IND-induced gastric ulceration in a PGE2 independentmanner. Also, it did not affect the absorp-

tion and/or primary pharmacological activity of IND.
Conclusions: The gastroprotective action of morin is primarily attributed to its potent antioxidant nature that also
helps in controlling several IND-induced inflammatory responses.
General significance: For the first time, the study reveals a mechanistic basis of morin mediated protective action
against IND-induced gastropathy. Asmorin is a naturally abundant safe antioxidant, future detailed pharmacoki-
netic and pharmacodynamic studies are expected to establish it as a gastroprotective agent.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely pre-
scribed to recover clinical cases of pain and inflammation in rheumatic
disorders and osteoarthritis [1]. These drugs are also used as antineo-
plastic agents and for the prevention and treatment of ischemic heart
disease [2]. However, they also contribute to severe gastrointestinal
complications like gastric mucosal bleeding, decreased gastric mucosal
blood flow and induced mucosal cell apoptosis [1,3–7]. Among arthritis
patients alone, around 16,500 NSAID related deaths occur in the United
States annually [8]. Inhibition of the cyclooxygenases (COXs), subse-
quent reduction in prostaglandin (PG) synthesis along with the
NSAID-induced production of reactive oxygen species (ROS) and associ-
ated gastric mucosal apoptosis are thought to be the most important
reason of gastropathy [1]. Indomethacin (IND), a potent NSAID, was
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found to bind to a site near complex I and ubiquinone of mitochondrial
electron transport chain to generate ROS [9]. ROS can also generate
hydroxyl radical (•OH) by inactivating mitochondrial aconitase [10].
This inactivated aconitase produces free iron which subsequently
generatesmoremitochondrial •OH [1,4,6]. The oxidative stress is associ-
ated with the uncoupling of mitochondrial respiration, formation of the
mitochondrial permeability transition pore, mitochondrial dysfunction
and generation of mitochondrial oxidative stress, which is associated
with proinflammatory cytokine production and inflammation [1,3].
Inflammation plays a significant role in the pathogenesis of gastric
mucosal injury [5,11]. The attraction and subsequent involvement of
leukocytes to the specific tissue site are a hallmark incident in the initi-
ation of inflammation and pathogenesis of gastric mucosa [12–15]. It is
also becoming increasingly evident that various adhesion molecules
mediated leukocyte–endothelial cell (EC) interaction which is an early
and significant episode in the NSAID-induced gastropathy [16]. Activat-
ed neutrophils can induce injury by physically occluding micro-vessels
via the production of many proinflammatory and pro-oxidative
enzymes, for instance, myeloperoxidase (MPO) or through production
of superoxide and other reactive oxidants [5,9,17]. These dramatically
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increase the oxidative burden of gastric mucosa and also damage endo-
thelial lining [11,18–20]. Therefore antioxidant, anti-inflammatory and
antiapoptotic therapy would be a rational approach in preventing
NSAID-induced gastropathy.

In spite of medicinal advances, many of the currently prescribed
anti-ulcer drugs (such as omeprazole, lansoprazole etc.) confer various
side effects, and are expensive particularly for the rural population
[21–26]. Considering these limitations, the development of affordable
and safe anti-ulcer formulations is an important goal in medicinal
research. From this perspective, herbal antioxidants may provide the
desired anti-ulcer medications.

Morin (2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopy
ran-4-one) (Fig. 1a) is a kind of flavonoid belonging to the group of
flavonoids found in almond (Psidium guajava) [27], mill (Prunus dulcis),
old fustic (Chlorophora tinctoria), osage orange (Maclura pomifera), fig
(Chlorophora tinctoria) and other family members of Moraceae [28].
These are used as food and also as herbal medicines [29]. It has been
shown to be acting as a potent antioxidant [30] and possessing various
biological and biochemical effects including anti-inflammation [31],
xanthine oxidase inhibition activity [32] etc. Most importantly morin
also shows intestinal anti-inflammatory activity on chronic experimen-
tal colitis in the rat [33]. However, the protective role of morin against
IND-induced gastric injury has not been investigated yet.

In this study, we investigated the protective effect of morin against
IND-induced gastric injury in rats. For detailed study on themechanism
we have used rats and AGS cells as models. Here we report that morin
corrects NSAID-induced inflammatory gastric mucosal damage and
Fig. 1. Structure and biochemical properties of morin in vitro. (a) Structure of morin. (b)Morin
(c). Change of absorbance at 595 nmwave length at various doses ofmorin in the FRAP activity
over control. Data are represented as the mean ± SEM of three independent experiments. *P b
apoptosis by inhibiting ROS generation, inducible nitric oxide synthase
(iNOS) activation, NF-κB activation and neutrophil infiltration. The
study for the first time, reveals a mechanistic basis of morin mediated
protection against IND-induced inflammatory gastric pathophysiology.

2. Materials and methods

2.1. Materials and reagents

Indomethacin (IND), DPPH (2, 2-diphenyl-1-picrylhydrazyl),
collagenase type I, hyaluronidase, Rhodamine123 (Rh123) and 2′, 7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) were obtained from
Sigma (St Louis, MO, USA). Morin (C15H10O7) (CAS number: 654055-
01-3), methylthiazolyldiphenyl-tetrazolium bromide (MTT), and
bovine serum albumin (BSA) were purchased from Sisco Research
Laboratory (Mumbai, India). Formalin and dimethyl sulfoxide (DMSO)
were obtained from Merck (Worli, Mumbai). Fetal bovine serum (FBS)
was obtained from Gibco, Invitrogen (Carlsbad, CA, USA). Ham's F-12
medium was purchased from HIMEDIA (Mumbai, India). Halt Protease
and Phosphatase Inhibitor Cocktail was obtained from Thermo Fisher
Scientific Inc., USA. Primary antibodies against phospho-NF-κB p65 (p-
NF-κB p65) (#3033), phospho-IKK (p-IKK) (#2859), phospho-IκBα
(p-IκBα) (#2859), caspase-3 (#9662), PARP (#9532) and β-actin
(#4970) were purchased from Cell Signaling (Cell Signaling Technology
Inc., Danvers, MA). Anti-HSP70 (ab79852), anti-PGE2 (ab2318), anti-IκB
(ab32518), and HRP (ab97051) and FITC-tagged secondary (ab6717)
antibodies were obtained from Abcam (Cambridge, UK). Anti-γ-actin
showed dose dependent DPPH free radical scavenging activity expressed as % over control.
assay. (d)Metal (iron) chelation activity of morin at various concentrations expressed as %
0.05 vs. Control.
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(BB-AB0025) and anti-GAPDH (BB-AB0060) primary antibody was
purchased from BioBharati (Kolkata). All additional chemicals used in
the study were of the highest experimental grade available.

2.2. Determination of free radical scavenging activity of morin in vitro

DPPH radical scavenging activity was performed to check radical
scavenging activity in vitro according to Blois [34]. Briefly, 1 ml of
DPPH solutions (125 μM in methanol) and 1 ml of tested samples at
different concentrations (0 to 200 μM with an increase of 25 μM) of
morin were mixed in the tubes. The solution was incubated at 37 °C
for 30min in dark. The decrease in absorbance at 517 nmwasmeasured
spectrophotometrically against methanol blank. The ability of scaveng-
ing DPPH radical was calculated as % of DPPH scavenging over control.
Ascorbic acid was used as the positive control.

