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Background: The inherent cytoprotective mechanism involved in repair of injured gastric mucosa is not clear.
Results: HO-1 is induced and translocated to mitochondria to favor repair of gastric mucosal injury induced by non-steroidal
anti-inflammatory drug-mediated mitochondrial oxidative stress (MOS).
Conclusion:Mitochondrial localization of HO-1 is a novel cytoprotective mechanism against MOS-mediated gastric mucosal
injury.
Significance: Induction of HO-1 in gastric mucosa is beneficial for gastroprotection.

The mechanism of action of heme oxygenase-1 (HO-1) in
mitochondrial oxidative stress (MOS)-mediated apoptotic tis-
sue injury was investigated. MOS-mediated gastric mucosal
apoptosis and injury were introduced in rat by indomethacin, a
non-steroidal anti-inflammatory drug. Here, we report that
HO-1 was not only induced but also translocated to mitochon-
dria during gastric mucosal injury to favor repair mechanisms.
Furthermore, mitochondrial translocation of HO-1 resulted in
the prevention of MOS andmitochondrial pathology as evident
from the restoration of the complex I-drivenmitochondrial res-
piratory control ratio and transmembrane potential. Mitochon-
drial translocation of HO-1 also resulted in time-dependent
inhibition of apoptosis. We searched for the plausible mecha-
nisms responsible for HO-1 induction andmitochondrial local-
ization. Free heme, the substrate for HO-1, was increased inside
mitochondria during gastric injury, and mitochondrial entry of
HO-1 decreased intramitochondrial free heme content, sug-
gesting that a purpose ofmitochondrial translocation ofHO-1 is
to detoxify accumulated heme. Heme may activate nuclear
translocation of NF-E2-related factor 2 to induceHO-1 through
reactive oxygen species generation. Electrophoretic mobility
shift assay and chromatin immunoprecipitation studies indi-
cated nuclear translocation of NF-E2-related factor 2 and its
binding to HO-1 promoter to induce HO-1 expression during
gastric injury. Inhibition ofHO-1 by zinc protoporphyrin aggra-
vated the mucosal injury and delayed healing. Zinc protopor-
phyrin further reduced the respiratory control ratio and trans-
membrane potential and enhanced MOS and apoptosis. In
contrast, induction of HO-1 by cobalt protoporphyrin reduced
MOS, corrected mitochondrial dysfunctions, and prevented

apoptosis and gastric injury. Thus, induction andmitochondrial
localization of HO-1 are a novel cytoprotective mechanism
against MOS-mediated apoptotic tissue injury.

Mitochondrial dysfunction induces cell death in a myriad of
pathological conditions (1). The major cause of mitochondrial
dysfunction is the generation of reactive oxygen species (ROS)3
(1). Development of mitochondrial oxidative stress (MOS) due
to increased production of ROS impairs respiratory chain func-
tion and depletes cellular ATP, leading to apoptosis (2). MOS
disrupts cellular integrity and promotes cell death by down-
regulating proliferating cell nuclear antigen, survivin, epider-
mal growth factor (EGF), basic fibroblast growth factor, Bcl2,
and BclxL (3–5), ultimately leading to tissue injury, organ dam-
age, and pathology. Themitochondrial apoptotic pathway con-
tributes significantly to the pathogenesis of traumatic brain
injury and sepsis (6), ischemic and hemorrhagic stroke, acute
and degenerative cardiac myocyte death (7), alcoholic liver
injury (8), gastric mucosal injury (2), and liver injury in malaria
(9). However, subsequent to injury, a number of inherent cyto-
protective factors are involved in repair mechanisms; one of
these factors is heme oxygenase 1 (HO-1). HO-1, encoded by
the Hmox1 gene, is an evolutionarily conserved enzyme (10).
The Hmox1 gene exhibits a ubiquitous expression in most liv-
ing organisms, which suggests that this enzyme appeared early
in evolution. HO-1 is induced by a variety of stimuli such as free
heme, oxidative stress, inflammation, heavy metals, and UV
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radiation (11–14) and is supposed to play an important role in
the protection against tissue injury from oxidative stress (15,
16). HO-1 is overexpressed in neurons resisting oxidative
stress-mediated cell death (17). Increased expression ofHO-1 is
evident in inflammatory diseases (18), cardiovascular diseases
(19), non-cerebral forms of severemalaria (20), lung injury (21),
and other pathological conditions. Previous studies designate a
defensive role for HO-1 in heme- and non-heme-mediated
models of acute renal injury using chemical inducers and inhib-
itors of HO-1 (22). HO-1 also protects against gastric mucosal
tissue injury induced by non-steroidal anti-inflammatory drugs
(NSAIDs) (23, 24). However, themechanism of the cytoprotec-
tive role of HO-1 againstmitochondrial oxidative stress has not
been elucidated in sufficient detail. Thus, indomethacin-in-
duced gastric injury and subsequent autohealing are an excel-
lent in vivo model to follow the mechanism of the cytoprotec-
tive role of HO-1. Here, for the first time, we report the
mitochondrial localization of HO-1 in vivo during NSAID-in-
duced gastric mucosal injury as a novel cytoprotective mecha-
nism. The mitochondrial translocation of HO-1 resulted in the
prevention of NSAID-induced mitochondrial dysfunction and
oxidative stress, gastric mucosal cell apoptosis, and gastric
mucosal injury.

EXPERIMENTAL PROCEDURES

Indomethacin, thiobarbituric acid, 5,5�-dithiobis(nitroben-
zoic acid), collagenase, hyaluronidase, the caspase-3 assay kit,
NADPH, JC-1 (5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenz-
imidazolylcarbocyanine iodide), glucose-6-phosphate dehy-
drogenase, glucose 6-phosphate, and hemin were obtained
from Sigma. The caspase-9 assay kit was purchased from Bio-
vision (Mountain View, CA). The Dead End Colorimetric
TUNEL assay kit was purchased from Promega Corp. The
RevertAid HMinus First Strand cDNA Synthesis kit, 2� PCR
MasterMix, and nuclease-free water were purchased from Fer-
mentas. HO-1 antibody was procured from Abcam. NF-E2-
related factor 2 (Nrf2) antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). The custom-based primers
and antioxidant response element (ARE) sequence were pur-
chased from Sigma Genosys. The mitochondrial isolation kit
was purchased from Biochain Institute (Hayward, CA). TRIzol
and Alexa Fluor 647 anti-rabbit antibodies were purchased
from Invitrogen. Cytochrome c oxidase (COX)-IV Alexa Fluor
488-conjugated primary antibody was obtained from Cell Sig-
naling Technology. Zinc protoporphyrin and secondary anti-
rabbit HRP-conjugated antibody were purchased from Calbi-
ochem. The QuantiChromTM Heme Assay kit was purchased
from Bioassay Systems (Hayward, CA). All other reagents were
of analytical grade purity.
Animals and Indomethacin-induced Gastric Mucosal Injury—

Sprague-Dawley rats (180–220 g) were used in all experiments.
Animals were kept at 24 � 2 °C with 12-h light and dark cycles.
Before initiating the experimental procedure, the animals were
fasted for 24 h with access only to water to avoid food-induced
increased acid secretion and its indulging effect on gastric
lesions. The animal ethics committee guidelines were strin-
gently followedwhile carrying out all in vivo studies. Indometh-
acin-induced gastricmucosal injury or treatmentwith zinc pro-

toporphyrin (ZnPP) and cobalt protoporphyrin (CoPP) were
performed as described in the literature (24–26). Briefly, all the
animals were divided into control, indomethacin, indometha-
cin plusZnPP, onlyZnPP, and indomethacin plusCoPP groups.
Both the indomethacin and indomethacin plus ZnPP groups of
rats were further subdivided into subgroups based on the time
at which they were to be sacrificed. Gastric mucosal tissue
injury was induced in the starved animals with oral administra-
tion of indomethacin at the dose of 48 mg kg�1 b.w. The indo-
methacin-treated rats were subdivided into several groups (six
to eight rats in each group). The animals were sacrificed at
different time points (0, 2, 4, 12, 24, 48, and 72 h, respectively) to
obtain the stomachs, which were subsequently used for further
studies. In only the ZnPP group and ZnPP-pretreated group,
ZnPP (50 �g kg�1 b.w.) was injected intraperitoneally thrice at
regular intervals of 8 h. The first treatmentwithZnPPwas given
30 min prior to indomethacin administration. Stomachs were
obtained from animals 2, 4, 12, 24, 48, and 72 h after indometh-
acin treatment. The animals that were treated with indometh-
acin plus CoPP were sacrificed only at 4 h after indomethacin
treatment. The indomethacin plus CoPP group was subdivided
into four subgroups based on the four doses of CoPP (500 �g,
2.5 mg, 5 mg, and 10 mg kg�1 b.w.). The control animals
received only vehicle (no indomethacin). The quantification of
themucosal injury or injury index was scored as follows: 0� no
pathology; 1 � one pinhead ulcer. The sum of the total scores
divided by the number of animals gave the injury index (2, 3).
Histological Study—Stomachs from control, indomethacin-

