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Abstract

Enterocyte apoptosis in necrotizing enterocolitis is partly due the elaboration of toxic intermediates
of nitric oxide (NO), such as peroxynitrite (PN). Because p38 mitogen-activated protein kinase
(MAPK) and serine-threonine kinase (AKT) are well-characterized pro- and anti-apoptotic mediators
respectively, we hypothesized that PN could induce enterocyte apoptosis via activation of p38 and
deactivation of AKT. To test this hypothesis, the rat intestinal cell line, IEC-6, was treated with PN.
PN caused phosphorylation of p38, its upstream activator, MKK3/6, and downstream effector,
transcription factor ATF2. PN-induced apoptosis was inhibited by the p38 inhibitor, SB202190, and
by p38 siRNA. PN decreased AKT phosphorylation; this effect was abrogated by pre-treatment with
SB202190 or p38 siRNA. PN exposure also increased the activity of the protein phosphatase 2A
(PP2A). These data demonstrate that PN-mediated apoptosis depends on the p38 pathway and that
p38 mediates deactivation of AKT survival pathways possibly by the involvement of PP2A.
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INTRODUCTION

Necrotizing enterocolitis (NEC) is a devastating inflammation of the intestine seen primarily
in pre-term neonates. Epithelial injury caused by perinatal insults such as formula feeding,
abnormal bacterial colonization of the gut, hypoxia, and hypothermia leads to bacterial
translocation across the epithelium [1]. Bacteria then stimulate sensory cells of the innate
immune system such as macrophages and monocytes, as well as enterocytes, to produce
proinflammatory cytokines/chemokines, and nitric oxide (NO)[2]. NO and its reactive
oxidation intermediate, peroxynitrite (PN), play an important role in the pathogenesis of NEC
[3]. Physiological levels of NO are relatively innocuous, and at low levels NO is protective by
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virtue of its ability to increase blood flow [4]. However, inflammatory up-regulation of
inducible nitric oxide synthase (iNOS) during NEC leads to dramatic local accumulation of
NO and formation of PN, which leads to epithelial injury [4].

Mechanisms leading to cellular injury due to high levels of NO and PN are complex. NO or
its derivatives may induce conformational changes in iron-sulfur linkages within the catalytic
domain of enzymes involved in the mitochondrial electron transport chain such as NADH:
ubiquinone oxido-reductase, NADH: succinate oxido-reductase, and aconitase of the Krebs
cycle [5]. In addition, NO may cause DNA damage directly through deamination reactions, or
by increasing oxidative stress via formation of PN [6]. We previously demonstrated that
intestinal injury in the rat model of NEC is associated with increased immunoreactivity to 3-
nitrotyrosine, a molecular footprint of PN [7]. We also showed that PN can induce enterocyte
apoptosis through a caspase-mediated pathway in the rat intestinal epithelial cell line IEC-6
[8]. Furthermore, PN decreased epithelial cell proliferation by inhibiting the Src kinase
pathway, thus inhibiting tissue repair mechanisms[9].

The mitogen-activated protein kinase (MAPK) pathways regulate various aspects of
inflammatory stress responses[10]. p38 is a member of the MAPK family that is activated by
stressors and inflammatory factors[10]. p38 activation may lead to enterocyte death by up-
regulating proteins responsible for apoptosis. An example of such a protein is tensin homolog
deleted on chromosome ten (PTEN), which promotes apoptosis by inhibiting phosphorylation
of the serine-threonine protein kinase AKT [11]. The phosphatidylinositol 3'-kinase (Pl 3-K)/
AKT pathway is critical for cell survival and prevention of apoptosis [12]. We hypothesized
that PN-mediated enterocyte apoptosis is governed by the p38 MAPK and AKT pathways. In
this study, we show that PN induces enterocyte apoptosis by inhibiting phosphorylation of
AKT in a p38-dependent manner.

