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Abstract

Free oxygen radicals are involved in the pathogenesis of necrotizing enterocolitis (NEC) in premature
infants. The stress-activated p38 mitogen-activated protein kinase (MAPK) has been implicated in
gut injury. Here, we found that phosphorylated p38 was detected primarily in the villus tip of normal
intestine, whereas it was expressed in the entire mucosa in NEC. H,0, treatment resulted in a rapid
phosphorylation of p38 MAPK and subsequent apoptosis of rat intestinal epithelial (RIE)-1 cells;
this induction was attenuated by treatment with SB203580, a selective p38 MAPK inhibitor, or
transfection with p38a siRNA. Moreover, SB203580 also blocked H,0,-induced PKC activation.
In contrast, the PKC inhibitor (GF109203x) did not affect p38 activation, indicating that p38 MAPK
activation occurs upstream of PKC activation in H,O,-induced apoptosis. H,O, treatment also
decreased mitochondrial membrane potential; pretreatment with SB203580 attenuated this response.
Our study demonstrates that the p38 MAPK/PKC pathway plays an important role as a pro-apoptotic
cellular signaling during oxidative stress-induced intestinal epithelial cell injury.
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Introduction

Necrotizing enterocolitis (NEC), characterized by diffuse inflammation, ischemia and necrosis,
is a devastating gastrointestinal (GI) condition in premature infants; the exact etiology remains
unknown [1]. Recent advances in the care of premature infants born with respiratory
insufficiency have resulted in increased survival for extremely small premature infants and, as
aresult, the incidence of NEC has steadily risen. In particular, a potential link between reactive
oxygen species (ROS) produced by ischemia-reperfusion injury to the premature gut and the
development of NEC has been suggested by several studies [1-3].

The cellular responses to oxidative stress can vary from growth arrest to cell death depending
upon the stressful stimuli, duration of exposure, cell type, and surrounding cell environment
[4]. Consequently, ROS-mediated cell damage is implicated in the pathogenesis of a variety
of diseases, including in the colonic inflammation associated with ulcerative colitis [5].
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Interestingly, the exact role of ROS during NEC has not been clearly defined. The p38 mitogen-
activated protein kinase (MAPK), activated by inflammatory cytokines [tumor necrosis factor-
a and interleukin (IL)-1f] and a diverse array of cellular stresses (e.g., ultraviolet light, heat
and osmotic shock) contributes to the induction of apoptosis. Oxidative stress is also known
to induce apoptosis in a variety of cell types by activating intracellular cell death signaling
cascades including p38 MAPK [6]. Recently, endotoxin has been shown to cause a p38-
dependent release of the pro-inflammatory molecule cyclooxygenase-2 by enterocytes, to
potentiate the systemic inflammatory response during NEC [7]. Prolonged activation of p38
MAPK was also noted in the immature gut and shown to mediate the excessive activation of
IL-8 [8]. However, the exact role of p38 MAPK in the regulation of intestinal epithelial cell
apoptosis during NEC is not clearly defined.

Since elevated p38 MAPK activity has been implicated in the pathogenesis of NEC as well as
in ROS-mediated apoptosis in variety of cell types, we sought to determine the exact role of
p38 MAPK in the HyO»-induced rat intestinal epithelial cell (RIE-1) apoptosis. We show that
H,0, induces apoptosis in RIE-1 cells with activation of p38 MAPK. Inhibition of p38 MAPK
significantly attenuated H,O,-mediated apoptosis. Moreover, we found that inhibition of p38
MAPK blocked HyO5-induced protein kinase C (PKC) phosphorylation while inhibition of
PKC did not have an effect on H,0,-induced p38 MAPK phosphorylation, further suggesting
that a p38 MAPK/PKC pathway plays an important role in H,O,-mediated apoptosis in
intestinal cells.

and Methods

H,0, were purchased from Sigma (St. Louis, MO). Bis-indolylmaleimide (GF109203x) and
SB203580 were from Calbiochem (San Diego, CA). Rabbit polyclonal anti-caspase-3 and
rabbit anti-p38a were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-
actin antibody was purchased from Sigma. Rabbit polyclonal anti-p38 and rabbit polyclonal
anti-phospho-p38 were purchased from Cell Signaling (Beverly, MA). Tissue culture media
and reagents were obtained from Life Technologies, Inc. (Grand Island, NY).

