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Overexpression of CNP in chondrocytes rescues
achondroplasia through a MAPK-dependent pathway

Akihiro Yasodal, Yasato Komatsu!, Hideki Chusho!, Takashi Miyazawa!, Ami Ozasa', Masako Miura!,
Tatsuya Kurihara?, Tomohiro Rogi?, Shoji Tanaka?, Michio Suda!, Naohisa Tamura!, Yoshihiro Ogawa' &

Kazuwa Nakao!

Achondroplasia is the most common genetic form of human dwarfism, for which there is presently no effective therapy. C-
type natriuretic peptide (CNP) is a newly identified molecule that regulates endochondral bone growth through GC-B, a
subtype of particulate guanylyl cyclase. Here we show that targeted overexpression of CNP in chondrocytes counteracts
dwarfism in a mouse model of achondroplasia with activated fibroblast growth factor receptor 3 (FGFR-3) in the cartilage.
CNP prevented the shortening of achondroplastic bones by correcting the decreased extracellular matrix synthesis in the
growth plate through inhibition of the MAPK pathway of FGF signaling. CNP had no effect on the STAT-1 pathway of FGF
signaling that mediates the decreased proliferation and the delayed differentiation of achondroplastic chondrocytes. These
results demonstrate that activation of the CNP-GC-B system in endochondral bone formation constitutes a new therapeutic

strategy for human achondroplasia.

Achondroplasia is the most common genetic form of human
dwarfism, ‘with a prevalence at birth of about 1/26,000 (ref. 1.
Effective- therapy for this condition has not as yet been established.
Recent advances in molecular genetics have shown that constitutively
active mutations in the gene encoding FGFR-3 are responsible for
human achondroplasia?, Constitutive activation of FGFR-3 stimu-
lates various intracellular signaling pathways, including the MAPK
and STAT-1 pathways3, It has been reported that the STAT-1 pathway
of FGFR-3 signaling inhibits endochondral bone growth®7; the contri-
bution of the MAPK pathway, another major component of FGFR-3
signaling, remains unclear.

The natriuretic peptide family consists of three structurally related
peptides: atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP) and CNP®. They exert biological actions by accumulation of
intracellular cGMP mediated by two subtypes of particulate guanylyl
cyclase: guanylyl cyclase-A (GC-A) for ANP and BNP and guanylyl
cyclase-B (GC-B) for CNP% 10, Although the natriuretic peptide system
has mainly been implicated in regulating the cardiovascular system, we
have shown that the CNP-GC-B system is an important regulator of
endochondral bone growth!1-14, Activation of the CNP-GC-B system
in transgenic mice with elevated plasma concentrations of BNP!! or in
mice depleted of the clearance receptor for natriuretic peptides'>'®
results in very similar skeletal overgrowth. By contrast, inactivation of
the CNP-GC-B pathway in mice depleted of CNP'? or cGMP-depend-
ent protein kinase I1', a downstream mediator of the CNP-GC-B sys-
tern, results in dwarfism caused by defects in endochondral ossification.

Growth plates stimulated by the CNP-GC-B system have widened
proliferative and hypertrophic chondrocyte layers, much like those in
FGFR-3-depleted bones'>'7-13, CNP depletion, by contrast, leads to
impaired bone growth resembling that of achondreplastic bones, with
a similar histological picture of decreased width in both the prolifera-
tive and hypertrophic chondrocyte layers of the growth plate!™!?, These
observations raise the possibility that the CNP-GC-B system in endo-
chondral ossification reverses the inhibitory effect of the FGFs—FGFR-3
system in skeletogenesis. As for the interaction of these systems, marked
elevation of cGMP induced by CNP has been reported to block activa-
tion of the MAPK cascade induced by FGFs in fibroblasts® and
mesangeal cells2l.

Here, we developed transgenic mice (Nppc mice) with targeted over-
expression of CNP in growth-plate cartilage using a transgene contain-
ing Col2al, a cartilage-specific promoter’?, and Nppc, the gene
encoding CNP. Using a mouse model of achondroplasia with activated
FGFR-3 in cartilage (Fgfr3*" mice)'?, we generated and analyzed dou-
bly transgenic Nppe Fgfr3*® mice that overexpress CNP in achon-
droplastic growth-plate chondrocytes to assess the growth-promoting
effect of the CNP-GC-B system on achondroplastic bones and the
molecular mechanisms by which this occurs.

RESULTS .

Generation of Nppc mice

We obtained two strains of Nppe-transgenic founders of similar pheno-
type, and one of them, carrying ten copies of the transgene (Col2ai-

1papartment of Medicine and Clinical Sclence, Kyoto University Graduate School of Medicine, 54 Shogoin Kawahara-cho Sakyo-ku, Kyote 605-8507, Japan. 2Daiichi
Suntary Institute for Biomedical Research, 1-1-1 Wakayamadai, Shimamoto-cha, Mishima-gun, Osaka 618-8503, Japan. Correspondence should be addressed to

K.N. {nakao@kuhp.kyoto-u.ac.ip).
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Figure 1 Generation of Nppc mice. (a) Whole
skeletons of nontransgenic (Non-Tg) and Nppe
mice at birth. (b} Growth curves of male (left)
and female (right) nontransgenic and Nppc
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Nppe), was used for further analysis, Targeted overexpression of CNP in
the cartilage of these Nppc mice was confirmed by RT-PCR (see
Supplementary Fig. I online). The production of cGMP, the second
messenger of CNP, was about nine times higher in the cartilage of Nppc
mice than in that of their nontransgenic littermates (18.5 1.5 versus
2.1+0.7 fmol/mg protein, P < 0.01).
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Figure 2 Skeletal rescue of Fgfr3*<h mice by
overexpression of CNP in cartilage. (a) Expression e
of Fgfr3#°h transgene estimated by quantitative
RT-PCR in cartilage of Fgfr3®h and Nppc Fgfr3ech
mice, (b} Growth curve of female nontransgenic,
Fgfr3*h and Nppc Fgfr<M mice. (¢} Whole
skeletons. (d) Bone lengths. *, P< 0.05, n=4-5.
(e,f) Dose-response effect of CNP on
achondroplastic bones. Immunostaining of CNP
in neonatal rib cartilage (e) and utnar lengths in
2-month-old female nontransgenic, Fgfr3ech,
Nppc-heterozygous {hetero) Fgfrth and Nppc-
homozygous {home) Fgfr3®" mice (F. * and ** in
f, P<0.05and P< 0.01, respectively, m= 3-5.

Fgfrgweh

Nppe (hetero)

Euo ] e mice. &c)PBun;é%nglhs ofSS-?ontE-oldlfemaT
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At birth, the whole skeleton of Nppe mice
showed a substantial longitudinal over-
growth of bones, including long bones of
limbs, vertebrae and skull (Fig. 1a). No
delay in ossification was observed in the
periphery of limbs at this stage.
Longitudinal overgrowth of Nppc mice
became prominent in adulthood. The
growth curve shows that the naso-anal
lengths of 10-week-old male and female
Nppe mice were 10% and 19% larger,
respectively, than those of their nontrans-
genic littermates {Fig. 1b). The growth-
promoting effect in Nppc mice was more
prominant in females than in males, so we used female mice in later
experiments. The length of bones formed through endochondral
ossification (cranium, femur and humerus) were significantly larger
in Nppc mice than in nontransgenic mice, whereas the width of the
cranium, which is determined by membranous ossification, did not
differ between the two genotypes {Fig, 1c).
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Histological examination showed that Nppe
mice had wider growth plates than their non-
transgenic littermates (Fig. 1d). In the tibiae of
2-week-old mice, the proliferative and hyper-
trophic chondrocyte layers express type Il and
X collagens, respectively, as shown by in situ
hybridization (see Supplementary Fig. 2
online). These layers were significantly wider
in Nppc mice than in nontransgenic mice
{proliferative: 234 + 12 versus 207 *+ 14 pm, P
< 0.05; hypertrophic: 215+ 3 versus 193 £+ 16
pm, P < 0.05). The intensities of Col2al and
Coll10al mRNA expression did not differ
between the two genotypes. Each hyper-
trophic chondrocyte was enlarged in Nppc
mice as compared with their nontransgenic
littermates (Fig. 1d and Supplementary Fig. 2
online). Von Kossa staining of the proximal
tibiae showed that subchondral trabeculae
were more abundant and longer in Nppc mice
than in nontransgenic mice (Fig. 1e). In addi-
tion, assessment by peripheral quantitative
computed tomography (pQCT) showed that
the bone mineral density of trabecular bones
in the proximal tibiae of 12-week-old Nppc
mice is significantly larger than that of their
nontransgenic littermates {202.2 + 6.4 versus
188.3 £5.3 g/mm3, P < 0.05).

Gross phenotypes of Nppc Fefr3h mice

To study the effects of CNP on dwarfism in

Fgfr mice, we created Fgfr3*D mice with

targeted overexpression of CNP in cartilage by cross-mating Fgfr3=h
mice with Nppe mice, We confirmed the expression of the Col2al-Nppe
transgene in the cartilage of the resultant double transgenic {Nppc
Fegfr3*h) mice (data not shown). We also confirmed, by quantitative RT-
PCR analysis, that the amount of Fgfr3*h expression in the cartilage of
Nppc Fgfr#® mice is no different from that in the cartilage of Fgfr3*
mice, indicating that overexpression of CNP does not alter the expres-
sion of the Fgfr3*P transgene (Fig. 2a).

The growth curve and soft x-ray analysis of Nppe Fefr3%h mice
showed that the shortening of Fgfr3*® mice is rescued by overexpres-
sion of CNP in the growth-plate cartilage (Fig. 2b,c). At the age of 10
weeks, the naso-anal length of Nppc Fgfr3*™ mice was 94.7 + 4.0 mm,
8% larger than that of Fgfr3*" mice (87.7 + 2.6 mm) and comparable to
that of their nontransgenic littermates {97.0 * 4.2 mm}) {Fig. 2b). The
shortening of bones formed through endochondral ossification in 3-
month-old female Fgfr_?“h mice, measured on the soft x-ray film, was
rescued in Nppc Fgfr3* mice (Fig. 2d). The width of the cianium did
not differ among the three genotypes (Fig. 2d).

