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Abstract. Previous studies in ° sickle cell mice demonstrated
renal immunostaining for nitrotyrosine, which is putative evi-
dence of peroxynitrite (ONOO ™) formation. ONOO ™~ is known
to nitrate tyrosine residues of various enzymes, thereby inter-
fering with phosphorylation and inactivating them. The present
study examined the state of phosphorylation of mitogen-acti-
vated protein (MAP) kinase signal transduction enzymes, i.e.,
p38, c-Jun NH,-terminal kinase (JNK), and extracellular sig-
nal-regulated kinase (ERK). Western blot performed with an-
tibodies directed against specific phosphorylated threonine/
tyrosine residues of these enzymes demonstrated reduced
phosphorylation of renal p38 and a trend toward reduced
phosphorylation of ERK. In contrast, phosphorylation of renal
JNK was markedly increased compared with normal mice. The
abundance of MAP kinase phosphatase-1 (MKP-1), a key
upstream enzyme that modulates phosphorylation of MAP
kinases, was not different in 8° versus normal mice. To deter-

mine whether nitration of tyrosine by ONOO™ was responsible
for reduced phosphorylation of p38 and ERK, mercaptoethyl-
guanidine (MEG), a compound known to reduce inducible
isoform of nitric oxide synthase activity and to scavenge
ONOO™, was administered to 8° mice for 5 d. MEG was found
to restore phosphorylation of p38 and ERK toward normal
levels. These observations provide evidence that ONOO™ (or
closely related reaction products of NO) contributes to dephos-
phorylation of p38 and ERK, and presumably reduces activity
of these enzymes. The increased phosphorylation of JNK,
which suggests activation of this signaling pathway by extra-
cellular stress signals, may play a role in apoptosis in the
kidneys of these mice. The changes in phosphorylation of
MAP kinase pathways found in this study could have important
consequences for regulation of nuclear transcription factors,
and thus renal function and pathology in sickle cell kidneys.

In previous studies, we found evidence of nitric oxide synthase
(NOS) induction and peroxynitrite (ONOO™) formation in the
kidneys of sickle cell mice (1,2). Peroxynitrite is a potent
oxidizing agent, formed by the rapid reaction between nitric
oxide (NO) and superoxide radical (O, ) and is known to be
capable of damaging cell membranes and mitochondria (3-6),
causing DNA strand breakage and apoptosis (7). In addition,
ONOO™ has been found to nitrate tyrosine residues of a
number of key enzymes, such as cytochrome p450 (8), mito-
chondrial creatine kinase (9), and manganese superoxide dis-
mutase (10,11), thereby interfering with their phosphorylation
and causing inactivation (12,13).

Protein phosphorylation is a common mechanism of trans-
duction of extracellular signals from the cell membrane to cell
nuclei, leading to activation of a number of genes (14). Protein
kinases and phosphatases modulate the phosphorylation state
of the proteins and play a critical role in cell signaling.

In the present study, we examined tyrosine/threonine phos-
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phorylation of enzymes of the three mitogen-activated protein
(MAP) kinases (MAPK) in normal and sickle cell mouse
kidneys. The enzymes of these three signaling cascades require
phosphorylation of specific amino acid residues by ATP for
their activation (15,16). Western blots using antibodies di-
rected against specific threonine/tyrosine residues of extracel-
lular signal-regulated kinase (ERK), p38 kinase, and c-Jun
NH,-terminal kinase/stress-activated protein kinase (JNK/
SAPK), demonstrated significant reduction of phosphorylation
of p38 and increased phosphorylation of JNK. Treatment of the
mice with mercaptoethylguanidine (MEG) (17), a scavenger of
ONOO™ that also inhibits the inducible isoform of NOS
(iNOS), restored phosphorylation of p38 toward normal. These
observations suggest that ONOO™ produced in the kidneys of
sickle cell mice interferes with phosphorylation of p38, but
does not prevent phosphorylation of INK.