Immunohistochemical analysis

Cell culture

Paraffin-embedded blocks of intestinal sections from 16 infants who underwent resection for
NEC as well as sections from 4 infants who required intestinal resection for non-inflammatory
condition of the Gl tract (i.e., intestinal atresia) were analyzed as ‘normal’ controls. Sections
(4 um) representing the areas adjacent to the intestinal injury from NEC (necrosis) and ‘normal’
intestine were prepared for hematoxylin and eosin (H&E) staining and immunohistochemical
studies using specific antibodies as described previously [9]. A DAKO EnVision™ + System,
Peroxidase (DAB) kit was used according to the manufacture's instruction. Briefly, endogenous
peroxidase was blocked by placing slides in 0.03% H,0,/sodium azide block solution for 5
min, washed with deionized water, and placed in tris buffered saline (pH 7.4) for 5 min. Slides
were incubated at room temperature with primary mouse monoclonal anti-phospho-p38
antibody (1:150, Cell signaling, cat. 9216) for 60 min. Peroxidase-labeled polymer complex
amplification and detection system was used. Negative controls (isotype matched rabbit IgG)
were used in each assessment.

RIE-1 cells obtained from Dr. Kenneth D. Brown (Cambridge Research Station, Babraham,
Cambridge, U.K.) were maintained in Dulbecco's modified Eagle medium supplemented with
10% fetal bovine serum and cultured at 37°C under an atmosphere containing 5% CO». All
experiments were performed on cells within 6 weeks of culture from liquid nitrogen stocks and
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free of Mycoplasma contamination. In order to eliminate the potential ROS scavenger action
of dimethyl sulfoxide (DMSO) [10] in vehicle, we used the same concentrations of DMSO
(0.1%) for both inhibitors and vehicle.

DNA fragmentation assay

Cells were plated in 96-well plates 24 h before treatment. DNA fragmentation was evaluated
by examination of cytoplasmic histone-associated DNA fragments using a Cell Death
Detection ELISAP!US kit (Roche Molecular Biochemicals, Indianapolis, IN) according to the
manufacturer's instructions.

Protein extraction and Western blot analysis

Cells were lysed with TNN buffer as described previously [11]. Protein concentrations were
determined using the Bradford method [12]. Total protein (100 ng) was resolved on a 10%
polyacrylamide gel and transferred onto polyvinylidene difluoride membranes (Millipore
Corp, Bedford, MA). Filters were incubated overnight at 4°C in a blocking solution (Tris-
buffered saline containing 5% nonfat dried milk and 0.1% Tween 20), followed by a 1 h
incubation with primary antibodies at 4°C overnight. Filters were washed three times in a
blocking solution and incubated with horseradish peroxidase-conjugated secondary antibodies
for 1 h at room temperature. After three washes, the immune complexes were visualized by
enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ).

p38 MAPK siRNA

Rat p38a siRNA and control siRNA duplexes (Dharmacon, Inc., Lafayette, CO) were
introduced into cells by electroporation (400 V, 500 microfarads) using GenePulser XCell
(Bio-Rad). After 24 h, cells were trypsinized and seeded into 96-well plates for cell death assay.
p38a expression was analyzed by Western blotting.

JC-1 mitochondrial membrane potential detection

The mitochondrial membrane potential was analyzed using MitoProbe™ JC-1 Assay kit
(Molecular Probes, Eugene, OR). The collapse in the electrochemical gradient across the
mitochondrial membrane was measured using a fluorescent cationic dye 5,5',6,6,-
tetrachloro-1,1’,3,3"-tetraethyl-benzamidazolo-carbocyanin iodide, known as JC-1. This dye
exhibits potential dependent accumulation in mitochondrial matrix [13]. Cells (1x106) were
incubated with 2 uM JC-1 for 15 min at room temperature in darkness. Cells were washed
twice with PBS at 4°C, resuspended in 0.5 ml PBS, and analyzed on a FACSCalibur
flowcytometer.

Statistical analysis

Results are expressed as the mean £ SEM. The data in the figures were analyzed using the
Kruskal-Wallis test and assessed at the 0.05 level of significance.

Results

Activation of p38 MAPK is associated with NEC in vivo and oxidative stress in vitro

Phosphorylated p38 MAPK in the normal bowel and in the small bowel of infants with NEC
was assessed using a specific antibody. Representative sections shown in Fig. 1A demonstrate
that phosphorylated (i.e., active) p38 MAPK was mostly localized in the villi in sections from
noninflammatory conditions of the Gl tract (Fig. 1A), while the intensity of staining was
significantly decreased in the crypt. Consistent with our data, active p38 MAPK has been
shown expressed primarily in the villi of the human fetal intestine [14]. In contrast, in intestinal

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 July 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 4

sections adjacent to NEC, phosphorylated p38 was present throughout the entire epithelium
from the crypt to the villus suggesting an association of p38 activation with NEC.

