Table

Sequences of Quantitative RT-PCR primers

Probe Primer 1 Primer 2
MCP-1 5’-actgaagccagctctetettecte-3” | 5’-ttecttettggggteageacagac-3’
IL-6 5’-caatgctctcctaacagataag-3’ | 5’-aggcataacgcactaggt-3’
IL-1B 5’-caagcaatacccaaagaaga-3’ | 5’-gaaacagtccageccatac-3’
CRP 5’-cagcttctctcggacttttg-3° 5’-aggtgttcagtggcttetttg-3°
TNFa 5’-aggtcaatctgcccaagt-3’ 5’-gggctgggtagagaatg-3’
catalase 5’-aggtgttgaacgaggagga-3’ 5’-ctcagegttgtacttgtcea-3’
GST 5’-tgccaagatcaaggaacaaa-3’ 5’-ccacatggtagaggagttcaa-3’
MnSOD 5'-ggtcgcettacagattget-3° 5°-ctcecagttgattacattce-3’
GAPDH 5’- accacagtccatgccatcac -3’ | 57- tecaccaccetgttgetgta -3°
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KEYWORDS Aims Collagen, as a component of the extracellular matrix, has been linked to atherosclerotic plaque
Atherosclerosis; formation and stability. Activation of LOX-1, a lectin-like oxidized low-density lipoprotein (LDL) recep-
LOX-1; tor-1, exerts a significant role in collagen formation. We examine the hypothesis that LOX-1 deletion

may inhibit collagen accumulation in atherosclerotic arteries in LDL receptor (LDLR) knockout (KQO)
mice.

Methods and results We generated LOX-1 KO and LOX-1/LDLR double KO mice on a C57BL/6 (wild-type
mice) background and fed a 4% cholesterol/10% cocoa butter diet for 18 weeks. Vessel wall collagen
accumulation was increased in association with atherogenesis in the LDLR KO mice (P < 0.01 vs. wild-
type mice), but much less so in the double KO mice (P < 0.01 vs. LDLR KO mice). Collagen accumulation
data were corroborated with pro-collagen | measurements. Expression/activity of osteopontin, fibro-
nectin, and matrix metalloproteinases (MMP-2 and MMP-9) was also increased in the LDLR KO mice
(P < 0.01 vs. wild-type mice), but not in the mice with LOX-1 deletion (P < 0.01 vs. LDLR KO mice).
The expression of NADPH oxidase (p47°"™, p22°"®*, gp91P"* and Nox-4 subunits) and nitrotyrosine
was increased in the LDLR KO mice (P < 0.01 vs. wild-type mice) and not in mice with LOX-1 deletion
(P = 0.01 vs. LDLR KO mice}. Phosphorylation of Akt-1 and endothelial nitric oxide synthase and
expression of haem-oxygenase-1 were found to be reduced in the LDLR KO mice (P < 0.01 vs. wild-
type mice), but not in the mice with LOX-1 deletion (P < 0.01 vs. LDLR KO mice}.

Conclusion LOX-1 deletion reduces enhanced collagen deposition and MMP expression in atherosclerotic
regions via inhibition of pro-oxidant signals.

Extracellular matrix;
Matrix metatloproteinases;
NADPH oxidase

atherosclerosis. It is evident that the metabolic balance of
ECM is regulated in large part by matrix metalloproteinases
(MMPs).”

LOX-1, a lectin-like receptor for ox-LDL, is a major recep-
tor responsible for binding, internalization, and degradation
of ox-LDL in endothelial cells.® It has been demonstrated
that insertion of LOX-1 plasmids in cardiac fibroblasts that

1. Introduction

Atherogenesis involves lipid accumulation, especially
oxidized low-density lipoproteins (ox-LDLs),’ endothelial
injury,2 chronic inflammation® and oxidative stress.’
Besides the accumulation of lipids, atherosclerotic regions
are characterized by the presence of fibrous elements in

different layers of the arterial wall. A new insight into the
role of collagen accumulation in plaque development has
been gained by understanding the role of extracellular
matrix (ECM).> ECM composition and its metabolic behaviour
are decisive factors in the evolution and complications of

" These authors contributed equally to this work.
* Corresponding author. Tel: +1 501 686 5046; fax: +1 501 686 6180.
£-mail eddress: mehtaJL@uams.edu

are naturally low expressors of LOX-1 alters the biology of
fibroblasts to pro-inflammatory phenotype.” Further,
ox-LDL treatment enhances collagen formation by fibro-
blasts that can be blocked by anti-LOX-1 antibody. In cul-
tured cardiac myocytes, LOX-1 activation has also been
shown to upregulate the expression of pro-collagen | and
collagen type | via redox-sensitive pathways.® A recent
study shows that LOX-1 deletion alters signals of myocardial

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2008.
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remodelling immediately after ischaemia.” These obser-
vations collectively suggest that LOX-1 may be an important
player in the regulation of ECM.

There is growing evidence to support the contributory role
of LOX-1 in atherogenesis.® Importantly, targeted deletion of
LOX-1 reduces atherogenesis in the LDL receptor knockout
(LDLR KO) mice fed high-cholesterol diet."” In order to
gain further insight into the role of LOX-1 in ECM formation
in atherogenesis, we studied the effect of LOX-1 deletion on
ECM accumulation and MMPs expression in atherosclerotic
aortas. We also examined the modulation of oxidative
stress and pro-inflammatory signals as the mechanistic
basis of ECM modulation.

2. Methods

2.1 Animal protocol

The generation of LOX-1 KO and LOX-1/LDLR double KO mice has
been described recently.'® In brief, C57BL/6 mice (also referred to
as wild-type mice) and homozygous LDLR KO mice (on C57BL/6 back-
ground) were originally obtained from Jackson Laboratories. The
homozygous LOX-1 KO and LOX-1/LDLR double KO mice were back-
crossed eight times with C57BL/6 strain to replace the genetic back-
ground. C57BL/6 and homozygous LOX-1 KO, LDLR KO and LDLR/
LOX-1 double KO (all on C57BL/6 background) mice were bred by
brother-sister mating and housed in the breeding colony at Univer-
sity of Arkansas for Medical Sciences, Little Rock, AR, USA. All male
animals were given a high-cholesterol diet (4% cholesterol/10%
cocoa butter) for 18 weeks from the age of 6 weeks. This investi-
gation conforms to the Guidelines for the Care and Use of Labora-
tory Animals published by the US National Institutes of Health. All
experimental procedures were performed in accordance with proto-
cols approved by the Institutional Animal Care and Usage
Committee.

2.2 Quantitative analysis of collagen-positive area

Entire aortas from the aortic arch above the aortic valves to the iliac
bifurcation were harvested and embedded in paraffin. Cross-
sections (5 um thick) were made at five pre-defined points (proxi-
mal ascending aorta, aortic arch, descending aorta, mid-thoracic
aorta, and abdominal aorta above the renal arteries).'” The sections
were stained with Masson's trichrome and Picro-sirius red. The
images were captured by digital imaging system and analysed with
Image pro software (Media Cybernetics). The presence of area posi-
tive for collagen (blue) was recorded for each section, averaged for
each mouse and expressed as ratio of entire vessel wall area. Data
were obtained from five mice in each group.

2.3 Immunohistochemical staining

Sections (5 um thick) of aortas made at five pre-defined points as
described above were incubated with primary antibody to fibronec-
tin, osteopontin, or nitrotyrosine (Santa Cruz, dilution 1:200) for 2 h
at room temperature, rinsed with PBS, and incubated with corre-
sponding biotinylated secondary antibody for 30 min. The slides
were then incubated in avidin-biotin complex for 30 min followed
by rinse with PBS, then incubated in diaminobenzidine, and finally
washed in distilled water and counterstained with hematoxylin.

2.4 Protein preparation and analysis by western
blot

Aortic specimens were derived from animals at 18 weeks of high-
cholesterol diet. Aortic protein was extracted for expression analy-
sis of pro-collagen |, osteopontin, fibronectin, MMP-2, MMP-9,
NADPH oxidase p22°"*, NADPH oxidase p47°"°*, NADPH oxidase

-

gp91°"*  NADPH oxidase Nox-4, nitrotyrosine, Akt-1, phos-Akt-1
(Ser 473), phos-51177 endothelial nitric oxide synthase (eNOS},
haem-oxygenase-1 (HO-1), and @B-actin using standard method-
ologies of western blot.® Band density relative to p-actin was
analysed.

2.5 MMP-2 and MMP-9 activity assay

Activity of MMP-2 and MMP-9 in aortic tissues was determined by
zymography.®

2.6 Statistical analysis

Data are presented as mean +— SE. All data were analysed by a
two-way ANOVA with a Bonferroni post hoc test. Four-fold compari-
sons were performed and an adjusted value of P < 0.05 was con-
sidered to be significant. All calculations were performed with
SPSS version 12.0.

3. Results

3.1 LOX-1 deletion reduces collagen deposition in
the aortic wall

Collagen is an important component of atherosclerotic
plaque, and its role as a component of ECM has been estab-
lished.®* We, therefore, determined accumulation of col-
lagen by specific staining in multiple aortic sections from
different animal groups. The results of Masson’s trichrome
and Picro-sirius red staining were similar. Representative
examples of aortic sections are shown in Figure 1A, and
the summary data from Masson's trichrome staining are
shown in Figure 2A. There was extensive deposition of col-
lagen in the aortas of LDLR KO mice, encompassing ~40%
of the aortic cross-sectional area. In comparison to the
LDLR KO mice, collagen deposition was much less in the
aorta of double KO mice (~50% reduction vs. LDLR KO
mice, P < 0.01). The wild-type control mice also showed
some collagen-positive areas (~18% of cross-sectional
area), perhaps a result of high-cholesterol diet feeding,
and that there were much fewer collagen-positive areas in
the LOX-1 KO mice.