2.3. Determination of total antioxidant activity (ferric reducing antioxidant
power, FRAP) of morin in vitro

The FRAP assay was performed according to the protocol of Benzie
and Strain [35]with fewmodifications. The freshworking FRAP solution
was made up of 300 mM acetate buffer (pH 3.6), 10 mM TPTZ (2, 4, 6-
tripyridyl-striazine) and 20mM FeCl3 × 6H2O solutions (10:1:1 respec-
tively) and then warmed at 37 °C before using. Different concentrations
of morin from 0 to 100 μM (0, 10, 20, 40, 80, 100 μM) were allowed to
react with the FRAP solution for 30 min in the dark. The readings of
the colored product were taken at 595 nm and the values were plotted
against concentration of morin used (the more the antioxidant power
the more the absorbance at 595 nm). Ascorbic acid was used as the
positive control.

2.4. Determination of ferrous (Fe2+) metal chelation activity of morin

The ferrous chelating power of morin was evaluated by the protocol
of Dinis et al. [25] with few modifications. Briefly, morin at different
concentrations ranging from 0 to 200 μM (0, 25, 50, 100, 200 μM) was
incubated with 20 μM of Fe2+ and reaction was initiated by adding
100 μM ferrozine. After 10 min, the absorbance was read at 562 nm.
The percentage of inhibition of Fe2+–ferrozine complex formation
(competitive inhibition) was calculated and expressed as metal chela-
tion activity (% over control). EDTA was used as a positive control.

2.5. Cell culture and treatment

AGS cells were cultured in Ham's F-12 medium supplemented with
10% FBS, 100 U ml−1 penicillin, 100 μg ml−1 streptomycin, 50 μg ml−1

gentamicin and 2.5 μg ml−1 amphotericin B at 37 °C and in 5% CO2

[36]. The cells were exposed to different doses of IND (400, 800 and
1600 μM). After that the cells weremaintained for 24 h and the viability
was measured by MTT assay at the end. Briefly, MTT solution
(0.5mgml−1

final concentrations) was added to thewells and incubat-
ed for 4 h at 37 °C in CO2 incubator. After the incubation, 10 volumes of
DMSOwas added and theMTT reduction (absorbance of formazan dye)
was measured at 570 nm (with a background subtraction of 630 nm)
[37]. All experiments were carried out under sterile conditions in
triplicate for the reproducibility. Here this is to mention that, we have
chosen the secondary cell line (AGS) for the mitochondrial activity
assay because it is a well-established supportive model (with in vivo
experiments) in NSAID-induced gastric damage related studies [36].

2.6. Assay for mitochondrial metabolic function

Mitochondrial metabolic function was studied by observing the
ability of mitochondrial dehydrogenases to reduce MTT into formazan
dye [1,38]. Approximately 3.2 × 103 AGS cells were placed in each
well of a 96-well plate and the wells were divided into six groups:
control, IND treated (800 μM), 20 μM morin pretreated + IND treated
(800 μM), 40 μM morin pretreated + IND treated (800 μM), 80 μM
morin pretreated + IND treated (800 μM) and 160 μM morin
pretreated + IND treated (800 μM). All the morin pretreatment was
done 2 h before the IND treatment [39]. After incubation of 24 h
(counted from IND exposure), MTT solution (0.5mgml−1

final concen-
tration) was added to the wells and incubated for 4 h at 37 °C in a CO2

incubator. After that, 10 volumes of DMSO was added and the MTT
reduction (absorbance of formazan dye) was measured at 570 nm
(with a background subtraction of 630 nm) [37].

2.7. Determination of mitochondrial membrane potential

In order to observe the change in themitochondrial transmembrane
potential (ΔΨm), cell permeantfluorescent cationic dye, Rhodamine123
(Rh123)was used. AGS cellswere plated on 6-well plates in appropriate
density and divided into three groups: control, ND treated (800 μM),
80 μMmorin pretreated IND treated (800 μM). Themorin pretreatment
was done 2 h before the IND treatment [30]. After 24 h incubation, each
group was pelleted by centrifugation at 1000 g for 3 min at 4 °C. Then
500 μl of Rh123 working solution (1 μg ml−1 Rh123 solution in PBS–
BSA) was added to each pellet after optimum flicking. The mixture
was then incubated for 10 min at 37 °C. At the end of incubation,
tubes were maintained on ice. The tubes were centrifuged at 4 °C, at
1000 g for 10min and resuspended in 500 μl of cold PBS–BSA. Through-
out the procedure the samples were actively protected from light. FACS
analyses of the samples were then carried out with FACSVerse at an
excitation at 488 nm blue laser and collection filter for the green
emission (530 nm) (FITC-A default filter) using the FACSuite software.
The protocol has been adopted from Ferlini and Scambia [34].

2.8. Animals

Male albino Sprague–Dawley rats, weighing approximately
120–130 g, were acclimatized under laboratory conditions for 2 weeks
before the experiments. The animals were maintained in a standard diet
and water ad libitum. They were subjected to 12 h light and dark cycles
under standard conditions of temperature and humidity. All the experi-
mentswith animalswere carried out according to the guidelines of the In-
stitutional Animal Ethical Committee (IAEC), Bose Institute, Kolkata.

2.9. Experimental protocol for induction of gastropathy and ulcer score
(US) scoring

IND-induced gastric injurywas carried as described below, following
the established protocol of Biswas et al. [1,3,40]. Briefly, animals were
starved for 24 h and then divided into three groups (n = 9 for each
group): Control: received vehicle only (saline); IND: received IND
treatment only at a dose of 48 mg kg−1 body weight (in saline);
morin + IND: received 30 min pretreatment of morin (i.p.) at a dose
of 50 mg kg−1 body weight (in saline), prior to IND treatment; morin:
received only morin (i.p.) at a dose of 50 mg kg−1 body weight (in
saline) [1,41]. Theywere suppliedwithwater ad libitum. All the animals
were sacrificed at 4 h after the IND treatment. Stomachs were collected,
cut opened through greater curvature and cleaned properly in PBS. Then
photographswere taken for the analysis of US and samples were stored
at −80 °C for subsequent studies. The US scoring was done by using
ImageJ 1.48s (NIH, USA). Briefly by using ‘Threshold’ application the
damaged area was measured (Thresholding method: Default,
Thresholding color: black and color spaces: HSB) and the score was
represented as % of damage area over the total stomach area.

