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Figure 4

EPO promotes angiogenesis in infarcted hearts. (A) Double
immunostaining for PECAM (green) and dystrophin (brown) in the
border area (Ml group) or LV free wall (sham group) of EPO- and
saline-treated (control) hearts. Scale bars: 20 um. The number of ves-
sels and the ratio of vessels to cardiomyocyte were measured (n =8
for each). *P < 0.05; #P < 0.01. (B) Double immunohistochemical
staining for o SMA (green) and PECAM (red) shown together with
TO-PRO-3 (blue) staining in the border area (MI group) or LV free wall
(sham group) 14 days after operation. The number of a-SMA-posi-
tive vessels in the ischemic area was determined (n = 8). Scale bars:
100 um. *P < 0.05. (C) Coronary flow was measured in EPO- and
saline-treated (control) hearts 14 days after M| with or without sodium
nitroprusside (SNP, 10~ M) (n = 6). *P < 0.05. (D) Representative
images of hypoxyprobe staining (brown) of EPO- and saline-treated
(control) hearts in the border area (MI group) or LV free wall (sham
group) 7 days after operation. The rate of hypoxyprobe-positive area
in the border area was measured (n = 3). Scale bars: 500 um (thick
bars); 100 um (thin bars). *P < 0.01.

showed that EPO-induced antiapoptotic effects were abolished by
transducing adenoviral vectors, which encode the dominant nega-
tive form of EPOR (Figure 3E). These results suggest that EPO
accomplishes antiapoprotic effects on cardiomyocytes through the
EPO/EPOR signaling pathways. EPO has been reported to activate
several kinases including Akt and ERK, which promote cell surviv-
ing pathways (10, 19). We thus determined whether EPO inhibits
the death of cardiomyocytes by activaring these kinases. Indeed,
both Akt and ERK were activated in cultured cardiomyocytes by
EPO in a time- and dose-dependent manner, and these activations
were abolished by transducing dominant negative EPOR (Supple-
mental Figure 2, A-C). Inhibitions of Akt and ERK using respec-
tive kinase inhibitors suppressed EPO-induced reduction in the
number of TUNEL-positive cardiomyocytes and EPO-induced
downregulation of cleaved caspase-3 (Supplemental Figure 2, D
and E), suggesting that EPO prevents apoptotic death of cardio-
myocytes at least in part by activaring Akt and ERK through the
EPO/EPOR system in cardiomyocytes.

Angiogenic cytokines mediate EPO-induced cardioprotection. To
determine the angiogenic effects of EPO, we performed
immunohistochemical double-staining of infarcted hearts for
PECAM and dystrophin. EPO treatment markedly increased the
number of PECAM-positive capillary vessels and the ratio of
vessels to cardiomyocytes in the border area at 7 days after MI
(Figure 4A). Moreover, EPO significantly increased the number of
0-SMA-positive vessels in the heart 14 days after MI (Figure 4B),
suggesting that EPO induces the formation of mature vessels
in infarcted hearts.

We also investigated the effects of EPO-induced angiogenesis
on myocardial perfusion. At 14 days after MI, the coronary flow
under dilatory stimulation with sodium nitroprusside was sig-
nificantly increased in EPO-treated hearts compared with saline-
treated hearts in the isolated heart perfusion system (Figure 4C).
The extent of myocardial ischemia in the border area detected by
Hypoxyprobe staining was decreased by EPO treatment (Figure 4D),
suggesting that EPO-induced angiogenesis is functionally relevant
to the enhancement of coronary perfusion reserve and the reduc-
tion of cardiac ischemia in infarcted hearts. Meanwhile, there were
no significant differences in the cross-sectional area of cardiomyo-
cytes in the border area at 14 days after MI berween EPO and saline
treatment (Supplemental Figure 3).
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We also examined the mechanisms of EPO-induced angio-
genesis in vitro using HUVECs. The administration of EPO did
not increase BrdU incorporation into HUVECs. In contrast, the
culture medium of cardiomyocytes conditioned by EPO mark-
edly enhanced the BrdU incorporation into HUVECs compared
with the cultured medium of cardiomyocytes conditioned by
saline (Figure 5A). The conditioned medium from EPO-treated
cardiomyocytes also significantly enhanced tube formation of
HUVECs, whereas the administration of EPO itself did nort affect
tube formartion of HUVECs cultured in the medium from saline-
treated cardiomyocytes (Figure SB). These results suggest that
EPO evokes an angiogenic response by inducing paracrine factors
secreted from cardiomyocytes.

EPO upregulated the levels of VEGF in cultured cardiomyo-
cytes in both time- and dose-dependent manners (Figure 5C).
EPO also upregulated the levels of angiopoietin-1 (Ang-1)
mRNA in cardiomyocytes, as evidenced by quantitative RT-PCR
(qRT-PCR) (Figure SD). Proliferation and tube formation of
HUVEC induced by the conditioned medium from EPO-treated
cardiomyocytes were significantly suppressed by a VEGF-specific
inhibitor (CBO-P11) or an anti-Ang-1 antibody (Figure S, A and
B). Additionally, when VEGF was knocked down in cardiomyo-
cytes using siRNA, the EPO-induced proliferation of HUVECs
was also suppressed (Supplemental Figure 4A). These results sug-
gest that VEGF and Ang-1 secreted from cardiomyocytes mediate
the EPO-induced angiogenic response.

Consistent with the in vitro results, EPO treatment markedly
increased the levels of VEGF and Ang-1 proteins and Ang-1 mRNA
in the heart after MI (Figure 5, E-G). To determine the role of EPO-
mediated VEGF expression in vivo, we injected an adenoviral vec-
tor encoding a soluble form of Flt-1, an inhibitor of VEGF, into the
thigh muscles of WT mice 4 days before and 3 days after MI. The
beneficial effects of EPO on infarcted hearts, including increased
vessel number, reduced infarct size, and improved cardiac func-
tion, were all abolished by VEGF inhibition (Figure 6), suggesting
that VEGF secreted from cardiomyocytes plays a critical role in the
cardioprorective effects of EPO against ML

Shh is a critical mediator of the angiogenic effects of EPO. We fur-
ther investigated how EPO increases angiogenic cytokine levels
in infarcted hearts. Since Akt and ERK, which are activated by
EPO, have been reported to regulate VEGF expression (19, 20),
we first determined whether EPO increased expression levels of
VEGF by activating these kinases in cardiomyocytes. Although
both Akt and ERK were activated by EPO in cultured cardiomyo-
cytes, activation levels were not so high as compared with other
growth factors such as insulin (Supplemental Figure 2B and data
not shown). Since EPO-induced upregulation of VEGF was so
robust, we hypothesized that other mitogens mediate the EPO-
induced upregulation of VEGF. It has recently been reported
that carbamylared EPO (CEPO) promotes neural progenitor cell
proliferation and their differentiation into neurons through an
upregulation of Shh expression (21). Shh, a critical regulator of
patterning and growth in various tissues during embryogenesis,
has been reported to show angiogenic effects in infarcted hearts
(22, 23). We thus examined the involvement of Shh signaling in
EPO-induced cardioprotection.