To investigate the dose-response effect of CNP on the growth of
achondroplastic bones, we generated Fgfr3*h mice homozygous for the
Col2al-Nppc transgene. The relative abundance of CNP protein in the
cartilage of neonatal mice, as estimated by immunohistochemical
staining, was Nppc-homozygous Fgfr3*h > Nppc-heterozygous Fgfr3*ch
> Fgfr3*™ (Fig. 2e). The immunostaining intensities measured using
NIH Image software?? were 145% and 1279% as high in the cartilage of
Nppe-homozygous Fgfr3*h and Nppc-heterozygous Fgfr3*® mice,
respectively, as in that of Fgfr3*h mice. The dwarfing bones of Fgfr3*h
mice were elongated dose-dependently in Nppc-homozygous Fyfr3*ch
and Nppc-heterozygous Fgfr3*h mice (Fig. 2f).

Figure 3 Histological analysis of the growth plate of Nppe
Fgfr3*" mice. {a,b) Alcian blue and H&E staining. Asterisk in
a shows secondary ossification. Arrowheads in b indicate
extracellular space from proliferative to upper hypertrophic
chendrocyte layers, Arrows in a show the width of growth
plates and arrows with H in b indicate the width of
hypertrophic chondrocyte layers. Scale bar, 100 um (a} or 50
pm {b). (¢} Labeling index of BrdU-positive cells in the growth
plate. *, P<0.05, n=5,

o
=
T

Labeling index
o o
% 3

0.00 Non Fgﬂ?" Nppo

Histological analysis of Nppe Fgfr3*<P mice

Microscopic analysis of tibial growth plates from 2-week-old mice
showed that the decreased width of the growth plate of Fgfr3*™ mice
(169 £ 15 um) is rescued in Nppe Fgfr3*h mice (229 £21 pm) and is
comparable to that of their nontransgenic littermates (220 + 15 im)
(Fig. 3a). Higher magnification showed that the decreased extracellu-
lar space between the proliferative and the upper hypertrophic chon-
drocyte layers of Fgfr3°h mice was restored in Nppe Fgfr3*h mice and
could be as large as in nontransgenic littermates (Fig. 3b). In situ
hybridization analysis showed that the width of the hypertrophic
chondrocyte layer expressing Coll0al mRNA was also restored in
Nppc Fgfr3*h mice, although there was no appreciable difference in
expression intensity between genotypes (see Supplementary Fig. 3
online). There was also no difference in the intensity of Col2a! mRNA
expression (data not shown). In the proximal tibia of 2-week-old
mice, the secondary ossification center was well organized in non-
transgenic mice, whereas it was not yet formed in either their Fgfr3och
or Nppe Fgfr3*h littermates, indicating that overexpression of CNP
does not affect the delayed differentiation of chondrocytes in achon-
droplastic growth plates (Fig. 3a). The secondary ossification centers
in the tibiae of both Fgfr3*h and Nppe Fgfr3*™h mice were formed
about 3 d later than in nontransgenic tibia, The number of bromod-
eoxyuridine {BrdU)-positive chondrocytes was significantly lower in
the growth plates of Fgfr3*" mice, as previously reported'?, whereas
there was no difference in the number of BrdU-positive chondrocytes
in the growth plates of Fgfr3**" and Nppc Fgfr3*h mice (Fig. 3¢ and
Supplementary Fig. 4 online). This indicates that overexpression of
CNP does not change the decreased proliferation of chondrocytes in
Fgfr3<h mice.
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Effects of CNP on cultured tibiae from Fgfr3*P mice’

To confirm the direct effect of CNP on bone growth in Fgfr3*h mice,
we carried out organ culture experiments wsing tibiae from fetal
Fgfr3" mice. The fetal tibiae of Fgfr3°h mice at 16.5 days post coitus
(dpc) were shorter than those of their nontransgenic littermates (data
not shown). CNFP (10-°-10-7 M) caused elongation of explanted tibiae
from fetal Fgfr3*" mice in a dose-dependent manner; those treated
with 107 M CNP reached lengths as great as those of vehicle-treated
tibiae from nontransgenic mice by the end of the culture period
{Fig. 4a). Microscopic analysis showed that the width of the hyper-
trophic chondrocyte layer in cultured tibiae from Fgfr32h mice, which
is fower than that in tibiae of nontransgenic mice, was restored by
treatment with 107 M CNP (Fig. 4b). With higher magnification, we
observed that the decreased extracellular space between the prolifera-
tive and the prehypertrophic chondrocyte layers of the tibiae of
Fgfr3*® mice was normalized by 107 M CNP (Fig. 4c). In fact,
although the basal synthesis of glycosaminoglycan, measured by
[*5$]sulfate incorporation, was much lower in tibiae from FgfrB“h
miice than in those from nontransgenic mice, 107 M CNP increased
glycosaminoglycan synthesis in tibiae from Fgfr3%h mice to a level as
high as in vehicle-treated tibiae from nontransgenic mice (Fig. 4d).
The same dose of CNP also increased the synthesis of cartilage colla-
gen, as estimated from the uptake of [*H]proline into growth plates
from Fgfr3* mice, to a level comparable to that in the growth plates
from nontransgenic mice {Fig. 4e).

Effects of CNP on signaling pathways of FGF
‘We next investigated the effects of CNP on FGF signaling pathways
in growth-plate chondrocytes using cultured tibiae from fetal mice.

ARTICLES

Figure 4 Effects of CNP on cultured tibiae from Fgfr3eh mice. (a) Tibial
lengths at the end of culture period. *, P < 0.05, n = 5-6. (b) Histological
pictures of tibiae of nontransgenic mice, tibiae of Fgfr3%<h mice and CNP-
treated tibiae of Fgfr32¢h mice. Arrows indicate the width of hypertrophic
chondrocyte layers demarcated in the figures. {c) Highlight of the
prehypertrophic chondrocyte layers from b. Scale bar, 200 um (b} or 50
pum (c).(d,e) [35S)sulfate (d) and [3H]proline (e) incorporation into
cartilage into tibiae of nontransgenic mice, Fgfr3P mice and Fgfr3ch
mice with CNP treatment. * and **, P< 0.05 and P < 0.01, respectively,
n=5-6(d)and 9 (e).

The treatment of tibial explants with CNP (10~% and 1077 M) or its
second messenger, c<GMP (1075 M), before addition of FGF-2 (2
ng/ml} markedly decreased the FGF-2-induced phosphorylation of
ERK1/2 in a dose-dependent fashion without decreasing the
amount of ERK protein (Fig. 5a). In contrast, the same doses of
either CNP or ¢cGMP did not alter the FGF-2-induced phosphoryla-
tion of STAT-1 (Fig. 5b). Essentially identical results were obtained
using the chondrogenic cell line ATDCS (ref. 24) (data not shown).
To further elucidate the effect of CNP on phosphorylation of
ERK1/2 in vivo, we examined the amounts of phosphorylated
ERK1/2 in the cartilage of nontransgenic, Fgfr3*th, Nppc and Nppc
Fgfr3b mice. The abundance of phosphorylated ERK1/2 was
greater in the cartilage of Fgfr32h mice, and smaller in the cartilage
of Nppe mice, than in the cartilage of nontransgenic mice. Nppe
Fgfr3*h mice, in which the shortening of achondroplastic bones was
rescued, showed substantially less elevation of ERK1/2 phosphory-
lation than was seen in the cartilage of Fgfr3* mice (Fig. 5¢).
PD98059, an inhibitor of the MAPK cascade??, increased the total
length and width of the growth-plate cartilage of tibiae from both
fetal Fgfr3* and nontransgenic mice in organ culture {Fig. 5d).
PD98059 increased the length of tibiae from Fgfr3*" mice more
than that of tibiae from nontransgenic mice, in parallel with the
level of cartilage matrix synthesis estimated from [**$]sulfate and
[*H]proline incorporation (Fig. Se—g). There was no difference in
the proliferation of chondrocytes in tibiae, measured by BrdU
uptake, between PD98059- and vehicle-treated groups of either
genotype (labeling indexes: nontransgenic, 0.252 + 0.029 versus
0.248 + 0.025, respectively; Fgfr3h, 0,221 + 0.025 versus 0.225 +
0.027, respectively). We obtained the same resuits using U0126,
another MEK inhibitor (data not shown).

DISCUSSION
This study demonstrates that targeted overexpression of CNP in carti-
lage counteracts dwarfism in Fgfr3*® mice, a model of human achon-
droplasia. We previously showed, using transgenic and knockout mice,
that the CNP-GC-B system is important in endochondral ossifica-
tion!"!3, The Nppc mice developed in this study showed skeletal over-
growth with widened growth plates, a phenotype resembling that of
FGFR-3-depleted mice!”!® and opposite to those of Fgfr3* mice'?
and Nppc knockout mice'3, This indicates that the CNP=GC-B system
may counteract the FGFs-FGFR-3 system in endochondral ossifica-
tion. Here, we show that activation of the CNP-GC-B system reverses
the FGFR-3-mediated inhibition of the endochondral ossification in
achondroplasia. Activation of the CNP-GC-B system in chondrocytes
of the growth plate therefore represents a potential new therapeutic
strategy for human achondroplasia caused by a constitutively active
mutation in FGFR3.