MATERIALS AND METHODS

Materials

The reagents used were from the following suppliers: SB202190, okadaic acid (OA), 7-amino-
actinomycin D (7-AAD), and anti- -actin monoclonal antibody (Sigma-Aldrich, St. Louis,
MO); anti-AKT, anti-phospho-AKT, anti-MKK3, anti-phospho-MKK3/6, anti-p38, anti-
phosphop38, anti-activating transcription factor 2 (ATF2), and anti-phospho-ATF2 (Cell
Signaling Technology, Beverly, MA); gliotoxin and protein phosphatase 2A Inhibitor |

(11 PP2A) (Calbiochem, Gibbstown, NJ).

Cell Culture

The rat intestinal IEC-6 cell line was purchased from American Type Culture Collection. Cells
(passages 16-29) were grown at 37 °C and 5% CO, to 70-90% confluence in Dulbeco's
modified Eagle's medium with 4.5 g/l glucose supplemented with 5% FBS, 2 mM glutamine,
0.1 U/ml penicillin, and 100 g/ml streptomycin. Cells were treated with PN (Alexis, San Diego,
CA) or DPN in PBS following two washes with PBS. DPN was prepared by diluting equivalent
amount of PN in PBS and incubating the solution at room temperature overnight.

p38 MAPK siRNA

Rat p38 siRNA (sense:5'-GGACCUCCUUAUAGACGAAUU) [anti-sense: 5'-
UUCGUCUAUAAGGAGGUCCUU) duplexes or control siRNA (5'-
UAGCGACUAAACACAUCAAA) were transfected into IEC-6 cells using DharmaFect-4
solution (Dharmacon, Chicago, IL) using manufacturer's protocol. Transfected cells were
allowed to recover for 48 h prior to experiments.
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Western Blot Analyses

Cells were lysed in RIPA buffer (20mMTris-HCI, pH 7.4, 137 mM NacCl, 10% glycerol, 1%
NP-40, 10 g/ml aprotinin, and 10 g/ml leupeptin). The supernatant was collected after
centrifugation at 14000g for 10 min. Aliquots of protein (50 g) were electrophoresed on 4-15%
gradient gels (Bio-Rad, Hercules, CA) using a mini-gel system and transferred to nitrocellulose
membranes (GE, Minnetonka, MN). Membranes were blocked with 5% milk in PBS with 0.1%
Tween 20 for 1h at room temperature and then incubated with primary and secondary
horseradish peroxidase-conjugated antibodies as recommended by antibody manufacturers.
Protein bands were visualized with Super Signal chemiluminescence substrate (Pierce,
Rockford, IL).

Apoptosis Assay

IEC-6 cells were treated with PN, DPN or gliotoxin and incubated in growth medium for 6h
after exposure. Cells were then trypsinized, stained with 4 g of 7-AAD in PBS, washed with
PBS, and analyzed by flow cytometry as previously described [13].

Phosphatase Assay

Phosphatase activity was measured using Ser/Thr Phosphatase assay kit optimized to detect
PP2A (Upstate Signaling, Lake Placed, NY). Cells were exposed to PN or DPN, with or without
30 min pre-treatment with the two inhibitors of PP2A, OA (1 M) or 11 PP2A (100nM), or the
p38 inhibitor SB202190. Cells were lysed in phosphatase buffer (20mM imidazole-HCI, 2mM
EDTA, 2mM EGTA, 10 g/mL of aprotinin, leupeptin, antipain, soybean trypsin inhibitor, ImM
of benzamidine and PMSF). Protein concentration was determined (Bio-Rad). After clearing
by centrifugation at 2000xg for 5 min, supernatants were equilibrated to 50mM Tris-HCI, pH
7.0, 0.1mM CacCl, on Sephadex G-25 columns (Roche, Indianapolis, IN). PP2A activity was
determined using the kit (Upstate, Lake Placid, NY) as recommended by the manufacturer.

Statistical Analysis

The data were analyzed for statistical significance by Student's t-tests or ANOVA using the
SigmaStat software package (Systat Software, San Jose, CA).