To determine whether EPO upregulates Shh expression in car-
diomyocyrtes, we first examined the levels of Shh in cultured car-
diomyocytes. Both EPO and CEPO induced a marked accumula-
tion of the biologically active, aminoterminal fragment of Shh
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Figure 5

EPgO upregulates angiogenic cytokine levels in cardiomyocytes and infarcted heart. (A)
Endothelial cell proliferation assay using BrdU incorporation. Cardiomyocytes were pre-
treated with EPO (10 U/ml) or saline for 48 hours. HUVECs were treated with EPO-pre-
treated conditioned medium (pre-EPO) or saline-pretreated medium with EPO (EPO).
Specific inhibitors of VEGF (CBO-P11) and Ang-1 (anti-Ang-1 antibody) were added to
the culture medium as indicated. Data from a representative experiment are shown (n =5
per condition). *P < 0.05; *P < 0.01. (B) Tube formation assay. Quantification of tube
length in HUVECS cultured with the conditioned medium was described in A. Data from
a representative experiment are shown (n = 3 per condition). (C) Western blotting and
quantification of VEGF levels from cultured cardiomyocytes treated with EPO. Time (at
dose of 100 U/ml EPO) and dose (treated for 48 hours) dependency are shown (n = 3).
*P < 0.05 versus control. (D) qRT-PCR analysis of Ang-17 mRNA from cultured cardio-
myocytes treated with EPO (n = 4). Shown are levels of VEGF protein (E), Ang-1 mRNA
(F), and protein (G) in the heart after M. Representative Western blots and quantifica-
tion are shown. WT mice were subjected to M and treated with EPO or saline (control)
(n = 4-5 for each condition).
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VEGF is essential for the angiogenic and cardioprotective effects of
EPO. WT mice were injected with adenoviral vectors encoding soluble
Flit-1 (sFlt-1) or LacZ, subjected to M|, and treated with EPO or saline
(control). Echocardiographic analysis and immunohistochemical stain-
ing were then performed (n = 8). *P < 0.05; #P < 0.01.

(Shh-N) in cardiomyocytes but not in cardiac fibroblasts 48 hours
after treatment (Figure 7A), and Shh-N was abundantly secret-
ed from EPO-treated cardiomyocytes into the culture medium
(Figure 7B). Inmunocytochemical analysis demonstrated that EPO
induced the accumulation of Shh in a-sarcomeric actinin-positive
cardiomyocytes but not in vimentin-positive cardiac fibroblasts
(Figure 7C). In addition, EPO treatment significantly upregulated
the levels of Shh mRNA in cardiomyocytes (Figure 7D).

We next determined whether Shh augmented angiogenic cytokine
levels in cultured cardiomyocytes. Addition of recombinant murine
Shh-N peptide (rmShh) increased the mRNA levels of the down-
stream target genes Ptchl and Glil in cardiomyocytes in a dose-
dependent manner (Figure 7E). rmShh also increased the levels of
VEGEF protein and Ang-I1 mRNA in cardiomyocytes as well as the
concentration of VEGF protein in the culture medium (Figure 7,
E and F). These changes were blocked by cyclopamine, a specific
inhibitor of Shh signaling (Figure 7, E and F).

Cyclopamine treatment also significantly inhibited the EPO-
induced increases in the levels of VEGF protein and Ang-1 mRNA
(Figure 8, A and B). Moreover, cyclopamine significantly inhibited
the proliferation of HUVEC induced by conditioned medium
from cardiomyocytes pretreated with EPO (Figure 8C). Consis-
tently, knockdown of Shh in cardiomyocytes also inhibited the
EPO-induced proliferation of HUVEC (Supplemental Figure 4B),
indicating that EPO induces expression of angiogenic cytokines by
activaring Shh signaling in cardiomyocyrtes.

On the other hand, the EPO-induced inhibition of cardiomyocyte
apoptosis 24 hours after exposure to H;O; was not affected by cyclo-
pamine (Figure 8D), suggesting that EPO shows its antiapoptotic
effects on cardiomyocytes through a Shh-independent pathway.
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Cardiomyocyte-specific Shh deletion abolishes EPO-induced cardioprotec-
tion. We next determined the role of Shh signaling in EPO-induced
cardioprotection in vivo. The expression levels of Shh and Patched
were increased in infarcted hearts (Figure 9A), as previously report-
ed (23). Notably, expression levels of Shh and Patched protein were
higher in infarcted hearts treated with EPO than in those treated
with saline (Figure 9A), indicating that EPO activates Shh signal-
ing in infarcted hearts. Meanwhile, there were no differences in
the expression levels of Shh protein in the infarcted hearts of WT
and RES mice, suggesting that endogenous EPO signaling is not
associated with the upregulation of Shh in the infarcted hearts
(Supplemental Figure 5).

Systemic deletion of Shh has been reported to result in cardio-
vascular defects in mice (24). To elucidare the roles of EPO-induced
acrivation of Shh signaling pathways in infarcted hearts, we
employed Shh-MerCre mice in which Shh is deleted only in cardio-
myocyrtes following tamoxifen treatment. We crossed Shhfexed/floxed
mice (25) with the transgenic mice in which a transgene encod-
ing Cre recombinase was fused to the murated estrogen receptor
domains (MerCreMer) driven by the cardiomyocyte specific a-myo-
sin heavy chain (a-MHC) promoter (26), and then produced the
MHC-MerCreMer; Shhfoxed/flexed mutant (Shh-MerCre) mice. After
tamoxifen treatment, we confirmed that EPO-induced increases
in the expression levels of Shh protein were significantly attenu-
ated in the infarcted hearts of Shh-MerCre mice (Figure 9B). Under
basal conditions at 7 days after tamoxifen treatment and at 14 days
after MI, there were no significant differences in LV function or the
number of vessels and the ratio of vessels to cardiomyocytes among
Shh-MerCre mice, Shhflexed/flexed mjce, MHC-MerCreMer mice, and
WT mice (Figure 9, C and D, and data not shown).

There were no significant differences in LVEDD, FS, and infarct
size in the Shh-MerCre mice treated with or without EPO after MI
(Figure 9C). EPO did not increase the number of vessels, the ratio
of vessels to cardiomyocytes, and the number of a-SMA-positive
vessels in Shh-MerCre mice (Figure 9D). EPO treatment also failed
to upregulate VEGF protein and Ang-1 mRNA levels in Shh-Mer-
Cre mice (Figure 9, E and F), suggesting that myocardial Shh sig-
naling is critical for the angiogenic and cardioprotective effects of
EPO in infarcred hearts.

The role of STATS3 in the mechanism of EPO-induced cardioprotection.
We have recently reported that G-CSF prevents LV remodeling
after MI through the JAK2/STAT3 pathway in cardiomyocytes (5).
To determine whether STAT3 is also involved in cardioprortective
effects of EPO, we produced an MI model in transgenic mice that
express dominant negative STAT3 in cardiomyocytes under the
control of the a-MHC promoter (dnSTAT3-Tg). In dnSTAT3-Tg
mice, the EPO treatment reduced infarct size and ameliorated LV
dysfunction and remodeling at 14 days after M1 by the same degree
as WT mice (Supplemental Figure 6A). Overexpression of dnSTAT3
had no effects on EPO-induced prevention of H;Oz-induced
apoptotic death in cardiomyocytes (Supplemental Figure 6B),
indicating that STAT3 is not involved in the mechanism of EPO-
induced cardioprotective effects after ML

Discussion
In the present study, we elucidated what we believe are novel
mechanisms underlying the EPO-mediated inhibition of cardiac
remodeling after MI. EPO enhanced the expression of angiogenic
cytokines such as VEGF and Ang-1 in cultured cardiomyocytes and
infarcred hearts, which, in turn, induced the proliferation of vas-
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Figure 7

EPO upregulates expression levels of Shh. Western blotting of Shh in cultured neonatal rat cardiomyocytes and cardiac fibroblasts (A) and in the
culture supernatants (B). Cells were treated with EPO (100 U/ml) or CEPO (100 U/ml) for 48 hours. Shh-N represents the aminoterminal domain
of Shh, which is a biologically active form of Shh. (C) Immunocytochemical staining for Shh (red), a-sarcomeric actinin (green), and vimentin