treated, and ZnPP plus indomethacin-treated rats at different
time points were fixed in 10% formalin (in PBS) for 12 h at 25 °C
and embedded in paraffin for preparing semithin sections,
which were ultimately taken on poly-L-lysine-coated glass
slides and subjected to eosin-hematoxylin double staining (3,
27). The slides were then observed under a microscope (Leica
DM-2500) equipped with a high resolution digital camera.
PCR for HO-1 and Mitochondrial Ferritin (MtFt)—Equal

amounts of tissues (75 mg) from both control and indometha-
cin-treated gastric mucosa were used for total RNA isolation
using the TRIzol method of RNA isolation. RNA (2 �g) was
used to prepare cDNA using the RevertAid HMinus First
Strand cDNA Synthesis kit. Equal amounts of cDNAwere used
for PCR amplification using specific forward and reverse prim-
ers of HO-1, MtFt, and actin. Primers were made using the
following sequences: for HO-1, 5�-TATGCCCCACTC-
TACTTCC-3� (forward) and 5�-TCTTAGCCTCTTCTGTC-
ACC-3� (reverse); for MtFt, 5�-AATCAACATGGAGCTTT-
ACG-3� (forward) and 5�-CATGCAGGTAGTGAGTTTCC-3�
(reverse); and for �-actin, 5�-CTATGTTGCCCTAGACT-
TCG-3� (forward) and 5�-TTGATCTTCATGGTGCTAGG-3�
(reverse). The PCR protocol consisted of 95 °C for 2 min for
initial denaturation, 35 cycles of denaturation at 94 °C for 1
min, annealing for 45 s at respective annealing temperatures
specific for each primer set, and then extension at 72 °C for 2
min followed by final extension at 72 °C for 10 min. The PCR-
amplified products were resolved in a 2% agarose gel and doc-
umented in a Gel Doc system (Bio-Rad).
Isolation of Mitochondria—Mitochondria were isolated and

purified by following the protocol reported earlier (28) with
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slight modifications. In brief, the scraped gastric mucosa from
control and experimental rats (post-indomethacin, -ZnPP, and
-CoPP treatments) obtained at 2-, 4-, 12-, 24-, 48-, and 72-h
time intervals were minced, homogenized in isolation buffer,
and subsequently centrifuged at 600 � g for 10 min to remove
the nuclear pellet and cell debris. This was followed by centrif-
ugation at 12,000 � g for 15 min to obtain the crude mitochon-
drial pellet. A 25–50% Percoll density gradient was prepared,
and the crude mitochondrial pellet (resuspended in cold 15%
Percoll solution) was layered above 25% Percoll. It was further
centrifuged at 30,000 � g at 4 °C for 30 min to obtained pure
mitochondria at the interface between the Percoll (25–50%)
layers. The mitochondria were isolated from the interface,
washed with isolation buffer, and centrifuged at 16,700 � g at
4 °C for 10 min. The supernatant was discarded, 10 mg ml�1

fatty acid-free BSA was added and mixed, and the sample was
further centrifuged at 6900� g at 4 °C for 10min. The resultant
pellet containing purified mitochondria was resuspended in
storage buffer. Mitochondrial protein content was determined
using the Lowrymethod (29). The identity of the purifiedmito-
chondria was confirmed by Western immunoblot analysis
using a mitochondrion-specific marker, COX-IV.
Preparation of Nuclear Extracts—Nuclear extracts were iso-

lated using nuclear extraction buffers I (10 mM HEPES, 1.5 mM

MgCl2, 10mMKCl, and 0.5%TritonX-100) and II (1MNaCl, 0.2
M EDTA, 20% glycerol, and 0.5 mM DTT). The gastric mucosa
collected at different time points after indomethacin treatment
was first minced and homogenized with buffer I. The samples
were centrifuged, and the homogenates were kept in separate
tubes as cytosols. The pellets were resuspended in an equal
volume of both buffers I and II, vortexed, kept on ice for 30min,
and then centrifuged to obtain the nuclear extracts in the
supernatant.
Western Immunoblot—Samples were applied to 12% poly-

acrylamide-SDS gels and subjected to electrophoresis, and pro-
teins were then immunoblotted. Mitochondrial protein (200
�g) was subjected to Western immunoblotting using HO-1
antibody. Although cytosolic and nuclear proteins (100 �g for
both) were subjected to Western immunoblotting using Nrf2,
COX-IV, �-actin, and histone 3 antibodies were used as inter-
nal controls for mitochondria, cytosol, and nucleus,
respectively.
HO-1 Assay—HO-1 activity was assayed in both tissue

homogenates and mitochondria obtained at different time
points as described earlier (30, 31). Each sample was assayed at
different time points to obtain linear kinetic data. For conven-
ience in data representation, a common single time point (60
min) was selected for all the samples. Briefly, for tissue homo-
genates, gastric mucosal tissues obtained at different time
points subsequent to indomethacin treatment were homoge-
nized in 1mMPBS (pH 7.4) and centrifuged at 12,000� g for 30
min. The supernatants of samples obtained from different time
points were used for the assay of HO-1. Mitochondria isolated
as described above were also used for measuring the internal
HO-1 activity. The assay systemconsisted of an equal volumeof
reaction mixture (2 mMMgCl2, 30 �M hemin, 30 mg of rat liver
homogenate, 0.2 units of glucose-6-phosphate dehydrogenase,
2 mM glucose 6-phosphate, and 0.8 mM NADPH), and samples

were incubated at 37 °C in the dark for 1 h. The formedbilirubin
was measured by �A464–530 (�453 nm � 40 mM�1 cm�1) (11)
using a UV-1700 PharmaSpec UV-visible spectrophotometer
(Shimadzu). HO-1 activity was expressed as nanomoles of bili-
rubin formed per milligram of protein per hour.
Confocal Microscopy—Gastric mucosal cells were isolated

from experimental rats as described earlier (3). Mucosa from
control and indomethacin-treated stomachs was scraped in
Hanks’ balanced salt solution (pH 7.4) containing 100 units/ml
penicillin and 100 �g/ml streptomycin at different time points.
Mucosa was further minced and suspended in Hanks’ balanced
salt solution (pH 7.4) containing 0.05% hyaluronidase and 0.1%
collagenase. For 30 min, the suspension was incubated at 37 °C
in 5% CO2 under shaking condition. The suspension was then
filtered through a sterile nylon mesh. The filtrate was centri-
fuged at 600 � g for 5 min, and the cell pellet was washed with
Hanks’ balanced salt solution (pH 7.4) for subsequent studies.
About 100 �l of cell suspension (approximately 105 cells) from
the control and the two experimental groups was taken and
spread on poly-L-lysine-coated slides kept at room tempera-
ture. Cells were then washed with Tris-buffered saline (TBS),
fixed in 4% paraformaldehyde, and permeabilized with 0.25%
Triton X-100. Cells were then washed with TBS and blocked
with 1% bovine serum albumin in TBS-Tween 20. Immuno-
stainingwas performedusing antibody againstHO-1developed
in rabbit (1:100), COX-IV Alexa Fluor 488-conjugated primary
antibody (1:400; Cell Signaling Technology), and goat anti-rab-
bit Alexa Fluor 647-conjugated secondary antibody (1:500;
Invitrogen). Cells were imaged at 1024� 1024 resolutionwith a
Nikon A1R confocal imaging system. The colocalization was
analyzed by the use of “color composite” and “colocalization”
functions using Image Pro Plus software (32). The process
involved the correction of background, generation of a scatter
plot, and selection of the area of interest. Pearson’s correlation
was used to represent the level of colocalization, and values are
expressed in percent for better understanding. Pearson’s corre-
lation takes into account the similarities between shapes and
does not take into account image intensity. To overcome this
drawback, an overlap coefficient was also calculated and com-
pared with Pearson’s correlation values. The data presented are
a representation of one of four experiments showing similar
values.
Measurement of Mitochondrial Oxidative Stress—MOS was

measured as described earlier (9, 25, 26, 33) by following the
formation of mitochondrial lipid peroxidation products and
protein carbonyl. Mitochondria were isolated using a mito-
chondrial isolation kit as described above. An equal amount of
mitochondrial protein was taken for all experiments. For quan-
tifying protein carbonyl formation during MOS induced by
indomethacin, mitochondrial protein was precipitated with
25% trichloroacetic acid. Furthermore, the protein samples
from different time points were allowed to react with 0.5 ml of
10 mM 2,4-dinitrophenylhydrazine for 1 h. The samples were
then washed thrice with ethanol:ethyl acetate (1:1) solvent, dis-
solved in 0.6ml of a solution containing 6M guanidineHCl in 20
mM potassium phosphate buffer (pH 2.3) with trifluoroacetic
acid, and centrifuged, and the supernatants of each set were
used for measurement of protein carbonyl at 362 nm. To mea-
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sure mitochondrial lipid peroxidation, 2 ml of thiobarbituric
acid-TCA mixture (0.375% (w/v) and 15% (w/v), respectively)
in 0.25 NHClwas added to 1ml of themitochondrial fraction in
0.9% normal saline and boiled for 15 min. The solutions were
then cooled and further centrifuged. The supernatants were
taken, and the absorbancewas read at 535 nm.Tetraethoxypro-
pane was used as a standard (25, 33).
Mitochondrial Respiration—Mitochondrial oxygen con-

sumption was measured using a Clark-type electrode in a Liq-
uid-Phase Oxygen Measurement System (Oxygraph, Hansat-
ech, Norfolk, UK) with a thermoregulated chamber set at 24 °C
(34). Consumption of oxygen by complex I (Stage 3) was started
by the incorporation of glutamate and malate (5 mM each) to 1
ml of respiratory medium containing 250 mM sucrose, 5 mM