In support of the collagen accumulation data, the LDLR KO
mice showed a marked increase in pro-collagen | expression
(P < 0.01 vs. wild-type mice). Deletion of LOX-1 in the LDLR
KO mice reduced pro-collagen | expression (P < 0.01 vs.
LDLR KO mice). Importantly, the pro-collagen | expression
was lower in the LOX-1 KO mice when compared with that
in the wild-type mice (P < 0.01, Figure 2B), indicating
that LOX-1 deletion also reduces the basal expression of pro-
collagen I.

3.2 LOX-1 deletion reduces expression of
osteopontin and fibronectin in the aortic wall

Osteopontin has been shown to interact with fibronectin and
to play an important role in ECM organization and stability."’
Accordingly, we determined the expression of osteopontin
and fibronectin in the aortic sections from different groups
of mice. Representative examples (immunohistochemistry)
are shown in Figures 1B and western analysis in Figure 3.
The expression of osteopontin as well as fibronectin was
increased in the LDLR KO mice (P < 0.01 vs. wild-type
mice). In contrast, LDLR/LOX-1 double KO mice showed
much less increase in the expression of osteopontin as well
as fibronectin (P < 0.01 vs. LDLR KO mice).

2,7
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Figure 1 Representative examples of collagen accumulation (Picro-sirius and Masson’s trichrome staining, A), osteopontin and fibronectin expression, B, and
nitrotyrosine staining, C) in selected aortic sections.
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Figure 2 Quantitation of collagen accumulation (A) and expression of pro- Figure 3 Representative examples and quantitation of expression of
collagen | by western blot analysis (B). KO, knockout. osteopontin (4) and fibronectin (B), determined by western blot analysis.
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Figure 4 Representative examples and quantitation of expression of matrix
metalloproteinases (MMPs), determined by western blot analysis (A) and of
MMP activity, determined by zymography (B).

3.3 LOX-1 deletion reduces matrix
metalloproteinases expression and activity in the
aortic wall

Collagen accumulation in various tissues depends not only on
its production, but also on its degradation by proteinases,
such as MMPs.'? Therefore, we determined the expression
and activity of mouse-specific MMP-2 and MMP-9 (Figure 4A
and B). The expression as well as activity of MMP-2 and
MMP-9 was found to be increased ~100% in LDLR KO (P <
0.01 vs. wild-type mice). On the other hand, deletion of
LOX-1 in the LDLR KO mice ‘normalized’ the expression
and activity of MMPs (P < 0.01 vs. LDLR KO mice; P > 0.05
vs. wild-type mice).

3.4 LOX-1 deletion reduces redox-sensitive
signalling associated with collagen accumulation

Atherosclerosis involves oxidative stress and inflam-
mation.'*™ In keeping with this concept, p47°"®, p22Phx,
gp91°™*  and Nox-4 subunits of NADPH oxidase were mark-
edly increased in the LDLR KO mice (P <2 0.01 vs. wild-type
mice) (Figure 5A). The upregulation of four subunits of
NADPH oxidase was reduced by LOX-1 deletion in the LDLR
KO mice. It is noteworthy that the expression of all four sub-
units of NADPH oxidase was lower in the LOX-1 KO mice (P <
0.01 vs. wild-type mice), indicating that LOX-1 deletion
reduces the basal expression of four subunits of NADPH
oxidase. To confirm the increased production of reactive oxi-
dative species (ROS) in aorta, we examined the presence of
nitrotyrosine as an indirect marker of oxidative stress by
immunohistochemistry (Figure 1C}) and western blot analysis
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Figure 5 Representative examples and quantitation of the expression of
NADPH oxidases (p47°"°% p22°"* gp91P"** and Nox-4 subunits) (4) and nitro-
tyrosine (B), determined by western blot analysis.

(Figure 5B). Expression of nitrotyrosine was higher in LDLR
KO mice (P < 0.01 vs. the wild-type mice), and LOX-1 del-
etion limited this increase in nitrotyrosine expression.

Next, we studied the expression of Akt-1 protein and its
phosphorylation in the aortic tissues. While Akt-1 protein
expression was similar in all mice, Akt-1 phosphorylation
was reduced by 50% in the LDLR KO mice (P < 0.01 vs. wild-
type mice), and LOX-1 deletion in the wild-type and LDLR KO
mice 'normalized’ Akt-1 phosphorylation (Figure 6A).

Akt-1 activation regulates the activity of eNOS. We, there-
fore, examined phos-51177 eNOS expression in the aortic
tissues. As shown in Figure 6B, the expression of
phos-51177 eNOS was reduced by ~50% in the LDLR KO
mice compared with the wild-type mice (P < 0.01), and
LOX-1 deletion markedly increased eNOS phosphorylation
in the LDLR mice (P < 0.01). It is of note that the basal
level of eNQOS activity was higher in the LOX-1 KO mice
when compared with wild-type mice (P < 0.01).

We also examined the expression of HO-1, another vasodi-
lator species that is relevant in atherogenesis.'”'® As shown
in Figure 6C, HO-1 expression was reduced in the aortas
from LDLR KO mice (vs. wild-type mice). On the other
hand, LOX-1 deletion enhanced HO-1 expression in LDLR
KO mice. As with eNOS activity, basal levels of HO-1 were
higher in the LOX-1 KO mice (vs. wild-type mice, P < 0.01).

4, Discussion

Atherosclerosis has been viewed as uncontrolled plaque
growth eventually leading to total occlusion of the artery.
New clinical findings suggest that acute coronary events
are triggered by thrombosis associated with rupture of the
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Figure 6 Representative examples and quantitation of the expression of Akt-1 (A), phos-51177 eNOS (B), and HO-1 (C ). determined by western blot analysis.
eNOs, endothelial nitric oxide synthase; HO-1, haem-oxygenase-1; phos, phosphorylated.

atherosclerotic plaque.”” Clinical data from analysis of
human atherosclerotic regions by intravascular ultrasound
histology and polarization-sensitive optical coherence tom-
ography suggest that collagen deposition (fibrous tissue) is
a significant component of the atherosclerotic region.'®"?
Detailed analysis of the atherosclerotic plaques in animal
tissues also shows that collagen constitutes over 50% of
the plaques.? It may be postulated that fibrous tissue pro-
vides an anchor for smooth muscle cells and monocytes/
macrophages. In light of our previous in vitro studies’
showing that collagen formation by fibroblasts treated
with ox-LDL is an oxidant-response that can be blocked by
LOX-1 abrogation, we embarked on this in vivo study to
examine if LOX-1 deletion in the LDLR KO mice will attenu-
ate collagen deposition. Indeed, our study shows that col-
lagen deposition is markedly reduced in the LDLR KO mice
with LOX-1 deletion. Further, this study revealed that the
signals involved in collagen deposition in atherosclerotic
tissues are similar to those seen in in vitro studies.

4.1 Collagen formation and deposition

While almost all cell types in atherosclerotic regions form
collagen, fibroblasts are the primary source of collagen.
Qur previous studies showed that treatment of fibroblasts
with ox-LDL enhances collagen formation, especially when
LOX-1 is over-expressed in fibroblasts.” Treatment of fibro-
blasts with angiotensin Il (Ang II), which is abundantly
present in the atherosclerotic regions,?’ also stimulates
fibroblast growth and collagen formation.?? In addition to
collagen formation, there is abundance of collagen degrad-
ing enzymes, the MMPs, in the atheroscleratic plaque.® Col-
lagen degradation products and MMPs can also be identified
in plasma and urine of patients with atherosclerosis.??

However, these markers lack a specific "tissue signature’.?®

Simultaneous increase in MMPs and collagen expression in
atherosclerotic tissues suggests that the two processes are
inter-related and represent a cellular attempt to regulate
the remodelling process. The expression of both MMPs and
collagen may be a response to ROS release, a common
accompaniment of atherogenesis.'’ We have earlier shown
that atherosclerosis is associated with over-expression of
LOX-1, a finding reproduced in the LDLR KO mice on
high-fat diet.’® It is of note that LOX-1 activation has been
linked to ox-LDL, Ang Il, and release of ROS.®

We showed that LOX-1 deletion reduced the extent of
atherosclerosis in the LDLR KO mice,'® and also attenuated
the expression/activity of MMPs and pro-collagen
I. Reduction in pro-collagen | may represent a decrease in
oxidant stress in the LOX-1 KO mice. NADPH oxidase is the
major source of ROS in the vascular tissues.” We measured
the expression of NADPH oxidase and nitrotyrosine, and
found that the expression of NADPH oxidase (p22°"%%,
p47°"*  pg91P"*  and Nox-4 subunits) and nitrotyrosine
was increased dramatically in the LDLR KO mice. This
increase in NADPH oxidase and nitrotyrosine (oxidant
stress marker) was much less in mice with LOX-1 deletion.

We do not know the exact source of NADPH oxidase and
ROS in the atherosclerotic arteries, but it could be fibro-
blasts, smooth muscle cells, endothelial cell, and/or inflam-
matory cells. All these cell types have been shown to
generate ROS;?" it also appeared to be confirmed by nitro-
tyrosine staining in our study (Figure 1C).