RESULTS

PN increases Phospho-p38 (P-p38),phospho-MKK3/6 and phosho-Activating Transcription
Factor -2 (ATF-2) in vitro

Exposure of IEC-cells to PN, but not DPN, caused time-dependent increase in the activating
phosphorylation of p38 (Fig 1). The increase in p38 phosphorylation occurs as early as 5 min
of exposure to PN, and persists up to 1h. MAPK kinases 3 and 6 (MKK3/6) are the known
upstream activators of p38 [14;15]. To determine whether MKK3/6 are activated by PN, we
examined PN-induced activating phosphorylation of these kinases. As shown in figure 1, PN
causes an increase in phospho-MKK3/6. PN exposure and persists for as long as 1 h, which is
consistent with MKK3/6 mediating the PN-induced p38 phosphorylation. p38 is known to
phosphorylate the transcription factor ATF-2, which, as part of the C/EBP transcription
complex, activates transcriptional expression of the inflammatory stress response and pro-
apoptotic genes, including Gadd-45 [16]. To test whether PN activates ATF-2, we examined
levels of phospho-ATF-2 in PN-treated cells. PN, but not DPN, increased ATF-2
phosphorylation, persisting at least 1h (Fig 1). Our data show that PN is likely to activate ATF-2
via a canonical p38 cascade that involves MKK3/6.
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PN-induced apoptosis is prevented by p38 inhibition

We first tested whether transfection with p38 siRNA could decrease the levels of p38
phosphorylation in response to PN exposure (Fig 2A). Cells transfected with p38 siRNA, but
not with control (mock) siRNA, had decreased levels of p38 expression (Fig 2A). Moreover,
SiRNA knockdown of p38 expression caused a marked decrease in PN-induced phospho-p38
signal (Fig 2A). These results show that PN induces phosphorylation of p38, and that levels
of phospho-p38 in PN-treated cells can be reduced by transfection with p38 siRNA (Fig 2A).

To test whether p38 inhibition could prevent PN-induced enterocytes apoptosis, we determined
the percentage of apoptotic cells following exposure to PN. Apoptotic cells were identified as
cells with sub-G1 DNA content by flow cytometry following staining with 7-AAD (Fig 2B).
Naive cells had a baseline mean apoptosis rate of 5.6% 2.9, compared to 36.8% 4.4 in PN
treated cells (p=0.001, n=6). As expected, exposure to PN, but not to DPN (5.9% 2.6), increased
the percentage of apoptotic cells (p<0.001, n=6). There was no difference between DPN and
naive cells in terms of mean apoptosis (p=0.9, n=6). Gliotoxin is potent an inducer of enterocyte
apoptosis (positive control) [13]. Gliotoxin caused apoptosis in 54% 2.3 cells. Cells pretreated
with the p38 inhibitor, SB202190, and exposed to PN (17.5% 0.5) had a two-fold decrease in
levels of apoptosis compared to cells treated with PN alone (p<0.001, n=6). siRNA-mediated
knockdown of p38 has a similar effect: cells transfected with p38 siRNA had significantly
lower levels of PN-induced apoptosis (14.1% 1.0) than cells transfected with PN (p=0.001,
n=6). In addition, cells transfected with with p38-siRNA and treated with PN had significantly
lower levels of apoptosis compared to cells transfected with control (mock)-siRNA and treated
with PN (40.7% 3.8) (p=0.001, n=6). There was no difference in the rates of PN-induced
apoptosis between cells pretreated with SB202190 plus PN, and those transfected with p38
SiIRNA plus PN (p=0.48, n=6). These data show that p38 is an essential mediator of PN-induced
apoptosis. Data are noted as mean SEM.

PN decreases activating phosphorylation of AKT

Having established the essential role of p38 in PN-induced enterocyte apoptosis, we set out to
assess the role of the AKT survival pathway. IEC-6 cells were exposed to PN and allowed to
recover for varying times. Untreated cells displayed relatively high levels of phospho-AKT
(Fig 3A). PN, but not DPN, decreased AKT phosphorylation as early as 30 min, and the
hypophosphorylated state lasted up to 2h.

We next tested if PN-induced decrease in AKT phosphorylation depends on p38. Cells were
treated with PN, with or without SB202190 pretreatment. Pharmacologic blockade of p38
abrogated the PN-induced decrease in AKT phosphorylation (Fig 3B), indicating that p38 is
required for this response.

