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Figure 3. Endothelial dimethylarginine dimethylaminohydrolase 1 (DDAH1) does not affect asymmetrical dimethylarginine (ADMA) release,
vascular reactivity, or blood pressure. A, DDAH1E"- mice have plasma ADMA equivalent to that of controls (P=0.04; n>3). B, ADMA
release from cultured aortas is the same in DDAH15"~- and control mice (P=0.3; n>5); in contrast, aortas from DDAH1-- mice release
significantly more ADMA than controls (P=0.03; n>4). C, Vascular reactivity of aortic segments as determined by myograph investigations.
DDAH1E"- aortas show no difference compared with control aortas (n=13). D, Blood pressure as determined by aortic cannulation

under anesthesia was not different in DDAH15"~- and control mice (P=0.2 for all parameters; n=4). SDMA indicates symmetrical

dimethylarginine; SNP, sodium nitroprusside; and Wt, wild-type.

To determine the effect of endothelial DDAH]1 deletion on
neovascularization of ischemic hind limbs, CD31 immunofluo-
rescence was performed (Figure 4E and 4F). Collateral vessels
were identified with a-smooth muscle actin staining and excluded
from analysis (Figure IV in the online-only Data Supplement).
Capillary densities were lower in DDAHI1®”~ mice compared
with DDAH1"" controls (23.33+6.64 versus 41.67+4.91).

To mimic a physiological setting of angiogenesis, we
explored the vessel density in growing adipose tissue.
Angiogenesis is needed to support adipocyte hypertrophy
and the enlargement of the tissue. To achieve this, mice were
placed on a high-fat diet (60% energy from fat) for 16 weeks.
Sections from the epididymal fat showed a reduction in the
number of very small vessels (<20-um? cross-sectional area)
in DDAH15"~ mice on a normal diet (DDAH1"", 15.79+1.89
vessels per section; DDAH15~, 10.17+1.04 vessels per sec-
tion; P=0.05; n=4). After high-fat feeding, there were fewer
vessels per section in both cohorts as a result of the expan-
sion of the adipocytes; however, the difference between the 2

groups was maintained (DDAHI1"", 11.75+2.3; DDAH1®~,
6.16x0.79; n=4; P=0.01; Figure 4E and 4F).

Discussion

ADMA is an endogenously occurring molecule that has the
capacity to block NO synthesis.? Free ADMA is released into
the cytoplasm after proteolysis. Because this is a constitutive
process, intracellular concentrations are maintained by the
active metabolism of ADMA by the 2 isoforms of DDAH and
alanine:glyoxylate aminotransferase 2 enzymes.>!!:3

The tissue distribution of DDAH1 has been widely studied,
with expression found in numerous tissues and cell types.!>18-22
However, more recently, it has been suggested that the vast
majority of DDAHI1 expression is confined to endothelial
cells'” and that this is the major site of ADMA metabolism.

Endothelium-Specific Deletion of DDAH1
An exclusively endothelial expression profile for DDAHI1
would have very significant implications for our understanding
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of the biology of ADMA and the design of strategies to thera-
peutically modulate ADMA levels. The findings reported by
Hu et al'” are based on the analysis of a novel mouse model
in which endothelial DDAHI1 deletion is achieved by Tie2-
driven Cre recombinase expression. Although the endogenous
Tie2 gene has a highly endothelium-specific expression pattern,
synthetic Tie2 promoter constructs have been reported to have
variable endothelial specificity** that is likely to be influenced
by the specific Tie2 promoter sequences used and the site of
integration of the construct in the mouse genome. Indeed, Hu
et al report DDAHI deletion in germ-line cells, indicating
that the particular Tie2-Cre line that they have used may not
be entirely restricted to the endothelium. To confirm the novel
findings of Hu et al and to resolve the apparent discrepancy
between their findings and the previously published expres-
sion patterns of DDAHI, we independently generated a second
Tie2-driven DDAH1 knockout line using a Tie2-Cre allele that
has been reported to have high levels of endothelial specificity.”
To confirm endothelium-specific expression of Cre in our line,
we crossed this strain to a yellow fluorescent protein reporter
mouse that confirmed that Cre recombinase expression was