4.2 Osteopontin and fibronectin expression in
atherosclerosis

We observed that the expression of osteopontin as well as
fibronectin was increased in the aortas of LDLR KO mice
compared with wild-type mice. Osteopontin has been
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implicated in chemoattraction of monocytes and in
cell-mediated immunity.”® It is also important in smooth
muscle cell migration.?® Collins et al.?” showed that osteo-
pontin was formed in response to Ang il, and the osteopontin
null mice had much less fibroblasts proliferation and much
less ECM accumulation after 3 weeks of Ang Il infusion. Inter-
estingly, osteopontin null mice also had reduced athero-
sclerosis and MMPs activity.?®

The signal for osteopontin expression seems to involve
oxidant stress and related pathways. Xie et al.*® showed
that Ang Il regulates osteopontin gene expression via ROS-
sensitive signalling pathway. Lai et al.*’ demonstrated that
osteopontin, via activation of NADPH oxidase-derived super-
oxide anion formation, promotes upregulation of MMP-9 in
primary aortic myofibroblasts and smooth muscle cells
under hyperglycaemic conditions in vitro. Gorin et al.”
have similarly shown a relationship between NADPH
oxidase activation and fibronectin generation in both in
vitro and in vivo conditions. Our previous study'® showed
that p38MAPK activity is increased in the LDLR KO mice
and much less so in the LDLR KO mice with LOX-1 deletion.
The results of the present study coupled with previous work
suggest a strong link between NADPH oxidase-induced
oxidant stress, osteopontin/fibronectin expression, and
MMPs expression. In keeping with these studies, it was not
surprising that the expression of osteopontin, fibronectin,
and MMPs was lower in the aortas of mice with LOX-1 abro-
gation that had low levels of NADPH oxidase (p22°"%%,
p47Phox  ang 1P and Nox-4 subunits).

4.3 Endothelial nitric oxide synthase and HO-1 in
atherosclerosis and the effect of LOX-1 deletion

Atherosclerotic regions have reduced activity of eNOS.*
This phenomenon was confirmed in the present study
(Figure 6) as well as in our previous work.'® Reduction of
locally released NO may enhance oxidative stress and sub-
sequently monocyte accumulation, collagen synthesis, and
cell proliferation. Protein kinase B/Akt-1 is important in
downstream targeting of extracellular Pi-3 kinase signalling,
and alterations in its activity may be important in the phos-
phorylation of NOS in response to oxidant stimuli.** In
keeping with this concept, we observed a reduction in
Akt-1 phophorylation and diminished expression of eNOS in
the aortas of LDLR KO mice. Importantly, LOX-1 deletion
enhanced Akt-1 phosphorylation to a level higher than that
in the wild-type mice. Previous in vivo studies have also
documented that LOX-1 is key to altered endothelium-
dependent vasorelaxation in atherosclerosis.'®

There is emerging evidence that HO-1 and its products
function as adaptive molecules against oxidative
insults.'®'® HO-1 upregulation in turn reduces NADPH
oxidase activity®® and NF-«xB phosphorylation.® The signal-
ling of HO-1 in atherogenesis is not clear, but it appears
that persistent oxidant stress may reduce the expression
of HO-1.%¢ There is also evidence that Akt-1 activation upre-
gulates HO-1.*” The absence of HO-1 exacerbates athero-
sclerotic lesion formation,® suggesting a potential tissue
protective role for HO-1 in atherogenesis. In keeping with
these observations, we found that atherosclerotic aortas
from LDLR KO mice had reduced expression of HO-1. With
LOX-1 deletion, there was a marked increase in HO-1
expression. Whether the two events are related or not is

not clear, but our observations strongly suggest that
oxidant stress and HO-1 are intertwined, and Akt-1/ NF-«B
phosphorylation may relate to these alterations.

4.4 Collagen deposition in atherosclerosis and its
relevance to LOX-1 deletion

Enhanced expression of collagen appears to be an inherent
part of the atherosclerotic process. A host of mediators of
oxidative stress, including ox-LDL and Ang Il, are present
in the atherosclerotic regions and activate NADPH oxidase
system. The intense oxidant stress in the atherosclerotic
regions stimulates MAPKs and the redox-sensitive transcrip-
tion factors, such as NF-xB'® followed by upregulation of
genes, such as fibronectin, osteopontin, collagen, and
MMPs, which result in the formation of collagen. Interest-
ingly, excessive collagen deposition is associated with
enhanced release of MMPs. While ox-LDL and Ang
Il-stimulated LOX-1 activation enhances oxidative stress
and inflammation,® and oxidative stress per se upregulates
LOX-1 expression.® This process may self-amplify leading
to intense collagen deposition in atherosclerotic regions
over time. These events are summarized in Figure 7.

Attenuation of the expression of the redox-sensitive
signals and collagen formation with LOX-1 deletion suggests
that LOX-1 could be a relevant therapeutic target in the
management of atherosclerosis and vascular remodelling
process.

ox-LDL/Ang I ox-LDL/Ang 1l

Redox signalling events
(p3BMAPK, Akt-1/eNOS, HO-1 and others)

Redox-sensitive transcription factors (NF-kB)

E:

J

Pro-collagen | MMPs
ﬂ : expression/activation
Collagen

Figure 7 Hypothesized pathways of LOX-1-mediated collagen and MMPs,
Mediators of oxidative stress, including oxidized LDL (ox-LDL) and angiotensin
1l (Ang 11), induce LOX-1 expression and resultant activation of NADPH oxidase
and reactive oxygen species (ROS) generation. ROS in turn upregulates LOX-1
expression. ROS causes activation of MAPKs followed by transcription of
redox-sensitive transcription factor/s which induce the gene for collagen.
MMPs are activated as auto-regulatory response to collagen synthesis.
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Modulation of Angiotensin II-Mediated Hypertension and
Cardiac Remodeling by Lectin-Like Oxidized Low-Density
Lipoprotein Receptor-1 Deletion

Changping Hu, Abhijit Dandapat, Liugin Sun, Muhammad R. Marwali, Nobutaka Inoue,
Fumiaki Sugawara, Kazuhiko Inoue, Yosuke Kawase, Kou-ichi Jishage, Hiroshi Suzuki,
Paul L. Hermonat, Tatsuya Sawamura, Jawahar L. Mehta

Abstract—Angiotensin Il via type | receptor activation upregulates the expression of lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1), and LOX-1 activation, in turn, upregulates angiotensin II type | receptor expression.
We postulated that interruption of this positive feedback loop might attenuate the genesis of angiotensin Il-induced
hypertension and subsequent cardiac remodeling. To examine this postulate, LOX-1 knockout and wild-type mice were
infused with angiotensin Il or norepinephrine (control for angiotensin II) for 4 weeks. Angiotensin II-, but not
norepinephrine-, induced hypertension was attenuated in LOX-1 knockout mice. Angiotensin II-induced cardiac
remodeling was also attenuated in LOX-1 knockout mice. Importantly, angiotensin II type 1 receptor expression was
reduced, and the expression and activity of endothelial NO synthase were preserved in the tissues of LOX-1 knockout
mice given angiotensin [I. Reactive oxygen species generation, nicotinamide-adenine dinucleotide phosphate oxidase
expression, and phosphorylation of p38 and p44/42 mitogen-activated protein kinases were also much less pronounced
in the LOX-1 knockout mice given angiotensin II. These alterations in biochemical and structural abnormalities were
associated with preservation of cardiac hemodynamics in the LOX-1 knockout mice. To confirm that fibroblast function
is modulated in the absence of LOX-1, cardiac fibroblasts from wild-type and LOX-1 knockout mice were treated with
angiotensin II. Indeed, LOX-1 knockout mice cardiac fibroblasts revealed an attenuated profibrotic response on
treatment with angiotensin II. These observations provide strong evidence that LOX-1 is a key modulator of the
development of angiotensin II-induced hypertension and subsequent cardiac remodeling. (Hypertension. 2008;52:556-562.)

Key Words: angiotensin m hypertension m cardiac remodeling m LOX-1 m oxidative stress

oxidative stress.* In addition, activation of both ATIR and

Cardiac remodeling is initially an adaptive response Lo
LOX-1 enhances the growth of cardiac fibroblasts and pro-

several forms of cardiac stress states, such as hyperten-

sion. Sustained remodeling results in heart failure and is a
powerful independent risk factor for cardiac morbidity and
mortality.! Therefore, identification of the molecular mecha-
nisms involved in cardiac remodeling is an important chal-
lenge for the cardiovascular biologists.

The renin-angiotensin system and its effector hormone,
angiotensin II (Ang II), have well-known endocrine proper-
ties that contribute to cardiac remodeling and heart failure.
Previous studies have shown that Ang II via type 1 receptor
(ATIR) activation stimulates the expression of lectin-like
oxidized low-density lipoprotein receptor-1 (LOX-1).% In
turn, activation of LOX-1 upregulates ATIR expression.}
Activation of both ATIR and LOX-1 induces a state of

motes collagen synthesis.>-®

Although LOX-1 mRNA expression is minimal in normal
arterial tissues, it is markedly upregulated in vascular tissues
of spontaneously hypertensive animals, suggesting a correla-
tion between LOX-1 and hypertension.” This concept is
supported by in vitro observations that Ang II upregulates
LOX-1 expression,” and angiotensin-converting enzyme in-
hibitors and ATIR blockers decrease LOX-1 expression.”
These findings suggest that LOX-1 overexpression may
contribute to the pathological states induced by Ang II. We
postulated that interruption of the positive feedback loop
between Ang II and LOX-1 might reduce the genesis of Ang
[I-induced hypertension and subsequent cardiac remodeling.
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Figure 1. Systolic blood pressure rise in response to Ang |l and
norepinephrine (NE) infusion in wild-type (WT) and LOX-1 KO
mice. LOX-1 deletion selectively attenuated blood pressure
response to Ang |l, but not NE, infusion.