PN increases phoshoprotein phosphatase Type 2A (PP2A) activity

PP2A is known to regulate both Pl 3-K-AKT and p38 MAPK pathways[17]. PP2A is the major
phosphatase that deactivates AKT [17], and, as a negative regulator of AKT, it has been
implicated in TNF-induced p38-mediated endothelial cell apoptosis [18]. We tested whether
PP2A is involved in PN-induced p38-mediated apoptosis in. IEC-6 cells. Treatment with PN,
but not DPN, increased PP2A activity (p<0.001, n=5) (Fig 4). Neither OA (1 M) nor 1, PP2A
(100nM), the specific inhibitors of PP2A, had any effect on basal PP2A activity (Fig 4).
Similarly, SB202190 (10 M) alone did not increase PP2A activity. Both OA and I, PP2A blocked
PN-induced increase in PP2A activity, as expected. PN-induced increase in PP2A activity was
also abrogated by the p38 inhibitor SB202190 (Fig 4). Effects of the three inhibitors on PN-
induced PP2A activation was significant (p<0.001, n=5). These data suggest that PP2A may
be an important phosphatase associated with the p38 pathway.
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DISCUSSION

Sustained overproduction of NO is a hallmark of epithelial injury and gut barrier failure in
NEC [19]. Much of the injury caused by NO overproduction is linked to reactive nitrogen and
oxygen species. We have previously shown that PN causes enterocyte apoptosis, inhibits
enterocyte proliferation, and interferes with epithelial restitution [4] [8;9]. In this report we
explored the molecular mechanisms by which PN activates apoptotic pathways. To establish
a connection between the cytotoxic effects of PN and the p38 MAPK pathway, we examined
PN-induced activation of MKK3/6, p38, and ATF-2. All three of these components of the p38
signaling cascade were activated by PN. Moreover, PN-induced enterocyte apoptosis was
abrogated by chemical or genetic inhibition of p38, pointing to p38 activation as a key
regulatory step. Our study agrees with published observations of the critical role of the p38
signaling cascade in stress-induced apoptosis in enterocytes [20;21], but further delineates
some of the intricate upstream and downstream signaling mechanisms involved.

Our results provide an important insight into the mechanisms by which activated p38 promotes
apoptosis. Treatment with PN deactivates AKT, the pro-survival protein kinase that is activated
by PI3-K. Importantly, pre-treatment with a p38 pharmacologic inhibitor or transfection with
p38 siRNA blocks PN-induced decrease in the activating phosphorylation of AKT, which
establishes the role of p38 as an inhibitor of the pro-survival signaling via AKT. Moreover,
because activation of p38 increases activity of the protein phosphatase PP2A, a known negative
regulator of AKT [8], itis likely that PP2A mediates inhibition of AKT by p38. Although p38-
mediated activation of PP2A has been previously reported [22], our study is the first to establish
its activation as a result of PN exposure in an intestinal cell line.

PP2A has been found to be the most important AKT phosphatase [17] and it has been
implicated, alongside with p38, as a mediator of TNF- -induced endothelial cell apoptosis
[18]. In IEC-6 enterocytes, pharmacologic inhibition of PP2A protects from TNF- -induced
apoptosis [23]. Here, we demonstrate for the first time that PP2A is involved in p38 MAPK
pathways in enterocytes stressed with PN. PP2A may not be the only protein serine-threonine
phosphatase that inhibits the pro-survival signaling via AKT. However, it is the most abundant
mammalian serine/threonine phosphatase, and it was previously linked to the apoptotic
signaling [24] [25]. PP2A-mediated deactivation of AKT may be one of the mechanisms by
which p38 promotes apoptosis following exposure to PN. Other mechanisms may involve
down-regulation of proliferative signaling via the extracellular response kinase (ERK) [26], or
p38/ATP-2-dependent induction of pro-apoptotic genes such as the growth arrest- and DNA
damage-inducible protein Gadd45 [40-42]. Contribution of these mechanisms into PN-induced
apoptosis in enterocytes remains to be established.