W DDAHT Flored
& ppaHt B

3 DDAH!1 Floxed - HFD
@8 oot B -HFD

Figure 4. DDAH15"- mice have defects in vascular
angiogenesis. A and B, Aortic rings were cultured
for 5 days on Matrigel. DDAH15"~- mice had
significantly fewer new vessels forming (DDAH1",
24.9+4.4; DDAH1E-, 10.9+2.4; P=0.03; n=3) with
fewer branches off vessels formed (DDAH1%,
0.87+0.11; DDAH 15, 0.38+0.06; P=0.03). C and
D, Confocal images of FITC-conjugated Dextran

in Matrigel plugs. DDAH15"~- mice had reduced
dextran staining compared with controls (DDAH1"1,
342+151 pixels; DDAH1E"-, 151+77 pixels; P=0.03;
n=3-4). E and F, Confocal images of CD31-stained
abductor muscles after a period of ischemia.
DDAH1E"- mice show reduced neovascularization
(23.33+6.64) compared with controls (41.67+4.91;
n=3). G and H, Angiogenesis occurs in adipose
tissue as it expands after feeding of a high-fat diet
(HFD). Sections of epididymal fat on normal diet and
HFD with endothelial cells stained with CD31* to
highlight large vessels (thick arrows) and very small
vessels (thin arrows). DDAH15"~- mice have fewer
vessels of <20-um cross-sectional area than control
mice (P=0.05; n=4), which is reduced further after
an HFD feeding (P=0.01; n=4). Larger vessels were
unaffected by genotype or diet. DDAH indicates
dimethylarginine dimethylaminohydrolase.

found only in the endothelium. Successful deletion of DDAH1
within endothelial cells was confirmed by both polymerase
chain reaction and immunohistochemistry. Therefore, we are
confident that the DDAH1®""~ mouse that we have developed
deleted DDAHI specifically in the endothelium. Expression of
DDAHI1 in the kidney and liver was not significantly decreased
in our DDAH1®~ mice, indicating a significant expression of
DDAHI in nonendothelial cells. Therefore, our DDAH15~
strain suggests that the contribution of endothelial DDAHI1 to
total tissue DDAH1 expression in these tissues is significantly
less than that reported by Hu et al but in line with previous
reports of extraendothelial DDAH1 expression in these tis-
sues.”?* In support of significant extraendothelial expression of
DDAHI, we find significant levels of DDAH]1 protein expres-
sion in highly purified primary cultures of hepatocytes, renal
tubular cells, neurons, and adipocytes.

The Endothelium Is Not a Major Source of Systemic
ADMA

Although our data indicate that the endothelium is not the
only site of DDAH1 expression, it remained possible that
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the endothelium is an important site of whole-body ADMA
metabolism. To test this hypothesis, we determined the rate
of ADMA release from aortic rings isolated from control,
DDAHI15~~, and DDAH1~"~ mice. In contrast to a significant
increase in ADMA release from the aortic rings of DDAH1~~
mice, no elevation in ADMA release from DDAH1~ aor-
tic rings was apparent, suggesting that the endothelium is
not the major source of ADMA in blood vessels. Moreover,
our data are consistent with the proposition that nonendo-
thelial cell types such as vascular smooth muscle cells and
cells comprising the adventitia release significant amounts
of ADMA. Indeed, our analysis of cultured vascular smooth
muscle cells indicates that these cells express significant
amounts of DDAHI1 and release significant quantities of
ADMA (J.L., al, unpublished observations). In agreement
with our observations that endothelial cell DDAH1 does
not affect ADMA release from blood vessels, ADMA lev-
els in DDAH15~ mice were not elevated above control
levels, whereas global deletion of DDAHI significantly
elevated plasma ADMA. A role for nonendothelial cell
ADMA in the regulation of vascular function is supported
by our observations of elevated hepatic vascular resistance
after hepatocyte-specific deletion of DDAH1 (J.L. et al,
unpublished observations). Taken together, our observa-
tions indicate that, under normal physiological conditions,
endothelial ADMA does not have an impact on vascular
homeostasis. However, in situations such as chronic renal
failure in which ADMA levels are systemically elevated,
endothelial DDAH1 activity may protect blood vessels from
ADMA-mediated NOS inhibition. In agreement with this
suggestion, mice globally overexpressing either DDAHI or
DDAH?2 are protected from the effects of ADMA admin-
istration or experimental disease states in which systemic
ADMA levels are elevated.?>38