Here this is to mention that, the present study was conducted using
the 48mgkg−1(p.o.) dose of IND based on earlier studies that identified
this dose as the most effective dose for a robust and reproducible acute
gastric ulceration in rats without any mortality [41]. The time course
studies on the IND-induced gastric ulcerative damage in rats showed
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gradual increase in the US that reached peak value at 4 h (Fig. 2). Hence,
the ulcer-preventive properties of morin were evaluated on the 4 h
followed by IND administration. Several studies showed that 30 min
to 1 h pretreatment (i.p.) with potent gastroprotective agents (like
omeprazole, gallic acid, NAC etc.)was optimally effective [41,42]. Initial-
ly, a pilot studywas done to select the optimumdose ofmorin dissolved
in water. Thirty minute pretreatment at three different doses (10, 30,
50 mg kg−1 body weight, i.p.) was selected for this purpose. It was ob-
served that, at a dose of 50 mg kg−1, morin significantly (P b 0.05)
prevented the pathophysiological changes in gastric mucosa after IND
administration (Fig. 2). The observation was based on the morphologi-
cal changes, US and histopathological changes. Hence, the dose of
50mg kg−1 was selected for this study. In this respect this is tomention
that, several high doses (e.g. 400 mg kg−1) of morin had already been
used to see its pharmacological activities and were found to be entirely
safe [43–46].
a)

c)

Fig. 2. Effect ofmorin on gastric mucosa in IND-induced gastric injury. Control: vehicle treatmen
50mg kg bw−1 morin (30min pretreatment) and 48mg kg bw−1 IND (for 4 h); Morin: 50mg
injury (in the formof reddish black ulcers of different sizes) is highest in the IND (red arrows) an
respect to the whole opened stomach area (see the ‘Materials andmethods’ section for the scor
IND administration. The IND group showed marked changes with outward mucosal damage (
(black arrows) and damaged submucosa (blue arrow). (d) Histomorphometric estimationwas s
were less evident in themorin+ IND group and morin group showed no notable changes over
group). *P b 0.05 vs. Control; #P b 0.05 vs. IND.
2.10. Histomorphometric evaluation of rat gastric mucosal damage

The histomorphometric estimation of gastric mucosal damage was
carried out as per Natale et al. with few modifications [47]. Stomachs
from the rats of different groups were opened through greater curva-
ture, washed carefully in PBS and were fixed in 10% buffered formalin
for 24 h at RT. Fixed tissues were processed for paraffin sectioning.
Sections of 6 μm thickness were taken at different depths, in order to
detect possible lesions lying within the 2 mm of thickness of the strips.
These were stained with hematoxylin and eosin to evaluate the gastric
pathophysiological changes under bright field light microscope (Leica
Microsystem DN1000; camera: DFC450 C). The length of both total
and damaged mucosa was evaluated by means of a micrometric scale.
At least three histological sections of gastric mucosa were then
examined for each rat, leading to a more accurate histological reading.
The length fraction of damaged mucosa over the total mucosal length
#

#
#

*

#
#

b)

d)

t alone; IND: 48mg kg bw−1 IND treatment alone (for 4 h); morin+ IND: treatment with
kg bw−1 morin treatment alone. (a) Open stomach showing injuredmucosa. Note that the
dmorin almost completely prevented the ulceration. (b)Gastric injurywas scored inUS in
ing scheme). (c) Sections of gastric mucosa were stainedwith hematoxylin–eosin 4 h after
red arrow), presence of inflammatory exudates (green arrows), extensive vasocongestion
cored in LI (see the ‘Materials andmethods’ section for the scoring scheme). These changes
the control group. Data are represented as themean± SEM (n= 9 for each experimental
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was estimated as the lesion index (total damage; LI) and expressed in
percentage of damages. The histomorphometric analysis was per-
formed by three independent blind observers (i.e. who were unaware
of the model of gastric damage and of the treatment received by
animals).

2.11. Gastric emptying (GE) determination

Gastric emptying (GE) was determined using a modification of the
technique previously described by Santos et al. [48]. Briefly, animals
were starved for 24 h and then divided into three groups (n = 9 for
each group): Control: received vehicle only (saline); IND: received
IND treatment only at a dose of 48 mg kg−1 body weight (in saline);
morin + IND: received 30 min pretreatment of morin (i.p.) at a dose
of 50 mg kg−1 body weight (in saline), prior to IND treatment; Morin:
received only morin (i.p.) at a dose of 50 mg kg−1 body weight (in
saline). They were supplied with water ad libitum. Gastric emptying
was determined in unanesthetized rats with the use of a non-
absorbable marker, phenol red. Phenol red was dissolved in the physio-
logical saline at the concentration of 0.5 mg ml−1 [49]. This solution
(1.5 ml rat−1) was gavage-fed. After 30 min, rats were sacrificed. Then
the gastro-esophageal and gastroduodenal junctions were quickly
clamped by laparotomy. Then the stomach and the small intestine
was removed from thebody anddivided into stomach, proximal,medial
and distal small intestine. Each segment volume was measured by
adding 0.1 N NaOH solution (100 ml) to a graduated tube and was ho-
mogenized for 30 s. 5 ml of the supernatant was centrifuged for
10 min (1600 g). Proteins in 5 ml of homogenate were precipitated
with 0.5 ml of 20% trichloroacetic acid (w/v), centrifuged for 20 min
(1600 g), and 3 ml from the supernatant was added to 4 ml of 0.5 N
NaOH solution. The residual dye in the stomach was determined from
it by reading the absorbance at 560 nm. The gastric fractional phenol
red retention was expressed in percentage, according to the following
formula: gastric dye retention = amount of phenol red recovered in
stomach/total amount of phenol red recovered from all four segments
[48].

2.12. Evaluation of indomethacin absorption in serum via RP-HPLC

Blood samples from each group were collected after 2 h of IND
administration for evaluation of its absorption. Blood samples were
centrifuged at 500 g for 20 min and subsequently at 1000 g for
20 min. The resulting plasma was mixed with of acetonitrile (1:1 v/v).
Denatured protein precipitates were separated using centrifugation at
12,000 g for 10 min. The resultant supernatant was directly injected
into the column after filtering. The concentration of indomethacin in
plasma was measured using a Shimadzu model LC20-AT pump system
equippedwith a diode arraymodel SIL-M20A detector and an analytical
Phenomenex C18 reversed-phase column or analytical Inertsil ODS-3
column (MetaChem Technologies) attached to a model SIL-20A
autosampler. The INDwas eluted using a programmed gradient solvent
systemat aflow rate of 1.0mlmin−1 and detected at 254 nmalongwith
diode array analysis. The mobile phase was a 10 min isocratic flow of
acetonitrile: 50 mM phosphate buffer (pH 4) (40:60 v/v). The data
was analyzed by the software LCsolution Version 1.21.

2.13. Quantitative and qualitative measurements of PGE2 in gastric mucosa
by ELISA and immunofluorescence microscopy

Rats were divided into 4 groups: treated with vehicle, IND and/or
morin as per the experimental design discussed above. All the animals
were sacrificed at 4 h after the IND treatment. Stomachs were collected,
weighed and kept in 100% ethanol supplemented with 100 mM
indomethacin. Tissues were then cropped into pieces and homogenized
and centrifuged at 12,000 g for 10 min at 4 °C. Supernatant was used for
quantitative measurement of PGE2 by indirect ELISA following standard
protocol of Abcam using Abcam anti-PGE2 primary antibody. Again to
check the expression pattern of PGE2, immunofluorescence was used
using the Abcam anti-PGE2 primary antibody. Isolated stomach tissues
from each groupwere fixed by immersion in 10% buffered formaldehyde
and embedded in paraffin. Tissue sections (6 μm) were deparaffinized
with xylene and rehydrated with ethanol water down gradation. The
slides were treated with heat mediated antigen retrieval method (in
microwave) by boiling samples in 0.1 M citrate buffer (pH 8.8) for
20 min to obtain an adequate signal. The samples were then rinsed
with tris buffered saline (TBS). After treatment with blocking buffer,
the slideswere incubated overnight at 4 °Cwith an anti-p-PGE2 antibody
(dilution 1:100). The primary antibodywas localized using the goat anti-
rabbit FITC-linked secondary antibody, followed by mounting in
VECTASHIELD Mounting Medium with DAPI (Vector laboratories). All
the slides were imagined under Leica Microsystem DN1000 (camera:
DFC450 C) microscope.

