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Although mitogen-activated protein kinase phos-
phatase-1 (MKP-1) is a key deactivator of MAP kinases,
known effectors of lung vessel formation, whether it
plays a role in the expression of proangiogenic vas-
cular endothelial growth factor (VEGF) in hypoxic
lung is unknown. We therefore hypothesized that
MKP-1 is a crucial modulator of hypoxia-stimulated
vessel development by regulating lung VEGF levels.
Wild-type MKP-1�/�, heterozygous MKP-1�/�, and de-
ficient MKP-1�/� mice were exposed to sea level (SL),
Denver altitude (DA) (1609 m [5280 feet]), and severe
high altitude (HYP) (�5182 m [�17,000 feet]) for 6
weeks. Hypoxia enhanced phosphorylation of p38
MAP kinase, a substrate of MKP-1, as well as � smooth
muscle actin (�SMA) expression in vessels, respira-
tory epithelium, and interstitium of phosphatase-de-
ficient lung. �SMA-positive vessel (<50 �m outside
diameter) densities were markedly reduced, whereas
vessel wall thickness was increased in hypoxic MKP-
1�/� lung. Mouse embryonic fibroblasts (MEFs) of all
three genotypes were isolated to pinpoint the mech-
anism involved in hypoxia-induced vascular abnor-
malities of MKP-1�/� lung. Sustained phosphoryla-
tion of p38 MAP kinase was observed in MKP-1-null
MEFs in response to hypoxia exposure. Although
hypoxia up-regulated VEGF levels in MKP-1�/� MEFs
eightfold, only a 70% increase in VEGF expression
was observed in MKP-1-deficient cells. Therefore, our
data strongly suggest that MKP-1 might be the key
regulator of vascular densities through the regulation
of VEGF levels in hypoxic lung. (Am J Pathol 2011, 178:
98–109; DOI: 10.1016/j.ajpath.2010.11.025)
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Dual-specificity phosphatases are the key regulators of
dephosphorylation of the ERK1/2, JNK1/2, and p38
mitogen-activated protein (MAP) kinases, and so have
been designated as MAP kinase phosphatases
(MKPs). MKP-1 is a member of this phosphatase fam-
ily.1 MKP-1 expression in the lung is considerably
higher than in other tissues, and it has been shown to
protect arteries from a proinflammatory state by sup-
pressing the activities of p38 and JNK MAP kinases in
the vascular endothelium.2,3 Although MKP-1 is a hy-
poxia-inducible phosphatase, and hypoxia triggers an-
giogenesis,4,5 the role of MKP-1 in the formation and
maintenance of vascular network in hypoxic lung re-
mains unexplored.

Vascular endothelial growth factor (VEGF) is crucial for
the formation of new blood vessels and plays a central
role in the development and maturation of a healthy vas-
culature, as well as in vascular pathophysiological con-
ditions.5 Chronic hypoxia exposure leads to increased
VEGF expression in the lung and subsequent angiogen-
esis.6–8 Recent studies have demonstrated that VEGF
receptor pathway induces MKP-1 transcription in endo-
thelial cells9,10; however, the role of MKP-1 in hypoxia-
induced VEGF expression in the lung is unknown.

Although MKP-1-deficient mice seem to be largely
normal, these animals have an exaggerated innate im-
mune response to lipopolysaccharide (LPS) and ex-
hibit increased serum levels of various cytokines, in-
cluding tumor necrosis factor-� (TNF-�), interleukin-6
(IL-6), interferon-�, IL-10, IL-12, and monocyte chemo-
tactic protein-1 (MCP-1; also known as C-C motif che-
mokine 2 protein, or CCL2).11–13 MKP-1-null mice are
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lean and resistant to diet-induced obesity.14 Activation
levels of ERK1/2, JNK1/2, and p38 MAP kinase are
elevated in skeletal muscle and white adipose tissue of
these mice. MKP-1 has also been shown to play a role
in the maintenance of bone mass by negatively regu-
lating MAP kinase-dependent osteoclast signaling.15

In LPS-treated MKP-1�/� mice, the lungs manifest
edema, thickening of the alveolar septa, and infiltration
by leukocytes in the interstitial space.13 Jin et al16

recently reported that mice deficient in MKP-1 develop
more severe pulmonary hypertension, with lower levels
of nitric oxide synthase and greater arginase levels,
after 4 weeks in hypoxia than do wild-type mice. How-
ever, little information exists regarding the vascular
status of the lungs of MKP-1-deficient mice challenged
with chronic exposure to hypoxia. Therefore, using
MKP-1-deficient mice, we tested the hypothesis that
MKP-1 functions as a regulator of the maintenance and
development of vascular network in hypoxic lung by
controlling VEGF levels.

In the present study, we found that chronic exposure
to hypoxia induces exaggerated p38 MAP kinase ac-
tivation and �SMA expression in lung of MKP-1-null
mice. Most importantly, marked reduction in vessel
densities and remodeling of the vascular wall were
observed in lung of hypoxia-exposed MKP-1-deficient
mice. Using cultured mouse embryonic fibroblasts
(MEFs), we demonstrated that hypoxia-stimulated up-
regulation of VEGF expression is defective on deletion
of the MKP-1 gene, suggesting that MKP-1 is a crucial
phosphatase for the regulation of VEGF levels and
vessel densities in hypoxic lung.