Despite the lack of effect of endothelial DDAH1 dele-
tion on vascular ADMA release or circulating ADMA lev-
els, it remained possible that ADMA accumulation in the
endothelial cell resulting from endothelial DDAH1 deletion
might attenuate vascular NO signaling. However, when we
examined vascular reactivity ex vivo or hemodynamics in
vivo, we found no effect of endothelial DDAH1 deletion.
This is in contrast to previously reported impairment of both
heterozygous and homozygous global DDAH1 deletion.!>!¢
These observations suggest that DDAHI1 is an important
determinant in ADMA release from nonendothelial cells
and that nonendothelial ADMA affects vascular function.
Consistent with this suggestion, we have observed increased
hepatic vascular resistance in hepatocyte-specific DDAH1-
deficient mice. Taken together, these observations demon-
strate that vascular endothelial cells are not the major site
of ADMA metabolism in vivo and that endothelial ADMA
is insufficient to significantly impair vascular function and
hemodynamics.

Endothelial DDAH1 Regulates Angiogenesis

Previously, we and others have demonstrated that downregu-
lation of DDAHI or treatment with ADMA impairs endo-
thelial cell motility and angiogenesis via a reduction in NO
and vascular endothelial growth factor signaling.**** These

Endothelial DDAH1 Regulates Angiogenesis 2223

inhibitory effects of endogenous or exogenous ADMA on
endothelial cell function can be attenuated by overexpres-
sion of DDAHI1 and recapitulated by global deletion of
DDAHI1. To determine the contribution of endothelial
DDAHLI expression to these effects, we examined the impact
of endothelium-specific DDAHI deletion in several models
of angiogenesis.

To explore the angiogenic potential of DDAH 15"~ endo-
thelial cells ex vivo, aortic rings were cultured in Matrigel.
DDAHI15 vessels displayed reduced endothelial out-
growth that could be reversed by exogenous l-arginine, sim-
ilar to that previously seen in aortic segments from global
DDAHI-deficient mice.* In vivo Matrigel plug assays dem-
onstrated that endothelium-specific deletion of DDAHI1
attenuated vascularization, a phenotype that was indistin-
guishable from that seen in global DDAH1-deficient mice.**
These observations are also consistent with the results of
Matrigel angiogenesis assays in DDAH transgenic mice
in which enhanced capillary growth has been reported.*
Furthermore, endothelial DDAH1-deficient mice displayed
significantly reduced blood vessel growth after hind-limb
ischemia induced by femoral arterial ligation. To extend
these findings, we also determined the impact of endothe-
lial cell ADMA metabolism on capillary density in adipose
tissue before and after high-fat feeding—induced adipose
expansion. These studies indicate that basal adipose cap-
illary density is lower in DDAH1*”~ mice and that endo-
thelial DDAH1 deficiency uncouples adipose expansion
and angiogenesis. Impaired perfusion of adipose tissue has
been suggested to contribute to adipose tissue hypoxia and
the activation of proinflammatory signaling cascades that
induce systemic inflammation and insulin resistance, key
components of the metabolic syndrome associated with
obesity. Our findings suggest that impaired adipose angio-
genesis may be a significant mechanism of action of ele-
vated ADMA in obese individuals. These data suggest that
DDAHI expression in the endothelial cell itself rather than
neighboring cell types is responsible for maintaining the
angiogenic activity of the endothelium.

Conclusions

DDAHI is an important enzyme for the maintenance of meth-
ylarginine concentrations. We have found that, although it is
expressed in the endothelium, it is also strongly expressed in
many other cell types, all of which contribute to the regulation
of circulating ADMA concentrations. In contrast to global
deletion of DDAHI1, deletion of endothelial DDAHI is not
sufficient to affect hemodynamics or vascular reactivity but
significantly impairs angiogenesis.
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CLINICAL PERSPECTIVE

Nitric oxide plays a role in a diverse range of physiological and pathophysiological processes. The regulation of nitric oxide
production in health and disease achieved in part by modulation of the concentration of endogenously produced inhibitors
is of considerable interest in terms of their mechanistic roles and as potential targets for therapeutic intervention. This study
demonstrates for the first time that endothelial dimethylarginine dimethylaminohydrolase 1 plays a role in the regulation of
new blood vessel growth but does not regulate vascular reactivity of mature blood vessels. This study provides novel insights
into the way in which endothelial cell function is regulated by dimethylarginine dimethylaminohydrolase 1 and in health and
experimental models of disease. Understanding the impact of dimethylarginine dimethylaminohydrolase 1 on blood vessel
growth may lead to novel therapeutic approaches to the regulation of angiogenesis in pathological states.