KH2PO4, 5 mM MgCl2, 0.1 mM EDTA, and 0.1% BSA in 20 mM

HEPES (pH 7.2). After the addition of mitochondrial suspen-
sion, the basal respiration (State 2) was recorded. State 3 respi-
ration was initiated with the addition of ADP (1 mM) to the
respiration medium. State 4 respiration was measured in the
absence of ADP. The respiratory control ratio (RCR) was cal-
culated from the ratio of State 3 respiration (nmol of O2 con-
sumed) and State 4 respiration (nmol of O2 consumed).
Mitochondrial Transmembrane Potential (��m)—Mito-

chondrial transmembrane potential wasmeasured as described
earlier (2, 9, 27). Isolated mitochondria in 100 �l of JC-1 assay
buffer were incubated in the dark with JC-1 (300 nM) for 10min
at 25 °C. The fluorescence of each sample was measured in a
Hitachi F-7000 fluorescence spectrophotometer (excitation,
490 nm; emission, 530 nm for JC-1 monomer and 590 nm for
JC-1 aggregates).
Assay of Caspase-9 and Caspase-3—Caspase-9 and -3 activ-

ity wasmeasured from the cytosolic fraction of gastric tissues as
described earlier (2, 27, 35) using a commercially available kit
according to themanufacturer’s protocol (Biovision,Mountain
View,CAand Sigma). For caspase-9 activity, the gastricmucosa
was homogenized in cell lysis buffer (providedwith the kit). The
homogenate was centrifuged at 16,000 � g for 15 min. The
collected supernatant in turn was mixed with 50 �l of 2� reac-
tion buffer (provided with the respective kit). Then the sub-
strate for caspase-9 (LEHD-p-nitroanilide; 200 �M final con-
centration), was added. The mixture was incubated at 37 °C for
1 h, and the absorbance was taken at 405 nm. In brief, for
caspase-3, gastric mucosa was homogenized in caspase-3 lysis
buffer followed by centrifugation at 16,000� g for 15min. 10�l
of supernatant was mixed with 85 �l of assay buffer in the pres-
ence of 5�l of substrate (Ac-DEDV-p-nitroanilide; 200�M final
concentration) and then incubated at 37 °C, and the absorbance
was taken at 405 nm.
Terminal Deoxynucleotidyltransferase dUTP Nick End

Labeling (TUNEL) Assay—The TUNEL assay was performed
following the instructions provided with the kit (Promega). For
the detection of in situ apoptosis in the gastricmucosa, TUNEL
staining was performed. Control and indomethacin-treated
stomachs were obtained at different time points, fixed in 10%
buffered formalin for 12 h at 25 °C, and embedded in paraffin
for preparing semithin sections, which were ultimately taken
on poly-L-lysine-coated glass slides and subjected to the

TUNEL assay. A commercially available kit (Promega)was used
for the TUNEL staining of the semithin tissue sections (5 �m).
Measurement of Intramitochondrial Heme—Intramitochon-

drial hemewas quantified using theQuantiChromHemeAssay
kit (Bioassay Systems). Isolated mitochondria were used for
heme quantitation. Equal amounts of the mitochondrial pro-
tein from control and experimental groups were mixed with
200 �l of reaction mixture (provided with the kit) and incu-
bated for 5 min at room temperature, and optical density was
measured at 400 nm in a microtiter plate reader (�Quant,
BioTek Instruments). The concentration of heme was meas-
ured from a standard curve using the heme standard provided
with the kit.
Soret Spectroscopy—The degradation of heme by H2O2 was

followed by Soret spectroscopy. In brief, in a 1-ml quartz
cuvette with a 1-cm path length, 2.5 �M hemin chloride was
dissolved in 0.1 N NaOH and incubated with different concen-
tration of H2O2 (0–1000 �M) in a final volume of 1 ml. The
spectrawere recorded in a ShimadzuUV-1700UV-visible spec-
trophotometer in a scan range of 300–700 nm.
Electrophoretic Mobility Shift Assay (EMSA)—For the elec-

trophoretic mobility shift assay, a consensus ARE sequence,
5�TTTATGCTGTGTCATGGTT-3� (the core ARE sequence
is underlined), was used (36). The sequence was 5�-end-labeled
with [�-32P]ATP using T4 polynucleotide kinase according to
standard protocols. Unincorporated [�-32P]ATP was removed
by ethanol precipitation at �20 °C (overnight) followed by
washing with 70% ethanol. Reactions were performed in a vol-
ume of 10 �l containing 32P-labeled oligonucleotide probes
incubated with 10 �g of nuclear extract in binding buffer (10
mM HEPES buffer (pH 7.6), 50 mM NaCl, 1 mM EDTA, 5 mM

MgCl2, 0.1 mM dithiothreitol, 1 mg/ml BSA, and 0.05% Triton
X-100) for 30 min on ice. Complexes were separated by native
gel electrophoresis (5%) running at 10 V/cm at 4 °C (0.5� Tris
borate/EDTA and 1 mM EDTA). A supershift assay was per-
formed using anti-Nrf2 antibody.
Chromatin Immunoprecipitation (ChIP) Assay—The ChIP

assay was performed as described earlier (37) with slight mod-
ification. Tissue samples (100 mg for each sample) at different
time points after indomethacin treatment were incubated with
1% formaldehyde in PBS for 15 min at room temperature to
allow protein-DNA cross-linking. Cross-linking was checked
by adding fresh glycine to a final concentration of 0.125M. Sam-
ples were washed twice by centrifugation at 1000 rpm for 5min
with ice-cold PBS supplemented with a protease inhibitor mix-
ture. Samples were then minced and homogenized in SDS lysis
buffer (1%SDS, 10mMEDTA, and 50mMTris (pH8.1)) (500�l)
and kept on ice for 15–20 min. This was followed by centrifu-
gation at 600 � g for 10 min at 4 °C to pellet the nuclei. The
pellets were further subjected to lysis using SDS lysis buffer,
kept on ice for 30 min, and sonicated at 40% maximum ampli-
tude (10 s on, 60 s off) for 12 pulses to get fragments in the range
of 200–1000 bp. The samples were then centrifuged for 10min
at 13,000 rpm at 4 °C.
An aliquot of the lysates used in the immunoprecipitation

was processed along with the rest of the sample as an input
DNA sample. Chromatin was precleared using rabbit IgG (1
�g/sample) bound to protein A-Sepharose for 2 h at 4 °C. Pre-
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cleared chromatin was immunoprecipitated using rabbit anti-
Nrf2 antibody and rabbit IgG as control. The reactions were
incubated on a rotor at 4 °C overnight. This was followed by a
wash with PBS and incubation with herring sperm DNA (5
�g/sample) for 2 h at 4 °C. DNA-cross-linked proteins were
then immunoprecipitated by adding the precleared samples to
the herring sperm DNA/protein A-Sepharose, and the mixture
was kept at 4 °C overnight. Subsequently, the sample was
washed serially once in (a) low salt immune complex wash
buffer, (b) high salt immune complex wash buffer, and (c) LiCl
immune complex wash buffer and finally twice in a buffer con-
taining 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA. To remove
the precipitated complexes from the beads, the mixtures were
incubated for 30 min in 250 �l of 1% SDS with 100 mM

NaHCO3. The cross-links between protein and DNA were
reversed by heating the samples at 65 °C overnight in 250 �l of
Tris-EDTA with 2.5 �l of proteinase K (20 mg/ml). DNA was
purified using aQIAquick PCR purification kit according to the
manufacturer’s protocol. DNA from ChIP and input samples
was resuspended in 15 and 30 �l of elution buffer from the
QIAquick kit, respectively. For PCR amplification of ARE of the
HO-1 promoter region, 2 �l of the ChIP and 0.5 �l of input
DNA were used as template using the forward primer
5�-CCACCATATCCGGACTTTGT-3� (bp 4035–4015 rela-
tive to the ATG start codon) and the reverse primer
5�-GCTTCTGTGCCTTTCTAGAG-3� (bp 3798–3778) (38).
Statistical Analysis—All data are presented as mean � S.E.