Materials and Methods

Animal Studies

All experiments with mice were approved by the Uni-
versity of Colorado Denver Institutional Animal Care
and Use Committee. MKP-1 heterozygous mice were
provided by Lexicon Pharmaceuticals (The Wood-
lands, TX). Male mice, 4 to 5 weeks old, of the three
genotypes MKP-1�/�, MKP-1�/�, and MKP-1�/� were
divided into three groups and exposed to sea level
(SL), ambient Denver (DA) (1609 m [5280 feet]), or
simulated severe high altitude (HYP) (5182 m [17,000
feet]) conditions for 6 weeks, according to a previously
described method.17,18 Briefly, the first group was
placed in a hyperbaric chamber in which the pressure
was increased to simulate sea-level barometric pres-
sure (PB � 760 mmHg). The second group was kept at
Denver’s altitude (PB � 630 mmHg). The third group
was placed in a hypobaric chamber and exposed to
simulated severe high altitude (PB � 410 mmHg). The
chambers were continuously flushed with room air to
prevent accumulation of CO2, NH3, and H2O. Both
hyperbaric and hypobaric exposures of mice were 24
hours/day, except when the chambers were opened for
10 to 15 minutes every 2 days to clean cages and

replenish food and water. All mice were exposed to a
12:12 hours light-dark cycle and were allowed free
access to standard chow and water. After 6 weeks,
mice were anesthetized with tribromoethanol (500 mg/
kg, i.p.), weighed, and subjected to whole-body per-
fusion with EDTA-containing heparinized saline. Lungs
were inflated with 1% agarose, solidified on ice, fixed in
formalin overnight, embedded in paraffin, and then
sectioned.

Genotyping of Mouse

For genotype analysis, DNA from mouse tail piece was
isolated using a DNeasy kit (Qiagen, Valencia, CA).
PCR analysis was performed using primer sets specific
for MKP-1 and neomycin: MKP-1 forward: 5=-CTTCT-
CGGAAGGATATGCTTGACG-3=, reverse: 5=-TCAGTT-
CAACTGAGTCTCAGTGAGG-3= and neomycin forward:
5=-GCAGCGCATCGCCTTCTATC-3=, reverse: 5=GGCTC-
CTCCCAAGCTTTGTATATCC-3=.

Isolation of Mouse Embryonic Fibroblasts

Pregnant (11 to 13 days) female mice were sacrificed
with pentobarbital (200 mg/kg i.p.) followed by cervical
dislocation. The uterine horns were removed and the
embryos were dissected in sterile PBS. Fetal mem-
branes were used for genotyping, and embryos minus
primordial organs were mechanically dispersed,
strained, and plated on 0.1% gelatin-coated Petri
dishes with Dulbecco’s modified Eagle’s medium/
Ham’s F-12 medium (DMEM/F-12) containing 15% fetal
bovine serum. Confluent cells were detached with Ac-
cutase (Innovative Cell Technologies, San Diego, CA),
counted with a hemocytometer, and plated for experi-
ments.

Immunohistochemistry

The following antibodies were used for staining of the
lung sections: �SMA (1:100) (Sigma-Aldrich, St. Louis,
MO)19,20; phosphoP38 (1:50), phosphoJNK (1:100),
and phosphoERK (1:100) (Cell Signaling Technology,
Danvers, MA)21,22; Ki-67 (1:100) (Epitomics, Burlin-
game, CA)23,24; and VEGF (1:100) (Novus Biologicals,
Littleton, CO).25 Immunohistochemical staining was
performed according to our previously described
method.26 Briefly, a universal avidin-biotin-peroxidase
kit (Vector Laboratories, Burlingame, CA) was used for
immunohistochemical staining. Peroxidase activity was
visualized with diaminobenzidine (DAB) (Vector Laborato-
ries). Sections were lightly counterstained with hematoxylin,
coverslipped, and mounted. A universal negative control
(DakoCytomation, Glostrup, Denmark) was used for stain-
ing control slides. Murine kidney, brain, heart, and spleen
were also stained with the above-mentioned antibodies and
were used as positive controls for immunohistochemical
staining of lung sections. Images were captured at �40 with
Spot Advanced software v4.0.6 (Diagnostic Instruments,

Sterling Heights, MI) and a Nikon Eclipse E800 microscope.
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Determination of Density and Wall Thickness of
Lung Vasculature

Vascular density and wall thickness in the lung of MKP-
1�/�, MKP-1�/�, and MKP-1�/� mice were measured
according to previously described methods.27–29

Briefly, lung sections were stained with �SMA antibody
and lightly counterstained with hematoxylin. The num-
ber of �SMA-positive vessels [between 10 and 50 �m
outside diameter (OD)] and alveoli were counted in
�SMA-stained sections by an investigator who was
unaware of the experimental conditions; 5 to 12 ves-
sels were counted in each of the three lobes of lung in
every animal. Vessel density was expressed as the
ratio of vessels to alveoli.

For the evaluation of lung vascular wall thickness,
Zeiss AxioVision software v2.05 was used. Diameter
and wall thickness of muscular arteries were measured
in �SMA-positive vessels (between 10 and 50 �m OD).
Vascular wall thickness was expressed as the ratio of
wall width to vessel width. Each lung section was as-
sessed at five randomly captured fields at �20, and at
least 50 vessels were analyzed per animal.