2.14. MPO activity assay of gastric mucosa

MPO activity with 3, 3′, 5, 5′-Tetramethylbenzidine (TMB) was
measured following the method of Suzuki et al. [50]. Briefly, 10 μl
samples (gastricmucosa tissue homogenate) from each groupwere com-
binedwith 80 μl of 0.75mMH2O2 and 110 μl TMB solution and incubated
at 37 °C for 5 min. The reaction was terminated by adding 50 μl of 2 M
H2SO4 and absorbance wasmeasured at 450 nm to calculate theMPO ac-
tivity, expressed as μM of H2O2 consumed min−1 mg−1 protein.

2.15. SOD and GST activity assay of gastric mucosa

SOD activity measurement was based on the generation of superox-
ide radicals produced by xanthine and xanthine oxidase, which reacts
with nitro blue tetrazolium (NTB) to form formazan dye [51]. It was
then determined at 560 nm by the degree of inhibition of this reaction
and is expressed as millimole per minute per milligram tissue
(mmol min−1 mg tissue−1).

Total GST activity was determined as described by Dengiz et al. [51]
Briefly, the enzyme activity was assayed spectrophotometrically at
40 nm in a 4-ml cuvette containing 0.1M PBS (pH 6.5), 30mMglutathi-
one, 30 mM 1-chloro-2,6-dinitrobenzene, and tissue homogenate.
Enzyme activity was expressed as nanomole per minute per milligram
protein (nmol min−1 mg tissue−1).

2.16. Subcellular fractionation of gastric mucosa to separate nuclear,
mitochondrial and cytoplasmic fractions

The subcellular fractionation was performed according to Cox
and Emili [52] with slight modification. Briefly, after removing the
stomach the gastric mucosa was scrapped and collected into
appropriate containers. Then the tissue was cleaned in cold PBS
rinsed once in 5 volumes ice-cold 250-STMDPS buffer (250 mM
sucrose, 50 mM Tris–HCl pH 7.4, 5 mM MgCl2, 1 mM DTT, 1 mM
PMSF, 25 μg ml−1 Spermine, 25 μg ml−1 Spermidine) supplemented
with protease and phosphatase inhibitors [Halt Protease and Phos-
phatase Inhibitor Cocktail, Thermo Fisher Scientific Inc., USA] and
homogenized in 5 volumes of ice-cold 250-STMDPS Buffer. The
homogenate was centrifuged at 800 g for 15 min at 4 °C. For isolation
of nuclear protein, 5 volumes of 250-STMDPS buffer was added to the
pellet and re-homogenized and centrifuged at 800 g for 15 min at
4 °C. The pellet (nuclei) was then suspended in five volumes of pro-
tease and phosphatase inhibitor supplemented NET buffer (20 mM
HEPES pH7.9, 1.5 mMMgCl2, 0.5 M NaCl, 0.2 mM EDTA, 20% glycerol,
1% Triton-X-100, 1 mM DTT, 1 mM PMSF) and incubated for 30 min
with occasional vortexing at 4 °C and finally lysed by sonication.
Then, it was centrifuged at 14,000 g for 25 min at 4 °C and the super-
natant was used for Western blotting in respect to NF-κB p65 and
Lamin B1.
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2.17. Western immunoblotting

For Western blot analysis, an equal amount of protein from whole
lysate of each sample was resolved by 10–12% SDS-PAGE (as required)
following standard protocol [39] and allowed to react against anti-
Hsp70, anti-Iκβ, anti-caspase-3, anti-PARP and anti-β- and γ-actin and
GAPDH primary antibodies separately at provider's recommended
dilutions. Nuclear fraction was used for the Western blot analysis of p-
NF-κB. Primary antibodies were detected against HRP-conjugated
secondary antibody using the HRP substrate ECL solution.

2.18. RNA extraction and reverse transcriptase PCR (RT-PCR)

RNA was extracted from the gastric mucosal tissue of all three
groups of rats using the TRIzol reagent, following the manufacturer's
protocol (Invitrogen, Carlsbad, CA). The amount of RNA was measured
spectrophotometrically using nanodrop, HellmaTrayCell Type 105.810
(Hellma Analytical). Two (2) μg of RNA from each sample was convert-
ed to cDNA using Thermo Scientific Verso cDNA synthesis kit (Thermo
Scientific, USA). Thermal cycling was performed as follows: 95 °C for
300 s (initial denaturation) followed by the set of cycles: 95 °C for 30 s
(denaturation), 55 °C for 30 s (primer annealing), and 72 °C for 45 s
(primer extension). After 35 cycles the time for DNA extension was
5 min at 72 °C. The PCR amplification products were then held at 4 °C.
After that, the PCR amplified productswere subjected to electrophoresis
on 1.5% agarose gel. The product size and annealing temperatures of the
primers used were given in Table 1.

2.19. Immunohistochemical analysis of p-IKK level

Immunohistochemical staining for p-IKK was performed as
described elsewhere [53]. Isolated stomach tissues from each group
were fixed by immersion in 10% buffered formaldehyde and embedded
in paraffin. Tissue sections (6 μm)were deparaffinized with xylene and
rehydratedwith ethanol water down gradation. The slides were treated
with heat mediated antigen retrievalmethod (inmicrowave) by boiling
samples in 0.1M citrate buffer (pH8.8) for 20min to obtain an adequate
signal. Endogenous peroxidase was blockedwith 3% hydrogen peroxide
for 10 min and the samples were then rinsed with tris buffered saline
(TBS). After treatment with blocking buffer, the slides were incubated
overnight at 4 °C with an anti-p-IKK antibody (dilution 1:100). The pri-
mary antibody was localized using the goat anti-rabbit HRP-linked sec-
ondary antibody, followed by reaction with diaminobenzidine (DAB) as
Table 1
Primer details.