Constitutive activation of FGFR-3 has been reported to inhibit the
growth of long bones made through endochondral ossification by
decreasing the proliferation and delaying the differentiation of
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Figure 5 [ntraceliular signaling analysis. (a-c) Western blotting for phosphorylated MAPK (a} and STAT-1 (b) in explanted tibiae, and phosphaorylated MAPK
in growth-plate cartilage from neonatal mice {c}. (d—g) Effects of PDIBOSY on cultured Fgfr3* tibiae. Gross appearance (upper) and histological picture of
the growth plate (d), tibia! length (e), [3551sulfate incorporation (f) and [3H]profine uptake (g) in each group. Arrows in d fndicate the width of the growth-
plate cartilage. * and ** in e, P < 0.05 and P < 0.01, respectively, n = 4-5. Scale bar, 200 um (d).

growth-plate chondrocytes via the STAT-1 pathway®!°. In the pres-
ent study, however, we determined that CNP does not affect the
amount of phosphorylated STAT-1 induced by FGF-2 either in
explanted tibiae or in the chondrogenic cell line ATDCS5. In addition,
we showed that overexpressed CNP does not restore either the
decreased BrdU uptake or the delayed formation of secondary ossifi-
cation centers in the growth-plate cartilage of Fgfr3*ch mice (Fig. 3).
Thus, CNP does not correct either the decreased proliferation or the
delayed differentiation of achondroplastic growth-plate chondro-

cytes in vive. These results show that CNP does not correct the STAT-

1-mediated bone growth inhibition of activated FGFR-3. On the
other hand, we show that constitutive activation of FGFR-3 inhibits

Hatrix
synthesis |

Figure 6 Schematic representation of the mechanism by which CNP
compensates for FGFR-3-mediated shortening of bones. FGFR-3 inhibits
endochondral bone growth by inhibiting proliferation and differentiation of
growth-plate chondrocytes through the STAT-1 pathway and by decreasing
extracellular matrix synthesis through the MAPK pathway. cGMP, tha second
messenger of CNP-GC-B, inhibits the MAPK pathway of FGFR-3 signaling,
restores the decreased synthesis of the extracellular matrix and partially
counteracts the dwarfism of achondroplastic bones.

longitudinal bone growth by decreasing the extracellular matrix syn-
thesis through the MAPK pathway, indicating that MEK inhibitors
(i) increase the extracellular matrix synthesis of explanted tibiae, as
estimated by incorporation of [*S]sulfate and [*H]proline, more
strongly in tibiae of Fgfr3*» mice than in those of nontransgenic
mice; (i) do not alter the proliferation of chondrocytes, as estimated
by BrdU uptake, in the tibiae of both Fgfr3* and nontransgenic
mice; and (iif) elongate cultured tibiae from Fgfr3*h mice more
strongly than those from nontransgenic mice (Fig. 5e—g). In addi-
tion, we show that CNP markedly decreases the FGF-2-induced
phosphorylation of ERK1/2 both in explanted tibiae and in ATDC5
cells, confirming that CNP interferes with activation of the MAPK
pathway downstream of FGFR-3 signaling in the growth-plate carti-
lage, as we and other groups have previously reported in mesangeal
cells?! and fibroblasts®, We have further confirmed this finding
using #n vive animal models, including Nppe Fgfr3*® mice.
Accordingly, we conclude that the mechanism by which CNP coun-
teracts the dwarfism of achondroplastic bones in Fgfr3*h mice is by
restoring the MAPK-mediated inhibition of extracellular matrix
production in the growth-plate cartilage of achandroplastic bones
(Fig. 6}. The role of the MAPK pathway in FGF signaling in chondro-
cytes has not been extensively studied so far, and the results of previ-
ous studies wusing cell culture were complicated and
contradictory?®?’, In the present study, we used both ex vivo organ
culture and cell culture to elucidate the role of the MAPK pathway in
endochondral bone elongation directly and in detail, and the two sets
of results corresponded well. De Crombrugghe et al. have recently
reported that constitutive activation of MEK1 in chondrocytes
induces dwarfism that resembles achondroplasia (S. Murakami, §.
McKinney, D. Givol, and B. de Crombrugghe, personal communica-
tion). These results support our hypothesis that the CNP~GC-B sys-
tem rescues achondroplastic dwarfism by inhibiting the MAPK
pathway of FGFR-3 signaling in the regulation of bone growth.
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Bone morphogenetic protein-2 (BMP-2) and BMP-4 have recently
been reported to counteract the growth-inhibitory effect of FGFR-3
on explanted bones from the same achondroplastic model mice by
restoring the proliferation of achondroplastic growth-plate chon-
drocytes?8. Although the nature of intracellular interactions between
FGF and BMP signaling in chondrocytes remains unclear, CNP and
BMP might complementarily reverse the inhibitory effect of FGF on
bone growth suggesting the possibility of a new combined therapy
for achondroplasia.

Current therapies for achondroplasia include distraction osteogene-
552930, an orthopedic procedure, and administration of growth hor-
mone®l, Although distraction osteogenesis gives better results, it limits
the quality of a patient’s life. Growth hormone has only minimal effect
an achondroplasia, has been reported to aggravate body disproportion
in some case®? and is very costly. According to our unpublished results,
the maximal growth-promoting effect of CNP (1077 M) on cultured
fetal bones is much stronger than that of growth hormone (100 ng/ml),
IGF-I (100 ng/ml)* or other skeletal growth regulators, including
BMP-2 (100 ng/ml), BMP-4 (100 ng/ml), TGF-B, (100 ng/mi)** and
PTH (100 ng/ml)*, under identical experimental conditions.
Activation of the CNP-GC-B system in chondrocytes may thus be a
prospective means to treat achondroplasia. Activation of GC-B result-
ing from elevated plasma concentrations of BNP!! or CNP (unpub-
lished data) in transgenic mice using a promoter of serum amyloid P
component causes skeletal overgrowth. This indicates that specific acti-
vators of the CNP—GC-B system could be delivered via the general cir-
culation as therapy for achondroplasia. Considering the minimal
hypotensive effect of CNP compared with the other natriuretic pep-
tides ANP and BNP, systemic administration of CNP could be of prac-
tical use as a means to activate the CNP-GC-B system in the
growth-plate chondrocytes. In addition, overexpression of CNP in car-
tilage increased bone mineral density, as estimated by pQCT, in the tra-
becular bone adjacent to the growth-plate cartilage, suggesting that the
activation of the CNP-GC-B system in endochondral cartilage tem-
plate formation positively affects the properties of bone produced from
this template. This effect could be beneficial to patients with achon-
droplasia treated with CNP.

We observed a gender difference in the promoting effect of CNP on
bone growth in the present study, but the reasons for this observation
are unclear at present. Further studies are ongoing in our laboratory.

In conclusion, the present study demonstrates a potential new thera-
© pentic strategy for human achondroplasia involving activation of the
CNP-GC-B system in the chondrocytes of the growth plate.

METHODS

Generation and identification of Nppc mice. A 489-base-pair mouse Nppe
¢DNA3 was inserted into a 6.5-kilobase segment of the Col2al promoter
region??, at a site within the first intron. The assembled transgene (Col2al-
Nppc) was microinjected into fertilized C57BL/6 cocytes and the resultant
transgenic mice were identified by Southern blotting. Sac 1 digestion of
mouse genomic DNA containing Col2al-Nppe yielded additional hybridiz-
ing DNA, species of ~2.1 kilobases, whereas the intrinsic Nppc gene was rec-
ognized as DNA species of ~3.0 kilobases?”, We assessed the transgene copy
number on the basis of the density of the band compared with that of the
intrinsic Nppc band as determined using densitometry.

Generation of the doubly transgenic mice of Col2al-Nppc and Fgfr3*h,
Generation of transgenic mice that express an activated FGFR-3 in the growth
plate (Fgfr3*® mice) using Col2al promoter and enhancer sequences was
reported previously'®. In all experiments using this achondroplastic model,
we used transgenic mice carrying the heterozygous Fgfr3* transgene. To
generate doubly transgenic mice for Col2al-Nppe and Fgfr3*h, Nppe mice
were mated with Fgfr?® mice, The resultant Nppc Fgfr3® mice and Nppe

ARTICLES

mice were then mated to generate Fgfr3*h mice homozygous for Col2al-
Nppe. All of the experimental procedures were approved by the Kyoto
University Graduate Schoo! of Medicine committee on animal research.

Detection of mRNA expression of transgenes. To detect expression of
Col2al-Nppc, we carried out RT-PCR using 2s the forward primer a
sequence located in the exon I of the Col 2al gene and as the reverse primer a
sequence from Nppc cDNA. The resultant PCR product of 450 base pairs was
then recognizable as a transcript of the transgene from which the ~3-kilo-
base intron 1 of Col2al had been spliced out. Expression of the Fgfr3ch
transgene was estimated by a quantitative RT-PCR method based on kinetic
analysis?®3%, using primers for Fgfr3*® and Gapd, as previously
reported!?32,

Skeletal morphology and pQCT analysis. For visualization of the whole
skeleton, cleared skeletons of newborn mice were stained with Alizarin red S
and Alcian blue!!, To observe skeletons in adulthood, 3-month-old female
mice were subjected to soft x-ray analysis', and the lengths of bones were
measured on the soft x-ray film. To evaluate the bone mineral density of tra-
becular bones in the proximal tibiae, tibiae were subjected to pQCT analysis,
using an XCT Research SA instrument (Stratec Medizintechnik), as previ-
ously reported®0,

Histologica! analysis. For light microscopy, sections were cut from paraffin-
embedded specimens and stained with Alcian blue and hematoxylin-eosin
(H&E). For BrdU staining, 2-week-old mice were injected intraperitoneally
with BrdU (100 ug per gram body weight) and were killed 1 h later'®. The
labeling index in the proliferative chondrocyte layer was analyzed using
National Institutes of Health {NTH) freeware. To evaluate the mineralized
stage, von Kossa staining was done on undecalcified sections'3,
Immunohistochemical staining for CNP was carried out on frozen sections
of neonatal mouse ribs using the ImmunoStaining Detection Kit
(Peninsula). Intensity of immunostaining was analyzed using NIH freeware
as previously described?3, In situ hybridization analysis was carried out on
2-week-old mice tibiae using digoxigenin-labeled antisense and sense ribo-
probes obtained from rat Col2al and Coli0al cDNA fragments*l,

Organ culture, Tibiae from Fgfr3®® fetuses or their nontransgenic litter-
mates were dissected out at 16.5 dpe and cultured for 4 d by the suspension
culture technique!? with the indicated doses of CNP or with biochemical
inhibitors of MEK, PD38059 (50 uM, Cell Signaling) or U0126 (10 uM,
Promega). Glycosaminoglycan synthesis in the cultured tibiae was assessed
by measuring [**S]sulfate incorporation as previously described*?, using
5 pCi/ml [#5S)sulfate in the medium. The synthesis of cartilage collagen was
assessed by measuring uptake of [3H]proline (20 pCi/m! in the medium)
into cartilage collagen isolated from papain digests of the proximal tibial
growth-plate cartilage*?. The proliferation of chondrocytes in explanted tib-
jae was assessed by measuring BrdU incorporation as described before?,
¢GMP production was measured by radioimmunoassay** using cultured tib-
iae from Nppc or nontransgenic fetuses of 16.5 dpc at the end of the 4-d cul-
ture period.

Intracellular signaling analysis. Tibial explants from fetal mice of 16.5 dpc
were incubated with 1077-10~% M CNP or 10~* M cGMP for ! h, and then
FGEF-2 (2 ng/ml) was added for 5 min. ATDCS cells on day 11 after conflu-
ency were incubated with the same doses of CNP or ¢cGMP for 1 h, and then
FGF-2 {1 ng/ml) was added for 3 min. Explanted tibiae, ATDCS cells and tib-
ial growth plates freshly dissected out from neonatal nontransgenic, Fgfr3h,
Nppe and Nppe Fgfr3h mice were homogenized and lysed, and then western
blotting was carried out using antibodies to phosphorylated ERK1/2
{Promega), ERK1/2 (BD Bioscience), phosphorylated STAT-1 (Cell
Signaling) or STAT-1 {Santa Cruz Biotechnology).