Western Blot Analysis

Cell lysates harvested from MEFs were separated by
immunoblot analysis for the evaluation of hypoxia-in-
duced phosphorylation of MAP kinases and levels of
�SMA protein according to our previously described
method.30

Activation of MAP Kinases

MEFs were exposed to hypoxic (1% O2) conditions for
0, 30, 60, and 120 minutes and then were harvested
with cell lysis buffer. Protein concentrations were mea-
sured using a Bradford protein assay (Bio-Rad, Hercu-
les, CA). Equal amounts of total protein from each
experimental condition were separated on Bis-Tris gels
(NuPage; Invitrogen, Carlsbad, CA) and were trans-
ferred onto polyvinylidene difluoride membranes,
blocked with 5% nonfat milk in Tris-buffered saline–
Tween for 1 hour at room temperature, and incubated
overnight with antibodies against phosphoP38 (1:500),
phosphoJNK (1:500), and phosphoERK1/2 (1:1000)
(Cell Signaling Technology). After washing in Tris-buff-
ered saline–Tween solution, membranes were incu-
bated with the alkaline phosphatase-conjugated anti-
rabbit IgG (1:10,000) (Upstate; Millipore, Billerica, MA)
for 1 hour at room temperature. Blots were developed
using Lumi-Phos reagent (Pierce Biotechnology, Rock-
ford, IL), and exposed to film. Protein bands were
quantified using NIH Image J software v1.58.30

Expression of �SMA

MEFs were preincubated with inhibitors of MAP kinase
pathways (U0126, SB203580, and SP600125, and with
dimethyl sulfoxide as control) for 1 hour and then ex-

posed to either normoxia or hypoxia for 24 hours. An-
tibody against �SMA (1:20,000) (Sigma-Aldrich) was
used for overnight incubation at 4°C. Alkaline phos-
phatase-conjugated anti-mouse IgG 1:10,000 (Santa
Cruz Biotechnology, Santa Cruz, CA) was used for 1
hour of incubation at room temperature.

Proliferation Assay

MEFs were plated in 96-well plates with 10% fetal bo-
vine serum-containing media and then were growth-
arrested for 72 hours according to our previously de-
scribed method.31 Quiescent cells were preincubated
for 1 hour with or without inhibitors (U0126, SB203580,
and SP600125, and with dimethyl sulfoxide as control)
and then were exposed to either normoxia or hypoxia
for 72 hours. At the end of the experimental period,
proliferation was measured with CellTiter 96 AQueous

One Solution reagent according to the manufacturer’s
protocol (Promega, Madison, WI).

VEGF Enzyme-Linked Immunosorbent Assay

For the quantitation of intracellular VEGF levels,
growth-arrested MEFs were exposed to either nor-
moxia or hypoxia in the presence of various antag-

Figure 1. Chronic hypoxia exposure interferes with total body weight gain in
MKP-1-deficient mice. A: Genotyping of MKP-1�/�, MKP-1�/�, and MKP-1�/�

mice by PCR. Mouse tail DNA amplified by PCR shows a MKP-1 band of 300 bp
and a neomycin band of 580 bp. B: Weight gain in mice in the absence of MKP-1
expression is attenuated by hypoxia exposure (n � 8 to 15 animals/group).
MKP-1�/� mice had marked decrease in gain of body weight compared with
MKP-1�/� and MKP-1�/� mice after 6 weeks exposure to a simulated altitude of

�5182 m (�17,000 feet). *P � 0.05 compared with SL group of MKP-1-deficient
mice. SL, sea level; DA, Denver altitude; HYP, high-altitude hypoxia.
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onists targeting members of the MAP kinase family for
24 hours. Cells were harvested at the end of exposure
and enzyme-linked immunosorbent assay was per-
formed with cell lysates using a mouse VEGF enzyme-
linked immunosorbent assay kit (RayBiotech,
Norcross, GA) according to the manufacturer’s proto-
col. Briefly, equal amounts of protein from cell lysates
were added in the wells of 96-well plates, which were
precoated with mouse-specific anti-VEGF antibody, in-
cubated overnight at 4°C, washed, and again incu-
bated with biotinylated anti-mouse VEGF antibody for 1
hour at room temperature. After washing, horseradish
peroxidase-conjugated streptavidin solution was
added to each well and incubated for 45 minutes.
3,3=,5,5=-tetramethylbenzidine one-step substrate re-
agent was added to the wells after washing and incu-
bated for 30 minutes. Stop solution was added to the
wells at the end of the incubation and plates were
immediately read at 450 nm.

Statistical Analysis

All data are expressed as arithmetic means � SEM. For
animal studies, the sample number n represents the
number of mice per experimental group. For experi-
ments with cultured cells, the n represents the number
of cell populations, each isolated from an individual
embryo, or the number of replicate wells per test con-
dition in representative experiments. One-way analysis
of variance and then Student-Newman-Keuls multiple
comparison tests were conducted for comparisons
within and between groups of data points. Data were
considered significantly different if P � 0.05.