Gene Primer sequence (5′ to 3′)

TNF-α Fp: CTGAAGTAGTGGCCTGGATTG
Rp: GCTGGTAGTTTAGCTCCGTTT

IL-1β Fp: CTTCCTAAAGATGGCTGCACTA
Rp: ATCCCATACACACGGACAAC

IL-6 Fp: CAGAGCAATACTGAAACCCTAGT
Rp: TTCTGACCACAGTGAGGAATG

MCP-1 Fp: GTGTCCCAAAGAAGCTGTAGTA
Rp: AAGGCATCACATTCCAAATCAC

ICAM-1 Fp: CACCATGCTTCCTCTGACAT
Rp: CACTGCTCGTCCACATAGTATT

iNOS Fp: TCAGGAAGAAATGCAGGAGATG
Rp: GCTCTTGAGCTGGAAGAAGTAA

Catalase Fp: GTACAACTCCCAGAAGCCTAAG
Rp: CCAAACAGAAGTCCTAAGCAGA

COX-1 Fp: GCCATGGCTGCATAGTTAGA
Rp: CCCGCCAGATAGTCAACATT

COX-2 Fp: ACTCATATAGCAAACTGCGTAGA
Rp: ATTTGTAATCAGTTCTCGATGC

β-Actin Fp: TCCCTGGAGAAGAGCTATGA
Rp: ATAGAGCCACCAATCCACAC
the chromogen and counterstaining with hematoxylin and mounted in
DPX. All the slides were imagined under Leica Microsystem DN1000
(camera: DFC450 C) microscope and evaluated by using ImageJ 1.48s
plugin extension, IHC Profiler (NIH, USA).

2.20. Agarose gel electrophoresis for DNA fragmentation

The DNA fragmentation assay was performed by using electropho-
resing genomic DNA samples, isolated from normal as well as experi-
mental kidney, on agarose/EtBr gel by the procedure described by
Sellins and Cohen [54,55].

2.21. Statistical analysis

Results are expressed as mean ± SEM. Statistical evaluation of data
has been done by means of one-way analysis of variance (ANOVA)
and the group means were compared by Tukey test. A p-value less
than 0.05 is considered as statistically significant.

3. Results

3.1. Morin possesses excellent free radical scavenging, antioxidant and
metal chelation activities

Fig. 1b shows that the morin significantly (p b 0.05) scavenges free
radical (DPPH free radical) in a concentration dependentmanner show-
ing IC50 at approximately 59 μM. Morin also has excellent antioxidant
activity assessed by FRAP method showing IC50 at 38 μM (Fig. 1c).
Fig. 1d shows that the morin extensively chelated metal (iron) with
IC50 of 50 μM.

3.2. Morin inhibits mitochondrial dysfunction in IND-exposed gastric cells

Mitochondrial dehydrogenases are one of the most important
machineries of the electron transport chain and are prone to ROS
mediated damage [56]. IND dose dependently reduced mitochondrial
dehydrogenases activity in AGS cells showing IC50 at 800 μM (Fig. 3a).
Morin pretreatment significantly recovered (p b 0.05) themitochondri-
al dehydrogenase activity in a dose dependent manner (Fig. 3b).
Mitochondrial dehydrogenase activity was restored optimally in AGS
cells treatedwith both 80 μMmorin and 800 μMIND than in those treat-
edwith only IND. In all the respective dosesmorin remains non-toxic as
assessed by MTT assay (data not shown).
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Fig. 3. Effects of morin on mitochondrial dysfunction in IND-exposed AGS cells. Cells were exposed to vehicle alone (Control), 800 μM IND alone (IND), 80 μM morin and 800 μM IND
(morin+ IND), 80 μMMorin alone (Morin). (a) Effect of IND on themitochondrial activity of the AGS cells. (b) Effect of morin pretreatment on themitochondrial dehydrogenase activity
of IND exposed AGS cells. (c, d) Contour plots analysis of ΔΨm along with bar graph showing data expressed as folds of change in Rh123 count over Control. FITC-A filter is the default
setting of the FACSuite software used interchangeably with Rh123 spectral range. Data are represented as the mean ± SEM of three individual experiments. *P b 0.05 vs. Control;
#P b 0.05 vs. IND.
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ROS and related mitochondrial stress and dysfunction play a pivotal
role in the IND-mediated gastric inflammation and damage [3]. For this
reason, we used the mitochondrial Δψm (through Rh123 staining) and
dehydrogenase activities (through MTT reducing power) to evaluate
the role of morin against IND-induced mitochondrial dysfunction by
blocking ROS production. 800 μM IND-exposed AGS cells displayed sig-
nificant fall (p b 0.05) in Δψm over control. This fall in Δψm wasmarked
(p b 0.05) recovered by pretreatment with 80 μM morin (Fig. 3c, d).
3.3. Morin ameliorates IND-induced gastric mucosal damage in a dose
dependent manner

IND induced atrophy and degeneration of mucosal lining, ulceration
and oozing out of blood in gastric mucosal lining. Blood contains
hemoglobin that appeared black due to oxidation in an acidic environ-
ment of the stomach [41]. However, morin pre-treatment limited
these pathophysiological changes which are visible from Fig. 2a.
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Further, US and qualitative histopathological analysis (LI) confirmed the
finding. Pretreatmentwith themorin significantly reduced theUS and LI
compared to the score in stomachs from rats treated with IND alone
(Fig. 2b–d). Histopathological analysis also revealed active gastritis at
4 h post-IND administration. The control group showed intact mucosal
epithelium, with the presence of healthy blood vessels in the serosal
layer and lack of any inflammatory exudates. In the IND group, superfi-
cial mucosal damage, presence of inflammatory exudates and severe
vasocongestion were observed. Pretreatment with the morin reduced
all these changes and restore the mucosa almost up to the standard
conditions (Fig. 2).

3.4. Morin restores catalase level in IND-exposed gastric mucosa

Catalase is an essential endogenous Phase II detoxification antioxi-
dant enzyme that protects virtually all cells and tissues from ROS
damage. ROS often negatively regulates this enzyme [57,58]. Therefore,
RT-PCR was performed to investigate whether morin could restore
catalase levels in IND-treated gastric mucosa after confirming the
involvement of ROS (data not shown). Catalase expressionwasmarkedly
(p b 0.05) decreased in the IND-treated rat gastric mucosa with respect
to the control rats. Catalase was restored in gastric mucosa treated
with bothmorin and IND than in those treatedwith only IND (Fig. 4c, d).

3.5. Morin reduces IND-induced delay in gastric emptying and does not
hamper IND uptake

Several studies have shown that NSAIDs are associated with altered
gastroduodenal motility and it was demonstrated that IND administra-
tion considerably delays gastric emptying [48]. Delay in gastric
emptying creates abdominal discomfort and gastrointestinal patho-
physiology. In our study we found that IND exposure significantly
delays gastric emptying while morin has no restoring effect (Fig. 5a).
However, it is to mention that morin itself did not affect the gastric
emptying.

To see whether morin inhibits IND absorption by any means we
have checked the serum level of IND in all the four groups under
study. We found that morin has no significant effect on the plasma
level of the IND in respect to only IND-treated group (p b 0.05)
(Fig. 5b). Here it is to mention that we have found no IND in the
serum of the vehicle and the only morin-treated group.
a)

Fig. 4. Effects of morin on the expression of catalase in IND-induced gastric injury. Rats were adm
and 48mg kg−1 IND (morin+ IND); Morin: 50mg kg−1 morin treatment alone. (a,b) RT-PCR d
cosa. Note that IND administration decreases catalase expression while morin reverse these ch
densitometric analysis are represented as the mean ± SEM of three independent experiments
3.6. Morin inhibits the infiltration of neutrophil in IND-induced damaged
gastric tissue and restores mucosal oxidative status

The process of neutrophil infiltration at the site of tissue injury is a
synchronized action controlled by cytokines, chemokines and cell
adhesionmolecules [3]. MPO activity is being usedwidely as a biomark-
er for quantitative assessment of neutrophil infiltration at the site of
inflammation because MPO is mainly produced by neutrophils [59].
Thus, the MPO activity was assessed in gastric mucosa obtained from
IND-treated rats, which showed a significant increase (p b 0.05)
compared to those from vehicle-treated control rats. However, morin
pre-treatment significantly reduced (p b 0.05) the MPO activity in the
IND-exposed gastric mucosa compared to the group treated with only
IND (Fig. 5c).