Statistics. Data were expressed as mean  s.d. and the statistical significance .
of differences in mean values was assessed by Student’s #-test or analysis of
variance {ANOVA) with Fisher’s protected least-significant-difference test,
as appropriate. Differences among means were considered significant at val-
ues of P< 0.01 or P < 0.05.
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Natriuretic peptides (NPs), which consist of atrial, brain, and C-type
natriuretic peptides (ANP, BNP, and CNP, respectively), are charac-
terized as cardiac or vascular hormones that elicit their biological
effects by activation of the cGMP/cGMP-dependent protein kinase
(cGK) pathway. We recently reported that adenoviral gene transfer
of CNP into rabbit blood vessels not only suppressed neointimal
formation but also accelerated reendothelialization, a required
step for endothelium-dependent vasorelaxation and antithrombo-
genicity. Accordingly, we investigated the therapeutic potential of
the NPs/cGMP/cGK pathway for vascular regeneration. In trans-
genic {Tg) mice that overexpress BNP in response to hindlimb
ischemia, neovascularization with appropriate mural cell ¢coating
was accelerated without edema or bleeding, and impaired angio-
genesis by the suppression of nitric oxide production was effec-
tively rescued. Furthermore, in BNP-Tg mice, inflammatory cell
infiltration in ischemic tissue and vascular superoxide production
were suppressed compared with control mice. Ischemia-induced
angiogenesis was also significantly potentiated in ¢GK type 1 Tg
mice, but attenuated in ¢GK type | knockout mice, NPs significantly
stimulated capillary network formation of cultured endothelial
cells by ¢GK stimulation and subsequent Erk1/2 activation. Fur-
thermore, gene transfer of CNP into ischemic muscles effectively
accelerated anglogenesis. These findings reveal an action of the
NPs/cGMP/cGK pathway to exert multiple vasculoprotective and
regenerative actions in the absence of apparent adverse effects,
and therefore suggest that NPs as the endogenous cardiovascular
hormone can be used as a strategy of therapeutic angiogenesis in
patients with tissue ischemia.

atriuretic peptides (NPs) consist of atrial NP (ANP), brain

NP (BNP), and C-type NP (CNP). They share the same
intracellular signal transduction pathway for ¢cGMP/cGMP-
dependent protein kinase (¢GK) as nitric oxide (NO). We have
demonstrated that ANP and BNP are cardiac hormones that are
produced mainly in the atrium and ventricle, respectively (I, 2).
CNP, in contrast, is produced in and secreted from endothe-
lial cells (ECs) to act as a local regulator of vascular tone and
graowth (3).

We recently reported that in both rabbit balloon injury and
vein graft models, overexpression of the CNP gene by adenoviral
vector accelerated reendothelialization and inhibited vascular
smooth muscle proliferation (4, 5), This finding indicates the
complex responses to NPs in different types of vascular cells,
both ECs and smooth muscle cells (SMCs).

A large body of literature indicates an essential role of
endothelial NO for angiogenesis. Previous studies demonstrated
that vascular endothelial growth factor (VEGF) stimulates
Akt/protein kinase B (6, 7), which has been shown to phos-
phorylate endothelial NO synthase, leading to its activation
(8, 9). VEGF-stimulated proliferation of cultured ECs, triggered
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by endothelial NO synthase activation (10), was also shown to
require intracellular signaling through ¢GK, Raf-1 kinase, and
Erk1/2 (11, 12). Based on these findings, we hypothesized that
NPs could promote vascular regeneration. To examine this
hypothesis, we used a mouse model of operatively induced
hindlimb ischemia (13) to investigate the effects of NPs on
angiogenesis by using transgenic (Tg) mice that overexpress BNP
(14) with or without N*-nitro-L-arginine methyl ester
(L-NAME), an inhibitor of NO synthase. We also applied this
model to both ¢GK type I (cGKI)-knockout (15) and Tg mice to
investigate the impact of ¢GKI, one of the ¢cGK isoforms, which
is present in ECs and SMCs. Finally, we examined the effect of
CNP on angiogenesis by a gene-transfer approach to seek the
therapeutic potentials of NPs in vascular regeneration. The
present study elucidates the action of the NPs/cGMP/cGKI
pathway on angiogenesis and provides a strategy for therapeutic
angiogenesis by using an endogenous cardiovascular hormone to
exert vasculoprotective and vasculoregenerative actions in the
absence of apparent adverse effects.

Materials and Methods

BNP-Tg Mice, Generation of BNP-Tg mice (line 55) was reported
(14). BNP-Tg showed a marked increase in plasma BNP levels
(1.8 = 1.1 X 10~° M) compared with their control littermates
{(non-Tg) (<0.06 X 10~ M; refs. 14 and 16). These mice (10-15
wk) were randomly allotted to four treatment groups: BNP-Tg
and non-Tg, with or without L-NAME (Nacalai Tesque, Kyoto)
administration (200 mg/liter in drinking water; ref. 17).

<GKI-Knockout Mice. We developed mice with targeted disruption
of the cGKI gene (15). We used homozygous ¢GKI mutant mice
(cGKI~), heterozygous mutant mice (cGKI*/~), and their
control littermates (cGK*/*) (10-15 wk).

<GKI-Tg Mice. We generated ¢GKI1-Tg mice (T.-H.C, and H.L,
unpublished data). Briefly, the cDNA coding for human ¢GKle,
which we cloned (18), was subcloned into the expression vector
pCXN2 (19), driven by the CAG promoter (pCXN2-hcGKle).
The fragment of pCXN2-hcGKla was microinjected into a
C57BL/6 mouse. We used mice with 15 copies of the transgene
and their control littermates at the age of 10-15 wk. To confirm
¢GKI expression in ¢GKI-Tg mice, Northern blot analysis was

Abbreviations: NP, natriuretic peptide; ANP, atrial NP; BNP, brain NP; CNP, C-type NP; cGK,
¢GMP-dependent protein kinase; EC, endothellal cell; SMC, smooth muscle cell; Tg, trans-
genic 1-NAME, Me-nitro-L-arginine methyl ester; LDPI, laser Doppler perfusion Image;
PECAM-1?, platelet ECadhesion molecule-1; SMA, smoath muscle actin, GC, guanylyl cyclase;
VEGF, vascular endathelial growth factor.
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performed with a human ¢GKla-specific probe, a 311-bp-long
fragment at the 5" end sequence released by pCXN2-heGKle.

Ligation Model. After being anesthetized with pentobarbital (80
mg/kg, i.p.), the right femoral artery and vein were exposed,
dissected free, and excised (13). Experimental procedures were
performed according to Kyoto University standards for animal
care.

Hindlimb blocd flow was assessed with a laser Doppler
perfusion image (LDPI) analyzer (Moor Instruments, Devon,
U.K.) as described (13).

Immunohistochemistry. After fixation with 4% paraformaldehyde,
ischemic lower legs were embedded in OCT compound (Sakura
Finetechnical, Tokyo) and frozen at —80°C. Cryostat sections
(4-8 um thick) of the tissues were stained with rat anti-mouse
platelet EC adhesion molecule-1 (PECAM-1) (PharMingen),
mouse anti-@ smooth muscle actin (SMA) (Sigma), rat anti-
mouse CD45 (PharMingen), rabbit anti-cGKI (Calbiochem),
rabbit anti-guanylyl cyclase A (GC-A) and B (GC-B) antibody
that we developed (20), rabbit anti-Erk1/2 and phospho-Erk1/2
(Thr-202/Tyr-204) antibody (Cell Signaling Technology, Bev-
erly, MA), or mouse anti-CNP antibody that we developed
(KY-CNP-1; ref. 21). As the negative control, rabbit preimmune
serum or normal Ig fraction (DAKO) was used to show antibody
specificity.

Analysis of Capillary Density and Inflammation. Four random fields
on two different sections (=3 mm apart) from each mouse were
photographed with a digital camera (Olympus, Tokyo). By
computer-assisted analysis using NIH IMAGE, capillary density
was calculated as the mean number of capillaries stained with

- PECAM-1 (endothelial marker) or @ SMA (vascular smooth
muscle marker), and the mean number of infiltrating
CD435-positive leukocytes was counted as the assessment of
inflammation.

Evaluation of in Situ Reactive Oxygen Production. The oxidative
fluorescent dye dihydroethidium (2 X 1076 M) was used to
evaluate the in siru concentration of superoxide in ischemic
hindlimb tissue, as described (22). We also stained 4-hydroxy-
2-nonenal (4-HNE) (Nippon Oil & Fats, Tokyo), an unsaturated
aldehyde that can be formed by the peroxidation of unsaturated
fatty acids, such as linoleic and arachidonic acids (23).

Capillary Network Formation Assay. Human umbilical vein ECs
{Clonetics, Walkersville, MD) were grown in basic medium
(EBM2)} (Clonetics) containing growth supplements (EGM2)
(Clonetics}. They (two to three passages, 4 X 104 cells per well)
were seeded at Matrigel-coated Cellware 24-well plates (Becton
Dickinson) and incubated for 1 h in 100 pl of EBM2 containing
10% FBS. Serum-free medium (400 pl) containing human ANP,
BNP, and CNP (Peptide Institute, Osaka) with or without
Rp-8-pCPT-cGMP/PD98059 (Calbiochem) were added. After a
10-h incubation, they were fixed with 10% buffered formalin.
Two random fields of view in three or four replicate wells were
visualized, and images were captured by using the Olympus
digital camera. Network formation was assessed by calculating
- the total area covered by capillaries in each field of view using
NIH IMAGE.

Construction of CNP Plasmid and its Administration to Ligation Model.
The full length of rat CNP cDNA (384 bp) was inserted into the
PAC-CMVpLpA vector (4). The plasmid DNA was prepared
from cultures of pAC-CMVpLpA-transformed Escherichia
coli by the EndoFree Plasmid Kit (Qiagen, Valencia, CA).
After mouse femoral artery ligation, a local injection of
" plasmid carrying the CNP ¢cDNA (pAC.CMV/CNP} or none
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(pAC.CMV) was performed (500 ug per mouse in 200 ul of PBS
in 10 injection sites), Plasma CNP level was confirmed by an EIA
(Phoenix Pharmaceuticals, St. Joseph, MO).