Figure 2. Heightened phosphorylation of
ERK1/2 and p38 MAP kinase is observed in the
lung of MKP-1-deficient mice. A: Sea-level (SL)-
exposed lung of MKP-1�/� and MKP-1�/� mice
have the greatest phosphorylated ERK1/2 levels.
Positive signal of immunostaining is represented
as brown (DAB) in lung section (n � 3 to 4
mice/group). B: Staining intensity of phos-
phoP38 MAP kinase is strongest in lung of MKP-
1�/� mice both at DA and HYP conditions (n �
3 to 4 animals/group). In MKP-1�/� lung section
of HYP group, the small box marks a vessel,
magnified in the inset; the red arrow indicates
the endothelial cell layer of the vessel. Original
magnification �400; �1200 (inset).
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Results

Hypoxia Inhibits Weight Gain in MKP-1�/� Mice

We first genotyped MKP-1�/�, MKP-1�/�, and MKP-
1�/� mice by PCR (Figure 1A) and exposed them to SL,
DA, and HYP conditions for 6 weeks. The SL exposure
was used as a control group, because mice were bred
and maintained at DA (1609 m higher than SL), and this
elevated altitude significantly affects the physiological
responses of the animals. Hypoxia-exposed MKP-1�/�

mice had a significantly greater reduction in total body
weight gain, compared with MKP-1-deficient mice in
SL and DA conditions, after 6 weeks (Figure 1B). By
contrast, total body weight gain was not affected by
altitude in MKP-1�/� and MKP-1�/� mice (Figure 1B).
Therefore, the MKP-1 gene might be a critical regulator
of body weight under hypoxic conditions.

ERK1/2 and p38 MAP Kinases Are Activated in
Lung of MKP-1�/� and MKP-1�/� Mice

To evaluate the activation status of substrates of
MKP-1 (ERK1/2, JNK1/2, and p38 MAP kinase), lung
sections were immunostained with the antibodies
against phosphoERK1/2, phosphoJNK1/2, and phos-
phoP38 MAP kinase. The strongest staining intensities
of activated ERK1/2 were observed in the vessel wall,
alveoli, and airway of SL-exposed lung of MKP-1�/�

and MKP-1�/� mice (Figure 2A). There was no positive
staining of phosphorylated ERK1/2 in MKP-1�/� lung at

Figure 3. Deletion of MKP-1 affects the expres-
sion of �SMA and VEGF in the lung. A: �SMA
expression is up-regulated in hypoxia-exposed
MKP-1-deficient lung (n � 3 to 4 animals/
group). Insets identify areas from MKP-1�/�

lung of SL and HYP groups that are magnified in
the row below, with red arrows indicating the
vessels positive for �SMA staining. B: VEGF ex-
pression is increased in hypoxic lung of wild-
type mice (n � 3 to 4 animals/group). Original
magnification �400; �1600 (insets).
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any altitude condition (Figure 2A). We did not detect
any differences in the staining patterns of phos-
phoJNK1/2 in lung of all three genotypes (data not
shown).

In SL-exposed lung of all three genotypes, either
minimal or no positive reaction was observed with an-
tibody against phosphoP38 MAP kinase (Figure 2B).
However, activated p38 MAP kinase was detected by
immunoperoxidase staining in DA-exposed lung of all
genotypes (Figure 2B). The strongest signal for phos-
phoP38 MAP kinase was observed in HYP-exposed
lung (Figure 2B). MKP-1�/� lung had maximal levels of
p38 MAP kinase phosphorylation in the vascular wall,
alveoli, and airways in response to chronic hypoxia
exposure (Figure 2B). Interestingly, phosphorylated
p38 MAP kinase might be localized in the intimal en-
dothelial cells of the vascular wall in lung of MKP-1�/�

mice (Figure 2B, arrow in inset). Taken together, these
data suggest that activation of ERK1/2 (SL) and p38
MAP kinase (HYP) is greatest in lung of MKP-1�/�

mice.

MKP-1�/� Mice Have Altered Expression of
�SMA and VEGF in the Lung

To examine the role of MKP-1 in the development and
maintenance of vessels, lung sections were stained
with anti-�SMA and anti-VEGF antibodies. Mouse lung
of all three genotypes expressed �SMA under all three
altitude conditions. However, MKP-1�/� mice had
greatest levels of �SMA expression in lung at both DA
and HYP conditions (Figure 3A). �SMA was expressed
in the vessels, airways, and interstitial cells of MKP-1-
deficient lung (Figure 3A). Exaggerated �SMA expres-
sion in the vascular wall of MKP-1-null lung (Figure 3A,
arrows in insets, SL and HYP groups) suggests that
chronic exposure to hypoxia might trigger structural
remodeling of the wall.

We then evaluated lung vasculature of these mice by
VEGF immunostaining (Figure 3B). There were no strik-
ing differences in the staining patterns of VEGF in lung
of MKP-1�/� and MKP-1�/� mice across the three al-
titude conditions examined (Figure 3B). However,
VEGF levels were up-regulated in HYP-exposed MKP-
1�/� lung, because the staining intensity was en-
hanced (Figure 3B). Therefore, these data suggest that
�SMA and VEGF expression in the lung might be affected by
the absence of MKP-1 expression.

Hypoxia Induces Reduction in and Remodeling
of �SMA-Positive Vessels in Lung of MKP-1�/�

and MKP-1�/� Mice

We then counted �SMA-positive vessels (�50 �m OD)
and alveoli in �SMA-stained lung sections. In MKP-
1�/� lung, vessel numbers were markedly decreased
in the DA and HYP groups, compared with those of the

SL condition (Figure 4A). There was a trend toward an
increase in the vessel/alveoli ratio in hypoxic lung of
these mice, compared with those under DA conditions
(Figure 4A); however, the difference was not statisti-
cally significant. In the case of MKP-1�/� and MKP-
1�/� mice, the vessel/alveoli ratio was sequentially re-
duced with increasing altitude throughout the lung
(Figure 4A). In MKP-1-deficient lung, vessel densities
were greatest under SL conditions and least under
HYP conditions (Figure 4A), suggesting that MKP-1
might be an important regulator of the maintenance of
vessel density in hypoxic lung.