(blue). Cardiomyocytes and cardiac fibroblasts were cocultured with or wit
Shh in cardiomyocytes but not cardiac fibroblasts. Scale bars: 10 um. (D)

hout EPO for 48 hours. EPO induced the cytoplasmic accumulation of
qRT-PCR analysis of Shh mRNA. Cardiomyocytes were treated with

EPO for 24 hours (n =5). *P < 0.05. (E) qRT-PCR analysis of Ptch-1, Gli-1, and Ang-7 mRNA. Cardiomyocytes were treated with rmShh (0.1 or
1.0 ug/ml) for 24 hours (n = 4). *P < 0.05; **P < 0.01 versus control. *P < 0.05; #P < 0.01 versus rmShh and cyclopamine (5 uM) treatment. (F)
Western blotting of VEGF. Cardiomyocytes were treated with rmShh (1.0 ug/ml) for 48 hours. Cyclopamine (cyclo) was administered 15 minutes
before rmShh treatment. Representative Western blots and quantification of the bands are shown (n = 4).

cular endothelial cells and angiogenesis. EPO also increased Shh
levels in cardiomyocytes, and the various effects evoked by EPO
were attenuated by inhibiting Shh signaling (Figure 9G).

We found that EPO promoted angiogenesis by upregulating
the expression of VEGF and Ang-1. VEGF is a key molecule that
initiates proliferation and migration of endothelial cells and
promotes the formation of new vessels, whereas chronic VEGF
overexpression in mice has been reported to produce numerous
small vessels lacking functional layers (27). Ang-1 induces recruit-
ment of smooth muscle cells to primitive vessels consisting of
endothelial cells (27-29). Therefore, our results suggest that EPO

2024 The Journal of Clinical Investigation

202

htep://www.jci.org  Volume 120

treatment might be a better approach to creating stable and func-
tional vessels in infarcted myocardium than the treatment with
single angiogenic cytokine. Inhibition of angiogenesis by using
the inhibitor of VEGF significantly attenuated the protective
effects of EPO, such as the reduction of infarct size and improve-
ment of LV function after MI. Since sufficient coronary perfusion
resulting from angiogenesis can prevent cardiomyocyte apoptosis
and improve contractile function (30, 31), angiogenic effects as
well as direct antiapoptotic effects of EPO might protect the heart
after ML In this study, EPO did not enhance the homing of bone
marrow-derived cells in damaged hearts, although EPO induced
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Figure 8

Shh is a critical mediator of the angiogenic effects of EPO in vitro. The expression levels of VEGF protein (A) and Ang-7 mRNA (B). Cardiomyo-
cytes were treated with EPO for 48 hours. Cyclopamine (5 uM) was added before EPO treatment. Quantification of the bands is shown (n = 4).
*P < 0.05. (C) HUVEC proliferation assay. HUVECs were treated with cardiomyocyte-conditioned medium. Cyclopamine was added before EPO
treatment. n = 5 per condition. (D) Detection of apoptosis using Cy3-labeled annexin V. Quantitative analysis is shown (n = 6).

mobilization of bone marrow cells including EPCs from bone
marrow into peripheral circulation. It was previously reporred
that intramyocardial gene transfer of Shh enhanced angiogenesis
by bone marrow-derived endothelial cells (23). Although reasons
for the different results are not clear at present, the discrepancy
may come from expression levels of Shh. Expression levels of Shh
produced by intramyocardial gene transfer might be much higher
than those induced by subcuraneous injection of EPO, and mode
of actions of Shh (i.e., autocrine, paracrine, and endocrine) may
be dependent on the expression levels of Shh.

EPO upregulated expression of Shh in cardiomyocytes, which
played a critical role in protection of the heart after MI by increas-
ing angiogenic cytokine production. In infarcted hearts, expres-
sion levels of Shh and its downstream target Patched have been
reported to be increased (23), and Shh has been shown to pro-
duce robust angiogenic effects (22, 23). A recent study has dem-
onstrated that cardiomyocyte-specific deletion of Smoothened, an
essential component of Shh signaling, reduces the expression of
angiogenic genes and the number of coronary vessels, resulting in
cardiomyocyte apoptosis and cardiac dysfunction, and that vas-
cular smooth muscle cell-specific deletion of Smoothened does not
affect angiogenesis and cardiac function (32). These results and
observations suggest that Shh upregulated by EPO in cardiomyo-
cytes acts on cardiomyocytes themselves in an autocrine manner
and increases production of angiogenic cytokines. There were no
significant differences in size and function of LV and infarct size
among the Shh-MerCre mice, Shhfexd/flextd mice, and MHC-Mer-
CreMer mice without EPO after MI. It has been demonstrated
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that hedgehog, which is produced mainly by fibroblasts, is criti-
cal for maintenance and survival of the coronary vasculature in
the adult heart and that the inhibition of endogenous hedge-
hog by anti-Shh antibody deteriorated cardiac function and
induced enlargement of infarct area in the post-MI hearts (32).
The discrepancy may come from the different cells of Shh inhi-
bition. Secretion of Shh from other cells including fibroblasts
was not inhibited in the cardiomyocyte-specific Shh-deleted mice
(Shh-MerCre mice). In neural stem cells, Shh expression is
induced via the Notch recepror-mediated activation of cytoplas-
mic signaling molecules, including Akt, STAT3, and mammalian
target of rapamycin (33). Furthermore, it has been also reported
that Shh is a target gene of NF-kB in mice (34). EPO is known
to activate several signaling pathways, including Akt, STAT, and
NF-kB in various tissues (19, 35). Further studies are needed
to clarify the signaling cascade by which EPO upregulates Shh
expression in cardiomyocytes.

We previously demonstrated that angiogenesis promotes cardiac
hypertrophy in mice during the early phase of pressure overload
(30). We do not know why EPO did not induce cardiomyocyte
hypertrophy in this study, but there is a possibility that M1 itself
induces cardiac and cardiomyocyte hypertrophy via increased wall
stress, and EPO-induced reduction of infarct size might reduce the
wall stress, resulting in prevention of cardiac and cardiomyocyte
hypertrophy even with enhanced angiogenesis.

In conclusion, EPO prevented LV remodeling after MI through
Shh. We have reported that G-CSF inhibits cardiomyocyte
apoptosis by activating the JAK2/STAT3 pathway in cardio-
Volume 120 Number 6
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Cardiomyocyte-specific Shh deletion abolishes EPO-induced cardioprotection. (A) Activation of Shh signaling after Ml and EPO treatment. Hearts
were treated with EPO or saline (control) and harvested 4 days (for Shh-N) or 7 days (for Patched) after Ml (n = 4 for each). (B) Western blotting of
Shh-N in the infarcted hearts from Shh-MerCre mice treated with or without tamoxifen. Mice were subjected to M|, treated with EPO, and sacrificed
4 days after Ml (n = 4 for each condition). We measured LVEDD, FS, infarct size (C), the number of vessels, the ratio of vessels to cardiomyocyte,
and the number of a-SMA—positive vessels (D) 14 days after Ml (n = 8-14). *P < 0.05; #P < 0.01. (E and F) Western blotting of VEGF and qRT-PCR
analysis of Ang-7 mRNA in the heart 7 days after MI. All mice were treated with EPO (n = 5). *P < 0.05. (G) Proposed mechanism underlying the
cardioprotective effects of EPO during MI. The mechanisms denoted by the thicker lines are thought to be particularly important.