Statistical Analysis. Results are presented as means + SEM. The
statistical significance of differences in the studies was evaluated
by ANOVA. A P value < 0.05 was considered significant.

Results

Ischemia-Induced Angiogenesis Was Accelerated in BNP-Tg Mice.
Serial blood flow measurements by LDPI revealed that accel-
erated limb perfusion improvement was observed for up to 12
days in BNP-Tg mice compared with non-Tg mice (Fig. 1 2 and
b). The calculated perfusion ratio of ischemic to nonischemic
hindlimb was 0.12 *+ 0.02 for BNP-Tg vs. 0.06 = 0.01 for non-Tg
at day 4 (P = (.002), 0.46 * 0.06 vs. 0.24 * 0.05 at day 8 (P =
0.006), and 0.61 % 0.07 vs. 0.45 *+ 0.04 at day 12 (P = 0.04),
respectively. After 14 days, restoration of perfusion in BNP-Tg
mice was close to non-Tg mice, and no significant difference was
seen.

Compatible with the result of blood flow measurement,
capillary density in the BNP-Tg group (2,265 % 62 per mm?) at
10 days was significantly higher than that of the non-Tg group
(1,778 = 74 per mm? P < 0.0001; Fig. 1 € and f). At day 28,
capillary density was equivalent in both groups (Fig. 1 g and k).

Overexpression of BNP Restored Delayed Angiogenesis Induced by NO
Blockade, L-NAME administration to non-Tg mice disclosed
impaired recovery in hindlimb perfusion compared with the
non-Tg without I-NAME group (Fig. 1¢). The ratio of ischemic/
normal blood flow measured at 14 days was 0.37 * 0.04 for the
non-Tg (+L-NAME) and significantly lower compared with
0.43 = 0.03 for the non-Tg alone (P = 0.015). After 14 days, the
ratio of both groups became similar.

In contrast to non-Tg, L-NAME administration had no sig-
nificant effect on the ratio of blood perfusion in BNP-Tg at any
time point (Fig. 1d).

On day 10, capillary density of L-NAME-treated non-Tg mice
(1,516 + 62 per mm?) was lower than that of untreated non-Tg
mice (P = 0.014; Fig. 1 e and f). In contrast, no difference was
seen in BNP-Tg with (2,113 * 27 per mm?) or without L-NAME
administration (day 10). Capillary density in the L-NAME-
treated BNP-Tg group was significantly higher than that of the
L-NAME-treated non-Tg group (P = 0.023) (day 10). On day 28,
capillary density was equivalent in these four groups (Fig. 1 g
and k). '

Maturity of Newly Formed Blood Vessels in BNP-Tg Mice. From
double immunostaining of ischemic hindlimb tissue with PE-
CAM-1 and « SMA, the structure of capillaries (ECs with
adhering mural cells) showed no apparent difference between
BNP-Tg and non-Tg mice (data not shown). Accordingly, im-
munostaining of the ischemic hindlimb tissues at day 10 with
anti-aSMA antibody revealed significantly increased « SMA-
positive capillary density in BNP-Tg mice (2,061 * 65 per mm?)
compared with non-Tg mice (1,578 * 79 per mm?; P = 0.0001;
Fig, 2 ¢ and b). In addition, edema or bleeding in the ischemic
hindlimb tissues was not observed in BNP-Tg mice,

Focal Inflammation in BNP-Tg Mice. In both BNP-Tg and non-Tg
mice, the number of CD45-positive infiltrating leukocytes of the
ischemic hindlimb tissues increased until day 5, then gradually
decreased (Fig. 2c). At day 7, infiltrating leukocytes in BNP-Tg mice
were significantly lower than those of non-Tg mice (P = 0.002), and
no significant difference was seen at days 3, 5, and 10.
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Fig. 1. Ischemia-induced angiogenesis was accelerated in BNP-Tg mice, and overexpression of BNP restored delayed angiogenesis induced by NO blockade,
(a) Serial LDPI analysis of hindlimb ischemia in BNP-Tg and non-Tg mice, (b) Quantitative analysis of ischemic/normal hindlimb perfusion ratio in BNP-Tg and
non-Tg mice. (¢ and d) Serial LDPE measurementsin non-Tg (c} and BNP-Tg (d) mice with and without L-NAME treatment. (e and ¢) Immunostaining of the ischemic
hindlimb tissues with anti-PECAM-1 antibody (bright red) at day 10 (e) and day 28 (g). (f and h) Quantitative analysis of capillary density at day 10 (f} and day
28 (h). v, P < 0.05; 1, P < 0.01; $, P < 0.001; NS, not significant. (Scale bar, 100 pm.)

Reactive Oxygen Preduction in Blood Vessels of Ischemic Hindlimb  of BNP-Tp mice was obviously lower than that of non-Tg mice
Tissue. By dihydroethidium staining of ischemic hindlimb tissue  (Fig. 2d). Furthermore, immunostaining of 4-HNE demon-
at day 7, in situ concentration of superoxide in the blood vessels  strated that reactive oxygen production was also suppressed in
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Fig.2. Evaluation of ischemic hindlimb tissue of BNP-Tg mice. (a and b) a SMA staining {purple} of the ischemic hindlimb tissues at day 10 (a) and quantitative
analysis of capillary density (b). (¢} Time course of focal inflammation of ischemic hindlimb obtained from immuncstaining with anti-CD4S antibody. (d)
Dihydroethidium (HE) staining (Upper; red) and 4-hydroxy-2-nonenal {4-HNE}/CD45 staining (Lower; green fluorescence/red) of the ischemic hindlimb tissue at
day 7. {e) Expression of GC-A and GC-B (green flucrescence) in the ischemic hindlimb at day 7. Negative controls for these antibodies are also shown. ()
Immunostaining of the ischemic hindlimb tissues at day 7 with anti-Erk1/2 or phosphor-Erk1/2 antibody (brown). t, P < 0.01. (Scale bars: a, 100 pm; d-f, 25 um.)
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Fig. 3. Angiogenesis was blunted in ¢GKI-knockout mice and accelerated in ¢GKI-Tg mice. {a and b} Serial LDPI measurements in cGKi-knockout mice. (¢ and
d) PECAM-1 staining {bright red) of the ischemic hindlimb tissues at day 28 in cGKI-Tg mice (¢} and quantitative analysis of capillary density (d}. (e) The expression
of cGKImRNA in non-Tg and ¢GKI-Tg mice. {f) Immunostaining of cGKI (green fluorescence) with their negative control in WT, ¢GKl-knockout, and <GKI-Tg mice.
(g and h) Serial LDP1 measurements in cGKI-Tg mice. +, P < 0.05; t, P < 0.01. (Scale bars: ¢, 100 um; ¥, 25 um.Y

BNP-Tg. From double immunostaining with CD45 in non-Tg
mice, reactive oxygen production was prominent in infiltrating
leukocytes around and within the blood vessels, as well as SMCs,
J1n BNP-Tg mice, the number of reactive oxygen-positive inflam-
‘matory cells was decreased and reactive oxygen production in
SMCs was diminished.

Expression of GC-A and GC-B in Ischemic Hindlimb Tissue, Immuno-
staining (after antigen retrieval) of these receptors in ischemic
hindlimb tissue at day 7 revealed that GC-A and GC-B were
similarly expressed in the blood vessels of both BNP-Tg and
non-Tg mice (Fig. 2¢). Negative controls showed virtually no
significant staining in these serial sections.

Expression of Erk1/2 and Phospho-Erk1/2 in Ischemic Hindlimb Tissue.
By immunostaining of Erk1/2 in ischemic hindlimb tissue at day
7, Erk1/2 was equally expressed in ECs and SMCs of both
BNP-Tg and non-Tg mice. On the other hand, the expression of
phospho-Erk was obviously enhanced in BNP-Tg mice, com-
pared with non-Tg mice (Fig. 2f).

Angiogenesis Was Blunted in cGX1-Knockout Mice and Accelerated in
cGK1-Tg Mice. The constitution of the homozygous mice gradually
deteriorated and most of them died before 10 wk (15). Because
nutrition may influence angiogenesis, we mainly compared
heterozygous mutant mice (¢cGKI*/~) with their control litter-
mates {cGK*/*), By LDPI analysis, limb perfusion among
¢GKI*~ mice remained significantly impaired throughout the
28-day foliow-up period in comparison with cGK*/* (Fig. 3a and
b). In two ¢GKlI-knockout mice (cGKI~~), recovery from limb
ischemia was remarkably reduced, compared with cGKI*/~ or
c¢GK**. Immunostaining of ischemic hindlimb tissue at day 28
with anti-PECAM-1 antibody revealed decreased capillary den-
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sity in cGKI*/~ (2,025 * 51 per mm?) compared with cGK*/*
(2,302 = 87 per mm? P = 0.010; Fig. 3 ¢ and d). Two ¢cGKI~/~
mice had decreased capillary density (1,845 = 163 per mm?)
compared with ¢cGKI*/~ or ¢cGKI*/*.

By Northern blotting of ¢GKI-Tg mice, we confirmed over-
expression of cGKI observed in the aorta and skeletal muscle
compared with non-Tg mice (Fig. 3e). By immunostaining of
¢GKI, after antigen retrieval, high expression was also seen in the
skeletal muscle and blood vessels (Fig. 3f). By LDPI analysis,
¢GKI-Tg mice showed significantly higher perfusion improve-
ment at the end of the study compared with non-Tg mice (Fig.
3 gand h).

NPs Potentiated Capillary Network Formation of Cultured ECs. NPs
significantly potentiated capillary network formation of human
umbilical vein ECs in a bell-shaped fashion (Fig. 4 @ and b).
Network formation was prominent at 10~8 M ANP, 108 M BNP,
and 10~'°M to 10~8 M CNP. The increase of network formation
induced by NPs was completely blocked by Rp-8-pCPT-cGMP,
a ¢GK inhibitor, at a concentration of 5 X 10~% M (Fig. 4 @ and
¢). Furthermore, treatment with 10~5 M PD 98059, an Erk1/2
inhibitor, significantly suppressed the increase of network for-
mation induced by NPs (Fig. 4 a and d).