Structural remodeling of the vessels (�50 �m OD)
was evaluated by measuring the ratio of vessel wall
width to vessel diameter. Altitude did not have any
effect on the vascular wall thickness in the lung of
wild-type mice. However, the ratio was markedly in-
creased in HYP-exposed lung of MKP-1�/� and MKP-
1�/� mice, indicating that the vessel wall underwent
relative thickening with respect to the overall vessel
diameter (Figure 4B). Remodeled vessels were distrib-
uted throughout the lungs of MKP-1-deficient mice.
Taken together, these data suggest that MKP-1 is a
crucial phosphatase for the development and mainte-
nance of vessels (�50 �m OD) in the lung under hy-

Figure 4. Hypoxia induces loss and structural remodeling of �SMA-positive
vessels (�50 �m OD) in MKP-1-deficient lung. A: �SMA-positive vessel
densities are markedly decreased in hypoxic lung of MKP-1�/� and MKP-
1�/� mice. Data reported as mean � SEM, 3 to 5 animals per group. *P �
0.001 compared with SL-exposed MKP-1�/� lung. **P � 0.001 compared
with SL-exposed MKP-1�/� lung. ***P � 0.01 compared with SL- and DA-
exposed MKP-1�/� mice and HYP-exposed MKP-1�/� mice. †P � 0.001
compared with SL-exposed MKP-1�/� mice. ††P � 0.05 compared with SL-
and DA-exposed MKP-1�/� mice and HYP-exposed MKP-1�/� mice. n � 3
to 5 animals/group; 5 to 12 vessels in each lung/animal were counted. B:
Hypoxia induces structural remodeling of the vascular wall (wall width to
vessel width ratio) in lung of MKP-1�/� and MKP-1�/� mice. *P � 0.001
compared with SL- and DA-exposed MKP-1�/� and HYP-exposed MKP-1�/�

mice. **P � 0.001 compared with SL- and DA-exposed MKP-1�/� and
HYP-exposed MKP-1�/� mice. n � 3 to 5 animals/group; at least 50 vessels/
animal were analyzed.
poxic conditions.
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Ki-67 Labeling Is Greatest in Hypoxia-Exposed
Lung of Wild-Type Mice

To evaluate whether vascular wall remodeling in hy-
poxic MKP-1�/� and MKP-1�/� lung is due to cell
proliferation, lung sections were stained with antibody
against Ki-67, a proliferative marker. Ki-67-positive
vessels were not detectable in SL- or in DA-exposed
lung of all three genotypes (Figure 5); in the HYP-
exposed lung, however, Ki-67 immunoreactivity be-
came apparent. Hypoxia-exposed MKP-1�/� lung had
the highest number of Ki-67-positive cells, compared
with those of MKP-1�/� and MKP-1�/� animals (Figure
5). These data suggest that, at 6 weeks of hypoxia
exposure, cell replication might not be present in the
remodeled vessels of MKP-1-deficient lung.

Hypoxia-Induced Activation of MAP Kinases Is
Highest in MKP-1�/� MEFs

To examine the mechanisms involved in hypoxia-in-
duced modification of vasculature in mouse lung lack-
ing MKP-1 expression, MEFs of all three genotypes
were isolated and cultured. Hypoxia-stimulated activa-
tion of MAP kinases was evaluated in these MEFs using
antibodies against phosphoMAP kinases. In MKP-1�/�

cells, ERK1/2 were maximally (twofold) phosphorylated
at 30 minutes of hypoxia exposure. ERK1/2 dephos-
phorylation occurred by the 60 minutes time point and
was maintained up to 120 minutes of hypoxia exposure
in wild-type cells (Figure 6A). Basal levels of phospho-
rylated ERK1, as evidenced by detection of a strong
upper band on an immunoblot, were higher in MKP-
1�/� MEFs than in MKP-1�/� and MKP-1�/� cells (Fig-
ure 6A). There was no statistically significant increase
in ERK1/2 activation in hypoxia-exposed MKP-1�/�

cells (Figure 6A). However, ERK1/2 phosphorylation

was up-regulated fivefold in MKP-1�/� MEFs at 30
minutes of hypoxia exposure, which represents a time
point of maximal ERK1/2 activation in response to hy-
poxic stimulation observed across the three genotypes
(Figure 6A). Furthermore, ERK1/2 phosphorylation per-
sisted in hypoxia-exposed MKP-1-null cells, albeit at
lower levels, with threefold and twofold activation at 60
and 120 minutes, respectively (Figure 6A). Thus, MKP-
1�/� MEFs acquire highest and sustained ERK1/2 ac-
tivation in response to hypoxic stimulation.

To develop a MAP kinase activation profile of hy-
poxic MEFs, we next evaluated JNK1/2 and p38 MAP
kinase activation. Basal levels of phosphorylated
JNK1/2 were high and not affected by hypoxia across
all three cell types (Figure 6B). In the case of p38 MAP
kinase, the basal phosphorylation levels were again
considerably high in cells of all three genotypes (Fig-
ure 6C). There was an increase in p38 MAP kinase
phosphorylation in MKP-1�/� and MKP-1�/� cells after
30 minutes of hypoxia exposure; however, the up-reg-
ulation of phosphorylation levels was not statistically
significant (Figure 6C). By contrast, p38 MAP kinase
phosphorylation was augmented more than twofold in
MKP-1�/� MEFs at 30 minutes of hypoxia exposure
(Figure 6C). Taken together, these data suggest that
response of MKP-1-deficient MEFs to hypoxia relies on
phosphorylation of ERK1/2 and p38 MAP kinase, but
not on JNK1/2 activation.