Antioxidant enzymes are directly associated with the oxidative
status of tissue and protect it under severe oxidative stress conditions,
either directly or indirectly [10]. Two of those most important enzymes
are SOD and GST. In our study, we have found that, IND exposure exten-
sively decreases their activity while morin pretreatment significantly
(p b 0.05) restores their activity and thus assists the mucosa to combat
IND-induced oxidative stress (Fig. 5d, e).
3.7. Morin reduces a number of proinflammatory cytokines, iNOS andMCP-1
expressions in IND-induced gastric injury

IND administration results in the upregulation of a number of proin-
flammatory cytokines, proinflammatory enzyme and chemokine
expressions in the gastric mucosa. Therefore, RT-PCR was performed
to evaluate whether morin could reduce the high expression of these
molecules upon IND-induced gastropathy. Gastric mucosa from IND-
treated rats showed a marked elevation (p b 0.05) in the expression of
TNF-α, IL-1β and IL-6 compared to those from vehicle-treated control
rats (Fig. 6a, b). Morin significantly (p b 0.05) reduced these expressions
in the IND-exposed gastric mucosa compared to the group treated with
only IND (Fig. 6a, b). As with proinflammatory cytokine expression, the
proinflammatory enzyme, iNOS and chemokine, MCP-1 expression was
also markedly (p b 0.05) elevated in the IND-treated rat gastric mucosa
with respect to the control rats (Fig. 6c, d). Morin also considerably
(p b 0.05) reduced both iNOS and MCP-1 expression from the level
seen in IND-treated animals (Fig. 6c, d).
#
b)

inisteredwith vehicle alone (Control), 48mg kg−1 IND alone (IND), or 50mg kg−1morin
ata and the corresponding densitometric analysis of catalase expression in the gastricmu-
anges and there is no notable difference between Control and morin groups. Data in the
. *P b 0.05 vs. Control; #P b 0.05 vs. IND.
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Fig. 5. Effect of IND and morin on GE, plasma level of IND, MPO activity, SOD activity, and GST activity. Control: vehicle treatment alone; IND: 48 mg kg−1 IND treatment alone (for 1 h);
morin + IND: treatment with 50 mg kg−1 morin (30 min pretreatment) and 48 mg kg−1 IND (for 1 h); morin: 50 mg kg−1 morin treatment alone. (a) There is no notable difference
between the Control andmorin groups in respect to GE. (b) There is no significant difference between IND andMorin+ IND group in respect to serum IND level. (c)MPO activity analysis
in gastric mucosa, represented in terms of expressed as μMof H2O2 consumedmin−1 mg−1 protein (μMmin−1 mg−1 protein). Note that, IND administration significantly increasedMPO
activity in the tissue, while 30minpretreatment ofmorin significantly decreased the gastricmucosalMPO activity. (d) and (e) respectively representing the SOD andGST activity in gastric
mucosa, in terms of expressed asmMmin−1 mgmucosal tissue−1 and nMmin−1 mgmucosal tissue−1 (respectively). Data in the graphical analysis are represented as themean± SEM
(n= 6–9 for each experimental group). *P b 0.05 vs. Control; #P b 0.05 vs. IND. n.s. indicates ‘non-significant’ difference.
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3.8. Morin reduces ICAM-1 expressions in IND-induced gastric injury

Accumulation of proinflammatory cytokines can trigger the expres-
sion of adhesion molecules. In this way, IND administration results in
the increased expression of ICAM-1 in gastric mucosa. Hence, to see
whether morin could decrease the expression of ICAM-1, with respect
to IND exposed rat gastric mucosa, RT-PCR was performed. RT-PCR
analysis revealed that the expression of the cell adhesion molecule
was significantly (p b 0.05) lesser in the gastricmucosa ofmorin-treated
rats than those of only IND-treated ones (Fig. 6c, d).
3.9. IND differentially affects COX-1, COX-2 and PGE2 irrespective of the
morin

IND is a strong non-selective cyclooxygenase inhibitor and this is
one of the causes of its adverse effect on gastric mucosa. Hence, RT-
PCR and Western blot analyses were performed to evaluate whether
morin could alter these molecules upon IND-induced gastropathy. We
found that, upon IND exposure transcript level of COX-1 remains almost
unalteredwhile the expression level of COX-2was significantly elevated
(p b 0.05) (Fig. 7a–c). Whereas, both ELISA and immunofluorescence
study showed decreased level of PGE2 (p b 0.05) in the IND-treated
rats with respect to the control or only morin-treated group (Fig. 7d
and e). It is notable here that morin itself has no significant effect on
the level of COX-1, COX-2 or PGE2. However, it down-regulates the
increased COX-2 level in IND-treated group while it has no significant
effect on the IND-induced down-regulation of PGE2 level.
3.10. Morin prevents IND-induced phosphorylation of IKK in damaged
gastric mucosa

IND treatment results in inflammation of the gastricmucosamediat-
ed by activation of IKK [3]. Therefore, we used immunohistochemical
staining to assess whether morin could attenuate the activation of IKK.
Stomach sections from IND-treated rats displayed significant increased
(p b 0.05) p-IKK staining in themucosal layer of the stomach compared
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Fig. 6. Effect of morin on proinflammatory cytokines, chemokine, cell adhesion molecule and iNOS expressions in IND-induced gastric injury Control: vehicle treatment alone; IND:
48mg kg−1 IND treatment alone (for 4 h);morin+ IND: treatment with 50mg kg−1 morin (30min pretreatment) and 48mg kg−1 IND (for 4 h);morin:morin: 50mg kg−1 morin treat-
ment alone. (a, b) RT-PCR data showed changes in the expression of proinflammatory cytokines (TNF-α, IL-1β and IL-6) and the respective densitometric analysis of the RT-PCR data. (c,
d) RT-PCRdata to follow the changes of the expression of iNOS, chemokine (MCP-1) and the cell adhesionmolecule (ICAM-1)with respective densitometric analysis. Note that, after 4 h of
IND administration, expressions of these proinflammatorymolecules, iNOS,MCP-1 and ICAM-1are highest in the IND groups and 30minpretreatment ofmorin significantly decreased the
expression of these cytokines. There is no notable difference between Control and morin groups. Data in the densitometric analysis are represented as the means ± SEM of three inde-
pendent experiments. *P b 0.05 vs. Control; #P b 0.05 vs. IND. (e) Data in the densitometric analysis are represented as the mean ± SEM (n = 9 for each experimental group).
*P b 0.05 vs. Control; #P b 0.05 vs. IND.
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to those from control rats. Morin pretreatment reduced p-IKK staining
(p b 0.05) compared to the group treated with IND alone (Fig. 8a, b).
3.11. Morin inhibits IND-induced IκBα degradation and NF-κB activation in
gastric injury