CNP Gene Transfer Enhanced Angicgenesis in Ischemic Hindlimb, CNP
immunostaining was detected in skeletal muscle from the ische-
mic hindlimb of mice that received pAC.CMV/CNP at day 20
(Fig. 52). Endogenous CNP was also detected in biood vessels of
mice that received control vector, pAC.CMV (Fig. 5a; arrow-
head). Plastna CNP level was similarly below sensitivity thresh-
old value (<1.32 X 1071° M) in mice injected with pAC.CMV/
CNP or pAC.CMV. By LDPI analysis, mice receiving
pAC.CMV/CNP showed a significant increase in blood flow at
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Fig. 4. NPs potentiated capillary network formation of cultured human
urnbilical vein ECs. {a} Capillary network formation by Matrigel assay in the
presence of 10-3 M ANP, BNP, and CNP with or without Rp-8-pCPT-cGMP
(Rp: 5 X 1078 M), a ¢GK inhibitor, and PD 98052 (PD: 10~% M), an Erk1/2
inhibitor. {b) Mean area of tube formation in the presence of various concen-
trations of ANP, BNP, and CNP. (¢ and ¢} Effects of Rp-8-pCPT-cGMP {c) and PD
98059 (¢f) In network formation induced by NPs. *, P < 0.05; 1,P < 0.0, %, P <
0.001. (Scale bar, 500 um.)

the end of the study compared with mice receiving pAC.CMV
(Fig. 5 b and ¢). Immunostaining of ischemic hindlimb tissues at
day 20 with anti-PECAM-1 antibody revealed an increased
capillary density in mice injected with pAC.CMV/CNP (2,643 *
88 per mm?) compared with pAC.CMV (2,364 * 104 per mm?,
P = 0.048; Fig. 5 4 and ¢).

Discussion

Experiments performed in this study reveal actions of NPs on
vascular regeneration in response to ischemia. BNP overproduced
systemically in mice accelerated angiogenesis in the setting of tissue
jschemia with activation of Erk1/2 in blood vessels. This evidence
was confirmed by a combination of LDPI analysis and capillary
density measurement. In addition, overproduction of BNP com-
pensated for impaired neovascularization because of L-NAME
treatment. We also succeeded in demonstrating that ischemia-
induced angiogenesis is significantly potentiated in ¢GKI-Tg mice,
but attenuated in ¢GK-knockout mice. Furthermore, CNF gene
delivery in the ischemic hindlimb could significantly enhance
angiogenesis. These results indicate that the NPs/NQ/cGMP/cGK
pathway is critical for neovascularization in vivo.

NPs stimulate two biologically active receptors, GC-A and
GC-B. We and others have demonstrated that ANP and BNP
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Fig.5. Effect of CNP gene transfer in the murine ischemic hindlimb model.
(a) CNP immunostaining (brown)} after local inJection of control vector
(PAC.CMV) or pAC.CMV/CNP. (b and ¢} Serial LDPI measurements in mice
receiving pAC.CMV or pAC.CMV/CNP (n = 16 per group). (d and e) PECAM-1
staining (bright red) of the Ischemic hindiimb tissues at day 20 In mice injected
with pAC.CMV or pAC.CMV/CNP (d), and quantitative analysis of capillary
density (g} {n = 10 per group). +, P < 0.05. (Scate bars, 100 um.}

show high affinity for GC-A, whereas CNP selectively binds to
GC-B (24). We have already reported that BNP-Tg mice show
skeletal phenotypes through activation of the CNP/GC-B path-
way (16, 24). It is important to clarify, therefore, whether the
effects of BNP in the hindlimb ischemia model of BNP-Tg mice
are mediated through GC-A, GC-B, or both. By immunostaining
of these receptors in the ischemic hindlimb of BNP-Tg mice, we
confirmed that both GCs expressed in ECs and SMCs. Consid-
ering the finding that CNP also enhanced angiogenesis in our
model, activation of GC-B is more likely in BNP-Tg mice;
however, the analyses of GC-A-knockout mice (25), which we
recently developed, would provide answers to that question.

To supplement these in vivo findings with genetically engineered
mouse models, we performed several in viro experiments. In
culiured ECs, NPs significantly increased capillary network forma-
tion at the concentrations of 10710 to 10~8 M, which were the same
as the plasma BNP level in BNP-Tg mice (14, 16). Early studies,
including our own report, have shown that NPs inhibit EC prolif-
eration {26) and migration (27). The concentrations of NPs used in
these reports are much higher than physiological (1, 2) and, thus, the
EC growth inhibition by NPs seems to be a result of a pharmaco-
logical effect. We also confirmed that NP-induced capillary net-
work formation was significantly blocked by Rp-8-pCPT-cGMP
and PD98059, indicating the involvement of cGK and Erk1/2 in this
phenomenon. Furthermore, we recently observed that ANP in-
creases cultured EC proliferation and migration in vitro by activat-
ing the ¢GK and subsequent Akt/PKB and Erk1/2 pathways (28).
These results indicate that NPs can act directly on ECs and
potentiate endothelial regeneration.

To achieve recovery from tissue ischemia, not only ECs but
also SMCs must migrate and proliferate to produce functionally
mature vessels (29). Early studies, including our own report, have

Yamahara et al.,

-173-



shown that NPs inhibit cell growth of vascular SMCs (3). From
these reports, it is anticipated that newly formed vessels of
BNP-Tg mice in our model might represent immature capillaries
without adequate mural cell coating. However, we confirmed
that ECs possessed adhering mural cells, and the capillary
structures were not different in BNP-Tg or non-Tg mice. Fur-
thermore, the & SMA-positive capillary density in BNP-Tg mice
was significantly increased compared with non-Tg mice. These
results suggest that antiproliferative effects of NPs on SMCs may
not play a role in angiogenesis,

Recently, the participation of inflammation in angiogenesis has
been an area of focus. Arraset al. (30) reported monocyte activation
with the production of cytokines and vessel proliferation might
associate with angiogenesis in a rabbit hindlimb ischemia model
Izumi et al. (31) reported that infarct size after myocardial isch-
emia/reperfusion injury was smaller in mice lacking GC-A, accom-
panied with decreases in neutrophil infiltration. From these results,
angiogenesis in our model could be explained in part by potential
proinflammatory effects of NPs. However, we confirmed that the
number of infiltrating leukocytes in the ischemic limb of BNP-Tg
mice was similar or even lower than that of non-Tg mice. This
finding indicates that posmble promflarnmatory effects of NPs do
not play a role in angiogenesis.

Nitrates, which are clinically used to relieve coronary vaso-
constriction, might be useful for the management of vascular
obstructions because NPs and NO share the same intracellular
signal-transduction pathway. However, there is growing evi-
dence that nitroglycerin-induced production of oxygen-derived
free radicals such as superoxide plays an important role in
mediating the tolerance and endothelial dysfunction in response
to long-term treatment (32). However, the present study re-
vealed that NPs suppress reactive oxygen production in inflam-
matory cells and blood vessels. Therefore, our findings suggest
that NPs possess clinical advantages over nitrates.

The time course of vascular regeneration was different be-

tween BNP-Tg mice and ¢GKI-Tg/knockout mice. The changes
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in vascular regeneration in ¢GKI-Tg and ¢GKI-knockout mice
were clearly opposite (“mirror image”) and the continuous
activation or inactivation of ¢GKI might result in the final
augmentation or suppression of vascular regeneration, which
indicates the significance of the ¢GKI activation level to deter-
mine the extent of vascular regeneration. On the other hand, no
significant difference in the blood flow or capillary density was
seen between BNP-Tg and non-Tg mice at the end of our study.
Attenuation of overactivation of the cGMP/cGKI pathway can
be one of the possible explanations; however, the expression of
GC-A/GC-B showed no apparent difference between BNP-Tg
and non-Tg mice at day 7, and also before ischemia (data not
shown). Therefore, even if the attenuation of overactivation of
¢GKI might be the cause, it must not have occurred at the level
of regulation of receptor expression.

Clinical applications of cardiovascular gene therapy have been
launched during the last several years. However, we know very
little about either the therapeutic or toxic effects of overexpress-
ing angiogenic proteins, including VEGF. VEGF overexpression
could accelerate atherosclerosis (33), promote pathological an-
giogenesis (34), or develop limb-threatening peripheral edema.
Less adverse effects, such as edema, are seen in patients treated
with ANP (35). We have demonstrated that NPs are the vascu-
loprotective factor against atherosclerotic lesion (4, 5). Further-
more, in the present study, we confirmed that angiogenesis was
enhanced in hindlimb-ischemic mice after CNP gene transfer.
From these results, NPs in clinical use seem to possess multiple
coordinate actions that result in vascular protection and regen-
eration. In addition, inhibition of NPs can be a potential target
of antineoplastic drugs for suppression of angiogenesis.

In conclusion, we have revealed an activity of the NPs/cGMP/
¢GKI pathway and suggest that NPs, as endogenous cardiovas-
cular hormones, have significant advantages for the treatment of
tissue ischemia. Thus, NPs can be used as a promising strategy
for therapeutic angiogenesis in patients with tissue ischemia.
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Myocardial hypertrophy and extended cardiac fibrosis are
independent risk factors for congestive heart failure and sud-
den cardiac death, Before age 50, men are at greater risk for
cardiovascular disease than age-matched women. In the cur-
rent studies, we found that cardiac hypertrophy and fibrosis
were significantly more pronounced in males compared with
females of guanylyl cyclase-A knockout (GC-A KO) mice at 16
wk of age. These gender-related differences were not seen in
wild-type mice. In the further studies, either castration (at 10
wk of age) or flutamide, an androgen recepfor antagonist,
markedly attenuated cardiac hypertrophy amd fibrosis in
male GC-A EO mice without blood pressure change. In con-
trast, ovariectomy (at 10 wk of age) had little effect. Also,
chronic testosterone infusion increased cardiac mass and fi-

brosis in ovariectomized GC-A mice. None of the treatments
affected cardiac mass or the extent of fibrosis in wild-type
mice. Overexpression of mRNAs encoding atrial natriuretic
peptide, brain naériuretic peptide, collagens I and IIT, TGF-g1,
TGF-£3, angiotensinogen, and angiotensin converting en-
zyme in the ventricles of male GC-AXKO mice was substantially
decreased by casiration. The gender differences were virtu-
ally abolished by targeted deletion of the angiotensin II type
1A receptor gene (AT1A). Neither castration nor testosterone
administration induced any change in the cardiac phenotypes
of double-KOQ mice for GC-A and AT1A. Thus, we suggest that
androgens contribute to gender-related differencesin cardiac
hypertrophy and fibrosis by a mechanism involving AT1A re-
ceptors and GC-A. (Endocrinology 145: 951-958, 2004)

YOCARDIAL HYPERTROPHY IS prevalent in a sub-
stantial portion of individuals with essential hyper-

tension (1, 2), and it is recognized as an independent risk
factor for congestive heart faiture and sudden cardiac death
(3). Extended cardiac fibrosis results in increased myocardial
stiffness, causing ventricular dysfunction and, ultimately,
heart failure {4). Significant gender-related differences in the
cardiovascular system are now well documented, and before
the age of 50, men are at greater risk for cardiovascular
diseases than age-matched women (5-9). However, the pre-
cise mechanism underlying gender-related differences in
cardiac diseases is not fully understood. The results of both
in vitro and in vivo studies indicate that sex steroids play a key
role in the development of cardiac structural abnormalities.
Estrogen and androgen receptors are present in myocardial
tissues (10-12). Estradiol has antiproliferative effects on car-

Abbreviations: ACE, Angiotensin converting enzyme; Agt, angio-
tensinogen; Ang, angiotensin; ANP, atrial natriuretic peptide; AR, an-
drogen receptor; AT1A, Ang II type 1A; BNP, brain natriuretic peptide;
BW, body weight; GC-A, guanylyl cyclase-A; HR, heart rate; KO, knock-
out; LVW, left ventricular weight; OVX, ovariectomy; SBF, systolic blood
pressure; WT, wild-type.