VEGF Expression Is Blunted in Hypoxic
MKP-1-Deficient MEFs

To evaluate the levels of �SMA and VEGF, quiescent
MEFs of all genotypes were exposed to either normoxia
or hypoxia. The basal �SMA expression was noticeably
higher in MKP-1-null cells than in the wild-type MEFs
(Figure 7A). To evaluate the role of MAP kinases in
�SMA expression, cells were stimulated with hypoxia

Figure 5. Ki-67-positive cells are most abun-
dant in hypoxic lung of MKP-1�/� mice. Repre-
sentative images of lung from MKP-1�/�, MKP-
1�/�, and MKP-1�/� mice exposed to SL, DA,
and HYP for 6 weeks (n � 3 animals/group). In
the MKP-1�/� lung section of HYP group, the
small box marks an example of Ki-67-positive
nuclei, magnified in the inset; the red arrow
points to a Ki-67-positive nucleus. Original mag-
nification �400; �1200 (inset).
either in the absence or in the presence of various
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pharmacological antagonists of MAP kinase pathways.
Only up on blockade of JNK1/2 with SP600125, hyp-
oxia significantly up-regulated �SMA levels in MKP-
1�/� MEFs suggesting that JNK1/2 might be a negative
regulator of �SMA expression in these cells (Figure
7A). Neither hypoxia exposure nor blockade of MAP
kinases with various inhibitors had any effect on �SMA
levels in MKP-1-deficient cells (Figure 7A). In MKP-
1�/� MEFs, the findings regarding �SMA expression
resembled those from the null cells. �SMA levels were
unaffected by different inhibitors of MAP kinase path-
ways (data not shown). Therefore, �SMA expression in
MEFs might be regulated by MKP-1.

Because we hypothesized an effect of MKP-1 on
VEGF expression, we next examined whether hypoxia
stimulates increase in VEGF levels in the MEFs. Nota-
bly, eightfold up-regulation of VEGF levels was ob-
served in hypoxia-exposed wild-type cells (Figure 7B).
Blockade of ERK1/2 and p38 MAP kinase with U0126 and
SB203580, respectively, markedly blunted the increase
in VEGF levels (Figure 7B). However, the greatest inhib-

Figure 6. Hypoxic MKP-1�/� MEFs exhibit maximal phosphorylation of
ERK1/2 and p38 MAP kinase. A: ERK1/2 phosphorylation is sustained in
hypoxic MKP-1-null MEFs (n � 3 to 4 cell populations each isolated from
individual embryo). MKP-1�/�: *P � 0.05 compared with 0 hours. **P � 0.05
compared with 30 minutes. MKP-1�/�: *P � 0.05 compared with 30 minutes.
MKP-1�/�: *P � 0.01 compared with 0 hours. **P � 0.05 compared with 30
minutes. B: MEFs have high basal JNK1/2 phosphorylation levels
(n � 3 to 4 populations, each cultured from a different embryo). C: Only
MKP-1-deficient MEFs have significant p38 activation in response to hypoxia
exposure (n � 3 to 4 cell populations, each isolated from single embryo).
MKP-1�/�: *P � 0.05 compared with 0 hours. **P � 0.05 compared with 30
minutes.
itory effects on VEGF were found in hypoxic wild-type
MEFs in the presence of JNK1/2 attenuation by
SP600125 (Figure 7B). In the case of MKP-1�/� MEFs,
the basal levels were considerably greater (300 pg/ml)
compared with that in wild-type cells (31 pg/ml) (Figure
7B). Hypoxia did not have any effect on VEGF expression
in these cells, nor did different inhibitors of MAP kinase
pathways (Figure 7B). MKP-1-null cells also possessed
higher basal VEGF levels (100 pg/ml), compared with
MKP-1�/� MEFs (31 pg/ml) (Figure 7B). There was only a
70% increase in VEGF levels in hypoxic MKP-1�/� MEFs,
a value that is markedly lower than for wild-type cells
(Figure 7B). Furthermore, VEGF expression in hypoxia-
exposed MKP-1�/� MEFs was reduced only in the pres-
ence of p38 inhibitor with SB203580 (Figure 7B).

MKP-1�/� MEFs Lack Hypoxia-Stimulated
Replication Responses

To examine the role of MKP-1 in hypoxia-induced pro-
liferative responses of the cells, growth-arrested MEFs
were exposed to either normoxia or hypoxia for 72
hours. Increase in proliferation was observed in hy-
poxic MKP-1�/� and MKP-1�/� MEFs, but not in MKP-
1�/� MEFs (Figure 8). We then evaluated the effects of
different MAP kinase inhibitors on proliferative re-
sponses of the cells. Hypoxia-induced replication in
wild-type cells was reduced in the presence of ERK1/2
inhibition by U0126, JNK1/2 attenuation by SP600125,
and p38 MAP kinase blockade by SB203580 (Figure

Figure 7. MKP-1 depletion affects �SMA and VEGF expression in MEFs.
A: Blockade of JNK pathways with SP600125 up-regulates �SMA expres-
sion in hypoxic MKP-1�/� MEFs (n � 3 to 4 cell populations, each isolated
from an individual embryo). *P � 0.05 compared with the results of SP600125
treated cells under normoxic conditions. B: Hypoxia selectively up-regulates
VEGF expression in MKP-1�/� MEFs (n � 3 to 4 populations, each cultured
from an individual embryo). MKP-1�/�: *P � 0.001 compared with normoxic
dimethyl sulfoxide (DMSO). **P � 0.001 compared with hypoxic DMSO.