myocytes, leading to reduced LV remodeling (5). EPO prevented Methods

cardiomyocyte apoptosis and protected the heart via the JAK2/  Animals. All experimental procedures were performed according to the
STAT3-independent mechanisms, presenting the possibility  guidelines established by Chiba University for experiments in animals,
that administration of the 2 cytokines synergistically protects  and all protocols were approved by our institutional review board. Male
the heart after ML (C57BL/6 background, 10- to 12-week-old) mice were used in this study.
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Shhflexedfloxed mice were purchased from Jackson Laboratory. We injected
each mouse with 8 mg/kg of tamoxifen (Sigma-Aldrich) for 12 consecu-
tive days and produced MI at 7 days after tamoxifen treatment. Because
EPOR-null mice are embryonic lethal due to severe anemia, we prepared
RES mice expressing EPOR exclusively in the hemaropoiertic lineage,
which were established as described previously (15). EPOR expression
is limited ro the erythroid lineage cells in the RES mice. The RES mice
develop normally and are fertile. GFP transgenic mice were purchased
from SLC. Generation and genotyping of dnSTAT3-Tg mice have been
previously described (36). Age- and sex-matched WT mice (C57BL/6;
SLC) were used as controls. RES mice were provided by M. Yamamoto
(Tohoku University School of Medicine, Miyagi, Japan).

Induction of MI and treatment. Mice were anesthetized by intraperitoneal
injection of pentobarbital (50 mg/kg) and artificially ventilated with a
respirator. Mice were subjected to ligation of the left anterior descending
artery or to sham operation as described previously (4). Sham operation
was performed by cutting pericardium. EPO (Chugai Pharmaceutical) or
the same volume of saline was administered subcutaneously.

Echocardiography. Transthoracic echocardiography was performed with a
VisualSonics (Vevo 660; VisualSonics Inc.) equipped with a 25-MHz imag-
ing transducer. Mice were kept awake without anesthesia during the echo-
cardiographic examination to minimize data deviation, and heart rate was
approximately 5§50-650 bpm in all mice.

Histology. Hearts fixed in 10% formalin were embedded in paraffin and sec-
tioned at 4-um thickness for Masson trichrome staining. Tissue hypoxia was
evaluated using the Hypoxyprobe (Chemicon) according to the manufacture’s
instrucrions. Fixed frozen sections of the heart samples were immunohisto-
chemically stained by using primary antibodies to PECAM (Pharmingen),
dystrophin (Novocastra Laboratories), a-SMA (DAKO), and Mac3 (BD Bio-
sciences). The ischemic area that indicates infarct and border area was mea-
sured. For measurement of the cross-sectional area of cardiomyocytes, S0 ran-
domly selected cardiomyocytes in a LV cross-section were measured by tracing
dystrophin immunostaining. These measurements were performed with NIH
Image] software. The samples were stained with Hoechst 33258 (1 pg/ml) or
TO-PRO-3 (Molecular Probes Inc.). Immunofluorescence was visualized by
laser confocal microscopy (Radiance 2000; Bio-Rad Laboratories).

Bone marrow transplantation. Bone marrow cells were isolated from
8-week-old transgenic mice systemically expressing GFP or WT mice. Bone
marrow cells (5 x 107 cells) suspended in 100 pl of PBS containing 3% FBS
were injected intravenously into irradiated WT mice or RES mice. A flow
cytometric analysis revealed that more 97% of bone marrow cells were
derived from donor cells at 6 weeks after bone marrow transplantation.

Flow cytometry. Circulating EPCs derived from bone marrow were detected
by flow cytometry using CD34/Flk-1 double labeling. Mice subjected to MI
or sham operation were treated with EPO or saline for 3 days subsequent to
the operation. Then the mice were sacrificed to collect peripheral blood. The
nucleated cells were incubated with FITC-conjugated anti-CD34 monoclo-
nal antibody and PE-conjugated anti-Flk-1 antibody (VEGFR2/KDR; BD
Biosciences) for 60 minutes on ice and washed with PBS supplemented with
3% FBS. The labeled nucleared cells were analyzed by the EPICS ALTRA flow
cytometer using EXPO32 software (Beckman Coulter).

Western blot analysis. Western blot analysis was petformed as described pre-
viously (30). Briefly, the infarcted hearts were separated into 2 parts consist-
ing of the ischemic and viable regions. Proteins extracted from the ischemic
regions of the infarcted hearts of mice were subjected to SDS-PAGE and
then transferred onto polyvinylidene difluoride membranes (GE Health-
care). The membranes were probed using a primary antibody against, Shh-N
(SE1; Developmental Studies Hybridoma Bank), VEGF, Patched, GAPDH
(Santa Cruz Biotechnology Inc.), Ang-1 (Rockland). and a-tubulin (Sigma-
Aldrich). For in vitro study, primary antibodies against Shh, Akt, Bcl-2

The Journal of Clinical Investigation

hetp://wwwjci.org  Volume 120

research article

(Santa Cruz Biotechnology Inc.), VEGF for rat (R&D systems), phospho-
Akt, phospho-ERK, cleaved caspase-3 (Cell Signaling), ERK (Invitrogen),
and actin (Sigma-Aldrich) were used. The ECL-plus system (GE healthcare)
was used for detection. Coomassie Brilliant Blue (Wako Pure Chemical
Industries) was used for staining total protein blot with culture medium
supernatant of cardiomyocyrtes.

In vivo gene transfer. Soluble Flt-1 is known to bind to VEGF, thereby
acting on as an inhibitor for VEGF (37). We injected an adenoviral vec-
tor encoding the murine soluble Flt-1 gene (10° pfu; Invitrogen) into thigh
muscles of mice at 4 days before MI and 3 days after MI. Adenoviral vector
encoding LacZ (10° PFU) was used as control.

Cell culture. Cardiomyocytes prepared from ventricles of 1-day-old
Wistar rats were plated onto 35-mm plastic culture dishes at a con-
centration of 1 x 10° cells/cm? and cultured in DMEM supplemented
with 10% FBS at 37°C in a mixture of 95% air and 5% CO,. The culture
medium was changed to serum-free DMEM 24 hours before stimula-
tion. rmShh peptide was purchased from R&D Systems. The plasmid
of a truncated form of human EPOR was from Y. Nakamura (RIKEN
BioResource Center, Tsukuba, Ibaraki, Japan) (38). Adenoviral vector of
truncated EPOR was created using AdEasy Vector System (Qbiogene).
Adenoviral vector of dnSTAT3 was a gift from K. Yamauchi-Takihara
(Osaka University, Osaka, Japan) (36). siRNA targeting VEGF, Shh, and
negative control RNA (Invitrogen) were introduced into rat cardiomyo-
cytes by using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer’s instructions. For immunocyrochemical staining, cardio-
myocytes and cardiac fibroblasts were cocultured with or without EPO
for 48 hours, fixed in 4% paraformaldehyde, and stained with primary
antibodies to Shh (Santa Cruz Biotechnology Inc.), a-sarcomeric actinin
(Sigma-Aldrich), and vimentin (Progen).

gRT-PCR. qRT-PCR analysis was performed as described previously (39).
Total RNA was extracted from sample using the RNeasy kit (QIAGEN).
We used 2.5 ug of total RNA to generate cDNA using the Super Script
VILO cDNA synthesis kit (Invitrogen). gqRT-PCR was carried out on a
LightCycler system (Roche) using probes from Universal Probe Library
(Roche) and the TagMan Master Mix (Roche). Sequence of primers and the
respective Universal Probe Library probes were as follows: Ang-1: forward
GGAAGATGGAAGCCTGGAT, reverse ACCAGAGGGATTCCCAAAAC,
probe #12; Gapdh: forward TGTCCGTCGTGGATCTGAC, reverse CCT-
GCTTCACCACCTTCTTG, probe #80, each for mouse; Shh: forward
GAATCCAAAGCTCGCATCC, reverse CAGGTGCACTGTGGCTGAT,
probe #38; Ang-1: forward GGAAGCCTAGATTTCCAGAGG, reverse
ACCAGAGGGATTCCCAAAAC, probe #12; Ptch-1: forward CAAAGCT-
GACTACATGCCAGA, reverse GCGTACTCTATGGGCTCTGC, probe #64,
Gli-1: forward GGAAGAGAGCAGACTGACTGTG, reverse GGGGAGTG-
GTCACTGCTG, probe #1; and Gapdh: forward AATGTATCCGTTGTG-
GATCTGA, reverse GCTTCACCACCTTCTTGATGT, probe #80, each for
rat. Relative expression of target genes was calculated with the comparative
CT method. Each sample was run in duplicate, and the results were system-
atically normalized using Gapdh.