To address this issue, we used a mouse model of LOX-1
deficiency (hereafter called LOX-1 knockout or KO mice).
Our specific aims were to examine the following hypoth-
eses: (1) LOX-1 blockade (use of LOX-1 KO mice) will
attenuate Ang Il-induced hypertension: (2) cardiac remodel-
ing after Ang II infusion will be less in the LOX-1 KO mice:
and (3) fibroblasts from LOX-1 KO mice will generate less
collagen (versus wild-type mice) when exposed to Ang IL

Materials and Methods
LOX-1 KO and wild-type mice were infused with Ang 11 (50 ng/min)
or norepinephrine (100 ng/min) for 4 weeks. Blood pressure, cardiac
remodeling, and oxidative stress sensitive signaling were deter-
mined. For details, please refer to the online data supplement
(http://hyper.ahajournals.org). Data are expressed as means*SEs.
All of the data were analyzed by a 2-way ANOVA with a Bonferroni
posthoc test. A P<<0.05 was considered significant.

Results

Blood Pressure and Cardiac Hemodynamics in
Response to Ang II or Norepinephrine

Basal systolic blood pressure was similar in the wild-type and
LOX-1 KO mice and remained unchanged in all of the
saline-treated mice for the duration of the study. On the other
hand, systolic blood pressure exhibited a progressive increase
during the infusion (with Ang II or norepinephrine) period,
reaching a peak value on day 14 and remaining at plateau
through day 28 in the wild-type mice (Figure 1). The rise in
blood pressure was much less in the LOX-1 KO mice
compared with that in wild-type mice (P<<0.01). despite
infusion with the same dose of Ang II. In contrast to the effect
of Ang II, norepinephrine infusion caused a similar rise in
blood pressure in wild-type and LOX-1 KO mice for the
duration of the study. Thus, LOX-1 deletion resulted in a
selective attenuation of blood pressure in response to Ang II.
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At the end of Ang Il or norepinephrine infusion, we
measured left ventricular hemodynamics. As shown in Figure
S1, heart rate. left ventricular systolic pressure, left ventric-
ular end-diastolic pressure, and the first derivatives of the
pressure over time were similar in all of the mice, indicating
that the basal hemodynamics were comparable in wild-type
and LOX-1 KO mice. Ang II or norepinephrine infusion had
no significant effect on heart rate in wild-type and LOX-1 KO
mice but induced a marked increase in left ventricular systolic
pressure, left ventricular end-diastolic pressure, and first
derivatives of the pressure over time compared with corre-
sponding saline-treated control mice (P<<0.01). It is of note
that the increase in left ventricular systolic pressure, left
ventricular end-diastolic pressure, and first derivatives of the
pressure over time was much less in LOX-1 KO mice
compared with that in the wild-type mice despite infusion of
a similar dose of Ang II (P<<0.05). Norepinephrine-induced
hemodynamic changes remained similar in wild-type and
LOX-1 KO mice.

Cardiac Remodeling After Sustained Hypertension
and Effect of LOX-1 Deletion

Hearts from wild-type and LOX-1 KO mice were assessed
with regard to their susceptibility to hypertrophic response to
sustained hypertension. Chronic Ang II, as well as norepi-
nephrine infusion, induced significant cardiac hypertrophy
(expressed as a ratio of heart weight to body weight or to tibia
length) in wild-type and LOX-1 KO mice (Figure 2A through
2C; P<0.01 versus corresponding saline-treated mice). The
cardiomyocyte cross-sectional area also increased in response
to sustained hypertension (Figure 2D and 2E). Ang Il-
induced cardiac hypertrophy was much less in the LOX-1 KO
mice compared with that in wild-type mice (P<0.01), as
evidenced from a smaller increase in the heart weight and
cross-sectional area of cardiomyocytes.

On the other hand, there was no significant difference in
cardiac hypertrophy in response to norepinephrine infusion
between wild-type and LOX-1 KO mice. This is in keeping
with a similar degree of hypertensive response to norepineph-
rine in both groups of animals.

Because the increase in cardiac mass and cardiomyocyte
size is accompanied by induction of specific genes, atrial
natriuretic peptide (ANP) and a-tubulin,®!® we sought to
measure their expression. As shown in Figure 3A and Figure
S2, the expression of ANP and a-tubulin was increased in
wild-type mice given Ang II or norepinephrine compared
with saline-infused wild-type mice (P<0.01). Importantly,
the LOX-1 KO mice demonstrated much less induction of
ANP and a-tubulin despite Ang II infusion (P<<0.01 versus
Ang Tl-infused wild-type mice). This phenomenon was
confirmed by immunohistochemical staining for a-tubulin
(Figure 3B). Again, norepinephrine-induced induction of
ANP and a-tubulin remained similar in wild-type and LOX-1
KO mice.

Sustained hypertension and resultant cardiac remodeling
are characterized by abundant accumulation of matrix pro-
teins in the extracellular space.!! We, therefore, determined
the accumulation of collagen in multiple sections of hearts
from different animal groups. Results of Masson trichrome
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Figure 2. Cardiac hypertrophy in mice given Ang Il and NE. A, Representative images of cardiac hypertrophy (bar=1 mm). B, Heart
weight:body weight ratio (=6 to 12). C, Heart weight:tibia length ratio (n=6 to 12). D, Representative images of hematoxylin-eosin
micrographs of cardiomyocyte cross-sections (magnification, x200). E, Summarized data on cardiomyocyte size (n=6). LOX-1 deletion
reduced cardiac hypertrophy selectively in response to Ang Il infusion.

and Picrosirius red staining were similar. Representative
examples are shown in Figure 3B, and the summary data from
trichrome staining are shown in Figure 3C. In the wild-type
mice, sustained hypertension after Ang II or norepinephrine
infusion resulted in a significant increase in collagen accu-
mulation (P<<0.01 versus saline-infused wild-type mice). In
contrast, the LOX-1 KO mice exhibited much less increase in
collagen accumulation despite Ang Il infusion (P<C0.01
versus Ang II-infused wild-type mice). Norepinephrine-
induced collagen accumulation remained similar in wild-type
and LOX-1 KO mice (Figure 3B and 3C).

Collagen type I. derived from its precursor procollagen 1, is
considered a major determinant of myocardial stiffness.!'!

Osteopontin has been shown to interact with fibronectin and
plays an important role in left ventricular remodeling.'?
Therefore, we determined the expression of procollagen I,
osteopontin, and fibronectin in mice hearts. As shown in
Figure 3A, the expression of procollagen I, osteopontin, and
fibronectin increased significantly after infusion of Ang Il or
norepinephrine in the wild-type mice (P<<0.01 versus saline-
infused wild-type mice). However, LOX-1 KO mice given
Ang II infusion exhibited much less increase in the expres-
sion of procollagen I, osteopontin, and fibronectin in the
LOX-1 KO mice (P<0.01 versus wild-type mice). The
expression of procollagen I, osteopontin, and fibronectin
induced by norepinephrine infusion was similar in wild-type
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Figure 3. Markers of cardiac hypertrophy (ANP and a-tubulin) and fibrosis (collagen, procollagen-1, osteopontin, and fibronectin) in
mice given Ang Il and NE. A, Representative Western blot. B, Immunostaining of a-tubulin, collagen, and osteopontin. C, Summary of
data on trichrome staining. These markers of cardiac remodeling were less pronounced in LOX-1 KO mice given Ang Il. Data are repre-

sentative of 4 experiments.

and LOX-1 KO mice. We also performed immunohistochemical
staining for osteopontin in heart sections, and the data were
consistent with the results by Western analysis (Figure 3B).

Expression of ATIR and Endothelial NO Synthase
Induced by Ang II Infusion and the Effect of
LOX-1 Deletion
Most of the cardiovascular actions of Ang II have been
attributed to ATIR activation, whereas the hypertensive
response to norepinephrine is related to a;-adrenoceptor
activation.'>'* We, therefore, determined the expression of
ATIR and a,-adrenoceptors. As shown in Figure 4A and
Figure S3, ATIR expression increased in the aortic and
cardiac tissues after infusion of Ang II in the wild-type mice
(P<0.01 versus saline-infused wild-type mice). However,
Ang II-infused LOX-1 KO mice exhibited much less increase
in ATIR expression (P<<0.01 versus wild-type mice). Inter-
estingly. the expression of a,-adrenceptors induced by nor-
epinephrine infusion remained similar in aortic and cardiac
tissues from wild-type and LOX-1 KO mice (Figure 4B).
Our recent study has shown that endothelium-dependent
relaxation of aorta, as well as endothelial NO synthase
(eNOS) expression, is preserved in the LOX-1 KO mice fed
a high-cholesterol diet.'s In the present study, we measured

the expression of eNOS and phosphorylated S1177-eNOS in the
aorta and found that wild-type mice given Ang II had low levels
of eNOS and phosphorylated S1177-eNOS (P<<0.01 versus
control mice). Importantly, LOX-1 deletion preserved the ex-
pression of eNOS and phosphorylated S1177-eNOS despite Ang
11 infusion (P<<0.01; Figure 4C). It is of note that the downregu-
lation of eNOS and phosphorylated eNOS expression induced
by norepinephrine infusion remained similar in aortas from
wild-type and LOX-1 KO mice (Figure 4C).