We have previously found that RIE-1 cells undergo apoptosis when exposed to H,O, in a dose-
and time-dependent manner [11]. Oxidative stress is known to activate multiple signal
transduction pathways [4,6]. To further identify the signaling mechanisms activated by
H,0, in RIE-1 cells, we assessed levels of phosphorylated p38. Treatment with H,O» resulted
in rapid increases in phosphorylated p38, without affecting the total protein expression levels
(Fig. 1B). The activation of p38 occurred at 15 min after the addition of H,O, (500 uM), peaked
at 30 min, and returned to basal level by 3 h. Phosphorylated p38 was also assessed by
densitometric analysis and corrected using total p38 expression. This rapid induction of p38
MAPK, a protein kinase associated with increased apoptosis, suggested a role for p38 in
oxidative stress-induced intestinal epithelial cell death.

Inhibition of p38 attenuates H,O,-induced apoptosis and mitochondrial depolarization

To delineate the role of p38 in H,O,-induced apoptosis, RIE-1 cells were pretreated for 30 min
with a selective p38 inhibitor, SB203580 (10 uM), prior to treatment with H,O, (500 uM) for
3 h and then DNA fragmentation was determined. H,O, treatment induced significant RIE-1
cell death which was reversed by pretreatment with SB203580 (Fig. 2A). Consistent with the
cell death ELISA results, treatment with H,O for 3 h resulted in increased cleavage (i.e.,
activation) of caspase-3, and PARP (M, 85,000; cleavage product); this increase was also
attenuated by SB203580 (Fig. 2B). These results suggest a pro-apoptotic role for the p38
MAPK pathway in H,O»-induced RIE-1 cell death.

Mitochondrial membrane depolarization, which increases permeability and releases pro-
apoptotic factors into the cytosol, was shown to be an early sign of apoptosis in human intestinal
epithelial cell lines; inhibition of PKC attenuates this decrease [15]. To determine if the
mitochondria-initiated pathway is related to p38 MAPK in H,O,-induced apoptosis, we
measured the effect of p38 MAPK inhibition on H,O,-induced alterations in mitochondrial
membrane potential. In healthy cells, the lipophilic cation JC-1 exists as a monomer in the
cytosol (FL-1 positive; green) and also accumulates as aggregates in the mitochondria (FL-2
positive; red). In apoptotic and necrotic cells, JC-1 exists exclusively in a monomer form and
produces a green cytosolic signal. As shown in Figure 2C, treatment with H,O, decreased
mitochondrial membrane potential when compared to control cells (Fig. 2C; left and center
panels), implicating altered mitochondrial membrane permeability as an important event for
H,0,-induced apoptosis in RIE-1 cells. Pretreatment with the p38 MAPK inhibitor SB203580
attenuated H,O,-induced mitochondrial depolarization (Fig. 2C; right panel). These results
suggest that regulation of H,O,-induced apoptosis by p38 MAPK may be upstream of
mitochondria.

p38 siRNA attenuates H,O»-induced apoptosis

To further confirm the role of p38 MAPK, RIE-1 cells were transfected with nontargeting
(control) siRNA or siRNA targeting p38a SiRNA. Transfection with the p38 MAPK siRNA
attenuated H,O,-induced apoptosis (Fig. 3A). p38 MAPK protein knockdown with p38a
SiRNA treatment was confirmed by Western blot (Fig. 3B). In addition, knockdown of p38
MAPK attenuated HoO»-induced cleavage of caspase-3 and PARP (Fig. 3C). Taken together,
these results, using complementary approaches (i.e., chemical inhibition of p38 and
transfection with p38 MAPK siRNA), demonstrate a contributory role for p38 MAPK in
H,0,-induced apoptosis in RIE-1 cells.
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p38 activation is upstream of PKC activation during H,O,-induced apoptosis