Endocrinology is published monthly by The Endocrine Society (http:/f
www.endo-society.org), the foremost professional society serving the
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diac fibroblasts (13) and vascular smooth-muscle cells (14,
15), whereas androgens increase proliferation of vascular
smooth-muscle cells (16). Studies using sinoaortic denerva-
tion-induced cardiac hypertrophy in rats have also shown
that testosterone facilitates hypertrophy but estradiol inhib-
its it (17). A less severe model of cardiac hypertrophy in rats
(swimming- or hypertension-induced) failed to confirm the
antiproliferative effect of estradiol (18). Moreover, not all
males, whether human or experimental animal, develop gen-
der-related cardiac abnormalities. Somjen and colleagues
(15) reported a biphasic proliferative response for both es-
trogen and testosterone in vascular smooth muscle and en-
dothelial cells. It, therefore, is unclear how gender-induced
changes in cardiac structural pathology are made manifest.

Mice lacking guanylyl cyclase A (GC-A), a natriuretic pep-
tide receptor, exhibit salt-resistant hypertension, myocardial
hypertrophy and interstitial fibrosis, and sudden death (be-
fore the age of 6 months) (19-20). In the present study, we
found that male GC-A knockout (KO) mice show more pro-
nounced cardiac hypertrophy and fibrosis compared with
female GC-A KO mice and that gender-related differences
are not seen in wild-type (WT) mice. Additionally, we found
that these gender-related differences are attenuated either by
castration or flutamide, an androgen receptor (AR) antago-
nist, and abolished by genetic disruption of angiotensin
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(Ang) II type 1A (AT1A) receptors in male GC-A KO mice.
We propose that androgens contribute to gender-related dif-
ferences in cardiac structure and that the AT1A receptor and
GC-A are involved in a reciprocal fashion.

Materials and Methods
Animals and treatments

All experimental procedures were carried out in accordance with
Kyoto University standards for animal care. GC-A KO mice were orig-
inally generated at the University of Texas, Southwestern Medical Cen-
ter at Dallas and Howard Hughes Medical Institute, Mice were housed
in groups of three to five per cage under climate-controlled conditions
with a 12-h light/dark cycle and were provided with standard food
(CRF-1; Oriental Yeast Co., Ltd, Tokyo, Japan) and water ad libitum. The
WT (GC-A+/+,ATIA+/+), ATIAKO(GC-A+/+,ATIA— /—),GC-A
KO (GC-A—/—, AT1A+/+), and double-KO (GC-A-/—, AT1A-/-)
mice used in these experiments were generated from heterozygous
(GC-A+ /-, AT1A +/—) mice after crossing of single GC-A KO (19) and
AT1A KO (21) mice. The genetic background of the original GC-A KO
and AT1A KO mice was C57BL/6. Genotypes were determined before
and verified after experimentation using PCR. Comparisons of age and
body weight (BW) between the KO and WT mice were made among
littermates. Also comparisons of age, body weight, and systolic blood
pressure (SBP) between control and treated mice were performed.

Measurement of heart rate (HR) and SBP

HR and SBP were measured in conscious mice using a computerized
tail-cuff method (Softron Co., Ltd., Tokyo, Japan) (19, 21). Briefly, mice
were restrained in a pocket and warmed at 38 C. HR and SBP were
measured at 1000-1400 h and calculated as the average of six sessions
per day after mice were adapted to the apparatus for 5 d. The validity
of this system has been established previously in our laboratory (22).

Measurement of left ventricular weight (LVW) and
interstitial fibrosis

After animals were killed by cervical dislocation under anesthesia
with ether at 16 wk of age, the hearts were dissected out, LVW was
measured, and its ratio to BW (LVW/BW) was calculated and used as
an index of ventricular hypertrophy. The left ventricles were then fixed
in 10% formalin and prepared for routine histological examination. To
determine the degree of collagen fiber accumulation, we randomly se-

. lected 20 fields in three individual sections and calculated the ratio of
the areas of van Gieson-stained interstitial fibrosis to the total left ven-

TABLE 1. Primer and probe sequences for RT-PCR assays
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tricular area using image analysis software and a Zeiss KS400 system;
perivascular fibrosis was excluded in the present study.

mRNA analysis

Total mRNA was prepared from the left ventricle using TRIzol (Life
Technologies Inc., Rockville, MD). Expression of mRNAs encoding atrial
natriuretic peptide (ANT), brain natriuretic peptide (BNP), collagens I
and III, TGF-B1, TGF-#3, angiotensinogen {Agt), and Ang converting
enzyme {ACE) was evaluated using quantitative RT-PCR in a 7700
sequence detector {ABI PRISM, Applied Biosystems, Foster City, CA).
The oligonucleotide primers are shown in Table 1. Glyceraldehyde-3-
phosphate dehydrogenase mRNA was also amplified with specific
primers and probe (Applied Biosystems).

Experimental protocols

We first compared the gender-related differences in the phenotypes
of 16-wk-old GC-A KO and WT mice (n = 7-9 per group). HR and SBP
were measured, and LVW, LVW/BW, and left ventricular fibrosis were
calculated, after which related mRNA expression was analyzed.

To evaluate the involvement of estrogen in gender-related differ-
ences, we compared the phenotypes of sham-operated and ovariecto-.
mized (OVX) mice (n = 7-9 per group). Under anesthesia with ether, the
ovaries of 10-wk-old female mice were exteriorized, ligated, and re-
moved via bilateral paralumbar incisions, which were then closed with
sutures. In sham mice, the ovaries were exteriorized and replaced, and
the incisions were closed. Six weeks later, HR and SBP were measured,
and the animals were killed. : _

To investigate the effects of androgens, male mice at 10 wk of age (n =
7-9 per group) were castrated using:the trans-scrotal approach. Sham
castration consisted of exteriorizing and replacing the testes. As in fa-
males, 6 wk later, HR and SBP were measured, and the animals were
killed.

To confirm the role of androgen, we ovariectomized female WT and
GC-A KO mice (n = 67 per group) under anesthesia with ether at 10
wk of age and sc implanted a testosterone pellet (25.0 mg/pellet, 60-
darelease, catalog item SA-151) or vehicle pellet (placebo for testoster-
one, catalog item SC-111) (Innovative Research of America, Sarasota, FL}
between the shoulders. Six weeks later, the animals were killed after HR
and SBP were measured.

We further confirmed the role of androgens by chronically blocking
AR with flutamide (23-24). Flutamide (Sigma Chemical Co., St. Louis,
MO; 8 mg/kg-d, dissolved in polyethylene glycol 300) was sc infused for
6 wk using an osmotic mini-pump (model 2002, Alza Corp., Mountain
View, CA) at 10 wk of age in male animals (n = 7-9 per group). The
mini-pumps were s¢ implanted under the mice were anesthetized with

mRNA Probe Primers®
ANP TGTACAGTECGGTGTCCARCACAGAT FGCCATATTGGAGCARATCCT
IGCAGGTTCTTGAAATCCATCA
BNP TGCAGAAGCTGCTGGAGCTGATAAGA fCCAGTCTCCAGAGCAATTCAA
IGCCATTTCCTCCCACTTTT
AT1A CCGGAATTCAACGCTCCCCA fGTTTCCGCTTTTCATTACGAGT
rTCTTGETTAGGCCCAGTCCT
ACE CACATCCCARACGTGACACCGTACAT FCGGAATGAAACCCATTTTGA
rGCACAAAGCTCACGAAGTACC
Agt AGGTTCTCAATAGCATCCTCCTCGAACTC LCATTEGTGACACCAACCCC
rGCTEMTCCTCCTCTCCTGCT
TGF-81 AGCGCATCGAAGCCATCCG IGACGTCACTGGAGTTGTACGS
IGCTGARTCGAAAGCCCTGT
TGF-83 CGGATGAGCACATAGCCAAGCA FITGAGCTCTTCCAGATACTICG
rTTCTTGCCACCTATGTAGCE
Collagen I CACGGCTGTGTGCGATGACG fGTCCCAACCCCCADAGAC
ICATCTTCTGAGTTTGATGATACGT
Collagen ITI TCCCACTCTTATTTTGGCACAGCAGTC FIGGTITCTTCTCACCCTTCTTC

rTGCATCCCAATTCATCTACGT

Sequences are listed 5" to 3'.
¢ Forward primers are designated by f and reverse primers by r.
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ether and changed with new ones every 2 wk. Control mice were ad- 1.6 g (P < 0.05); GC-A KO female 25.1 * 0.8 vs. male 31.6 *
ministered only vehicle. Six weeks later, the animals were analyzed. 1.9 g (P < 0.05); n = 7-9 per group].

To assess the involvement of the AT1 A receptors in GC-A disruption-
induced gender difference, we deleted AT1A receptor by the described
method above. At 16 wk of age, the animals (n = 5-9 per group) were OVX has little effect in the heart
analyzed. . . . .