Oxidative Stress Induced by Ang IT and
Norepinephrine and the Effect of LOX-1 Deletion
Oxidative stress and resultant release of reactive oxygen
species (ROS) have been linked to the development of
cardiac remodeling and progression to heart failure.'® Ang II
also upregulates LOX-1 expression.? Therefore, we deter-
mined nicotinamide-adenine dinucleotide phosphate
(NADPH) oxidase (p47°™* and p22™* subunits) expression,
ROS production, phosphorylation of oxidative stress-sensi-
tive mitogen-activated protein kinases (MAPKs: p38 and
p44/42 MAPK isoforms), and LOX-1 expression. In keeping
with previous in vitro studies,'” Ang II infusion induced
oxidative stress (dichlorofluorescein fluorescence.
8-isoprostane in hearts, serum malondialdehyde, and p47™*
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Figure 4. Expression of AT1R, a;-adrenoceptor («1R), and
eNOS in mice given Ang Il and norepinephrine (NE). LOX-1
deletion caused attenuation of AT1R expression and enhance-
ment of eNOS expression/activity in response to Ang Il. The
expression of «1R and eNOS in response to NE was not
affected by LOX-1 deletion.

and p22™* subunits, Figure 5A through 5D) in the wild-type
mice, but much less so in the LOX-1 KO mice. Norepineph-
rine infusion also increased oxidative stress in the wild-type
mice, but it was not affected by LOX-1 deletion.

As shown in Figure 5D and Figure S4. protein levels of p38
and p44/42 MAPKs were unchanged in response to Ang Il
and norepinephrine infusion. but their phosphorylation in-
creased significantly during Ang II infusion (P<<0.01 versus
saline-infused wild-type mice). Importantly, Ang Il-infused

LOX-1 KO mice exhibited much less phosphorylation of

MAPKs (P<<0.01 versus Ang Il-infused wild-type mice).
However, the increased phosphorylation of MAPKs during
norepinephrine infusion was not affected by LOX-1 deletion.

In keeping with previous in vitro studies.” Ang II infusion
enhanced LOX-1 expression in the wild-type mice (Figure
5D). As expected, LOX-1 was not detectable in LOX-1 KO
mice hearts. Importantly, LOX-1 expression was only mini-
mally upregulated by norepinephrine infusion.

Studies in Cultured Cardiac Fibroblasts

Fibroblasts form a significant component of cardiac mass,
and their growth and activity (collagen formation) contribute
to cardiac remodeling.¢!! To mimic the in vivo state, we
treated mouse cardiac fibroblasts with Ang II (1 pmol/L) for
24 hours. Prolonged exposure of cardiac fibroblasts from
wild-type mice to Ang II induced dichlorofluorescein fluo-
rescence and NADPH oxidase (p47™* and p22™* subunits)
expression, but these changes were much less pronounced in
fibroblasts from LOX-1 KO mice despite their treatment with
Ang II (P<<0.01). In addition, phosphorylation of p38 and
p44/42 MAPK, which was quite marked in the fibroblasts

from wild-type mice, was less in fibroblasts from LOX-1 KO
mice despite their exposure to Ang II (Figure S5).

Treatment with Ang II for 24 hours also increased procol-
lagen I expression in cardiac fibroblasts from wild-type mice,
but to a much smaller extent in fibroblasts from LOX-1 KO
mice (Figure S6). These data are consistent with the data on
collagen staining in the hearts from wild-type and LOX-1 KO
mice. LOX-1 expression was also quite marked in cardiac
fibroblasts isolated from wild-type mice. As expected. fibro-
blasts isolated from LOX-1 KO mice showed the absence of
LOX-1 (Figure S6).

Discussion
We show that LOX-1 deletion attenuated Ang II-induced
hypertension and cardiac remodeling. Most importantly. our
in vitro studies confirmed that fibroblasts from LOX-1 KO
mice generated much less collagen (versus wild-type mice)
when exposed to Ang II.

Ang II via ATIR activation upregulates LLOX-1 through
redox-sensitive pathways.'™ and activation of LOX-1 upregu-
lates ATIR expression.’ We, accordingly, postulated that
Ang IT and LOX-1 operate in a positive feedback fashion with
the common theme being generation of ROS and activation of
MAPKs. To examine the relevance of this postulate in the in
vivo state, we measured blood pressure response to Ang Il in
wild-type mice and studied the role of LOX-1 abrogation by
using the LOX-1 KO mice. In these LOX-1 KO mice,
endothelium-dependent relaxation, as well as eNOS genera-
tion, is preserved when the animals are fed a high-cholesterol
diet.' In the present study, we observed that, whereas the
resting blood pressure was similar in the LOX-1 KO and
wild-type mice, blood pressure rise in response to Ang II was
markedly attenuated in the LOX-1 KO mice. Interestingly.
ATIR expression increased in the wild-type mice given Ang
IT infusion, as observed by others as well.'” The expression
and activity of eNOS both decreased in the wild-type mice
given Ang II. Importantly. the LOX-1 KO mice given Ang II
infusion exhibited a much smaller increase in the expression
of ATIR and a marked upregulation of eNOS expression/
activity compared with the wild-type mice. These findings
confirm that the Ang II-AT1R-LOX-1 loop is an important
regulator of blood pressure.

The blood pressure increase in response to norepinephrine
was not affected by LOX-1 abrogation. It is of note that
norepinephrine infusion caused only a minimal change in
LOX-1 expression (versus a large increase in Ang II-infused
mice). Norepinephrine infusion, as expected, increased «,-
adrenoceptor expression, and LOX-1 deletion did not affect
a-adrenoceptor upregulation. LOX-1 deletion also had no
effect on the downregulation of eNOS expression/activity
induced by norepinephrine infusion. As such, it is not
surprising that the norepinephrine-a,-adrenoceptor-
hypertension pathway was not affected by LOX-1 deletion.
Many studies have shown that Ang II causes ROS generation
by activating NADPH oxidases.'®!7 which, in turn, activate
p38 and/or p44/42 MAPKs and redox-sensitive transcription
factors.!” This process influences downstream signals, result-
ing in cardiomyocyte hypertrophy and procollagen synthe-
sis. 1007 Activation of this cascade has been thought to lead
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Figure 5. Oxidative stress and LOX-1 expression in mice given Ang |l or NE. A, Representative dichlorofluorescein fluorescence images
indicating reactive oxygen species release in heart and the summary of fluorescence data (n=5). B, Cardiac 8-iosprostane level (n=5).
C, Serum malondialdehyde (MDA) levels (n=5). Note the marked dichlorofluorescein fluorescence in Ang l-infused wild-type (WT) mice
heart; the fluorescence was attenuated in LOX-1 KO mice hearts. Norepinephrine (NE) infusion caused much less fluorescence (vs Ang
Il infusion), and LOX-1 deletion had no effect. D, Representative Western blots. Ang II, but not NE, infusion increased LOX-1 expression
in WT mice. Both NE and Ang Il enhanced phosphorylation of p38 and p44/42 MAPKs in WT mice. LOX-1 deletion reduced phosphory-
lation of MAPKs selectively in response to Ang Il but not NE. This Western blot is representative of 4 separate experiments.

to the development of cardiac remodeling in sustained hyper-
tension.'® This concept is supported by the observations that
the NADPH oxidase inhibitor apocynin reduces blood pres-
sure elevation and prevents vascular remodeling in Ang
II-infused mice. Furthermore, hydralazine, which decreases
blood pressure but does not affect ROS and related pathways,
has no effects on vascular remodeling induced by Ang I1.20

We observed that prolonged infusion of Ang II, as well as
norepinephrine, increased heart weight in the wild-type mice.
The increase in heart weight was a manifestation of cardio-
myocyte hypertrophy, because cardiomyocyte cross-sectional
area and a-tubulin and ANP expression in the heart were
enhanced. In addition, there was clear evidence of fibroblast
proliferation and collagen accumulation. It is worth noting
that the cardiomyocyte hypertrophy and fibrosis were greater
in Ang Il-infused mice as compared with norepinephrine-
infused mice, perhaps an indication of greater ROS genera-
tion in response to Ang II despite a similar degree of blood
pressure elevation (Figure 1). Ang Il-infused LOX-1 KO
mice exhibited a very low level of ROS generation and
downstream signal activation. It was, therefore, not surprising
that LOX-1 KO mice had much less cardiomyocyte hyper-
trophy and collagen deposition (versus the wild-type mice)
despite infusion of same doses of Ang II. The LOX-1 KO
mice given norepinephrine infusion did not exhibit any

significant changes in ROS generation and downstream
signaling, and, hence, showed no change in cardiomyocyte
hypertrophy and fibrosis. Previous studies have demonstrated
that LOX-1 is a key modulator of cardiac remodeling, which
starts immediately after a brief period of ischemia reperfusion
via ROS-dependent pathways, and that the signals of cardiac
remodeling are attenuated in the LOX-1 KO mice.?!