The level of significance was determined by unpaired Student’s
t test with one-way analysis of variance as applied. A p value �
0.05 was considered as significant. The degree of colocalization
in confocal images was determined by Pearson’s correlation
using Image Pro Plus software.

RESULTS

Expression Pattern of HO-1 during Gastric Mucosal Injury
and Autohealing with Time—NSAID causes severe gastric
mucosal injury in rats, and the injured mucosa possesses the
ability to heal itself (autohealing) with time. The NSAID-in-
duced gastric mucosal injury and subsequent “autohealing”
have been used as amodel to follow the expression ofHO-1 and
to evaluate its role in injury and healing. The expression pattern
for HO-1 and the gastricmucosal injury indices were estimated
at different time points subsequent to the administration of
indomethacin. The injury indices are 0, 16 � 2, 55 � 5, 30 � 5,
19 � 2, 2 � 1, and 0 for control, 2, 4, 12, 24, 48, and 72 h,
respectively (Fig. 1A). The injury in gastric mucosa after indo-
methacin treatment was reflected by cell shedding, disintegra-
tion of mucosa, and intragastric bleeding (reddish brown color
indicated by black arrow) in the superficial layer of the mucosa
(Fig. 1A). The injury increased from 0 to 4 h after indomethacin
treatment and then decreased as evident from the injury indices
and histological studies, which document the restoration of
mucosal integrity and re-epithelization in damaged mucosa
with time (Fig. 1A). The recovery from the injury with time was
evident from 46, 65, and 97% autohealing at 12-, 24-, and 48-h
intervals, respectively (Fig. 1A). The healing or regeneration of
cells in the injured site is related to the level of HO-1 mRNA
expression. Despite a basal level of HO-1 mRNA expression, a

dramatic increase in HO-1 expression was detected within
about 2 h of indomethacin treatment with a peak between 12
and 24 h that was sustained during the healing stage (48–72 h)
relative to control. It is notable that high expression of HO-1
persists even when the mucosal injury has been re-epithelized
(72 h) (Fig. 1A) although at a reduced level compared with the
48-h time point (Fig. 1B). The increased expression of HO-1
was further monitored by measuring the activity of HO-1 in
gastric mucosa at different time points. A marked increase in
HO-1 activity was also found at the injured gastric mucosa at
4 h, and HO-1 activity remained at an elevated level from 12 to
24 h and decreased at 72 h (Fig. 1C). The enzymatic activity for
“control” samples at different time points was not significantly
changed from the activity found at 0 h. The “0”-h control rep-
resents rats sacrificed immediately after indomethacin treat-
ment. Thus, the time course data clearly indicate that the
expression of HO-1 is modulated in vivo in gastric mucosa dur-
ing indomethacin-induced mucosal injury and subsequent
autohealing with time.
Mitochondrial Localization of HO-1 during Gastric Mucosal

Injury—Our data from immunofluorescence studies reveal that
indomethacin treatment not only up-regulated HO-1 expres-
sion but also triggered HO-1 translocation to mitochondria. A
confocal microscopic study was performed using cells isolated
from control rats and rats sacrificed at 4 h after indomethacin
treatment (Fig. 2A). Green fluorescence represents mitochon-
dria immunostained with Alexa Fluor 488-COX-IV antibody
(Fig. 2A, first column).Red fluorescence represents the localiza-
tion of HO-1 immunostained with HO-1 primary antibody and
Alexa Fluor 647-conjugated secondary antibody (Fig. 2A, sec-
ond column). In the control, a basal level of HO-1 in cytosol as
well as in mitochondria is evident from the weak red fluores-
cence signal (Fig. 2A, second column), whereas in the mucosal
cells from indomethacin-treated stomachs, red fluorescence
indicatesHO-1 overexpression and its increasedmitochondrial
translocation after indomethacin treatment (Fig. 2A, second
column). The image analysis indicates that HO-1 (red) and
COX-IV (green) colocalized (merged) in mitochondria. The
level of colocalization was furthermeasured as described under
“Experimental Procedures” (Fig. 2A, side panels). In the indo-
methacin-treated group, the colocalization (merge) of HO-1
(red fluorescence) in mitochondria (green fluorescence; COX-
IV) is excellent as evident from their colocalization score (Pear-
son’s correlation or overlap coefficient,�0.94) when compared
with the control group (Pearson’s correlation or overlap coeffi-
cient, �0.62) (Fig. 2A, side panels). We further confirmed the
mitochondrial translocation of HO-1 by Western immunoblot
of isolated mitochondria from gastric mucosal tissue at differ-
ent time points after the administration of indomethacin (Fig.
2B). Thus, all the experimental data support the translocation
of HO-1 in mitochondria. The expression level of HO-1 was
found to increase from 4 h, peaking between 12 and 24 h and
then gradually decreasingwith time (Fig. 2B). COX-IVwas used
as an internal control (Fig. 2B). Furthermore, to confirm
whether the mitochondrial HO-1 retained its function while in
mitochondria, the activity of HO-1 was measured with time
(Fig. 2C). The result was consistent with theWestern immuno-
blot analysis (Fig. 2B). The activity of HO-1 was prominent at
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4 h during maximum injury. The activity reached its peak at
12–24 h and then declined subsequently (Fig. 2C).
Mitochondrial Localization of HO-1 Results in Prevention of

MOS, Mitochondrial Pathology, and Apoptosis—MOS plays a
significant role in indomethacin-induced mitochondrial
pathology anddamage. The cytoprotective role ofHO-1 against
MOS and subsequent mitochondrial pathology was evaluated
at different time points after indomethacin treatment. MOS
was evaluated by measuring protein carbonyl and lipid peroxi-
dation products in mitochondria at different time points after
the administration of indomethacin (progression from injury to
autohealing). The data indicate that MOS is maximal at 4 h as
evident from significant protein carbonylation (71% relative to
control) and lipid peroxidation (66% relative to control),
respectively (Fig. 3, A and B). With time, both the formation of
protein carbonyl and peroxidation of lipid decreased (Fig. 3, A
and B). It is interesting to note that the localization of HO-1 in
mitochondria was also prominent at 4 h after the administra-

tion of indomethacin (Fig. 2). This led us to consider the possi-
bility of MOS triggering the translocation of HO-1 from the
cytoplasm tomitochondria in response to gastricmucosal dam-
age. HO-1 maintained a more or less increased level of expres-
sion up to 72 h.During this 4–72-h period, the protein carbonyl
and lipid peroxidation status was also found to decline in
accord with the temporal progress in autohealing. MOS is
known to be associated with mitochondrial pathology. The
generation of ROS, fall of ��m, defect in electron transport
chain, and prevention of ATP formation are the major events
duringmitochondrial pathology (39). It is reasonable to assume
that if HO-1 in mitochondria prevents MOS then it will also
restore mitochondrial function and prevent indomethacin-in-
duced mitochondrial pathology. The maintenance of ��m is
vital for electron transport and ATP formation. The status of
��mwas checked using a lipophilic-cationic dye, JC-1. The data
from these experiments indicate that indomethacin-induced
gastric damage was associated with the maximum collapse of

FIGURE 1. Relation of HO-1 expression with gastric mucosal injury at different times after administration of indomethacin. A, hematoxylin and eosin
staining of gastric mucosal section. Histological evidence for induction of mucosal injury and subsequent healing with time after indomethacin treatment is
shown. The arrow indicates severe mucosal damage at 4 and 12 h after indomethacin treatment. B, the expression of HO-1 mRNA upon induction of injury by
indomethacin at different time points as followed by RT-PCR together with the densitometric analysis of RT-PCR data. Actin was used as an internal control. C,
measurement of HO-1 activity. Gastric mucosal total homogenate was used to measure HO-1 activity in vivo by following the formation of bilirubin as described
under “Experimental Procedures.” 0 h represents control. Data are presented as mean � S.E. (***, p � 0.001 versus control; **, p � 0.05 versus control; n � 6).
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��m at 4 h (63% compared with control), which was recovered
with time of healing when HO-1 was induced and remained
up-regulated from 4 to 72 h (Fig. 3C). At higher membrane
potential, JC-1 molecules generally exist as J-aggregates (emit-
ting red fluorescence), whereas at lower potential, JC-1 mole-
cules mainly subsist as J-monomers (green fluorescence). A
drop in the ratio of red (J-aggregate; 590 nm) to green (J-mono-

mer; 530 nm) JC-1 fluorescence is indicative of mitochondrial
depolarization. We also evaluated complex I-mediated mito-
chondrial respiration, which exhibited time-dependent altera-
tion (Table 1). RCR (State 3/State 4) reflects the functional sta-
tus of mitochondria (Table 1). At 4 h, indomethacin
significantly inhibited the electron transport chain as evident
froma significant decrease of RCR (Table 1). However, the elec-