Materials and Methods

Studies were carried out in a transgenic model of sickle cell
anemia, ie., 8° o™ [BMPP], the description of which was published
in detail previously (18,19). All animal experimentation described in
this study was conducted in accord with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. The S°
mice manifest a mild degree of reticulocytosis under ambient room air
conditions, but are not anemic. They have enlarged kidneys and liver,
and a normal urine concentrating ability. When housed under hypoxic
conditions (10% O,) for 5 d, however, they manifest in vivo sickling,
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vaso-occlusion of numerous medullary blood vessels, and their ability
to concentrate urine is significantly reduced (19). Control mice used
in this study were of the C57BL/6J strain, purchased from Jackson
Laboratories (Bar Harbor, ME).

All animals were allowed free access to a mouse pellet diet. The
mice were housed in individual metabolic cages under room air
conditions or exposed to hypoxic conditions for 4 to 5 d in a glass
environmental chamber (Braintree Scientific, Braintree, MA) filled
with constantly flowing 10% 0,/0.5% CO0,/89.5% N, gas, as de-
scribed previously (1). In each experiment, three groups of five mice
each were studied (normoxic control, hypoxic control, normoxic [3°,
hypoxic 8%, and MEG-treated hypoxic transgenic). MEG, the specific
inhibitor of iNOS, was administered to transgenic sickle cell mice
exposed to hypoxia, since in this experimental condition there is
evidence of nitrosative stress (2). The mice were injected with MEG
(10 mg/kg body wt; Inotek Corp., Beverly, MA) intraperitoneally
once daily for 5 d. On the day of study, the mice were anesthetized
with Inactin-Byk (sodium salt of 5-ethyl-5-(1-methylpropyl)-2-thio-
barbiturate; Byk Gulden, Konstanz, Germany; 8 mg/100 g body wt,
intraperitoneally). The kidneys were rapidly perfused with ice-cold
saline via cardiac puncture, and blood was drained from the severed
distal inferior vena cava. Kidneys used for Western blot were homog-
enized.

Sample Preparation and Protein Extraction

Kidneys were homogenized (Ultra Turrax T25; IKA-Labortechnik,
Staufen, Germany) in ice-cold homogenizing buffer (pH 7.5, Tris 50
mM, NaCl 20 mM, ethylenediaminetetra-acetic acid 1 mM, Nonidet
P-40 0.5%) containing 0.3 ml/g kidney weight of a commercial
protease inhibitor cocktail (Sigma Chemical Co., St. Louis, MO), 1
mM sodium orthovanadate, and 30 mM sodium fluoride. The homog-
enates were centrifuged at 10,000 rpm at 4°C for 20 min. The
supernatant was collected and was again centrifuged at 10,000 rpm for
2 min. The protein concentration of the supernatant was determined
by the Bradford method (Bio-Rad). Thirty micrograms of protein was
suspended in sample buffer (62.5 mM Tris-HCI, 10% glycerol, 2%
sodium dodecyl sulfate [SDS], 2% mercaptoethanol, 1% bromphenol
blue). Samples were boiled for 3 min and loaded on 12% SDS
polyacrylamide separating gel. Electrophoresis was carried out for 1 h
at 200 V. Transfer of proteins to polyvinylidene difluoride (PVDF)
membranes (Immobilon-P, Millipore, Bedford, MA) was performed
for 1 h at 100 V in transfer buffer (25 mM Tris, 0.2 M glycine, 20%
methanol).