http://circ.ahajournals.org/

1102 ‘€2 AInr uo 1s9nb Aq /6io0°s[eulnofeye oa19//:dny wioly papeojumoq

' I ez American
QLm_u.l.aIJQD “ Heart

Associatione

Endothelial Dimethylar ginine Dimethylaminohydrolase 1 Isan Important Regulator of

Angiogenesis but Does Not Regulate Vascular Reactivity or Hemodynamic Homeostasis

Laura Dowsett, Sophie Piper, Anna Slaviero, Neil Dufton, Zhen Wang, Olga Boruc, Matthew

Delahaye, Lucy Colman, Eliza Kalk, James Tomlinson, Graeme Birdsey, AnnaM. Randi and
James Leiper

Circulation. 2015;131.:2217-2225; originaly published online April 24, 2015;

doi: 10.1161/CIRCULATIONAHA.114.015064
Circulation is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2015 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7322. Online ISSN: 1524-4539

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://circ.ahajournal s.org/content/131/25/2217

Data Supplement (unedited) at:
http://circ.ahajournal s.org/content/suppl/2015/04/24/CIRCULATIONAHA.114.015064.DC1

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located,
click Request Permissionsin the middle column of the Web page under Services. Further information about
this process is available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://ww.Ilww.com/reprints

Subscriptions: Information about subscribing to Circulation is online at:
http://circ.ahajournal s.org//subscriptions/



http://circ.ahajournals.org/content/131/25/2217
http://circ.ahajournals.org/content/suppl/2015/04/24/CIRCULATIONAHA.114.015064.DC1
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circ.ahajournals.org//subscriptions/
http://circ.ahajournals.org/

Endothelial DDAH1 is an important regulator of angiogenesis but does not regulate

vascular reactivity or hemodynamic homeostasis.
Running title: Dowsett et al.; Endothelial DDAH1 regulates angiogenesis

Laura Dowsett, PhD'; Sophie Piper, PhD*; Anna Slaviero, Msc*; Neil Dufton, PhD? Zhen
Wang, PhD*; Olga Boruc, Msc*; Matthew Delahaye'; Lucy Colman, PhD"; Eliza Kalk, Msc;
James Tomlinson, PhD'; Graeme Birdsey PhD?; Anna M Randi, MD PhD?; and James

Leiper, PhD™.

1. MRC Clinical Sciences Centre, Faculty of Medicine, Imperial College London,
London, United Kingdom.
2. National Heart and Lung Institute (NHLI) Vascular Science Unit, Faculty of

Medicine, Imperial College London, United Kingdom

SUPPLEMENTAL MATERIAL

Supplementary figures and figure legends
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Supplementary Figure 1: (A-C) SDMA, arginine and homo-arginine plasma concentrations
were assessed by HPLC-M/S and were unaltered by endothelial DDAH1 deletion (N=7). (D)
Renal function was assessed by plasma creatinine concentrations with no difference seen

between controls and DDAH1E™" animals.
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Supplementary Figure 2: (A-F) Liver function parameters were assessed using standard

laboratory methods and were found to be unaltered by endothelial DDAH1 deletion. (N=4)
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Supplementary Figure 3: (A-B) Aortic rings taken from DDAH1" and DDAH1E"™" mice
were supplemented with 100uM arginine. Arginine supplementation had no effect on vessel
sprouting from control aortas but increased the number of sprouts from DDAH15"" aortas
back to control levels (DDAH1"" 33.00 + 3.51, DDAH15"""18.75 + 0.61 and DDAH1E"" +
L-Arg 30.29 + 3.65, p<0.05, N= 4. (C) D-Arginine at either 100uM or 500uM had no effect
on vessel sprouting in neither DDAH1"" nor DDAH1E"" mice compared to vessels grown in

control media.
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Supplementary Figure 4: Immunohistochemistry of ischemic hindlimbs from DDAH1""
and DDAH15"" animals. Myotubes were identified by Laminin staining, and contralateral

vessels of >30um were identified with smooth muscle actin (SMA) staining.