FIGURE 2. Mitochondrial localization of HO-1 in gastric mucosal cells during mucosal injury. A, colocalization of HO-1 with mitochondrion-specific COX-IV.
The upper panel represents gastric mucosal cells from control rats; the lower panel represents gastric mucosal cells from indomethacin-treated rats. The first
column shows cells immunostained with Alexa Fluor 488-COX-IV antibody giving green fluorescence specific for mitochondria, the second column represents
HO-1 primary antibody- and Alexa Fluor 647 secondary antibody-stained cells giving red fluorescence specific for HO-1, and the third column shows the merged
image of the first and second columns. The side panel illustrates the score values of colocalized and non-colocalized HO-1 in control and indomethacin-exposed
cells. The score values indicate the level of colocalization expressed as Pearson’s correlation. B, Western immunoblot for HO-1 localization in mitochondria at
different time points. COX-IV was used as a loading control for the mitochondrial sample. C, HO-1 activity was measured in mitochondria obtained from rats
sacrificed at different time points. 0 h represents control. Data are presented as mean � S.E. (***, p � 0.001 versus control; n � 6).

FIGURE 3. Time course study of mitochondrial oxidative stress and mitochondrial pathology after indomethacin treatment. A, time course study of
indomethacin-induced oxidation of mitochondrial proteins as measured by protein carbonyl formation. B, time course study of indomethacin-induced
mitochondrial lipid peroxidation as measured by thiobarbituric acid-reactive substance (TBARS) formation. C, time course study of mitochondrial transmem-
brane potential as measured by JC-1 uptake (590/530 nm fluorescence ratio). Detailed descriptions are given under “Experimental Procedures.” Data are
presented as mean � S.E. (***, p � 0.001 versus control; **, p � 0.01 versus control; *, p � 0.05 versus control; n � 6).
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tron transport chain recovered its status with time as inferred
from the restoration of RCR between 12 and 72 h (Table. 1).
This was again consistent with the data found in the case of
MOS recovery.
Mitochondrial Localization of HO-1 Consequently Inhibits

GastricMucosal Apoptosis—MOSplays a significant role in the
induction of gastricmucosal cell apoptosis inNSAID injury. To
find any link between HO-1 translocation and apoptosis, the
activation of both caspase-9 (marker for the mitochondrial
pathway of apoptosis) and caspase-3 (general marker for apo-
ptosis) wasmeasured in addition to performing a TUNEL assay
to follow DNA fragmentation. The data indicate that when
HO-1 is translocated to themitochondria at 4 h the apoptosis is
maximal as documented by caspase activation and DNA frag-
mentation (Fig. 4). However, althoughHO-1 expression peaked
at 12–24 h and was maintained at an elevated status up to 72 h,
the activity of caspases within this period decreased, suggesting
an antiapoptotic role of HO-1 (Fig. 4). Caspase-9 activity was
maximal at 4 h (63% augmentation relative to control) and then
was reduced significantly (65 and 97% autohealing at 24 and
48 h with a 33 and 97% decrease in caspase-9 activity, respec-
tively) with time (Fig. 4A). In themitochondrial death pathway,
activated caspase-9 ultimately leads to the activation of
caspase-3. Our data confirm the maximum activation of
caspase-3 at 4 h (75% increased activity comparedwith control)
(Fig. 4B). The activity of caspase-3 also decreased with the pas-
sage of time of healing (65 and 97% autohealing at 24 and 48 h
with a 31 and 54% decrease in caspase-3 activity, respectively)
(Fig. 4B). DNA fragmentation is a hallmark of apoptosis. Thus,
to further confirm the impact of HO-1 translocation on apo-
ptosis in the gastric epithelial cells, a TUNEL assay was per-
formed to track DNA fragmentation. TUNEL staining revealed
that indomethacin considerably increased the apoptosis of gas-
tric epithelial cells at 4 h (black staining; arrowhead) (Fig. 4C),
and apoptosis was found to be under control at 72 h. At 24 h,
however, mucosal apoptosis was also observed, which is con-
sistent with the caspase activity (Fig. 4C).
Plausible Mechanism for HO-1 Induction and Its Mitochon-

drial Localization: Heme Accumulation and Subsequent ROS
Generation inside Mitochondria—Now the question is what
instigated HO-1 to localize in mitochondria. Both heme (the
substrate for HO-1) and heme-induced ROS can stimulate
HO-1 expression (10, 40, 41). At 4 h, MOS was maximal, and
the level of mitochondrial HO-1 was also concomitantly high.

Because heme is the substrate of HO-1 and a potent pro-oxi-
dant, we were motivated to quantify heme inside mitochondria
at different time intervals. A significant increase of heme con-
tent was observed in mitochondria compared with control at
4 h (Fig. 5A). The heme content declined with the progression
of healing starting from 24 to 72 h. The highest level of HO-1
insidemitochondria was found at 24 h.When theMOS and the
mitochondrial heme content were maximal at 4 h, the HO-1
entry inside mitochondria was visible, attaining maximum
localization at 24 h. Thus, we propose that HO-1, acting on its
substrate heme, decreased the heme content at 24 h, and high
levels of HO-1 were maintained (Fig. 5A) for persistent action.
We hypothesize that increased intramitochondrial heme and
subsequent ROS generation may be the driving force to mobi-
lize HO-1 to mitochondria, and this translocation followed by
the catabolism of heme may be an inherent cytoprotective
mechanism against MOS. We have previously provided evi-
dence that indomethacin treatment enhances the generation of
H2O2 in mitochondria (2). Interaction of heme with H2O2 gen-
erates �OHand amplifies ROS (42). The degradation of heme by
H2O2 at different concentrations was confirmed by Soret spec-
troscopy using pure heme (Fig. 5B). Moreover, degradation of
heme by H2O2 may favor the release of iron from heme, or the
iron still attached to the heme can be redox-active (43, 44). It is
reasonable to assume that degradation of heme either by H2O2
or by the action of HO-1 can release free iron inside mitochon-
dria. The question is how this redox-active free iron is detoxi-
fied in the mitochondria. It is known that MtFt, a nuclearly
encoded protein, enters the mitochondria and scavenges mito-
chondrial free iron in a number of tissues under different path-
ological conditions (45–49). Therefore, we checked the expres-
sion of MtFt after indomethacin treatment. Initially up to 4 h,
there was no significant increase in its expression (Fig. 5C).
However, maximum expression was found at 12–24 h with a
subsequent fall in expression at 48 and 72 h, respectively (Fig.
5C).
HO-1 Induction Is Mediated by ROS-dependent ARE/Nrf2

Signaling—ROS mediates the translocation of redox-sensitive
Nrf2 to the nucleus. Nrf2 is the known transcriptional activator
of HO-1 because Nrf2 appears to be critical for the ARE-medi-
ated gene expression. Therefore, we investigatedwhether indo-
methacin-induced oxidative stress stimulated the translocation
of Nrf2 to the nucleus. The translocation of Nrf2 to the nucleus
was analyzed by EMSA using an ARE probe corresponding to

TABLE 1
Effect of indomethacin on mitochondrial oxygen consumption
Indomethacin was administered orally at 48 mg kg�1 b.w. to each group containing six to eight rats. Animals were sacrificed at different time points after indomethacin
treatment to measure mitochondrial oxygen consumption as described under “Experimental Procedures.” Data are presented as mean � S.E. (n � 6–8). 0 h represents
control.