Apoptosis analysis. Frozen sections of the heart samples and cultured
cardiomyocytes fixed by 4% paraformaldehyde were subjected to TUNEL
staining using a commercially available kit (In Situ Apoptosis Detection
Kit; Takara Biomedicals) as directed by manufacturer. Annexin V-Cy3
Apoptosis Detection Kit (BioVision) was used to detect apoptotic car-
diomyocytes according to the manufacture’s instructions. Cultured car-
diomyocytes were serum starved in DMEM with 0.5% FBS and treated
with EPO (10 U/ml) or normal saline for 8 hours prior to beginning
H20; (100 uM) rreatment. Cyclopamine (40-42) (S uM), LY294002
(5 pM), and PD98059 (10 uM; Calbiochem) were administered 15 min-
utes before EPO treatment.
Number 6
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DNA synthesis assay. DNA synthesis was measured by performing a BrdU
incorporation assay with a commercially available kit (Roche) as directed
by the manufacturer. Cardiomyocyte-conditioned medium was collected as
previously described (43). Briefly, cultured cardiomyocytes were starved in
DMEM without FBS and were pretreated with EPO (10 U/ml) or saline for
48 hours, and then the medium was collected and transferred to HUVECs.
HUVECs were plated in 96-well plates at a density of § x 104 cells/well in
endothelial cell basal medium-2 with EGM-2 Bullet Kit (Cambrex) for
8 hours and then switched to cardiomyocyte-conditioned medium for
12 hours. BrdU was added to the medium, and BrdU incorporation was
detected by ELISA using anti-BrdU antibody. VEGF receptor antagonist
CBO-P11 (44, 45) (12 uM; Calbiochem) and anti-Ang-1 antibody (1 pg/ml;
Chemicon) were used for the inhibition studies.

Tube formation assay. Matrigel (growth factor reduced, 100 ul; BD Biosci-
ences) was added to each well of a 48-well plate and allowed to polymer-
ize at 37°C for 1 hour. HUVECs (1 x 10*) were seeded onto Matrigel in
endothelial cell basal medium-2 with EGM-2 Bullet Kit and cultured for
1 hour and then switched to cardiomyocyte-conditioned medium
described above. After 8 hours, tube length was quantified using an angio-
genesis image analyzer (Kurabo).

Isolated beart perfusion system. Isolated heart perfusion system was used
to measure coronary flow as previously described (46). In brief, mouse
hearts were excised rapidly and mounted on a Langendorff perfusion sys-
tem. All isolated hearts were stabilized by perfusion of Krebs-Henseleit
buffer, and perfusion pressure was adjusted to 60 mmHg. The heart was
paced at 400 bpm. After an adjustment period, the coronary effluent was
collected and the coronary flow was calculated. After baseline measure-
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Pregnancy in women with diabetes is associated with a higher risk of perinatal complications. In particular,
infants of diabetic mothers frequently suffer from respiratory distress syndrome (RDS), which is a leading cause of
death in preterm infants and is considered to be primarily due to hyperinsulinemia in infants in response to
maternal hyperglycemia. To elucidate the mechanism of how insulin signaling induces RDS, bronchoalveolar
epithelium-specific Akt1 transgenic (T'G) mice were generated. Akt1 overexpression in fetal lung epithelium resulted
in RDS in preterm infants born by Caesarean section at embryonic day 18.5 (E18.5). The expression levels of
hypoxia-inducible factor 2« (HIF-2cx) and its target vascular endothelial growth factor (VEGF) were downregulated
in the lung of Aktl TG mice. Inhibition of the Akt-mammalian target of rapamycin (mTOR) signaling axis by
rapamycin restored the expression of VEGF and improved the lung pathology of Aktl TG pups. Rapamycin also
attenuated the RDS phenotype in wild-type mice delivered preterm at E17.5. In cultured lung epithelial cells, insulin
reduced VEGF expression and transcriptional activity of HIF-2 on VEGF promoter in an mTOR-dependent
manner. Thus, aberrant activation of the Akt-mTOR pathway in lung epithelium plays a causal role in the
pathogenesis of infant RDS, presumably through downregulation of HIF-2-dependent VEGF expression in the lung.

Pregnancy in women with diabetes is associated with a
higher risk of perinatal complications. The estimated preva-
lence rate of gestational diabetes is approximately 4% and is
considered to represent 90% of all cases of diabetes diagnosed
during pregnancy (2). Moreover, pregnant women with type 2
diabetes are increasing in number in line with the rapid in-
crease in the prevalence of type 2 diabetes in all age groups (9).
Infants of diabetic mothers frequently suffer from macrosomia,
neonatal hypoglycemia, cardiomegaly, respiratory difficulties,
and other congenital anomalies (3, 5, 14, 21), which are con-
sidered to be primarily due to hyperinsulinemia in infants in
response to maternal hyperglycemia. Respiratory distress syn-
drome (RDS) is one of the most clinically significant perinatal
complications, with high morbidity and mortality (19, 22). RDS
is caused by attenuated production of pulmonary surfactant, a
mixture of phospholipids and surfactant-associated proteins
that covers the alveolar surface and prevents alveolar collapse
by reducing the surface tension of the air-water interface (12).
Because pulmonary surfactant is specifically produced by type
II lung epithelial cells, attenuated production of pulmonary
surfactant is considered to be due to impaired differentiation
and/or maturation of type I lung epithelial cells (31). Reduced
expression of surfactant-associated proteins was observed in
fetuses of streptozotocin-induced diabetic rats or in insulin-
treated human fetal lung explants (8, 10, 11), suggesting that
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hyperactivation of insulin signaling in the lung plays a causal role
in the pathogenesis of RDS of infants having a diabetic mother.

Phosphatidylinositol 3-kinase (PI3K) is activated by insulin and
is responsible for most of the metabolic actions of insulin. PI3K
also controls cell growth, differentiation, survival, and protein
synthesis (28). The involvement of the PI3K pathway in RDS was
suggested by a previous report showing that bronchoalveolar-
specific deletion of Pten in mice led to upregulation of the PI3K
pathway in the lung and resulted in RDS associated with marked
hyperplasia of alveolar epithelial cells, increased numbers of
bronchoalveolar stem cells (BASCs), and impaired production of
surfactant proteins (SPs) (33). It was also shown that genetic
ablation of hypoxia-inducible factor 2a (HIF-2a) causes RDS due
to downregulation of vascular endothelial growth factor (VEGF)
expression in the lung and that intratracheal VEGF administra-
tion stimulates maturation of type II lung epithelial cells (4).
However, the downstream effectors of PI3K that cause RDS and the
mechanistic link between the PI3K pathway and HIF-2-dependent
VEGEF expression in the lung have been elusive.