Western Blot

Membranes were blocked in Tris-buffered saline (TBS) Tween
0.1% (pH 7.5, Tris 20 mM, NaCl 140 mM) (TBS-T) with 5% nonfat
dry milk for 1 h at room temperature. Then, the primary antibody was
applied, diluted 1:1000 in 5% bovine serum albumin/TBS-T, and
incubated overnight at 4°C. Two membranes run in parallel were
probed with rabbit polyclonal IgG (affinity-purified) phosphospecific
antibodies that detect only phosphorylated threonine/tyrosine sites of
ERK and p38 kinase. In the case of JNK, a monoclonal antibody was
used (New England Biolabs, Beverly, MA). The second membranes
were probed with rabbit polyclonal IgG antibodies that are specific for
the total protein of each of the three enzymes (New England Biolabs).
Activation of the enzymes by inflammatory cytokines and stress
stimuli occurs via dual phosphorylation of specific threonine and
tyrosine sites (20). The degree of phosphorylation detected by these
phosphospecific antibodies has been shown to correlate closely with
measured enzyme activity (21,22). The excess of antibody was re-
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moved by three washes in TBS-T and membranes incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-rabbit anti-
body, diluted 1:2000 in 5% milk-TBS-T for 1 h at room temperature.
Membranes were washed three times with TBS-T, and the immuno-
reactive proteins were detected by enhanced chemiluminescence
(Amersham). Biotinylated molecular weight standards were run with
each blot (New England Biolabs).

The same protocol was used for Western blot of MAP kinase
phosphatase-1 (MKP-1). Sixty micrograms of kidney proteins was
resolved on 7.5% SDS-polyacrylamide gel electrophoresis and trans-
ferred to PVDF membranes. Rabbit polyclonal MKP-1 antibody (San-
ta Cruz Biotechnology, Santa Cruz, CA), which does not cross-react
with MKP-2, was applied in dilution 1:200 for 2 h. Anti-rabbit
HRP-conjugated antibody (Transduction Laboratories, Lexington,
KY) diluted 1:2000 was used as a secondary antibody. The band was
identified by molecular weight (38 kD) standards.

Nuclear Protein Extraction and Western Blot of
Hypoxia-Inducible Factor-1a

Nuclear extracts from normal and transgenic mouse kidneys were
probed with anti-hypoxia-inducible factor-1a (anti-HIF-1a) antibody.
Kidney tissues were homogenized with a Dounce homogenizer in 10
mM Tris-HCI (pH 7.6), 1.5 mM MgCl,, 10 mM KCl, 2 mM dithio-
threitol, 0.4 mM phenylmethylsulfonyl fluoride, and 1 mM Na,VO,.
Nuclei were pelleted by centrifugation at 10,000 rpm for 10 min and
then resuspended in 0.42 M KCl, 20 mM Tris-HCI (pH 7.6), 20%
glycerol, 1.5 mM MgCl,, 2 mM dithiothreitol, 0.4 mM phenylmeth-
ylsulfonyl fluoride, and 1 mM Na,VO,. The suspension was centri-
fuged at 10,000 rpm for 30 min at 4°C to extract nuclear proteins. The
protein concentration was determined by the Bradford method (Bio-
Rad). Fifteen micrograms of nuclear protein extract was resolved on
7.5% SDS polyacrylamide gel and transferred to PVDF membranes at
100 V for 1 h in transfer buffer (25 mM Tris, 192 mM glycine, 20%
methanol). The membranes were blocked with 5% nonfat dry milk/
TBS-T 0.1% (20 mM Tris, 137 mM NaCl, pH 7.4). The monoclonal
anti-HIF-1« antibody (Novus Biologicals, Littleton, CO) was applied
diluted 1:800 in 5% nonfat dry milk/TBS-T for 1 h. Membranes were
washed three times with TBS-T and then incubated with HRP-conju-
gated anti-mouse IgG (1:4000 dilution; Transduction Laboratories)
for 1 h. The membranes were rinsed three times with TBS-T and
developed with enhanced chemiluminescence reagents (Amersham).
Quantification of the blots was performed using a laser densitometer
and the Image Quant software program.

Immunohistochemistry of formalin-fixed kidney sections from
three control and three ° mice was also carried out with the anti-
HIF-1« antibody. These methods have been described previously in
detail (2).

Statistical Analyses

Statistical analyses were performed by one-way ANOVA. Results
are expressed as means = SEM of three independent experiments. In
each experiment, a group of five animals was analyzed. P values
<0.05 were considered significant.

Results
Phosphorylation of p38 MAP Kinase and Effect of
MEG

A Western blot of kidney protein extracts from normal and
B° mice, housed under room air or hypoxic conditions, is
shown in Figure 1. The protein was probed with either anti-p38