Time after indomethacin treatment State 3 State 4 RCR (State 3/State 4)

h nmol O2/mg/ml nmol O2/mg/ml
0 149 � 7 25 � 2 5.91 � 0.6
2 110 � 6a 25 � 1 4.38 � 0.56a
4 75 � 5a 23 � 2b 3.25 � 0.43a

12 78 � 5a 23 � 3 3.29 � 0.40a
24 92 � 6a 24 � 1 3.79 � 0.39a
48 118 � 6a 24 � 2 4.74 � 0.54a
72 128 � 6a 25 � 1 5.1 � 0.58b

a p � 0.001 versus control.
b p � 0.05.
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the ratHO-1 promoter. No complexwas visible in labeledDNA
(without nuclear extract) (Fig. 6A, lane 1). However, increased
Nrf2 translocation was observed at 4, 12, and 24 h post-indo-
methacin treatment (Fig. 6A, lanes 2-4) in comparison with
control (without indomethacin treatment) as evident from the
band shift in EMSA (Fig. 6A, lane 1). The data indicate reduced
Nrf2 translocation after 48 and 72 h of indomethacin treatment
(Fig. 6A, lanes 5 and 6). The selective binding of Nrf2 was con-
firmed by competition (Fig. 6A, lane 8) and supershift assays
(Fig. 6A, lane 9). For the competition assay, we used the nuclear
extract obtained at 4 h after indomethacin treatment. In the
competition assay, unlabeled Nrf2 probe competed with the
labeled probe, producing a fainter band (Fig. 6A, lane 8) in com-
parison with sample without unlabeled probe (Fig. 6A, lane 7),
whereas antibody specific to Nrf2 caused a further band shift
(Fig. 6A, lane 9). If Nrf2 is translocated from the cytosol to the
nucleus then it is reasonable to assume that the content of cyto-
solic Nrf2 will be decreased with the concomitant increase of
nuclear Nrf2. To verify this, both the cytosolic fraction and
nuclear extracts obtained from gastric mucosa of control and
indomethacin-treated rats at different time points were sub-
jected to Western immunoblot study. The data clearly suggest
that the entry of Nrf2 to the nucleus at 4, 12, and 24 h correlates
well with the decrease in the Nrf2 level in the cytosol (Fig. 6B).
The translocation of Nrf2 inside the nucleus is not sufficient

to conclude that the transcription of HO-1 is under the induc-
tion of Nrf2 binding to the ARE of HO-1 promoter. Therefore,
a ChIP assay was performed to confirm the binding of Nrf2 to
the ARE sequence of the HO-1 promoter (Fig. 6C). The data
indicate that the PCR products for the ARE sequence at differ-
ent time points showed an increase at 4, 12, and 24 h post-
indomethacin treatment in comparison with the control (Fig.
6C). These findings suggest the recruitment and binding of

Nrf2 to the promoter of HO-1 gene after indomethacin
treatment.
Inhibition of HO-1 Aggravated Mucosal Injury and Delayed

Repair Mechanism Due to Persistent MOS, Mitochondrial
Pathology, and Apoptosis—To confirm the cytoprotective role
of HO-1 in MOS-mediated apoptotic injury by indomethacin,
we examined the effect of ZnPP, a known HO-1 inhibitor, on
indomethacin-induced gastric mucosal injury and its autoheal-
ing. Generally, the maximum injury was observed (injury
index� 55) 4 h after indomethacin treatment (Fig. 7). Butwhen
pretreated with ZnPP, the gastric mucosal damage was higher
(injury index � 75) than that in the indomethacin alone group
(Fig. 7). The gastric injury was quite high even at 24 h (injury
index� 40) in animals treated with indomethacin plus ZnPP as
evident from the histological data (Fig. 7). The injury induced
by indomethacin alone was autohealed almost completely at
48 h (injury index � 5), but animals treated with indomethacin
plus ZnPP showed persistent injury (injury index � 20) as eval-
uated by histological studies (Fig. 7). No injury was observed in
gastric mucosa treated with only ZnPP (injury index � 0) (Fig.
7). Now, to confirm whether HO-1 really prevents NSAID-in-
ducedMOS, dysfunction, and apoptosis in gastricmucosa, pro-
tein carbonylation, lipid peroxidation, RCR, ��m, and activa-
tion of caspase-9 and caspase-3 were measured at two different
times (24 and 48 h) in the presence and absence of ZnPP. Tissue
samples (24 and 48 h) treated with both ZnPP and indometha-
cin showed higher mitochondrial oxidative stress compared
with samples obtained only from indomethacin-treated rats as
evident from both increased protein carbonylation and lipid
peroxidation (Fig. 8, A and B). The persistent or higher rate of
mitochondrial dysfunction was evident as measured by RCR
and��mwhenHO-1was inhibited by ZnPP comparedwith the
indomethacin alone group (Fig. 8, C and D). Furthermore, a

FIGURE 4. Time-dependent induction of apoptosis in gastric mucosal cells by indomethacin. A, time course study of indomethacin-induced activation of
caspase-9. B, indomethacin-induced caspase-3 activity at different time points. C, TUNEL assay in vivo (deep brown staining suggests apoptotic DNA fragmen-
tation, which is indicated by arrows) showing indomethacin-induced gastric mucosal cell apoptosis (which was maximum at 4 h but eventually recovered
slowly) at different intervals. 0 h represents control. Data are presented as mean � S.E. (***, p � 0.001 versus control; *, p � 0.05 versus control; n � 6). pNA,
p-nitroanilide.
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higher rate of apoptosis was evident from caspase-9 and
caspase-3 assays in the presence of ZnPP but not in its absence
(Fig. 8, E and F) (24 and 48 h). However, by 48 h, although the
condition of MOS, dysfunction, and consequent apoptosis
declined marginally, it was still severe in the presence of ZnPP.
Thus, it is clear that ZnPP increases the toxic insult to the cell
and delays healing by inhibiting HO-1, establishing the phe-
nomenon of mitochondrial localization of HO-1 as an antioxi-
dant strategy of the cell.
Induction of HO-1 by CoPP Ameliorates Gastric Mucosal

Injury—To further confirm the protective role of HO-1 against
MOS and gastropathy induced by indomethacin, HO-1 was

induced byCoPP administration at different doses 30min prior
to indomethacin treatment (Fig. 9 and Table 2). The data indi-
cate dose-dependent induction of HO-1 by CoPP with a maxi-

FIGURE 5. Intramitochondrial heme accumulation and mitochondrial fer-
ritin expression in gastric mucosal cells after administration of indo-
methacin. A, intramitochondrial heme content at different time points after
indomethacin treatment. Indomethacin-treated rats were sacrificed at differ-
ent time points, gastric mucosal mitochondria were isolated, and heme was
quantitated as described under “Experimental Procedures.” 0 h represents
control. B, H2O2 damages heme. The fall of Soret spectra at 403 nm with
increasing concentrations of H2O2 indicates heme degradation. C, RT-PCR for
mitochondrial (Mt) ferritin mRNA expression together with densitometric
analysis of RT-PCR data. Actin was used as an internal control. 0 h represents
control. Data are presented as mean � S.E. (***, p � 0.001 versus control; **,
p � 0.05 versus control; n � 6).

FIGURE 6. Nuclear translocation of Nrf2 during gastric mucosal injury by
indomethacin. Nuclear fractions isolated from gastric mucosa from control
and indomethacin-treated rats at different time points were used for EMSA
and Western immunoblot analysis as described under “Experimental Proce-
dures.” A, EMSA. Lane 1, labeled probe plus nuclear fraction from control; lanes
2-6, labeled probe plus nuclear fractions isolated at different time points after
indomethacin treatment (4, 12, 24, 48, and 72 h, respectively); lane 7, labeled
probe plus nuclear fraction (4 h after indomethacin treatment); lane 8, labeled
probe plus nuclear fraction (4 h after indomethacin treatment) plus a 30-fold
excess of cold competitor probe (ARE); lane 9, labeled probe plus nuclear
fraction (4 h after indomethacin treatment) plus anti-Nrf2 antibody. Note that
both lane 2 and lane 7 are similar. We reloaded the same 4-h sample that was
used in lane 2 again in lane 7 for better comparative analysis. B, Western
immunoblot analysis for Nrf2 (nuclear and cytosolic) translocation from the
cytosol to the nucleus. The nuclear translocation of Nrf2 was increased at 4,
12, and 24 h following indomethacin treatment, whereas that in the cytosolic
fraction was decreased at 4, 12, and 24 h. Histone 3 and �-actin were used as
positive controls to check the purity of nuclear and cytosolic fractions, respec-
tively. C, ChIP analysis to confirm nuclear translocation of Nrf2 and subse-
quent binding at the ARE sequence in the promoter region of HO-1 gene after
indomethacin treatment. Immunoprecipitated DNA was analyzed by PCR
amplification specific to the OH-1 promoter region. Input DNA material was
used as positive control, whereas the material immunoprecipitated using
rabbit IgG was used as a control. Nrf2 binding to the ARE is evident from the
intensity of the PCR products obtained by amplifying the immunoprecipi-
tated (IP) DNA using ARE-specific primers. The intensities of the PCR products
were high at 4, 12, and 24 h, respectively, compared with 0- and 72-h samples,
indicating the recruitment and binding of an increased amount of Nrf2 to the
promoter region of HO-1 at 4, 12, and 24 h. 0 h represents control.
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mum induction at 5–10 mg kg�1 (Fig. 9). Moreover, the dose-
dependent induction of HO-1 correlated well with a significant
reduction of gastric mucosal injury, oxidative stress, apoptosis,
and mitochondrial pathology (Table 2).