To further support the conclusion of AT1A receptor involvement, we To elucidate a possible mechanism by which GC-A could
castrated male double-KO mice (10 wk old; n = 5-6 per group) and  prevent gender-related difference in the heart, we first in-
chronically infused exogenous testosterone and analyzed the animalsby  vestigated the effects of estrogen depletion. OVX had no
the described methods above. effect on HR (WT sham 599.6 + 26.1 vs. OVX 500.4 * 17.9
beats/min; GC-A KO sham 574.5 + 25.9 ps, OVX 582.3 + 14.1
beats/min; n = 7-9 per group), SBP (WT sham 1184 + 1.7
All results are expressed as means *+ sEM. Data were analyzed by 35, OVX 112.0 % 2.2 mm Hg; GC-A KO sham 140.6 + 3.4 vs.

one-facter ANOVA. If a statistically significant effect was found, the + in o T .
Newman-Keuls test was performed to isolate the difference between the OVX137.7* 3.0 mm Hg; n = 7-9 per group), LVW/BW ratio,

Statistical analysis

groups. Values of P < 0.05 were considered statistically significant. ventricular fibrosis in either mouse type (Fig. 1, A~C), or BW
(WT sham 25.0 = 0.9 vs. OVX 25.6 * 0.8 g; GC-A KO sham
Results 25.1 £ 0.8 vs. OVX 25.1 * 1.6 g; n = 7-9 per group).

GC-A deficiency induces gender-related cardiac differences

Targeted deletion of GC-A led to increased LVW/BW N.eitfw‘r castratiqn nor administration of an AR antagonist
ratios in both male and female mice. However, the effect was d;mm%shes cardiac hypertrop hj.' and‘ﬁ bl:'oszs in male (.;C'A
greater in males (58% increase vs. 33% increase in females; I’fo fice, ;:’ her::izs t;Sto_s“{mne infusion increases cardiac
Fig. 1A). In contrast, in WT mice, there was no difference in ypertrophy and fibrosis in OVX GC-A mice
LVW/BW ratio in males vs. females (Fig. 1A). In addition, In contrast to OVX, removal of testes was associated with
male GC-A KO mice, but not WT mice, exhibited higher  amarked reduction in the LVW/BW ratio and in ventricular
levels of left ventricular fibrosis than did females (378% vs.  fibrosis in GC-A KO mice (by 20.5 and 44.7%, respectively)
44%, respectively; Fig. 1, B and C). On the other hand, there  but not to levels comparable to those seen in WT mice.
was no gender-related difference in HR (WT female 599.6 + Castration had no effect in WT mice (Fig. 1). Castration
26.1 ps. male 619.0 * 524 beats/min; GC-A KO female  reduced BW in male WT as well as in male GC-A KO mice
5745 * 259 vs. male 571.3 + 28.1 beats/min; n = 7-9 per [WT57 £05vs.2.1 = 04 g (P <0.05), and GC-A KO 6.6 =
group) or in SBP (WT female 1184 + 1.7 vs. male 1132 + 3.4 09 vs. 2.7 * 0.6 g (P < 0.05) for sham and castrated groups,
mm Hg; GC-AKO female 1400 = 3.4 v5. male147.4 +22mm  respectively; n = 7-9 per group]. Castration had no effect on
Hg; n = 7-9 per group) in either genotype. Male mice = HR (WT 619.0 + 52.4 vs. 606.2 * 45.9 beats/min, and GC-A
weighed more than females, but there was no difference KO 571.3 = 28.1 vs. 600.2 % 13.2 beats/min, for sham and
between genotypes [WT female 25.0 £ 0.9 vs. male 32.3 +  castrated groups, respectively; n = 7-9 per group) or SBP

A *pa05 , * . C |

Female

Fig. 1. GC-A disruption-induced gen-
der-related differences in cardiac hy-
pertrophy and fibresis were inhibited ; : i
by castration in male {Cast), but not in 0 L= & U T
female (OVX) mice that were castrated

at 10 wk and analyzed at 16 wk of age. 9"&9 0 %vf & &
The ratio of the areas of van Gieson- Fermale  Male Female  Male
stained interstitial fibrosis to the tofal
left ventricular area was calculated us- - WT GC-AKO
ing image analysis software and a Zeiss
KS400 system. A, LVW/BW ratio; B, *
relative levels of left ventricular fibro- p<0.05
sis; C, photomicrographs showing rep-
resentative examples of cardiac fibrosis
(red) {(magnification, X200). Values are
means + SEM; n = 7-9 per group; ¥, P <
0.05.

LVW/BW (mg/g)

Male

8]
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GC-AKC

Male

Fibrosis (%5}
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{(WT113.2 =34 vs. 105.8 + 4.2mm Hg, and GC-AKO 147 4 +
2.2 vs. 142.2 * 6.3 mm Hg, for sham and castrated groups,
respectively; n = 7-9 per group). The AR antagonist flut-
amide had similar effects to castration on LVW /BW, fibrosis
(Fig. 2), HR (data not shown), and SBP (data not shown). In
contrast, chronic infusion of testosterone increased
LVW/BW ratio (by 20%) and cardiac fibrosis (by 114%) in
OVX GC-A mice but not in OVX WT mice (Fig. 3). Testos-
terone treatment was also associated with increased BW in
GC-A KO but not in WT mice JWT 2.6 £ 0315.32+ 03 g
(P < 0.05), and GC-A KO 29 *+ 0.2 vs. 5.2 * 05 g (P < 0.05),
for sham and testosterone-treated groups, respectively; n =
6-9 in each group|. HR and SBP were not affected by tes-
fosterone treatment (data not shown).

Gender-related difference in molecular expression profile

Basal left ventricular levels of ANP, BNP, collagen , col-
lagen I, TGF-B1, and TGF-83 mRNAs were all higher in
male than female GC-A KO mice. Castration of males de-
creased mRNA expression of these molecules to levels seen
in females (Fig. 4). Again, no gender-related difference or
castration-associated effects were seen in WT mice (Fig. 4). In
contrast to the above mentioned genes, the levels of Agt and
ACE mRNAs were higher in males than in females, and
castration of males strongly suppressed their expression, and
their levels were comparable in both genotypes of mice.

Deletion of AT1A abolishes gender-related
cardiac differences

Deletion of the AT1A gene in GC-A KO mice reduced
LVW/BW in both male and female mice, but the effects were
more pronounced in the males (by 34 and 32.7% in males vs.
18 and 23.5% in females, respectively}. AT1A deletion also
markedly reduced cardiac fibrosis in male GC-A KO mice (by
57.5%). Gender-related cardiac differences (LVW/BW and
fibrosis) were evident only in GC-A KO mice, but not in WT
{as above), AT1A KO or double-KO mice (Fig. 5).

Castration or testosterone infusion fails to induce changes
in cardiac mass and fibrosis in male double-KO mice

In contrast to the data obtained in GC-A KO mice (see
above), neither castration nor testosterone infusion affected

Li et al. * Androgen and Cardiac Hypertrophy and Fibrosis

cardiac mass or the level of fibrosis in male double-KO mice
(data not shown). Similarly, HR and SBP were unaffected by
either castration or testosterone replacement (data not
shown).

Discussion

As previous literatures documented significant gender-
related differences in cardiovascular function and geometry
(6, 7), the present study demonstrates that male GC-A KO
mice show more marked left ventricular hypertrophy and
severe interstitial fibrosis than ferale ones. Considering the
protective effects of estrogen on the cardiovascular system
(25, 26), we first investigated the effects of estrogens on the
gender-related difference in the GC-A KO mouse hearts.
Although OVX had little effect on cardiac mass and fibrosis
in both WT and GC-A KO mice, there are still some possi-
bilities that have not been addressed, such as, first, the fact
that the effects of estrogen deprivation in women are not
immediate; they develop over years, meaning that the 6-wk
period of estrogen deprivation may be insufficient. Second,
phytoestrogens are found in over 300 plants, including some
used in human and animal diets (27-29). They can bind to the
estrogen receptor and induce estrogen-like effects in animals,
humans, and cells in culture. In the present study, we cannot
exclude the possibility that the chow of mice may contain
phytoestrogens, which may protect from (or limit) the effects
of OVX. Therefore, the role of estrogen in gender-related
cardiac difference observed in GC-A KO mice should be
further clarified.

Next, we examined the effects of androgens. ARs are
widely distributed in the cardiovascular system, where they
have been identified on aortic, peripheral vascular, ventric-
ular, and atrial myocytes (30), and were recently shown to
mediate robust, testosterone-induced hypertrophic re-
sponses in cardiac myocytes (12). Nevertheless, although
virtually all men have much higher levels of androgens than
women do, not all men exhibit more severe cardiac hyper-
trophy and fibrosis. In the present study, significant gender-
related differences in cardiac abnormalities were observed
only in GC-A KO mice. In addition, it is notable that both
castration and AR antagonist markedly diminished cardiac
hypertrophy and fibrosis in male GC-A KO mice, and chronic

A [rpc0s . B [*p<nos *
T —————
6 - * * 6 - %* . *
5 - 5 o
B P
Fic. 2. Chronic AR blockade with flutamide was 2 4 o S 4.
associated with decreased LVW/BW (A) and left & 2
" ventricular fibrosis (B) in male GC-A KO mice. 2 3o T g 3
Flutamide (Flu; 8 mg/kg-d) or vehicle (Veh) wasse 8 o) 4
infused for 6 wk starting at 10 wk of age. Values are E 24 B 2 4
mean * SEM; n = 7-9 per group; *, P < 0.05. = 4 |
1 1 4
1] ) 0
Veh  Flu Veh Flu Veh Flu Veh  Flu
WT GCA KO wT GCAKO
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Fi6. 4. Left ventricular levels of ANP, BNP, collagen I, collagen ITI, TGF-31, and TGF-33 mRNAs were elevated in male (M) GC-A KO mice
and were reduced by castration to levels seen in females (F). Enhanced levels of Agt and ACE expression in male WT and GC-A KO mice
were suppressed by castration, and levels were comparable in both genotypes. mRNAs were evaluated using quantitative RT-PCR in a 7700
sequence detector (ABI PRISM). Levels in sham female WT mice were arbitrarily assigned a value of 1.0. A, ANF; B, BNF; C, collagen I;
D, collagen III; E, TGF-B1; F, TGF-83; G, Agt; H, ACE. Values are mean * SgM; n = 7-9; *, P < 0.05.

testosterone infusion increased cardiac mass and fibrosis  been demonstrated that the testosterone metabolite dihy-
only in OVX GC-A KO mice. ANP and BNP are well estab-  drotestosterone is able to increase ANP secretion from ven-
lished molecular markers for cardiac hypertrophy. It has  fricular myocytes. An AR antagonist, cyproterone, abolished
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