�/�
MKP-1 : *P � 0.001 compared with normoxic DMSO and **P � 0.05
compared with hypoxic DMSO.
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8). In the case of MKP-1�/� and MKP-1�/� MEFs, rep-
lication rate was reduced only in the presence of
JNK1/2 inhibition under hypoxic conditions (Figure 8).
Our findings suggest that MEFs in the absence of
MKP-1 expression might acquire dysregulated cell
proliferation in response to hypoxic stimulation.

Discussion

In the present study, we found that MKP-1 functions as
a key phosphatase in hypoxic lung through the regu-
lation of VEGF levels and subsequent vessel density.
We found that p38 MAP kinase, a substrate of MKP-1,
is strongly activated in lung of MKP-1-deficient mice in
response to chronic hypoxia exposure. Hypoxia also

Figure 8. Hypoxia stimulates proliferation in MKP-1�/� and MKP-1�/� but
not in MKP-1�/� MEFs. In MKP-1�/� MEFs, hypoxia-induced replication was
attenuated by inhibitors of MAP kinase pathway (n � 8 replicate wells with
3 to 4 populations of MEFs, each isolated and cultured from individual
embryo). *P � 0.05 compared with absorbance value of day 0 DMSO for cells
from all three genotypes. **P � 0.001 compared with day 3 DMSO under
normoxic condition for MKP-1�/� and MKP-1�/� MEFs. ***P � 0.001 compared
with day 3 DMSO under hypoxic conditions for all three genotypes. †P � 0.001
compared with day 3 DMSO under normoxic conditions for MKP-1�/� and
MKP-1�/� MEFs. Data reported as mean � SEM.
dramatically up-regulated �SMA expression in MKP-1-
deficient lung. Most importantly, we demonstrated that
chronic hypoxia exposure induces reduction and
structural remodeling of �SMA-positive vessels (�50
�m OD) in lung lacking the MKP-1 gene. Using isolated
MKP-1-deficient MEFs, we also found that these cells
have maximal and sustained hypoxia-induced activa-
tion of ERK1/2 and p38 MAP kinase. However, the cells
have faulty hypoxia-stimulated VEGF expression,
which might contribute to decrease in lung vasculature
density of MKP-1-null mice in response to chronic hyp-
oxia exposure. Our data strongly suggest that MKP-1
acts as an important phosphatase for the maintenance
of vessels through the regulation of VEGF levels in
hypoxic lung and thus represents a promising pharma-
cological target for the treatment of numerous vascular
disorders.

MKP-1 belongs to a family of dual-specific phos-
phatases, able to dephosphorylate both threonine and
tyrosine residues. Expression of MKP-1 is increased by
cellular stressors such as hypoxia, UV light, oxidative
stress, glucocorticoid stimulation, and heat shock.32–36

MKP-1-null mice exhibit enhanced ERK1/2, JNK1/2,
and p38 MAP kinase activities and are resistant to
diet-induced obesity, suggesting that this phos-
phatase might be a crucial regulator of body weight.14

The concept of MKP-1 as a weight-controlling phos-
phatase is in accord with our present findings, that
chronic exposure to hypoxia interfered with weight
gain in MKP-1-null mice (Figure 1B). Recently, Jin et
al16 reported similar findings, that chronic hypoxia ex-
posure (4 weeks) attenuated gain in body weight of
adult MKP-1-null mice. It will be of broad interest to
dissect the mechanisms involved in the regulatory role
of MKP-1 in total body weight gain on challenge with
chronic hypoxia exposure.

Studies using MKP-1-deficient mice have indicated
a role for MKP-1 as a negative regulator of Toll-like
receptors, which are important in innate immunity.37

Although recent studies have demonstrated that
MKP-1 plays an important role in ex vivo aortic angio-
genesis9 and is a hypoxia-inducible phosphatase,4,32

the role of MKP-1 in the maintenance of vascular den-
sity in the lung, especially on hypoxic challenge, re-
mains unknown. Our data regarding the loss and struc-
tural remodeling of vessels (�50 �m OD) in hypoxic
MKP-1-null lung suggest that MKP-1 might act as a
regulator of progression of various vascular diseases.

Hypoxia has been shown to promote angiogenesis
via increase in MKP-1 expression.38 Treating sections
of descending aorta from wild-type and MKP-1-null
mice with VEGF or thrombin has revealed that endo-
thelial cell sprouting is greatly reduced in MKP-1-null
aortic sections, compared with control mice, confirm-
ing proangiogenic activity of MKP-1.9 In the present
study, marked reduction in vessel densities in the hy-
poxic lung of MKP-1-deficient animals also strongly
supports a critical regulatory role of this phosphatase
as an angiogenic signaling mediator.

The classical paradigm in vessel formation impli-
cates endothelial proliferation, migration, tube assem-

bly, and remodeling as sequential steps.5 The loss of
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vessels could be due to alterations in endothelial cells
and/or pericytes resulting in apoptosis. Indeed, vascu-
lar endothelial cells in lung of MKP-1-deficient mice
have heightened p38 MAP kinase activation after 6
weeks of hypoxia exposure (Figure 2B). Given that p38
MAP kinase plays an important role in endothelial cell
apoptosis,39 exaggerated p38 MAP kinase phosphory-
lation in endothelial cells might be one of the factors
involved in vessel loss in MKP-1-deficient mice, a hy-
pothesis that needs more rigorous examination in lung
of MKP-1-null animals.