We also found that the expression of osteopontin, as well
as fibronectin, increased in the wild-type mice given Ang II
and norepinephrine. Osteopontin has been shown to interact
with fibronectin and plays an important role in matrix
organization and stability.!> Previous studies also showed that
Ang II increases osteopontin expression, and the osteopontin
null mice given Ang II infusion have much less cardiac
fibrosis and hypertrophy.?>2* Xie et al** showed that the
signals for Ang Il-induced osteopontin expression also in-
volve oxidative stress and resultant p42/44 MAPK activation.
Gorin et al?® have similarly shown a relationship between
NADPH oxidase activation and fibronectin generation both in
vitro and in vivo. In keeping with these studies, we found that
the expression of procollagen I, as well as osteopontin and
fibronectin, was lower in the hearts of Ang II-treated LOX-1
KO mice that had low levels of oxidant stress and activation
of MAPKs.

The data on cultured cardiac fibroblasts exposed to Ang II
in vitro support the in vivo observations in mice given Ang II
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infusion. The fibroblasts from LOX-1 KO mice revealed
much less oxidative stress and activation of MAPKs com-
pared with fibroblasts from wild-type mice after exposure to
Ang II. In keeping with previous studies in rodent cardiac
fibroblasts,*'7 Ang II exposure induced procollagen I expres-
sion, but the procollagen I expression was decreased by LOX
deletion. Chen et al® showed that the overexpression of
LLOX-1 in rat cardiac fibroblasts enhances the expression of
collagen I and the phosphorylation of p38 MAPK. These
observations further suggest that the Ang II (ATIR)-ROS-
LOX-1 loop might directly regulate the development of
cardiac remodeling in mice with an Ang Il-induced increase
in blood pressure.

Perspectives

This study provides exciting in vivo evidence of a positive
feedback loop between Ang II-ROS-LOX-1. which results in
the syndrome of chronic sustained hypertension. and cardiac
remodeling. The in vitro component using cardiac fibroblasts
from LOX-1 KO and wild-type mice lends support to this
concept. Our study does not allow us (o dissociate the direct
effect of LOX-1 deletion on cardiac hypertrophy from its
blood pressure—attenuating effects. Therefore, the role of
LOX-1 in the regulation of cardiac remodeling needs to be
further investigated in other models of pressure or volume
overload or in primary cultured cardiomyocytes.
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Importance of Forkhead Transcription Factor
Fkhl18 for Development of Testicular Vasculature
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ABSTRACT Forkhead transcription factors
are characterized by a winged helix DNA binding
domain, and the members of this family are classified
into 20 subclasses by phylogenetic analyses. Fkh/18 is
structurally unique, and is classified into FoxS sub-
family. We found Fkh/18 expression in periendothelial
cells of the developing mouse fetal testis. In an attempt
to clarify its function, we generated mice with Fkh/18
gene disruption. Although KO mice developed normally
and were fertile in both sexes, we frequently noticed
unusual blood accumulation in the fetal testis. Electron
microscopic analysis demonstrated frequent gaps,
measuring 100-400 nm, in endothelial cells of blood
vessels. These gaps probably represented ectopic
apoptosis of testicular periendothelial cells, identified
by caspase-3 expression, in KO fetuses. No apoptosis
of endothelial cells was noted. Fkhl18 suppressed
the transcriptional activity of FoxO3a and FoxO4.
Considering that Fas ligand gene expression is
activated by Foxs, the elevated activity of Foxs in the
absence of Fkh/18 probably explains the marked
apoptosis of periendothelial cells in Fkh/18 KO mice.
Mol. Reprod. Dev.
© 2008 Wiley-Liss, Inc.

Key Words: forkhead; Fkh/18; gonad; periendothe-
lial cells; endothelial cells; angiogenesis; vasculo-
genesis; fetal development

INTRODUCTION

There is a general agreement that gonad sex deter-
mination in mammals is a process initiated by Sry gene
(sex-determining region of the Y chromosome; Koopman
et al., 1990; Sinclair et al., 1990; Brennan and Capel,
2004). Downstream of Sry, Sox9 (Sry-related HMG-box
gene 9) specifies Sertoli cell lineages, organization of the
testicular cord, and production of male hormones. In
addition, the vasculature system develops differentially
between the testis and ovary. Before the actions of Sry
are evoked at around embryonic day 11.0 (E11.0), the
structure of the primitive vasculature in the genital
ridge is similar irrespective of sex. However, during the

© 2008 WILEY-LISS, INC.

early phase of gonad sex differentiation, the mesoneph-
ric cells migrate vigorously into the developing testis to
form a vasculature structure characteristic for the testis
(Buehr et al., 1993; Martineau et al., 1997; Capel et al.,
1999; Brennan et al., 2002, 2003). In contrast, no such
active cell migration is observed in the developing fetal
ovary. This difference gives rise to sexually dimorphic
vascular patterns of the gonads. Particularly, in the
testis, a large artery is formed at the coelomic surface at
around E12.5. This male-specific vascular system that
develops during fetal life is thought to be required for
export of testosterone from the testis to the rest of the
fetus to ensure masculinization (Renfree et al., 1995).
Vasculogenesis starts during fetal development.
Precursor cells for blood vessel endothelia, which share
origin with hematopoietic progenitors, assemble into a
primitive vascular network of small capillaries. Sub-
sequently, the vascular plexus progressively expands by
sprouting and matures into stable blood vessels. During
this phase of angiogenesis and arteriogenesis, nascent
endothelial cells become covered by periendothelial cells
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(pericytes and smooth muscle cells) and association with
these cells isrequired to regulate proliferation, survival,
migration, differentiation, vascular branching, blood
flow, and vascular permeability (Carmeliet, 2003, 2005).

Forkhead (Fox) transcription factors carry a winged
helix DNA-binding domain that share homology with
their founding member forkhead protein in Drosophila.
Phylogenic analysis of the forkhead domain consisting of
highly conserved 100 amino acids led to placement of the
family members into 20 subclasses, FoxA to FoxS. Foxs
bind to consensus sequences, RYMAAYA (R=A or G;
Y=CorT; M=A or C), as a monomer. Regions other
than the conserved domain vary in terms of sequence
and function. Some members act as transcriptional
activators while others as repressors. Probably as
transcriptional regulators, Fox genes are thought to
play a variety of roles in fetal and adult tissues. In fact,
gene knockout studies demonstrated that Foxa?2 is
required for node and notochord formation, gastrula-
tion, neural tube patterning, and gut morphogenesis
(Ang and Rossant, 1994), Foxil /Fkh10 for inner ear
development (Hulander et al., 1998, 2003), Foxbl /Mf3
for the development of the diencephalon and midbrain,
postnatal growth, and the milk-ejection reflex (Labosky
et al., 1997), and Foxc2/MFH]I for proliferation and
patterning of paraxial mesoderm (Winnier et al., 1997).

Mutations in FOX genes have been linked to human
diseases. Mutation of FOXC1, FOXC2, FOXE1, FOXE3,
FOXL2, FOXN1, FOXP2, and FOXP3 genes have been
detected in various human congenital disorders (Mears
et al., 1998; Frank et al., 1999; Chatila et al., 2000;
Crisponi et al., 2001; Erickson et al., 2001; Lai et al.,
2001; Semina et al., 2001; Brice et al., 2002; Castanet
et al., 2002; Harris et al., 2002). Moreover, disordered
expressions and functions of FOX genes werereported to
correlate with carcinogenesis. For example, FOXAI
gene is amplified and overexpressed in not all but
certain esophageal and lung cancers (Lin et al., 2002).
Likewise, in pancreatic cancer and basal cell carcinoma,
FOXM1 gene is upregulated due to transcriptional
regulation by the Sonic Hedgehog (SHH) pathway
(Teh et al., 2002). FOXO1 gene is fused to PAX3 or
PAX7 gene in rhabdomyosarcoma (Galili et al., 1993,
Sorensen et al., 2002), while FOX03 and FOXO4 genes
are fused to myeloid/lymphoid or mixed-lineage leuke-
mia (MLL) gene in hematological malignancies (Parry
et al., 1994; Hillion et al., 1997). Several other studies
demonstrated that these proteins are components of
different signal transduction pathways, including those
downstream of insulin, activin, and other transforming
growth factor B-related ligands (Chen et al., 1996, 1997,
Ogg et al., 1997; Nakae et al., 2002; Accili and Arden,
2004).

Fkhl18, a member of the Fox family, was originally
identified by low-stringency screening of mouse (Kaest-
ner et al, 1993) and human (Pierrou et al., 1994)
genomic libraries. Fkhi18 has low homology to other
members of the Fox family, and is categorized under the
FoxS subclass. However, its expression and function
remain to be examined. In the present study, we

demonstrated that Fkhl18 is expressed in periendothe-
lial cells and Sertoli cells of the developing fetal testis.
We then generated the Fkhl18-deficient mouse to
examine the physiological function of the gene product.
Interestingly, the KO fetuses displayed affected testic-
ular vasculature, suggesting that Fkhl18 is involved in
development of the fetal testis vasculature system.

MATERIALS AND METHODS

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

Total RNAs prepared from E16.5 fetal gonads were
reverse-transcribed with Superseript II RNase H~
Reverse Transcriptase (Invitrogen, San Diego, CA).
PCR (94°C for 15 sec, 65°C for 30 sec, 68°C for 1 min,
30 eycles) was performed using the following primers for
Frhi18 (NM_010226), Fkhl18-P1 (5-CCC ACC AAG
CCC CCT TAC AGC-3") and Fkhl18-P2 (5-GTC TGC
GGC GAC GGA GAA AGC-3'), and for p-actin, B-actin-5’
(5-ATG GAT GAC GAT ATC GCT-3) and B-actin-3’
(5'-ATG GGT AGT CTG TCA GGT-3').