Inflammation related genes (e.g. proinflammatory cytokines,
chemokines, and cell adhesion molecules) are mostly controlled by
the transcription factor NF-κB which in turn is controlled by the inhibi-
tor of NF-κB, the IκBα. Again IκBα activity in turn depends on the
modulation of its stability through specific phosphorylation. Upon
phosphorylation it got degraded. However, previous reports also
confirmed the role of NF-κB in the IND-related gastric inflammation
and pathophysiology [42]. Therefore, immunoblotting was carried out
to assess the cellular status of IκBα (both the phospho and the native
forms) and nuclear localization of p65 in gastric mucosa from IND-
and morin-treated rats. As evident from immunoblotting, the amount
of p-IκBα increased and IκBα decreased in the gastric mucosa of IND-
treated rats over the control group. However, in rats pretreated with
the morin as well as IND, or treated with morin alone, the IκBα level
was higher than in the IND-treated group (Fig. 8c). This clearly implies
that IND-induced the phosphorylation and degradation of IκBα which
was prevented by morin. Consistent with the IκBα immunoblotting
data, another immunoblot analysis showed that levels of p-NF-κB p65
protein in nuclear protein extracts of IND-treated gastric mucosa
were higher than in the control tissue while, morin pre-treatment
considerably reduced the p-NF-κB p65 levels than in the nuclear protein
extracts of IND-treated group (Fig. 8d).
3.12. Morin restores IND-induced HSP70 to its basal level in IND-exposed
gastric mucosa

IND treatment results in stress and activation of HSP70 in the gastric
mucosa [41]. Hence,wewere interested to see the effect ofmorin on the
HSP70 in the IND-induced gastric mucosal damage and conducted
immunoblotting. It was evident that the morin pretreatment reduced
the HSP70 up-regulation in the IND-induced gastric mucosa compared
to the only IND-treated group (Fig. 9a).
3.13. Morin prevents apoptosis with the down-regulation of extracellular
death signal activated apoptotic pathway in IND-exposed gastric mucosa

Increased TNF-α expression is related to NSAID-induced gastropathy
and it is well established that many times TNF-α activated extracellular
death signal leads to apoptosis following extrinsic pathways [10]. Immu-
noblot analysis showed an increase in activated caspase-3 and PARP
cleavage in IND-treated gastric mucosa while the morin decreased
expression of IND-induced apoptotic markers (Fig. 9a). Besides, IND
caused the formation of apoptotic DNA laddering in the gastric mucosa,
and morin prevents the laddering formation in the IND-treated gastric
injury (Fig. 9b).
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Fig. 7. Effect of IND and morin on COX-1, COX-2 and PGE2 level in IND-induced gastric injury Control: vehicle treatment alone; IND: 48 mg kg−1 IND treatment alone (for 4 h);
Morin + IND: treatment with 50 mg kg−1 morin (30 min pretreatment) and 48 mg kg−1 IND (for 4 h); Morin: Morin: 50 mg kg−1 morin treatment alone. (a, b) RT-PCR data showed
changes in the expression of COX-1 and COX-2 as well as the respective densitometric analysis of the RT-PCR data. (c) Western blot showing expression change of COX-2 over different
groups. (d) ELISA data showing the changes themucosal tissue level of PGE2. (e) Immunofluorescencemicrograph showing qualitative spatial expression of PGE2. Here it is clearly visible
that the expressionof the PGE2 ismostly restricted to thedeepmucosal, submucosal andmuscularis region of the gastricmucosa. Note that, after 4 h of IND administration, expression level
of COX-2 was increased, that of PGE2 was decreased and the expression level of COX-1 remained unaltered. There is no notable difference between Control andmorin groups. Data in the
densitometric analysis are represented as the mean ± SEM of three independent experiments. *P b 0.05 vs. Control; #P b 0.05 vs. IND.
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4. Discussion

In this study, we have established that (1) the administration of
morin reduces IND-induced gastric injury as assessed by morphological
and histopathological measures; (2) morin reduces the IND-induced
inflammation by preventing the up-regulation of iNOS, proinflammatory
cytokines (TNF-α, IL-1β, IL-6), chemokine (MCP-1) and cell adhesion
molecule (ICAM-1) which results in decreased infiltration of neutrophils
into the gastric lesion as evident from decreased tissue MPO activity;
(3) administration of morin reduces IND-induced oxidative stress by
enhancing the activity and/or production of antioxidant enzymes
SOD2, GST and catalase, in gastric mucosal tissue; (4) administration of
morin inhibits IKK and thus NF-κB activation in IND-treated gastric
mucosa; (6)morin prevents the IND-inducedmitochondrial dysfunction
in AGS; (7) morin reduces IND-induced cellular stress as evidenced by
reduced level of the stress induced molecular chaperone, the HSP70;
(8) morin prevents IND-induced apoptosis in gastric mucosa by down-
regulating caspase-3 activation and PARP cleavage; and (9)morin exerts
its protective action irrespective of any regulation on PGE2.

The structure of morin (Fig. 1a) shows the presence of a hydroxyl
group at position 3, a resorcinolmoiety, and a carbonyl group at position
4. The hydroxylation pattern on B-ring, shows both ortho and para
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Fig. 8. Effect of morin on NF-κB activation in IND-induced gastric injury. Control: vehicle treatment alone; IND: 48 mg kg−1 IND treatment alone (for 4 h); morin+ IND: treatment with
50 mg kg−1 morin (30 min pretreatment) and 48 mg kg−1 IND for 4 h; morin: morin: 50 mg kg−1 morin treatment alone. (a) Immunohistochemical detection of the level of p-IKK in
stomach sections. (b) Score of p-IKK staining (see the ‘Materials and methods’ for the scoring method). Note that, after 4 h of IND administration, p-IKK level increased significantly in
IND group (soiled black stained regions, arrows) compared to Control while 30min pretreatment of morin lowers the p-IKK level (Morin+ IND group) than the IND group. Data are rep-
resented as the means± SEM (n= 9 for each experimental group). *P b 0.05 vs. Control; #P b 0.05 vs. IND. (c) Immunoblot analysis of p-IκBα and IκBα fromwhole lysate of the gastric
mucosa of all the four groups. (d) Immunoblot analysis of p-NF-kB p65 expression in nuclear fraction from gastric mucosa of all the four groups. Note that, IND administration decreases
cellular IκBα level (thus degradation) and increases nuclear localization of p-NF-κB in the IND-treated groupswhile morin reverses these changes. There is no notable difference between
Control and morin groups. Data in the densitometric analysis are represented as the mean ± SEM of three independent experiments. *P b 0.05 vs. Control; #P b 0.05 vs. IND.
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hydroxyl group with respect to the flavonoid moiety, suggesting its
higher effectiveness, even over quercetin [45].Morin possesses substan-
tial intestinal antiapoptotic and anti-inflammatory potential [33,60]. It
Fig. 9. Effects of morin on IND-induced stress and apoptosis in gastric mucosa. Control: vehicle
with 50mg kg−1morin (30minpretreatment) and 48mgkg−1 IND (for 4 h);morin:morin: 50
PARP fromwhole lysate of the gastricmucosa of all the four groups. Note that IND administration
decreased these expressions. There is nonotable difference between Control andmorin groups.
the ladder). Note that IND treatment induced apoptotic DNA fragmentation of the genomic DNA
inhibits the release of the proinflammatory mediator, IL-6 and TNF-α
release in human mast cells [61]. Although the anti-inflammatory and
anti-apoptotic activities of morin were known, no information was
treatment alone; IND: 48mg kg−1 IND treatment alone (for 4 h); morin+ IND: treatment
mgkg−1morin treatment alone. (a) Immunoblot analysis of HSP70, caspase-3 and cleaved
increasedHSP70, activated caspase-3 alongwith cleaved PARP andpretreatment ofmorin