Using bronchoalveolar epithelium-specific Aktl transgenic
(TG) mice, we show here that aberrant activation of the Akt-
mammalian target of rapamycin (mTOR) pathway in lung ep-
ithelium plays a causal role in the pathogenesis of infant RDS.
We also provide evidence suggesting that sustained Akt-
mTOR activation induces RDS through downregulation of
HIF-2-dependent VEGF expression in the lung.

MATERIALS AND METHODS

Animals and DOX administration. SP-C-rtTA TG mice expressing the reverse
tetracycline transactivator (rtTA) protein under the control of the human sur-
factant protein-C promoter (pro-SP-C) on the FVB/N background were de-
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scribed previously (23, 29) and were purchased from the Jackson Laboratory.
These mice were crossed with Tet-myrAktl TG mice (25) harboring a myristoy-
lated Aktl (myrAktl) transgene under the control of multimerized retO se-
quences maintained on a mixed background of FVB/N, C57BL/6J, and 129Sv.
For myrAkt1 expression, dams were treated with doxycycline (DOX) in drinking
water from embryonic day 0.5 (E0.5) at a final concentration of 0.5 mg/ml (25,
29). Respiratory rate was measured by visual inspection of the movements of thorax
and abdomen for 1 min. All animal procedures were performed with the approval of
the Institutional Animal Care and Use Committee of Chiba University.

Histological analysis and immunohistochemistry. Lungs were formalin fixed
without constant pressure inflation and embedded in paraffin for histological
analyses. Serial sections of 4 um were stained with hematoxylin and eosin (HE)
for morphological analysis, periodic acid-Schiff (PAS) for detection of glycogen-
rich cells, and Masson’s trichrome (MT) for detection of fibrosis. Aerated lung
area and alveolar septal thickness were measured in toluidine blue-stained sec-
tions using ImageJ software (4). Aerated lung area was measured in 10 visual
fields for each animal. Septal thickness was measured at 10 points in each visnal
field, and 10 visual fields for each animal were used for the measurement. The
size and number of saccules were measured in PAS-stained sections using
Image] software. The size of 10 saccules was measured in each visual field, and
10 visual fields for each animal were used for the analysis. Saccular number was
counted in 10 visual fields for each animal. Immunohistochemistry was per-
formed using an avidin-biotin-horseradish peroxidase detection system with Ni-
diaminobenzidine (DAB) (ABC kit; Vector Laboratories) and Nuclear Fast Red
as a counterstain. The antibodies used were hemagglutinin (HA), pro-SP-C,
Clara cell 10-kDa protein (CC10), aquaporin-5 (AQPS), VEGF (Santa Cruz
Biotechnology), and calcitonin gene-related peptide (CGRP; BioMol).

Fluorescence imaging. A BZ-9000 (Keyence) microscope was used for fluo-
rescence imaging. Paraffin-embedded lung sections were incubated with isolectin
B4-fluorescein isothiocyanate (FITC) conjugate (Sigma) to detect endothelial
cells and with wheat germ agglutinin-tetramethyl rhodamine isothiocyanate
(TRITC) conjugate (Sigma) to counterstain the cell membrane. Vascular cell
counts with three replications were performed with BZ application software
(Keyence), and the median value was used for each sample.

Western blot analysis. Total protein lysate was extracted from lung tissue, and
SDS-PAGE was performed as described previously (26). The antibodies used
were HA, total Aktl, total S6 kinase (S6K), SP-A, pro-SP-C, AQP5, CC10,
VEGF, glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Santa Cruz
Biotechnology), phospho-Akt (Serd73), phospho-S6K1 (Thr389), phospho-S6
(Ser235/236), total S6, phospho-glycogen synthase kinase 3B (phospho-GSK3p)
(Ser9), phospho-FOXO3a (318/321), total FOXO3a (Cell Signaling Technol-
ogy), SP-B, SP-D (Chemicon/Millipore), and HIF-2a (Novus Biologicals). Den-
sitometric analysis was performed using Image].

Mouse model of preterm infants. Pups were collected by Caesarean section at
E18.5 for Aktl TG mice and at E17.5 for wild-type ICR mice (4, 20). The
umbilical cord was cut, amniotic fluid and membranes were removed from the
mouth and nose, and body temperature was kept at 37°C.

Administration of rapamycin. Rapamycin (LC Laboratories) was prepared in
the solvent containing 0.2% sodium carboxymethylcellulose and 0.25% polysor-
bate-80 in water (24, 25). Rapamycin (1 mg/kg of body weight/day) or vehicle was
administered subcutaneously to dams.

Reporter gene assays. Luciferase assays were performed essentially as pre-
viously described (18). The plasmids used were VEGF reporter plasmid
(pGL2hVEGF) and the expression vectors for HIF-1a (phHIF-1a), HIF-2a
(phEP-1), and ARNT (phARNT). A549 cells were transfected with the plas-
mids indicated in the Fig. 8 legend and treated with 250 pM CoCl, to mimic
hypoxic condition.

Statistical analysis. Data are expressed as means * standard errors of the means
(SEM). Statistical significance between two groups was determined with a Student’s
t test or x* test. Probability values of <0.05 were considered to be statistically
significant.

RESULTS

Generation of bronchoalveolar epithelium-specific Aktl TG
mice. Two lines of TG mice (Tet-myrAktl and SP-C-rtTA)
were used to generate bronchoalveolar epithelium-specific
Aktl TG mice (Fig. 1A). The Tet-myrAktl TG line harbors an
active form of the Aktl transgene (myrAktl) under the control
of multimerized tetracycline operator (tefO) sequences (25),
and the SP-C-rtTA TG line expresses the reverse tetracycline
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transactivator (rtTA) in respiratory epithelial cells driven by
human surfactant protein-C (SP-C) promoter (23, 29). DOX
enables rtTA binding to ferO sequences by inducing its confor-
mational change. Therefore, DOX treatment of double-TG
(DTG) mice harboring both transgenes induces transcription
of the myrAktl gene in lung epithelial cells (Fig. 1A). Mating
of SP-C-rtTA mice with Tet-myrAktl mice resulted in the
generation of mice with four different genotypes (wild type,
Tet-myrAktl single TG, SP-C-rtTA single TG, and DTG) at
the expected frequencies. Western blot analysis of lung lysates
harvested at postnatal day 0 (P0O) revealed that the transgene
product detected by anti-HA blotting was observed in the lung
of DTG mice treated with DOX (Fig. 1B). The induced ex-
pression of myrAktl was associated with a marked increase in
phosphorylation levels of several downstream effectors such as
S6K1, S6, and glycogen synthase kinase-3 (GSK3), but not
FOXO3 (Fig. 1B). Because it was reported that treatment of
SP-C-rtTA mice with DOX may exert toxic effects on alveolar
epithelial cells (20), the phenotype of DOX-treated SP-C-rtTA
single-TG mice was carefully compared with littermates of
other genotypes (wild type, Tet-myrAktl single TG, and
DTG). However, although there was an obvious lung pheno-
type in DTG mice (described in detail below), no apparent
abnormality was observed in mice with other genotypes under
our experimental conditions (Fig. 1C and D). We therefore
used DOX-treated single-TG littermates as controls in this
study.