In Situ Hybridization and
Immunohistochemistry

E14.5 fetuses were fixed with 4% paraformaldehyde
(PFA) at 4°C overnight and immersed in 30% sucrose.
The fetuses were embedded in OCT compound and
cryosectioned at 10 pm. The sections were treated with
1 mg/ml proteinase K (Merck, Tokyo, Japan) for 10 min
at room temperature, acetylated and hybridized with
50 ng/ml riboprobe in 50% formamide, 5x SSC, 5 mM
ethylenediaminetetraacetic acid (EDTA), 0.1% 3-[(3-
cholamidopropyl) dimethylammonio]-1-propane sulfo-
nate (CHAPS), 0.1% Tween-20, 0.2 mg/ml yeast tRNA,
0.1 mg/ml heparin sodium, and 1x Denhardt’s solution,
at 65°C. Thereafter, the sections were washed with 1x
SSC containing 50% formaldehyde 30 min at 65°C.
Digoxigenin (DIG)-labeled riboprobe (Roche Diagnos-
tics, Mannheim, Germany) for full-length ¢cDNA of
FEhl18 was used. The DIG probes were visualized by
alkaline phosphatase-conjugated anti-DIG antibody
and NBT/BCIP reaction (Roche). Subsequently, some
of the above sections were further subjected to immu-
nohistochemistry using anti-Ad4BP/SF-1 as described
previously (Morohashi et al., 1994).

For immunohistochemistry, frozen sections were pre-
pared from PFA-fixed E14.5 fetuses. The sections were
dried and washed in phosphate buffered saline (PBS).
After blocking with 2% skim milk for 30 min at room
temperature, the sections were incubated overnight
with rabbit anti-active-type caspase3 (BD Pharmingen,
San Diego, CA, 1:50), rat anti-PECAM (BD Pharmingen,
1:500), or rabbit anti-p-galactosidase antibody at 4°C.
The immunoreaction was detected using fluorophore
conjugated secondary antibodies (Invitrogen). Nuclei
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) (Sigma Chemical Co., St. Louis, MO). For double
immunohistochemistry with rat anti-PECAM and



rabbit anti-fi-galactosidase antibodies, the two anti-
bodies were serially applied to immunohistochemical
reaction.

Generation of Fkhl18-lacZ Transgenic (Tg) Mice

Cosmid genomic clones containing mouse Fkhl18 gene
were obtained from a cosmid library constructed with
SuperCos-1 cosmid vector (Stratagene, La Jolla, CA)
carrying hsp68-lacZ cassette (Fig. 2A). This cosmid
vector was constructed to examine the enhancer activity
of inserted DNAs (Zubair et al., 2006). Genomic DNAs
containing 3’ regions of Fkhl18 prepared from cosmid
clone were ligated with hsp68-lacZ (Zubair et al., 2006)
cassette to construct plasmids for Tg mice (Fig. 2A). The
cosmid and plasmid DNAs were digested with NotI and
Notl/Sall, respectively, and the linear DNA fragments
were used for microinjection. Tg mice were generated as
described previously (Nagy et al., 2003). The DNAs of
the founder animals were subjected to PCR with primers
for lacZ (5'-GCC GAA ATC CCG AAT CTC TAT C-3' and
5-GAT TCA TTC CCC AGC GAC CAG-3). LacZ
activities of the fetuses were examined as described
previously (Nagy et al., 2003).

Generation of Fkhl18 KO Mice

Fkhl18 gene is comprised by a single exon. Bacter-
iophage clones containing Fkhl18 gene were obtained
from 129/SvEv genomic library (Stratagene). To disrupt
Fkhl18 gene, a Ncol/Kpnl fragment of Fkh[18 gene was
substituted by IRES-lacZ-pMC1-Neo cassette (Katoh-
Fukui et al., 1998; Kitamura et al., 2002). The 5 region
from the Notl site (0.9 kb) and 3’ region from the Kpnl
site (6.7 kb) were used for homologous recombination
(Fig. 3). The targeting linearized vector was subjected
to electroporation into E14TG2a (1290la) ES cell
line (Kitamura et al., 2002). The chimeric male mice
produced with the homologous recombinant ES clones
were crossed with C57BL/6Jjcl females (Japan Clea).
FEhl18 deficient heterozygous male mice obtained were
backerossed onto C57BL/6Jjcl genetic background.
Three to seven generations of the mice were used to
obtain homozygous FkhlI8 KO mice. Littermates were
genotyped by PCR with the following primers; Fkh3-
110FW (5'-CCT CCT GAC AAA CTT GGG ATG T-3"),
Fkh3-109RV (5'- TTG TGG AGG AGA CTA AGC CAC
CT-3'), and OIMRO014 (5-AGG TGA GAT GAC AGG
AGATC-3') (Fig. 3).

All animal experiments were carried out in accord-
ance with National Institute of Health Guide for the
Care and Use of Laboratory Animals and approved
by the Animal Care and Use Committee of National
Institute for Basic Biology.

Electron Microscopy

Wild-type (WT) and Fkhl18 KO testes were excised
from fetuses and immersed in 3% glutaraldehyde in
10 mM HEPES (N-2-hydroxylpiperazine-N'-2-ethane-
sulfonic acid)-NaOH (pH 7.4) and 145 mM NaCl for at
least 2 hr. After fixation with 1% osmium tetroxide for
1 hr, the tissues were dehydrated and embedded in
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epoxy resin. Ultrathin sections were prepared, stained
with uranyl acetate and lead citrate, and thereafter
subjected to electron microscopic observation. Electron
micrographs were taken with a JEM 1200EX electron
microscope (JOEL, Tokyo, Japan) as described previ-
ously (Katoh-Fukui et al., 2005).

Visualizing Fetal Vasculature
System by Ink Injection

Ink was injected as described previously (Nagy et al.,
2003). E14.5 fetuses were dissected from a pregnant
female with an intact yolk sac and attached placenta.
The fetuses were placed in PBS at 37°C under a
dissecting scope, to be kept circulation active. The tip
of a glass pipette was inserted into the umbilical vessel,
and carbon ink (CE 100-6, Kuretake Co., Nara, Japan)
was instilled into the vessel with minute puffs of breath.
The diameter of the carbon particle is longer than 50 nm
(average, 180 nm). After distribution of the ink in whole
body, the fetus was fixed with 4% PFA. The gonads were
harvested and examined under a light microscope. To
analyze the testicular distribution of the injected ink,
the fetuses were cryosectioned into 10-pm thick sections.

Reporter Gene Assay and Immunocytochemistry

Full-length Fkhi18 coding region was subcloned into
pecDNA3 expression vector (Invitrogen). p6 x DBE-luc
reporter plasmid carrying six repeats of Fox binding
sequence, and expression vectors for FoxO3 and FoxO4
(Furuyama et al., 2000) were kindly provided by Dr. T.
Furuyama (Sonoda Women’s University). Human and
mouse Fas ligand (FasL) gene promoter regions were
prepared by PCR with genomic DNAs of HEK293 and Y1
cells, respectively. PCR (94°C for 15 sec, 60°C for 30 sec,
68°C for 1 min 30 sec, 30 cycles) was performed using the
following primers for human FasL promoter, Kpnl-
hFasL-1500 s (5’-ATG GTA CCC CAT GTA TTT CAT
CTG GCA ACC ATA AC-3') and hFasL-1-HindIII as (5'-
GCA AGC TTG GCA GCT GGT GAG TCA GGC CAG
CC-3"), and for mouse FasL promoter, Kpnl-mFasl.-
1534 s (5'-ATG GTA CCG TGA TTG GTG GAC AGT
AGG GTG TTG-3") and mFasL-1-HindIII as (5'-GCA
AGC TTG GCA CCC AGC CCC AGG AAAGGG TTT C-
3"). Approximately 1.5 kb PCR products were subcloned
into pGL3-basic (Promega, Madison, WI). Human
osteosarcoma U20S cells and primary cultures of bovine
aortic smooth muscle cells (Aoyama et al., 2000) were
grown in Dullbecco’s modified Eagle’s medium (DMEM,;
Sigma) supplemented with 10% fetal bovine serum and
1x penicillin—streptomycin—glutamine (Invitrogen) at
5% COz and 37°C. Transfection was performed as
described previously (Mukai et al., 2002). pCMV-
SPORT-B-gal (Invitrogen) was used as an internal
control to normalize transfection efficiency. The cells
were harvested 48 hr after transfection, and the cell
lysates were subjected to luciferase and B-galactosidase
assays as described previously (Mukai et al., 2002). All
transfection experiments were performed in triplicate.
Values are presented as mean =standard deviation
(SD) of three independent experiments.
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For immunocytochemistry, U20S cells were seeded
on coverslips and then subjected to transfection as
described above. The cells were fixed 48 hr after
transfection in 4% PFA, blocked with 1.5% skim milk,
and then incubated with anti-myc (N-14, Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-HA (12CA5)
antibodies. For fluorescent detection, Alexa Fluor 488
anti-rabbit antibody (Invitrogen) and Cy3 anti-mouse
antibody (Invitrogen) were used, respectively. Nuclei
were counterstained with DAPI (Sigma).