DISCUSSION

The present study provides evidence for mitochondrial
translocation of HO-1 in vivo in NSAID-induced gastric muco-
sal tissue injury and mitochondrial translocation of HO-1 in a
time-dependent fashion, preventing MOS and mitochondrial
dysfunction and promoting the repair of MOS-mediated apo-
ptotic mucosal injury.
NSAIDs have been previously reported to interfere with

mitochondrial energy production (50). NSAIDs are weak acids,
are lipophilic in nature, and act as an uncoupling agent (51).
Indomethacin with its acidic carboxyl group (pKa � 4.5) and
lipid solubility has been found to damage both rat and human
mitochondria (51). Moreover, indomethacin treatment has
been reported to enhance mitochondrial ROS, which disrupt
mitochondrial function (2). Thus, indomethacin is used as a
natural choice in generating MOS and inducing apoptotic cell
death in rat gastric mucosa. Furthermore, indomethacin is
selected as the representative NSAID over others because it is
the most frequently used NSAID in gastrointestinal toxicity
studies in experimental animals (51). Although maximum
injury was observed at 4 h after indomethacin treatment, the
mucosa recovered from the damage very slowly (autohealing)
with timewithout priormedication. This explains the existence
of inherent cytoprotective machinery that was activated in
response to the mucosal injury and mitochondrial oxidative
insult induced by indomethacin.
The dose of indomethacin selected was 48 mg kg�1 as

reported earlier (2, 26). This dose appears high when con-

verted, according to the recommendation of the United
States Food and Drug Administration (52), to the human
equivalent, which is about 211 (3.5 mg kg�1) or 423 mg (7.05
mg kg�1). For therapeutic purposes, however, indomethacin
is used at a dose of 25 mg two to three times daily or 150–200
mg daily to treat inflammatory disorders. This dose is sus-
tained for a long period when treating chronic inflammatory
disorders, resulting in a higher cumulative effective dose to
cause gastric damage (53). Thus, a higher effective dose of
indomethacin to induce mitopathology and gastric damage
in rat is in good agreement with the therapeutic doses of
indomethacin used in humans (2).
HO-1 has been reported to be up-regulated during gastric

mucosal injury (23, 24, 30, 54–56). The role of HO-1 in tissue
injury repair is well known in othermodels also (57). Themech-
anism of howHO-1 facilitates repair of NSAID-inducedmuco-
sal injury is not yet clear. A cellular model for autohealing of
gastric mucosa injured by NSAID would be helpful in this
regard, but no such model has been reported. Thus, an in vivo
model was used to explore the role of HO-1. ROS has been
reported to be the causative factor behind gastricmucosal dam-
age of different origins (58, 59). Mitochondria are the major
source and target of ROS generation. Excessive ROS generation
leads to MOS. The role of MOS and the consequent apoptosis
after NSAID-induced gastric mucosal injury is already well
established, and MOS is considered to be the major player in
the acid-independent (3) and COX-independent pathway of
NSAID-mediated gastric injury (60, 61). But ROS is generated
inside mitochondria, whereas HO-1 resides on the endoplas-
mic reticulum. How then does HO-1 favor repair by preventing
ROS in mitochondria? Our time course study not only showed
an up-regulation of HO-1 but also showed the mitochondrial
localization of HO-1 in gastric epithelial cells during injury by
NSAID. We also observed that HO-1 translocation resulted in
the prevention of MOS and gastric injury induced by
indomethacin.
Mitochondrial localization of HO-1 was verified by confocal

microscopy using a specific mitochondrial marker, Western
immunoblotting usingHO-1 antibodies, and assaying the activ-
ity of HO-1 in mitochondria in the presence and absence of
indomethacin. The score value for colocalized and non-colo-
calized fluorescence for indomethacin-treated sample was
much higher than that of control. As evident from the colocal-
ization score and other biochemical studies (Western immuno-
blot and activity assay), a basal level of HO-1 was found in the
control sample. A basal level of HO-1 is always present inmito-
chondria in the control condition not only in gastric mucosal
cells but also in a number of other cell types as reported earlier
(31). There are several reports regarding the subcellular distri-
bution of HO-1. HO-1 localization inside the nucleus not only
protects cells against hydrogen peroxide-mediated injury but
also is assumed to up-regulate genes involved in cytoprotection
against oxidative stress (62). The mitochondrial localization of
HO-1 has been associated with cytoprotection (31, 63–66).
HO-1 lacks the N-terminal mitochondrial targeting prese-
quence; therefore, as a transporter colocalized in the inner
membrane, HO-1 probably requires internal hydrophobic tar-
geting domains and specific import machinery like the Tim 23

FIGURE 7. ZnPP aggravates gastric mucosal injury and slows down heal-
ing process in vivo. Hematoxylin and eosin staining of gastric mucosal sec-
tions of control, indomethacin-, indomethacin 	 ZnPP-, and only ZnPP-
treated groups at different time points is shown. 0 h represents control. II,
injury index. Arrows indicate mucosal injury.
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transporter (65, 67, 68). However, rigorous experimental stud-
ies are required to explore the specific import machinery for
mitochondrial entry of HO-1 in indomethacin-induced gas-
tropathy. The important question is what is the impact ofHO-1
entry on MOS. During maximum injury at 4 h after indometh-
acin treatment, HO-1 was localized inside mitochondria, but
the highest level of HO-1 was observed between 12 and 24 h
when the injury began to decline. This implies that the up-reg-
ulated status of HO-1 is associated with the amelioration of
MOS, mitochondrial dysfunction, and apoptosis. However,
HO-1 cannot scavenge ROS directly, prompting us to investi-

gate the mechanism by which it controls MOS. It is assumed
that HO-1 may prevent ROS generation by catabolizing the
pro-oxidant heme accumulated in mitochondria. In mitochon-
dria, maximum heme content was found during maximum
injury at 4 h when maximumMOS was observed. On the con-
trary, although the HO-1 level was considerable inside mito-
chondria at 4 h, it was maximal at 24 h when heme content was
reduced. Thus, the data indicate a possible role of HO-1 to act
on its substrate heme to prevent MOS. The role of inducible
HO-1 in the mitochondria to degrade accumulated heme has
been suggested previously (14, 31).

FIGURE 8. ZnPP treatment increases mitochondrial oxidative stress, mitochondrial pathology, and apoptosis in gastric mucosa. A–F, measurement of
protein carbonyl (A), lipid peroxidation (B), complex I-mediated RCR (C), mitochondrial membrane potential (D), caspase-9 activity (E), and caspase-3 activity (F)
in control, indomethacin-treated, indomethacin 	 ZnPP-treated, and only ZnPP-treated groups of rats at 24 and 48 h after indomethacin treatment as
described under “Experimental Procedures.” Data are presented as mean � S.E. (***, p � 0.001 versus control; ###, p � 0.001 versus indomethacin; n � 6). TBARS,
thiobarbituric acid-reactive substance; pNA, p-nitroanilide.
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The deleterious effect of heme is well known (42). Free heme
is highly toxic (42) and can induce peroxidation in membranes
and cause damage to cellular macromolecules such as proteins,
DNA, and carbohydrates (43). By coupling oxidative stress to
the stimulation ofHO-1, cellswould ensure that the labile heme
generated does not act in a cytotoxicmanner. Heme catabolism
by HO-1 is an advantage that may be utilized by the cells. Once
heme is catabolized by HO-1 it produces equimolar quantity of
CO, biliverdin, and iron. Biliverdin is converted to bilirubin by
the biliverdin reductase enzyme. Both CO and biliverdin IXa,
two metabolites of heme formed by HO-1, were thought to be
futile or noxious products, but recent facts are contrary to such
assumptions. Both bilirubin and CO have been attributed to
have antioxidant and cytoprotective roles (10, 24, 69–72). This
notion is strongly supported by the observation that the cyto-
toxic effects of oxidative stress are worsened in cells that lack
HO-1 (Hmox1�/�) and thus cannot increase the rate of heme
catabolism in response to oxidative stress.
What are the possible sources of heme inside mitochondria

during gastric injury by indomethacin? NSAID-induced gas-
tropathy is characterized by subepithelial hemorrhages, ero-
sions, and bleeding (73).When erythrocytes are lysed, extracel-
lular hemoglobin is easily oxidized from ferrous to ferric
hemoglobin (methemoglobin), which in turn readily releases
heme. The hydrophobicity of free heme is responsible for inter-
calating into cell membranes, making the cell susceptible to
oxidant-mediated insult as well as production of ROS (74). The
transport of intracellular labile heme from the cytosol to the
mitochondria is ensured by themitochondrial heme transport-