Akt activation in lung epithelial cells in utero results in
transient tachypnea associated with delayed maturation of the
lung. Activation of Akt signaling in the lung was achieved by
DOX treatment of dams starting at embryonic day 0.5 (E0.5).
When analyzed at PO, DTG pups were viable and exhibited no
cyanosis or growth retardation (Fig. 2A). Postnatal growth of
DTG animals was also comparable to that of control mice.
However, DTG mice at PO exhibited significant tachypnea
(Fig. 2B) and various histological abnormalities such as mark-
edly reduced aerated space, increased atelectasis, bronchiolar
hyperplasia, impaired thinning of the alveolar septa, and abun-
dant PAS-positive glycogen stores (Fig. 2C to E). Since PAS-
positive glycogen is normally converted to surfactant phospho-
lipids in mature epithelial cells, these observations suggest that
the differentiation of lung epithelial cells is impaired by aber-
rant activation of Akt signaling. Of note, these histological
findings were improved spontaneously at P2 (Fig. 2C to E).
Although mild elastic fiber deposition was observed at P2, no
such pathology was evident at the age of 12 weeks (data not
shown). Thus, Akt activation in lung epithelium induces tran-
sient respiratory difficulties associated with lung maturational
defects, which improves spontaneously after birth.

Akt activation in lung epithelial cells in utero results in
increased numbers of CC10/SP-C double-positive cells and
defective maturation of lung epithelial cells. In order to fur-
ther assess the extent of epithelial differentiation, we per-
formed Western bolt analysis of surfactant proteins (SP-A to
SP-D) and immunohistochemistry of marker proteins: SP-C
for type II alveolar epithelial cells, Clara cell 10-kDa protein
(CC10) for Clara cells, aquaporin-5 (AQPS) for type I alveolar
epithelial cells, and calcitonin gene-related peptide (CGRP)
for neuroendocrine cells. Western blot analysis of surfactant
proteins revealed downregulation of SP-B and upregulation of
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SP-D, whereas the expression levels of SP-A and SP-C were
not altered (Fig. 3A). Western blot analysis and immunohis-
tochemistry also revealed increased expression of CC10 and
reduced expression of AQPS in the lung of DTG mice (Fig. 3A
and B). CGRP expression was not altered between control and
DTG mice (date not shown). Previous studies characterized
CC10/SP-C double-positive cells as BASCs that reside at the
bronchoalveolar duct junction and differentiate to both Clara
cells and type II alveolar epithelial cells; the latter further
differentiate to type I alveolar epithelial cells (15). Double
immunostaining revealed that CC10/SP-C double-positive cells
were increased in number in the lung of DTG mice (Fig. 3C
and D). Collectively, these findings suggest that aberrant acti-
vation of Akt signaling in lung epithelial cells results in in-
creased numbers of CC10/SP-C double-positive cells and im-
paired differentiation of alveolar epithelial cells.
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Akt activation in lung epithelial cells in utero results in RDS
in preterm infants. Since RDS is more frequent in preterm
infants than in full-term infants, we examined preterm infants
born by Caesarean section at E18.5. DTG mice born at E18.5
showed cyanosis (Fig. 4A) associated with an irregular respi-
ratory pattern, and all DTG mice died by 2 h after birth (Fig.
4B). The airway spaces of DTG lungs were filled with amor-
phous, proteinaceous material that was not observed in control
lungs (Fig. 4C). PAS staining revealed that the size and the
density of saccules in DTG lung were smaller and higher than
those of controls, respectively (Fig. 4D to F). Western blot
analysis of surfactant proteins revealed downregulation of
SP-B, whereas the expression levels of SP-A, -C, and -D were
not altered (Fig. 4G). Immunohistochemistry also revealed
expansion of CC10/SP-C double-positive cells in the lung of
DTG mice (Fig. 4H to J). AQPS expression was barely detect-
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FIG. 2. Akt activation in lung epithelium induces tachypnea and delayed maturation of the lung. (A) Body weight at PO of control (Cont; n =
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able at this stage (data not shown). These results collectively
suggest that Akt activation in lung epithelial cells in wurero
results in RDS and perinatal lethality in preterm infants.
Rapamycin improves respiratory distress and lung matura-
tional defects induced by Aktl overexpression in lung epithe-
lium. To test whether the Akt-mTOR pathway mediates
lung pathology in DTG mice, rapamycin was administered
to dams for 3 days (at E17.5, E18.5, and E19.5). Downregu-
lation of mTOR signaling by rapamycin was confirmed by
reduced phosphorylation levels of S6K1 (Fig. 5A). Exami-
nation of infants at PO demonstrated that tachypnea ob-
served in vehicle-treated DTG mice was improved by rapa-
mycin treatment (Fig. 5B). Hematoxylin and eosin (HE)
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staining revealed that abnormal morphology of lung alveoli
in DTG mice was reversed by rapamycin treatment (Fig. 5C,
upper panel), and PAS staining demonstrated a reduced
number of PAS-positive glycogen stores following rapamy-
cin treatment (Fig. 5C, lower panel). By quantitative anal-
ysis of toluidine blue-stained sections, a decrease in aerated
space and an increase in alveolar septal thickness observed
in DTG mice were rescued by rapamycin treatment (Fig. 5D
and E). Impaired differentiation of lung epithelial cells in
DTG mice was also improved by rapamycin treatment, as
evidenced by reduced expression of CC10, increased expres-
sion of AQPS, and a normal expression pattern of SP-C (Fig.
5F). These results suggest that mTOR is critically involved
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ing has a therapeutic potential for RDS induced by preterm gate the mechanism by which Akt-mTOR signaling affects lung

delivery in wild-type mice. maturation, we examined the expression of VEGF, an angio-
Activation of the Akt-mTOR pathway attenuates HIF-2-de- genic growth factor that is produced in the distal airway during
pendent VEGF expression in lung epithelial cells. To investi- late gestation and regulates coordinated development of alve-

FIG. 5. Rapamycin improves respiratory distress and lung maturational defects induced by Akt1 overexpression in lung epithelium. (A) Western blot
analysis of Akt and S6K1 in the lung. (B) Respiratory rate of vehicle- or rapamycin-treated pups at P0. For vehicle experiments, n = 7 for both control
and DTG mice from 3 dams; for rapamycin experiments, n = 14 (control) and n = 11 (DTG) mice from 4 dams. (C) Histological analysis. HE and PAS
staining of lung sections at P0. Scale bar, 50 um. (D) Aerated lung area in vehicle- or rapamycin-treated pups at P0. *, P < 0.05 versus vehicle-treated
DTG mice. (E) Thickness of alveolar septum in vehicle- or rapamycin-treated pups at P0. *, P < 0.05 versus vehicle-treated DTG mice. For experiments
shown in panels D and E, n = 3 control and n =3 DTG vehicle-treated mice from 3 dams, and n = 8 control and n = 7 DTG rapamycin-treated mice
from 4 dams. (F) Immunohistochemistry of HA tag, pro-SP-C, CC10, and AQPS at P0. Scale bar, 50 wm.
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olar epithelium and capillaries (4). Immunohistochemistry and
Western blot analysis revealed that the expression levels of
VEGF were downregulated in DTG mice both at E18.5 and PO
and were restored by rapamycin treatment (Fig. 7A to C).
Since the expression of VEGF in the lung has been reported to
depend on HIF-2 activity (4), we next examined the expression
of HIF-2a protein in the lung. Western blot analysis revealed
that the HIF-2« protein amount was downregulated in the lung
of DTG mice (Fig. 7B). The expression levels of VEGF and
HIF-2a were also examined in vehicle- or rapamycin-treated
wild-type pups delivered at E17.5. Immunohistochemistry and
Western blot analysis demonstrated the upregulation of VEGF
and HIF-2a expression by rapamycin in wild-type mice deliv-
ered preterm (Fig. 7D and E). It was therefore concluded that
activation of the Akt-mTOR pathway attenuates the expres-
sions of VEGF and HIF-2a in the lung. However, it was also
noted that the expression levels of HIF-2a do not necessarily
correlate with those of VEGF because rapamycin treatment
highly upregulated VEGF expression in control animals with-
out altering HIF-2a expression levels (Fig. 7B, compare the
vehicle control group and the rapamycin control group). We
therefore examined whether Akt-mTOR signaling regulates
the transcriptional activity of HIF-2. In cultured A549 lung
epithelial cells, insulin induced downregulation of VEGF ex-
pression, which was reversed by rapamycin treatment (Fig.
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8A). Luciferase assays using VEGF-luc as a reporter gene
revealed that insulin attenuated transcriptional activity of
HIF-2 on VEGF promoter, which was reversed by rapamycin
treatment (Fig. 8B), while both insulin and rapamycin had
minimal effects on HIF-1 transcriptional activity (Fig. 8C).
These results suggest that activation of Akt-mTOR signaling
attenuates HIF-2-dependent VEGF expression with respect to
both the amount of HIF-2a protein and HIF-2 transcriptional
activity.