Recently, we showed that PKC plays an important pro-apoptotic role during H,O,-induced
RIE-1 cell death and that the inhibition of PKC significantly inhibited H,O»-induced RIE-1
cell death [11]. Intracellular signaling mechanisms regulating cell death are complex and may
involve p38 MAPK and PKC [16]. To clarify the causative relationship between p38 MAPK
and PKC activation during H,O»-induced apoptosis, we first determined the activation of PKC
by H,0, treatment by demonstrating increased phosphorylation of total PKC (phospho-pan-
PKC) (Fig. 4A). Next, we analyzed the regulation of PKC phosphorylation by p38 MAPK.
Interestingly, pre-treatment with SB203580 blocked H,O,-induced PKC phosphorylation (Fig.
4B). These results suggested that significant attenuation of H,O,-mediated apoptosis with p38
inhibition may act through the inhibition of PKC activation. PKC-dependent p38 activation
occurs in HyO5-induced cell death in some cells [17]; therefore, we determined whether p38
activation by H,O5 requires PKC activation. RIE-1 cells were pretreated with the PKC inhibitor
GF109203x (5 uM) for 30 min prior to treatment with H,O, for an additional 30 min. As shown
in Fig. 4C, H,0, induced p38 phosphorylation; treatment with GF109203x did not affect the
induction of p38 phosphorylation by H,0,. These results suggest that PKC is a downstream
target of p38in H,O»-induced cell death. Taken together, our results suggest that HoO»-induced
intestinal cell apoptosis requires p38-dependent PKC activation.

Discussion

Transient mesenteric ischemia-reperfusion injury resulting in the production of ROS has been
implicated as a contributing factor for NEC [1-3]. Extensive apoptosis also occurs in
enterocytes in the apical villi of infants with NEC [7]. In our current study, we show, for the
first time, the differential localization of active p38 MAPK between ‘normal’ neonatal
intestinal sections, in which the localization of p38 MAPK activity was found mostly in the
villi, and the intestinal sections adjacent to NEC, where active p38 MAPK was noted in both
crypt and villi. Furthermore, we found that H,O, treatment resulted in rapid induction of p38
MAPK phosphorylation in rat intestinal cells; inhibition of p38 by the selective inhibitor
SB203580 or transfection with p38 siRNA attenuated H,O,-induced intestinal cell death.
Moreover, the attenuation of H,O»-induced PKC activation by p38 inhibition suggested that
a p38 MAPK/PKC pathway may play an important role in NEC.

We showed that H,O5 increases p38 MAPK phosphorylation in intestinal epithelial cells. The
role of MAPK cascades as an apoptotic signal transduction pathway has recently attracted
considerable attention. Oxidative stress can trigger the activation of multiple signaling
pathways that influence the cytotoxicity observed in affected cells, including the activation of
the three major MAPK cascades (i.e., ERK1/2, INK, p38 MAPK). ERK1/2 is activated mainly
by growth factors and is critically involved in the regulation of mitogenesis [18], while INK
and p38 MAPKS are activated mainly by cytotoxic insult and are often associated with
apoptosis [19]. Recently, we reported that H,O,, treatment results in increased JNK and ERK1/2
phosphorylation in intestinal epithelial cells; however, inhibition of either ERK or JNK did not
completely block HyO5-induced cell death [11]. In our current study, we show that H,O5
activates p38 MAPK. Conversely, the inhibition of this process protects intestinal epithelial
cells from oxidative stress-induced apoptosis. These results are highly suggestive of a role for
p38 MAPK in the apoptotic pathway. In addition, the blockage of H,O5 -induced caspase-3
cleavage and PARP cleavage by p38 inhibition suggested that p38 MAPK activation may act
as an upstream molecule for caspase-3 activation. In agreement with our findings, p38 MAPK-
dependent caspase-3 activation has been found in the zinc-induced apoptosis in human
leukemia HL-60 cells [20].

Although we have shown that inhibition of PKC, which resulted in the activation of Akt,
attenuated H,0,-induced RIE-1 cell death [11]; the signaling pathways related to PKC
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activation in this process are unknown. PKC was found to activate p38 MAPK in the regulation
of cell death (eg, PKC promotes apoptosis in LNCaP prostate cancer cells through activation
of p38 MAPK) [21]. p38 MAPK mediated nitric oxide-induced apoptosis of chondrocytes
through the inhibition of PKC-( [22]. However, p38 MAPK activation was found to be
upstream of PKC activation during apoptosis induced by 8-chloro-cyclic AMP [23]. Our results
showed that the p38 inhibitor, SB203580, blocked H,O,-induced PKC activation, while the
PKC inhibitor, GF109203x, could not attenuate p38 activation, indicating that p38 MAPK
activation is upstream of PKC activation in H,O,-induced intestinal cell apoptosis.