Electrophoretic Mobility Shift Assay (EMSA)

Double-stranded oligonucleotides containing 5 pro-
truding ends were labeled with *?P-dCTP and Klenow
polymerase. The nucleotide sequences for the probes
were 5-GATCAAGTAAACAACTATGT-3'/5'-CTAGA-
CATAGTTGTTTACTT-3' for WT probe and 5-GAT-
CAAGTAAGCAACTATGT-3'/5'-CTAGACATAGTTGC-
TTACTT-3' for mutated probe (underlined nucleotide
are mutated). Fkhl18-mye was prepared using a coupled
TNT transcription and translated kit (Promega). EMSA
was performed as described previously (Morohashi
et al., 1992).

RESULTS

Expression of Fkhl18 in Periendothelial and
Sertoli Cells of Fetal Testis

To examine the tissue specificity of Fkhl18 expression
during mouse fetal development, RT-PCR was per-
formed with RNAs prepared from various tissues at
E16.5 (Fig. 1A). Although the expression of Fkhl18 was
detected in many tissues examined, the expression in
the testis was clearly higher than others including the
ovary. Next, we determined the type of fetal testicular
cells that expressed Fkhl18 by in situ hybridization. The
in situ signals were detected both inside and outside
(interstitial region) of the testis cord (Fig. 1B-a).
Immunohistochemical staining with anti-Ad4BP/SF-1
after the in situ analysis showed that Ad4BP/SF-1
immunoreactive nuclei are surrounded by in situ signals
in the testicular cord (Fig. 1B-b, arrows), strongly
suggesting that Fkh[18 is expressed in Sertoli cells.

The interstitial region of the developing fetal testis is
occupied by different cell types, such as fetal Leydig
cells, peritubular cells, periendothelial cells (pericytes),
endothelial cells, and uncharacterized fibroblast-like
cells. Moreover, a large coelomic vessel is characteristic
for the fetal testis. Vascular blood vessels are generally
composed of endothelial cells and vascular smooth
muscle cells, which encircle endothelial cells to act as a
supporting structure of the vessel. However, at the early
stage of blood vessel formation, vascular smooth muscle
cells are still immature and thus referred as periendo-
thelial cells. Toidentify the cells that express Fkhl18, we
localized PECAM 1-positive endothelial cells in sections
next to those used for in situ hybridization for Fkhl18. As
shown in Figure 1B, the PECAMI1-positive endothelial
cells of the coelomic vessel (Fig. 1B-c) and inner
testicular vessel (Fig. 1B-e) seemed to be encircled by
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Fig. 1. Expression of Fkhl18 in the developing tissues of mouse
fetuses. A: Analyses of Fkhi18 gene expression by RT-PCR. Total RNAs
prepared from E16.5 fetal tissues were subjected to RT-PCR with sets of
primer for Fkhl18 and B-actin. Br; brain, He; heart, Th; thymus, Lu;
lung, Liv; liver, St; stomach, Sp; spleen, Si; small intestine, Li; large
intestine, Ki; kidney, Ad; adrenal gland, Ov; ovary, Te; testis, Sk; skin.
B: Expression of Fkhl18 in E14.5 male gonad. In situ hybridization
probed with Fkh{18 was performed with E14.5 male gonad (a, b, c, e).
The section used for in situ hybridization was further subjected to
immunohistochemistry with antibody for AA4BP/SF-1 (b). Asindicated
by arrowheads in (b), Sertoli cells in the testis cord are double positive
for Fkhi18 and Ad4BP/SF-1. Cells surrounding the coelomic vessel (cv;
indicated by dotted line in ¢) and inner testis vessel (itv; indicated by
dotted line in e) provided the in situ signals. FkhlI8 in situ signal
surrounding an aorta (g) is shown (g). al; aortic lumen. Sections next to
(c), (), and (g) were subjected to immunostaining with antibody to
PECAML1 in (d), (f), and (h), respectively. Scale bars =100 ym.

Fkhll8-expressing cells (Fig. 1B-d,f). Likewise, exami-
nation of the aorta showed a similar correlation of
expressions between Fkhl18 and PECAM1 (Fig. 1B-g,h).
These expression profiles of Fkhl18 and PECAMI1
suggest that Fkhi18 is expressed in periendothelial
cells. To confirm this, we tried to perform double
staining for Fkhl18 in situ and PECAM1 immunohis-
tochemistry. Unfortunately, however, immunohisto-
chemistry with PECAM1 did not work after the



reaction of in situ hybridization. Moreover, we
attempted to prepare antisera for Fkh!I8, but could
not obtain any antisera applicable for immunohisto-
chemical study.

Instead, we generated transgenic (Tg) mice with lacZ
reporter gene to recapitulate the endogenous expression
of FRhi18. Cosmid clones, ¢F6 and cF8 (Fig. 2A),
carrying whole genomic regions of intron-less Fkhil18
were obtained by screening of a mouse cosmid library.
Since the cosmid vector used for library preparation
carries Hsp68-lacZ cassette, transeriptional enhancer
activity of the inserted DNA is evaluated by lacZ
staining (Zubair et al., 2006). The Tg mouse fetuses
harboring cF6 and cF8 successfully induced lacZ
expression in both the gonad and blood vessels
(Fig. 2B). The region overlapped by the two cosmid
DNAs was fragmented and used for preparation of
transgenes with the Hsp68-lacZ cassette. The recombi-
nant plasmid DNAs, #43, #51, and #60, were subjected to
Tg assays. As summarized in Figure 2B, plasmid #51
could induce lacZ expression in the fetal gonad of both
sexes and blood vessels (Fig. 2C) similar to the original
cosmid clones, ¢F8 and ¢F6, whereas plasmids #43 and
#60induced lacZ expression in blood vessels and gonads,
respectively. Thus, the testes of Tg fetuses carrying
plasmid #51 were examined immunohistochemically
with antibodies to lacZ and PECAMI to determine
which cells express Fhhl18. As shown in Figure 2D, the
endothelial cells of the coelomic vessels are immunor-
eactive for PECAM1 (green), and PECAM1-positive
endothelial cells are obviously lined by lacZ (red)-
positive cells. Considering that the two stainings are
not overlaid mutually, FRh[18 is obviously expressed in
periendothelial cells.
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Abnormal Testicular Vasculature
in Fkhl18 Deficient Mice

To investigate the function of Fkhl18, we generated a
gene disrupted mouse. The Necol/Kpnl fragment of the
FEhi18 gene encoding from 29th to 329th amino acid
residues was replaced by IRES-lacZ-pMClneo cassette
(Fig. 3A). Fkhi18 disrupted allele was confirmed by
Southern blotting (Fig. 3B,C) and PCR (Fig. 3D). The
resultant heterozygous crosses yielded homozygous,
heterozygous, and WT individuals at Mendelian ratios
when examined at fetal life and adulthood (data not
shown). Expectedly, Fkhi18 mRNA was depleted from
the FRhi18 KO testes (Fig. 3E). Although the reason was
not clear, we could not detect any lacZ signals in the
heterozygous and KO fetuses.

The homozygous Fkhi18 KO male and female mice
were healthy and fertile. Being consistent with unaf-
fected fertility, Sertoli cells in the KO testes were
apparently normal. However, we noticed accumulation
of blood in the central part of the testes in Fkhi18 KO
mice (Fig. 4A). The incidence of this abnormal feature
was 33% in homozygous KO but 0% in the WT, when
examined in the testes of 14 WT, 26 heterozygous, and 12
homozygous KO (Fig. 4B). Interestingly, this phenotype
was observed even in the heterozygous testes and the
frequency seemed to correlate with the dosage of the
gene.

To visualize the entire structure of the testicular
vasculature system, we injected carbon ink into the
umbilical vein of E14.5 fetuses. Although the whole view
of branches of the vasculature system was indistin-
guishable between the WT and Fkhi18 KO testes
(Fig. 4C-a,b), the area around the vasculature looked
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Fig. 2. Expression of Fkhl18 in the periendothelial cells of mouse
fetal testis. A: DNA construction for Tg mouse assay. Cosmid clones,
cF6 and cF8, were isolated from a library prepared with cosmid vector
carrying hsp68-lacZ cassette. A region overlapped by these two cosmid
clones was fragmented and ligated to hsp68-lacZ cassette to produce
plasmid clones, #43, #51, and #60. H; Hindlll, K; Kpnl, B; BamH]I.
B: Summary of Tg assays with the recombinant Tg constructs. The
cosmid (cF6 and ¢F8) and plasmid (#43, #51, and #60) recombinant
DNAs were used to generate Tg mice, and lacZ expression in the fetal
gonad and blood vessel was examined at E13.5. Numbers represent

those of Tg fetuses examined, and those displaying lacZ activity in the
gonad and blood vessels. C: LacZ expression in Tg mice. Tg mice were
produced with the #51 recombinant DNA. Representative expression
patterns of lacZ are shown in male (left) and female (right) fetuses at
E13.5. Te; testis, Ov; ovary. D: Expression of LacZ in periendothelial
cells. The testis of the Tg fetus (#51) at E14.5 was subjected to
immunohistochemical analyses with antibodies to PECAMI1 (green)
and lacZ (red). Note the signals for PECAM1 in endothelial cells of
coelomic vessel (cv) and germ cells (ge). Note also signal for lacZ in
periendothelial cells.
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