ers. Furthermore, the mitochondria are the major source of
ROS, and they contain a number of heme-containing proteins
(hemoproteins). The possibility of ROS attacking hemopro-
teins and releasing heme cannot be excluded (10). The reasons
why cells respond to oxidative stress by increasing their ability
to catabolize free heme are not clear. Oxidative stress can lead
to heme release from some hemoproteins, an effect that pro-
duces cytotoxic free heme (10, 57). Mitochondria are potential
sites for the generation of H2O2, which may act on heme to
generate ROS. It has been reported that 0.1 mM/min H2O2 is
produced continuously under physiological conditions. There
will be an increment of this rate during adverse conditions such
as hyperoxia and ischemia-reperfusion (75–77). Moreover,
NSAID-induced gastric mucosal damage is an ischemia-reper-
fusion type of injury (78). Hemin, on the other hand, acts as a
chemoattractant of neutrophils (79). The infiltration of neutro-
phils and generation of enhanced ROS in the injured site have
already been attributed in NSAID-induced gastropathy. Thus,
the possibility of hemeplaying a role in attracting neutrophils in
the gastric mucosal injured site cannot be discarded.We found
an increased myeloperoxidase activity (marker for neutrophil)
in gastric mucosa at 4 h after indomethacin treatment com-
pared with control (data not shown).
The catabolism of heme by HO-1 inside mitochondria pro-

duces iron, which can amplify the generation of highly toxic
hydroxyl radical (�OH) by Fenton’s reaction in the presence of
H2O2 (80, 81). It has been reported that during oxidative stress
the MtFt is up-regulated and can enter inside mitochondria to
encounter mitochondrial iron (45, 82). MtFt prevents mito-
chondrial damage, reduces the production of ROS, and radi-
cally rescues cells from apoptosis (45, 82). MtFt expression is
very tissue-specific, and MtFt has been reported to be overex-
pressed in different tissues of human and mouse (46–49).
Thus, we searched forMtFt expression in gastric mucosa in the
presence or absence of indomethacin. MtFt expression was
detected in rat gastric mucosa. Moreover, to overcome iron
overload, the role ofmitochondrial iron exporters inmitochon-
drial iron homeostasis during indomethacin-induced gastric
mucosal injury cannot be excluded (83).
We are interested in the transcriptional regulation of HO-1

at different time points. Different studies on transfection and
deletion mutagenesis have revealed an element assigned as the

FIGURE 9. CoPP treatment enhances HO-1 mRNA expression. CoPP treat-
ment prior to indomethacin administration enhanced HO-1 mRNA expres-
sion. mRNA was prepared from gastric mucosal tissue of CoPP-pretreated and
indomethacin-treated rats as described under “Experimental Procedures.”
Increased HO-1 mRNA expression was found at 5 and 10 mg kg�1 doses of
CoPP prior to indomethacin treatment.

TABLE 2
Effect of CoPP on indomethacin-induced gastric mucosal injury, MOS, apoptosis, and mitochondrial function
CoPP was administered intraperitoneally in a single dose of 0.5, 2.5, 5, and 10 mg kg�1 b.w. to respective groups (containing six to eight rats in each group) 1 h prior to
indomethacin treatment. Only vehicle was administered to the control group. Animals were sacrificed 4 h after indomethacin treatment tomeasure injury, lipid and protein
oxidation, caspase-3, caspase-9,��m, and RCR as described under “Experimental Procedures.” pNA, p-nitroanilide; TBARS, thiobarbituric acid-reactive substance. All data
are presented as mean � S.E. (n � 6–8).

Injury
index

Lipid peroxida-
tion (TBARS)

Total protein car-
bonyl forma-

tion (absorbance at
362 nm)

Caspase-3 activ-
ity (pNA release)

Caspase-9 activ-
ity (pNA release)

��m (590/530 nm
fluorescence

ratio)
RCR (State
3/State 4)

nmol/mg nmol/mg protein/h nmol/mg protein/h
Control (only vehicle) 0 0.52 � 0.02 0.62 � 0.03 4 � 0.2 15 � 1 5.62 � 0.53 5.91 � 0.6
Indomethacin 50 � 5a 1.76 � 0.05a 2.06 � 0.06a 17 � 2a 41 � 2a 2.14 � 0.21a 3.25 � 0.35a
Indomethacin 	 0.5 mg kg�1 CoPP 50 � 5 1.72 � 0.05 2.05 � 0.05 17 � 1.8 40 � 2b 2.18 � 0.22 3.21 � 0.33
Indomethacin 	 2.5 mg kg�1 CoPP 35 � 2c 1.37 � 0.08c 1.97 � 0.08c 15 � 0.9c 37 � 2c 2.80 � 0.26c 3.95 � 0.41c
Indomethacin 	 5 mg kg�1 CoPP 25 � 2c 1.3 � 0.07c 1.63 � 0.07c 13 � 0.9c 30 � 2c 3.10 � 0.29c 4.33 � 0.43c
Indomethacin 	 10 mg kg�1 CoPP 15 � 5c 1.0 � 0.06c 1.20 � 0.61c 10 � 0.7c 26 � 2c 4.02 � 0.38c 4.87 � 0.43c
a p � 0.001 versus control.
b p � 0.01 versus indomethacin.
c p � 0.001 versus indomethacin.
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ARE in the promoter regions of genes encoding phase II detox-
ification enzymes and antioxidant proteins likeHO-1 (84). Nrf2
is a basic leucine zipper transcription factor that regulates a
number of ARE-driven genes (85). Induction of HO-1 has been
shown to occur viaNrf2 in a number of cell types (24, 55, 86, 87)
including gastric mucosal epithelial cells (23), epithelial cells
(88), monocytes (89), and mouse embryo fibroblasts (90).
Under normal conditions, Nrf2 remains bound to Keap1 in the
cytosol. Oxidative stress induces Keap1 ubiquitination-degra-
dation. Once released from Keap1, the transcription factor
Nrf2 moves into the nucleus. A number of kinases are also
involved in the activation of Nrf2 in response to oxidative stress
(91). HO-1-inducing stressors such as ROS mobilize Nrf2
inside the nucleus from the cytoplasm, andNrf2 through a con-
sensus cis-element can act as a transcriptional activator of
HO-1 (24). We searched for Nrf2 translocation inside the
nucleus in a time-dependent manner. Nrf2 together with small
Maf proteins binds to ARE on the HO-1 promoter and initiates
transcription (10, 91). Bach1 is the transcriptional repressor
that resides inside the nucleus, and it competes with Nrf2 for
binding to ARE, leading to repression of genes downstream of
Nrf2 (92). However, Bach1 has heme-binding sites (10, 93).
Heme can induce conformational alterations in Bach1. Heme is
also attributed to play a significant role in microRNA process-
ing. Bach1 has been reported to be regulated by microRNAs
such as miR-122 and miR-196 (94, 95). Moreover, rapid altera-
tions in heme availability can have a significant effect on the
processing of crucialmicroRNAmolecules including those that
regulate HO-1 (11). As a result, Bach1 binding to ARE could be
inhibited (93). The combined role of the two microRNAs miR-
217 andmiR-377 has been demonstrated to regulateHO-1 pro-
tein expression (11). Reactive oxygen species can also directly
attack the sulfhydryl groups of Bach1 to check its binding to
ARE (10, 96). Thus, the Bach1/Nrf2 transcriptional system
most likely works together to control HO-1 transcription (10).
Electrophoretic mobility shift assay and Western immunoblot
studies confirmed the nuclear translocation ofNrf2. ChIP assay
further confirmed the binding of Nrf2 to the HO-1 promoter
and induction of HO-1 transcription. The cytoprotective func-
tion of HO-1 against MOS was reconfirmed using an inhibitor,
ZnPP. Zinc protoporphyrin is a known inhibitor of HO-1 (97).
Because the autohealing of the gastricmucosa after damagewas
prominent at 24 h and was almost complete at 48 h, these two
time points were selected for testing the action of ZnPP on
indomethacin-induced MOS, mitochondrial dysfunction, and
apoptosis. It was clear from the time course data that HO-1
activity was significantly inhibited by ZnPP at these two time
points (data not shown). Lingering injurywas also evident in the
ZnPP-treated samples when compared with only indometha-
cin. Inhibition of HO-1 with ZnPP enhanced MOS, mitochon-
drial pathology, and apoptosis (in vivo) at both 24 and 48 h at a
significantly higher rate than that of indomethacin alone. The
ZnPP-treated samples, however, showed a recovery at 48 h, but
it was not as significant as that of the samples treated with only
indomethacin. If inhibition of HO-1 aggravated gastropathy
then induction of the samemay have a reverse effect. To test the
gain of function of HO-1, we administered CoPP, which is a
popular inducer of HO-1 that has no toxicity (98). CoPP pre-

treatment has been reported to prevent apoptosis in human
gastric mucosa (99). Treatment of CoPP enhanced HO-1
expression, reducing gastric mucosal injury induced by indo-
methacin. Thus, HO-1 up-regulation and time-dependent
translocation to the mitochondria are a novel cytoprotective
event in attenuating indomethacin-induced gastric mucosal
MOS and subsequent apoptotic gastric mucosal injury.
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