The involvement of the P13-K cascade in PN-induced apoptosis has been described in several
cell types. Transfection of endothelial cells with constitutively active AKT partially protects
them from PN-induced apoptosis [45]. In the pheochromocytoma cell line PC-12, PN-induced
apoptosis is associated with increased phosphorylation of AKT. However, in PC-12 cells,
pharmacologic inhibition of p38 fails to prevent the PN-induced dephosphorylation of AKT,
which rules out the role of p38 [10]. Thus, the pro-apoptotic p38-PP2A-AKT cascade may be
a cell type-specific mechanism that operates in enterocytes, but not other cell types. p38, a
member of the MAPK family, is detected at high levels in its phosphorylated (activated) form
in NEC [20]. Furthermore, p38 is linked to oxidative stress-induced apoptosis in RIE-1 cells
in vitro [20].

Although several studies implicate p38 as a regulator of oxidative stress-induced apoptosis in

a variety of cell types, our study demonstrates the role of this MAPK as an integral component
of enterocyte apoptosis secondary to nitrosative stress. Our analyses also demonstrate that PN
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exposure leads to deactivation of the AKT survival pathway via a p38-dependent manner. PP2A
activity is also increased in a p38-dependent manner suggesting the possibility that PP2A may
be one of the key phosphatases.
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Figure 1. PN increases phosphorylation of p38, MKK3/6 and ATF-2

IEC-6 cells were exposed to 50 M PN and DPN for the indicated times. Naive (untreated cells)
are indicated by Omin. Levels of phospho-p38, phospho-MKK3/6, phospho-ATF-2, total p38,
total MMK3 and total ATF-2 were determined by Western blotting. UV, cells exposed to 50mJ/
cm2 UVC and allowed to recover in growth medium for 1h (positive control for p38 activation).
Data shown are representative of at least 3 independent experiments.
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Figure 2. PN-induced apoptosis is prevented by p38 inhibition

(A) IEC-6 cells were transfected with p38 siRNA, or control (Mock) siRNA as indicated. 36h
post transfection, cells were exposed to PBS, or 50 M PN, or equivalent concentration of DPN
for 60min as indicated, and levels of phospho-p38, total p38, and -actin were determined. UV,
cells exposed to 50 mJ/cm2 UVC and allowed to recover in growth medium for 1h (positive
control for p38 activation). (B) IEC-6 cells were treated with PN or equivalent concentration
of DPN for 1h, and allowed to recover for 6h. Percentage of apoptotic (sub-G1 DNA content)
cells was determined by flow cytometry of 7-AAD stained cells were determined by flow
cytometry. Cells were pre-treated with 10 M SB202190 (SB), or transfected with p38 siRNA
or control siRNA 30 min or 48h prior to PN or DPN treatment, respectively, as indicated. GT,
cells treated with 2.5 mol/L of gliotoxin for 6h. (*) p<0.001, gliotoxin treated cells vs. naive
DPN-treated, SB+PN-treated or p38 siRNA-transfected cells. (1) p<0.001, PN-treated vs.
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DPN-treated, SB+PN-treated and p38 siRNA-transfected PN-treated cells. (¥) p<0.001

control-siRNA-transfected vs.p38-siRNA-transfectedPN-treated cells. Data are depicted as the
mean S.E. (n=6).
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Figure 3. AKT phosphorylation in IEC-6 cells treated with PN

(A) Cells were treated with PN, or equivalent concentration of DPN for indicated time. Levels
of phospho-AKT and total AKT were determined by Western blotting. (B) Levels of phospho-
AKT and total AKT in cells untreated naive, or treated with PN or DPN for 1h, with or without
pre-treatment with 10 M SB202190 (SB) as indicated. Data are representative of 3 independent
experiments.
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Figure 4. PN increases PP2A activity
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IEC-6 cells were treated with PN (50 M) or equivalent concentration of DPN for 1 h. Cells
were pre-treated with 10 M SB202190 (SB), 10 M okadaic acid (OA) or 100nM 1;PP2A (PP2A
INH) 30m prior to PN or DPN exposure. PP2A activity in cell lysates were measured. (*) PN
exposure significantly elevated PP2A activity compared to all other variables (p<0.001, n=5).
Data are shown as pmoles phosphate produced per mg protein in the form of mean S.E.
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