A role for phosphatases in either vessel formation or
maintenance is also supported by other studies dem-
onstrating that the phenotype of vascular endothelial
protein tyrosine phosphatase knockout mice is embry-
onic lethal, with impaired vessel remodeling and main-
tenance.40,41 Although MKP-1-deficient mice appear to
be normal under control conditions, our data strongly
suggest that lungs of these mice have blunted re-
sponse to hypoxia, due to the defective expression of
the major angiogenic factor VEGF, as well as flaws in
vessel formation or maintenance.

Decrease in vascularity has been shown to be in-
volved in vascular remodeling.42 Endothelial cell apop-
tosis might contribute to vascular remodeling via re-
lease of secondary mediators leading to smooth
muscle cell proliferation.43 In the present study, endo-
thelial cell apoptosis might also be an important mech-
anism by which vascular remodeling develops in hy-
poxic MKP-1�/� and MKP-1�/� lung. However,
proliferative index of vascular cells as evaluated by
Ki-67 staining (Figure 5) was not higher in hypoxic
MKP-1-deficient lung. In fact, Ki-67-positive nuclei
were most numerous in hypoxic lung of wild-type mice.
Greater proliferating cell nuclear antigen (PCNA) levels
have been recently detected in lung of hypoxic (4
weeks exposure) MKP-1�/� mice than that in hypoxic
wild-type mice.16 Because these PCNA levels have
been evaluated by Western blot analysis in total lung
homogenate, it is very difficult to localize hypoxia-stim-
ulated enhanced proliferative responses in lung of
MKP-1-deficient mice.

Duration of hypoxia exposure might also be an im-
portant determinant for the detection of hypoxia-in-
duced replication rate in lung of MKP-1-deficient mice.
We have future plans to examine the proliferative re-
sponses of vascular wall cells in MKP-1 null lungs more
completely, by performing time-course studies of hy-
poxia-induced BrdU incorporation in the lungs of these
mice. Our experiments with isolated MEFs demon-
strated that cells lacking MKP-1 expression lose the
ability to divide under hypoxic conditions. In contrast,
hypoxia stimulates an increase in cell numbers in wild-
type MEFs (Figure 8). Therefore, cell proliferation after
6 weeks of hypoxia exposure might not be a major
determining factor for vascular remodeling in MKP-1-
deficient lung. Marked up-regulation of �SMA expres-
sion in MKP-1-deficient lung under hypoxic conditions
(Figure 3A) suggests that smooth muscle cell hyper-
trophy could be involved in remodeling process of the

vascular wall in the lung lacking MKP-1 expression.
VEGF is an important survival factor for endothelial
cells and hypoxia up-regulates its expression.5,44 Al-
though MKP-1 has been identified as a novel VEGF-
inducible gene,9,10 regulation of hypoxia-induced
VEGF expression by MKP-1 remains unexplored. The
present findings demonstrate that VEGF expression is
tightly regulated by MKP-1 in hypoxic MEFs. Hypoxia
induces marked up-regulation of VEGF expression in
wild-type cells. However, MKP-1-null cells lack this
response, suggesting that this phosphatase is an im-
portant mediator of hypoxia-induced VEGF expression.
Another important point is that the increase in VEGF
levels in hypoxic MKP-1�/� MEFs is highly dependent
on JNK1/2 activation; attenuation of JNK1/2 with
SP600125 led to greatest reduction in VEGF expres-
sion in these cells, compared with ERK and p38 MAP
kinase inhibitors (Figure 7B). In contrast, MKP-1-defi-
cient cells do not require JNK1/2 activation for VEGF
expression. Therefore, defective VEGF expression and
the subsequent rarefaction of vascular structures, to-
gether with remodeling, suggest that lack of MKP-1
expression in endothelial cells might induce impaired
responses in MKP-1-deficient mice challenged by hyp-
oxia.

In the present study, hypoxia-induced sustained acti-
vation of ERK1/2 in isolated MKP-1�/� MEFs (Figure 6A)
was not recapitulated in the in vivo phosphorylation pat-
tern of this kinase (Figure 2A). Only MKP-1-deficient lung
from the SL group had increased ERK1/2 phosphoryla-
tion. Discrepancies in the activation patterns might be
due either to the extended in vivo experimental period or
to over-expression of other members of MKP family. Six
weeks of hypoxia exposure might be an exceedingly long
time for the detection of ERK1/2 phosphorylation in the
lung. However, in the case of p38 MAP kinase, we found
hypoxia-stimulated sustained phosphorylation of the ki-
nase, both in vitro and in vivo, suggesting that p38 MAP
kinase activation might be a major signaling kinase in
lung of MKP-1-deficient mice. The role of p38 MAP ki-
nase-responsive genes in the physiological responses of
MKP-1-null lung to hypoxia needs further evaluation.

MKP-1 likely acts as a signaling switch that attenu-
ates the phosphorylation of p38 MAP kinase, JNK, and
ERK, thus allowing the expression of genes necessary
for VEGF production and vessel formation in the lung.
Consequently, strategies specifically targeting MKP-1
may be of benefit in potentiating hypoxic signaling and
enhancing the formation and maturation of neovessels
in the context of therapeutic angiogenesis.
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