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Introduction: 
The overarching theme of our NF1YI proposal is to gain mechanistic insight and develop therapeutic 

targets for the prevention/treatment of neurofibromatosis type 1 (NF1) related cardiovascular diseases. 
Cardiovascular disease affects upwards of 10% of the more than 2,000,000 persons with NF1 worldwide and 
presents with lesions in the proximal arteries such as arterial stenosis and aneurysm formation. We have developed 
murine models that closely resemble NF1 arterial stenosis and aneurysm formation, which are both primarily 
mediated through the infiltration of bone marrow-derived myeloid cells into the vascular wall in Nf1 heterozygous 
mice. However, the pathological consequences of these cells are somewhat opposed, wherein arterial stenosis is 
the result of smooth muscle cell proliferation and inward remodeling and aneurysms are the result of smooth 
muscle cell apoptosis and outward remodeling. To better understand how neurofibromin-deficient myeloid cells 
can lead to different pathological outcomes, we propose to interrogate the recruitment of macrophages via 
monocyte chemotactic peptide-1 (MCP-1) stimulation of its receptor (CCR2) and the generation of reactive 
oxygen species, which are generated in excessive quantities by neurofibromin-deficient macrophages in our 
arterial stenosis and aneurysm models, respectively. 

Keywords:  
neurofibromatosis; stenosis; aneurysm; MCP-1; CCR2; reactive oxygen species; superoxide; macrophages; 
monocytes; arteries; cardiovascular disease 

Major Goals and Accomplishments: 
We have completed all of the major goals and experiments outlined in our DOD YI proposal. Outlined 

below are the original aims and a summary of experimental results and progress to date. 

Aim 1: Test the hypothesis that upregulated MCP-1/CCR2 signaling drives macrophage homing and augments 
arterial stenosis in Nf1+/- mice.  

We have completed the proposed experiments in Aim 1. We reported in a previous publication that 
compound mutant Nf1+/-;CCR2-/- do not develop neointima formation and arterial remodeling closely resembles 
our observations in WT C57Bl/6 mice. This is in stark contrast to Nf1+/- mice with intact CCR2 expression, 
which develop a robust neointima with marked macrophage infiltration. We also showed that treatment of Nf1+/- 
mice with a potent CCR2 inhibitor following carotid artery ligation rescues the phenotype and may be a viable 
therapeutic option for NF1 patients with arterial stenosis. 

We have also completed the bone marrow transplant studies, which introduce CCR2 knockout marrow 
into Nf1+/- animals. Following engraftment, Nf1+/- mice with CCR2-deficient and intact bone marrow cells were 
subjected to carotid artery ligation and neointima formation was studied as described. We showed that CCR2 
signaling in bone marrow cells is required to produce the enhanced neointima observed in Nf1+/- mice. These 
findings are included in a forthcoming manuscript to be submitted in April 2019. Collectively, these data strongly 
implicate that CCR2 expression is required for NF1-arterial stenosis. 

As mentioned in the previous report, we have completed in vitro studies to assess MCP-1 induced Nf1+/- 
SMC proliferation and migration. The results of these experiments were published in Hum Molec. Genet. in 2016. 
We observed that MCP-1 appears to preferentially activate Ras-Akt signaling in Nf1+/- macrophages, which is 
surprising considering our previous observation that Mek-Erk inhibition showed a dose-responsive reduction in 
Nf1+/- neointima formation (American Journal of Pathology, 2014).  In follow up experiments, we have identified 
that inflammatory Nf1 knockout macrophages display enhanced Akt activation; whereas, patrolling macrophages 
demonstrate more Erk activation. MCP-1, largely thought to mobilize inflammatory monocytes, appears to 
enhance M1 (inflammatory) macrophage mobilization. As a future direction, we are working to understand 
differential activation of Ras kinases in these macrophage subpoulations. 

Major Goals for SA1: 
1. Generation of experimental mice (0-12 months)
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a. We have generated the experimental compound mutant mice outlined in SA1 and have completed
the proposed experiments using these mice. A manuscript describing these results was published
in Human Molecular Genetics in 2016.

2. Generation of chimeric mice (0-12 months)
a. We have generated the appropriate experimental and control mice as outlined in the proposal and

have completed experiments in these mice. Please see Figure 1 and Figure 2 in the appendix for
experimental results.