Each p38 MAPK isoform (o, B, v, 8) phosphorylates a diverse array of intracellular proteins
including stress-responsive transcription factors [24]. Although transfection of p38a sSiRNA
almost completely blocked p38a expression, the inhibition of H,O,-induced cell death was
less effective when compared with SB203580 treatment. These results suggest that other
isoforms of p38 MAPK may also participate in the HoO»-induced intestinal cell death. Indeed,
p38p and p385 are required specifically for anoikis (detachment-associated cell death) in
human intestinal epithelial cells [25]. Further studies are needed to delineate the expression
and involvement of these p38 isoforms in oxidative stress-induced intestinal cell death. Based
on our observations, we propose the signaling cascade in H,O,-induced intestinal cell death
is as follows: H,O» activates p38 MAPK and ultimately leads to PKC activation. PKC, in turn,
inactivates Akt. In this manner, p38/PKC/Akt pathway participates in the regulation of cell
death. Activation of p38 MAPK/PKC results in mitochondrion-dependent apoptosis.
Ultimately, breakdown of mitochondrial integrity leads to the activation of caspases, PARP
cleavage, and cell death. p38 MAPK may act to alter mitochondrial function via a direct
pathway. This is at least possible, since p38a. causes apoptosis in a lymphoblastoid B-cell line
by translocating directly to the mitochondria [26].

In conclusion, our study demonstrates that p38 MAPK is involved in NEC. A better
understanding of signaling pathways during oxidative stress-induced intestinal cell injury may
allow us to elucidate molecular mechanisms contributing to NEC and potentially provide a
novel treatment for this devastating disease which predominantly occurs in premature infants.
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Fig. 1. Expression of p38 MAPK in NEC

(A) Representative sections show strong crypt and villus phospho-p38 MAPK expression
(brown staining) in intestine adjacent to NEC, whereas no immunoreactivity is noted in
‘normal’ sections (Control). (B) RIE-1 cells were treated with H,O, (500 uM) over a time
course for Western blotting using anti-phospho-p38 (p-p38) antibody. The membranes were
stripped, reprobed with anti-p38 antibody. Densitometric analysis of signals is expressed as
relative phospho-p38 expression (corrected for total p38). A representative blot from three
separate experiments is shown.
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Fig. 2. Effect of SB203580, a specific p38 inhibitor, on HoO»-induced RIE-1 cell death

RIE-1 cells were pretreated with the p38 inhibitor, SB203580 (10 uM), for 30 min prior to
H,0, treatment (500 uM) for 3 h. (A) Apoptosis was estimated by an ELISA assay (Data
represent triplicate determinations; mean £ SEM; * = p< 0.05 vs. control; T = p< 0.05 vs.
H,0, alone). (B) Cleaved protein products for caspase-3 and PARP were determined by
Western blotting. (C) Mitochondrial depolarization by JC-1 assay after treatment with vehicle
(control; left panel), H,O, alone (500 uM; middle panel) and H,O, + SB203580 (10 uM; right
panel). Percentage in the right two quadrants (Q2, Q4) indicate proportion of cells with
depolarized mitochondria. Representative data from three separate experiments are shown.
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Fig. 3. Effects of p38 MAPK inhibition on HoO»-induced RIE-1 cell death

RIE-1 cells were transiently transfected with duplex siRNA targeted against p38a or with
control siRNA. Cells were treated with H,O, (500 uM) for 3 h. (A) Apoptosis measured by an
ELISA assay (Data represent triplicate determinations; mean + SEM; * =p< 0.05 vs. control
SiIRNA,; T=p< 0.05 vs. control siRNA + H,0,). (B, C) Expression of p38 and cleavage of
caspase-3, PARP were determined by Western blotting. Representative data from three
separate experiments are shown.
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Fig. 4. p38 MAPK activation is upstream of PKC activation in HoO»-induced RIE-1 cell death
(A) RIE-1 cells were treated with H,0, to determine expression of phospho-PKC (pan) and
B-actin by immunoblotting. (B) RIE-1 cells were pretreated with the p38 inhibitor SB203580
(10 uM) for 30 min prior to H,O, (500 uM) and phospho-PKC (pan) and B-actin were
determined as above. (C) RIE-1 cells were pretreated with the PKC inhibitor GF109203x (5
uM) for 30 min prior to treatment with H,O, (500 uM) for 3 h. Western blotting performed
using anti-phospho-p38 and anti-B-actin. Representative blots of at least three repeats at all
data points are shown.
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