(b)ApoptoticDNA fragmentation analysis fromall the three groups (white arrows pointing
and thus forming laddering effects on agarose gel whilemorin prevents the this laddering.
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available on its gastroprotective nature against NSAIDs. Experimental
results of the study showed the free radical scavenging, antioxidant
and ferrous (Fe2+) chelating properties of morin that are highly
relevant to its pharmacological activities related to this study. ROS are
important mediators of IND-induced gastric damage [41]. Interaction
between IND and complex I of mitochondrial electron transport chain
results in the leakage of electrons, which sequentially leads to the
formation of noxious superoxide anion radical (O2•

−) [41,62]. An
important mechanism of ROS induced toxicity is the direct oxidation
and inactivation of iron–sulfur (Fe–S) proteins, such as aconitases,
Complex I NADH dehydrogenase etc., which results in the simultaneous
release of Fe2+ and H2O2 [56]. Fe2+ and H2O2 are ingredients of the
Haber–Weiss and Fenton reactions which result in the generation of
the harmful hydroxyl radical (•OH) [10]. Hence, it can be predicted
that free radical scavengers, antioxidants and Fe2+ chelators may
stand against IND-induced gastric damage. Here, morin protects the
gastric mucosa against IND-mediated insult by using all the three
mechanisms. Intracellular catalase reduces the damage caused by the
toxic effects of free radicals and thus helps in protecting the ROS medi-
ated changes to its minimal while ROS negatively regulates catalase
through cross-talkingwith theNF-κB pathways [57,58,63]. IND distinct-
ly attenuates catalase in the rat gastric mucosa [64]. In this study, IND
considerably increased ROS production (data not shown) and reduced
the activity and/or level of antioxidant enzymes SOD2, GST and catalase
in the gastric tissue, but pretreatment with morin reduced the ROS
production (data not shown) and restored the activity and/or level of
the antioxidant enzymes. These clearly suggest that the morin restored
balance to the antioxidant system in IND-treated gastric tissue. Morin
has a similar effect in vivo: oral intake of morin increased the levels of
catalase in the livers of rats treated with ammonium chloride [65].

The ROS activates the transcription factor NF-κB under different
circumstances [66,67] while antioxidants suppress this hike [3]. IND
Fig. 10.Graphical abstract representing molecular mechanisms of gastroprotective action ofmo
tion; ‘blunt arrow’ indicates inhibitory interaction; ‘broken arrows’ indicate plausible mechani
also activates proinflammatory cytokines and chemokines. Their
accumulation is likely to trigger the expression of adhesion molecules
[3]. The in vivo and in vitro administration of morin suppresses NF-κB
and NF-κB regulated proinflammatory gene expression [68,69]. It has
also been suggested that inactivation of NF-κB occurs through the inhi-
bition of oxidative stress by morin [68]. In our experimental data, IND
significantly increased the expression of iNOS, TNF-α, IL-1β, IL-6,
ICAM-1, MCP-1, promoted the neutrophil infiltration and the nuclear
translocation of p-NF-κBp65 in the gastric mucosa. We, therefore,
suggest that morin indirectly suppresses the NF-κB activation induced
by ROS and directly by inactivating IKK that resulted in the transcrip-
tional inhibition of an array of inflammatory genes during IND-
induced gastric injury in rats.

The activation of HSP70 has been associated with IND-induced
severe stress in gastric tissue [36]. Our experimental data showed that
morin decreased the IND-related cellular stress induced increase in
HSP70 in gastric mucosal tissue. We, therefore, propose that morin
decreased IND-induced stress conditions. IND also exerts differential
effects in respect to the COX-1 and COX-2 controls. COX-1 level remain
unchanged whereas COX-2 level increased upon the IND exposure. But
ultimately the PGE2 level got deceased. In this scenario,we propose that,
upon stress inducible cyclooxygenase, the COX-2 got up-regulated to
protect the mucosa. Whereas the constitutive COX-1 level remains the
same, they got competitively inhibited by the non-specific cyclooxygen-
ase inhibitor IND at their functional level. Hence, the PGE2 level was
decreased. Here morin down-regulated the increased level of COX-2
while it remains neutral for COX-1 and the ultimate effector, PGE2.
This suggests that morin works in a PGE2 independent pathway to
protect the gastric mucosa against IND-induced stress. Moreover it
does not inhibit IND absorption in the blood as seen from the RP-HPLC
analysis of plasma IND level in both the presence and absence of
morin. The activation of apoptotic pathway has been coupled with
rin against IND-induced gastropathy in rats. (‘Solid arrows’ indicating stimulatory interac-
sms).
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IND-induced gastropathy [70]. In our experiments, morin inhibits
caspase-3 and PARP cleavage. Thus, we suggest that morin inhibits
IND-induced apoptosis through the regulation of these molecules in
rat gastric tissue.

Considering all the findings of our study and relevant information
available in the literature,we have proposed a scheme to confer a logical
explanation regarding therapeutic intervention for IND-induced gastric
mucosal injury by morin (Fig. 10). IND disturbs the oxidative balance in
gastric tissue leading to oxidative stress and ROS production which in
turn inactivates mitochondrial Fe–S proteins accompanied by release
of Fe2+ that by Fenton reaction, amplifies the stress in several folds.
Subsequently the ROS indirectly activates NF-κB. A concomitant proin-
flammatory response gets initiated leading to neutrophil infiltration
and subsequent gastric damage. Activated NF-κB also inhibits catalase
production and induces iNOS, and both eventually increase the redox
burden. On the other hand, increased TNF-α and IL-1β activate NF-κB,
produce ROS, thus create a positive feedback loop. TNF-α and IL-1β
also trigger apoptotic signaling pathway, ultimately leading to severe
gastric mucosal apoptosis and injury. However, morin effectively
inhibits ROS production, scavenges free radicals and chelates noxious
Fe2+. Besides, morin pretreatment effectively inhibits IND-mediated
NF-κB activation by inhibiting IKK activation. Thus, it reduces proin-
flammatory cytokine production, related apoptosis and gastric damage.
Morin also prevents down-regulation of catalase and thus helps to
restore the cellular redox homeostasis. In conclusion, our study provides
evidence that morin has significant potential as a therapeutic interven-
tion for IND-induced gastricmucosal injury. It is the first report showing
its excellent pharmacological effects against IND-induced gastropathy
in rats. Future detailed pharmacokinetic and pharmacodynamic studies
on morin might establish it as a safe gastroprotective drug against IND-
induced gastropathy.
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