Activation of the Akt-mTOR pathway reduces alveolar cap-
illary density. To test whether Akt-mTOR-mediated down-
regulation of VEGF is associated with attenuated alveolar
angiogenesis, vascular morphometry was performed in DTG
and control mice at P0. Isolectin B4 staining revealed that
alveolar capillary density was significantly reduced in DTG
mice compared to that in control mice, and this reduction
was rescued by rapamycin treatment (Fig. 9A and B). We
also found that alveolar capillary density in wild-type mice
delivered preterm at E17.5 was increased by rapamycin
treatment (Fig. 9C and D). Thus, alveolar capillary density
is closely linked to the level of VEGF expression in the lung.
These results are consistent with our hypothesis that Akt-

mTOR signaling promotes RDS through downregulation of
VEGF.
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DISCUSSION

In this study we have demonstrated that activation of Akt
signaling in lung epithelial cells during embryogenesis results
in transient respiratory difficulties in full-term infants and in
RDS in preterm infants. These respiratory defects were asso-
ciated with bronchiolar hyperplasia, expansion of CC10/SP-C
double-positive cells, and impaired maturation of lung epithe-
lial cells. We also found that Akt-mTOR signaling is critically
involved in the pathogenesis of RDS because rapamycin treat-
ment improved respiratory distress and lung maturational de-
fects induced by Akt activation or preterm delivery. Mechanis-
tically, Akt-mTOR signaling attenuates both the protein
amounts and transcriptional activity of HIF-2, leading to
downregulation of HIF-2-dependent expression of VEGF, an
angiogenic growth factor that is required for maturation of
alveolar epithelial cells. These observations suggest the possi-
bility that aberrant activation of Akt-mTOR signaling or pre-
term delivery before the appropriate downregulation of this
signaling axis plays a causal role in RDS through downregula-
tion of HIF-2-dependent VEGF expression and that the
mTOR-HIF-2 pathway may be a novel therapeutic target for
infant RDS.

RDS is frequently observed in infants of diabetic mothers,
and hyperactivation of insulin signaling in response to mater-
nal hyperglycemia has been proposed to play a pathogenic role
(19, 22). It was also previously shown that alveolar epithelium-
specific deletion of Pten results in RDS, with approximately
90% of neonates dying within 2 h after birth (33). This phe-
notype of conditional Pten deletion is more severe than that of
alveolar epithelium-specific Aktl transgenic mice, suggesting
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the possibility that PI3K-dependent but Akt-independent
pathways are also implicated in the occurrence of RDS. How-
ever, because another line of lung epithelium-specific Pten
knockout mice generated by a similar method exhibit a very
mild phenotype (i.e., lack of neonatal lethality, normal post-
natal development, and mild bronchiolar hyperplasia) (7), the
variation of phenotypes among different animal models may be
due in part to the differences in the genetic background of the
animals. Furthermore, rapamycin treatment of dams signifi-
cantly improved the phenotype of alveolar epithelium-specific
Aktl transgenic mice. Taken together, these observations sug-
gest that activation of the PI3K-Akt-mTOR pathway in lung
epithelial cells in utero plays a causal role in the pathogenesis
of RDS in infants with diabetic mothers.

Lung development in mice is histologically divided into four
phases: the pseudoglandular stage (E9.5 to 16.5), canalicular
stage (E16.5 to 17.5), terminal sac stage (E17.5 to P5), and
alveolar stage (P5 to P30) (30). Differentiation of type I and
type II epithelial cells and high levels of Pten expression in
respiratory epithelium occur at the terminal sac stage (17),
which is consistent with the idea that downregulation of the
PI3K-Akt-mTOR pathway is required for epithelial differen-
tiation. In humans, lung development is relatively advanced
compared with that of mice, and the terminal sac stage corre-
sponds to human preterm infants between 26 and 36 weeks of
gestation, when a high complication rate of RDS is observed.
Thus, inhibition of the PI3K-Akt-mTOR pathway at specific
time points during a later stage of embryogenesis appears to be
critical for normal lung development and maturation, and ab-
errant activation of Akt-mTOR signaling or preterm delivery
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before this signaling pathway is appropriately downregulated
may result in the occurrence of RDS. The observation that
rapamycin was effective for RDS also suggests that downregu-
lation of mTOR signaling is sufficient to induce maturation of
lung epithelial cells. Previous studies also implicated GATAG6-
Wnt/B-catenin signaling and calcineurin/nuclear factor of acti-
vated T cells (NFAT) signaling in lung maturation (6, 34). How
these two signaling pathways and the PI3K-Akt-mTOR path-
way coordinately regulate normal lung development remains
to be investigated. It should also be noted that VEGF-induced
angiogenesis is enhanced in the presence of rapamycin, which
is inconsistent with the observation that VEGF induces endo-
thelial cell proliferation via the Akt-mTOR pathway (32). This
may be in part explained by the proangiogenic effects of the
rapamycin-insensitive downstream effectors of Akt such as gly-
cogen synthase kinase-3 and the FOXO family of transcription
factors (1, 16).

Epithelial-endothelial interactions during lung development
are critical in establishing a functional blood-gas interface, and
normal lung function depends on the coordinated develop-

218

ment of alveolar epithelium and capillaries, which is primarily
regulated by VEGF (27). It was previously shown that deletion
of HIF-2a in mice causes RDS due to downregulation of HIF-
2-dependent VEGF expression in the lung (4). The similarity
of the phenotypes between lung epithelium-specific Aktl TG
mice and HIF-2a-deficient mice prompted us to investigate the
mechanistic link between mTOR and HIF-2. Previous studies
showed that mTOR enhances the transcriptional activity of
HIF-1 (13) and that VEGF expression in the heart is induced
by activation of the Akt-mTOR pathway in TG mice in which
the Aktl transgene is inducible in the heart by doxycycline
treatment (25), suggesting that mTOR promotes HIF-1-de-
pendent VEGF expression. However, VEGF expression in the
lung was downregulated by Aktl overexpression and restored
by rapamycin treatment. Consistently, HIF-2a expression lev-
els were downregulated in the lung of DTG mice, and reporter
gene assays in cultured lung epithelial cells revealed that insu-
lin attenuates the transcriptional activity of HIF-2 on VEGF
promoter in an mTOR-dependent manner. These results sug-
gest the possibility that HIF-2 and VEGF are situated down-