3. Carotid artery ligation (6-18 months)
a. We have performed carotid artery ligation on our compound mutant mice and chimeric mice

generated for this proposal.

4. Analysis of SMC proliferation and migration in vitro (0-12 months)
a. We have completed experiments in cultured SMC as outlined in SA 1

5. Analysis of macrophage recruitment in vivo (6-12 months)
a. We have completed experiments proposed to study Nf1+/- macrophage function in vivo using a

peritonitis model. To provide more mechanistic insight, we studied cultured Nf1+/- and WT
macrophage response to MCP-1. Cells were harvested from the bone marrow and derived with
macrophage colony stimulating factor (M-CSF). Proliferation and migration along with Ras
activity were studied in similar assays proposed in our SMC in vitro studies. We showed that MCP-
1 is a potent agonist of Nf1+/- macrophage proliferation and migration via Erk and Akt activation.

b. Please see Figure 3 in the appendix for results of in vivo macrophage recruitment in Nf1+/- and
WT mice.

Aim 2: Test the hypothesis that enhanced ROS production by Nf1+/- macrophages induces SMC proliferation, thus 
promoting inward arterial remodeling. 

We have generated all cohorts of Nf1+/-; p47-/- mice and completed all proposed experiments. We show 
that deletion of the NOX2 subunit suppresses aneurysm formation in response to AngII (Figure 4). Moreover, 
we provide evidence that the severity of aneurysms is reduced along with markers of inflammation. These 
phenotypic changes are supported mechanistically by our observations that reactive oxygen species production is 
increased in the arterial wall of Nf1+/- mice when compared to WT mice and this relationship is exacerbated in 
response to continuous AngII infusion. 

In vitro experiments have substantiated our preliminary data that neurofibromin-deficient macrophages 
generate excessive quantities of ROS and that ROS production is largely dependent on downstream Ras kinase 
activation. Further, we show that nitritive stress, a common form of free radical formation, is enhanced in 
neurofibromin-deficient macrophages via a Ras-dependent mechanism (Figure 5).  

Finally, we have identified that AngII infusion upregulates Ras kinase activity in smooth muscle cells 
(SMC) via a neurofibromin-regulated mechanism. Interestingly, we identify that cleaved caspase-3 is highly 
upregulated in response to oxidative stress, which suggests that the excessive ROS produced by neurofibromin-
deficient macrophages in response to AngII appears to upregulate SMC apoptosis (Figure 6). This may be an 
underlying mechanism for aneurysm formation in these animals although directly linking ROS to SMC apoptosis 
in Nf1+/- animals remains to be demonstrated. 

Major Goals for SA2: 
1. Generation of Nf1+/-;p47phox-/- mice (12-36 months)

a. We have generated the experimental compound mutant mice outlined in SA2 and have completed
the proposed experiments using these mice.

2. Angiotensin II infusion
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a. We have completed all experiments using angiotensin II infusion. We identified that p47 deletion 
blocks aneurysm formation in Nf1+/- animals following AngII infusion. We are completing the 
final manuscript detailing these findings and will submit for publication in April 2019 

 
3. Analysis of  Nf1+/- SMC apoptosis 

a. We have completed experiments in Nf1+/- and WT smooth muscle cells (SMC). Interestingly, we 
found that Erk activity is markedly increased in Nf1+/- SMC in response to AngII and that 
hydrogen peroxide enhances Nf1+/- SMC apoptosis. We have included these findings in the 
forthcoming manuscript. 

 
Opportunities for training and professional development 

  Nothing to report 
 

Dissemination of Results 
Results from this proposal have been published in high-impact, peer-reviewed journals (see 

appendix). Further, we have presented preliminary data from this proposal and results from the 
experimental approach at international meetings including the Children’s Tumor Foundation, American 
Heart Association, and Pediatric Academic Societies. In addition, we held an informal town hall-style 
meeting with community members affected by neurofibromatosis and other rasopathies in December 
2018. This was a unique opportunity to speak directly with family members and those with 
neurofibromatosis about our research, future directions, and opportunities for community participation. 

 
Plan for reporting in coming fiscal year 

  Nothing to report 
 
Impact: 
 Our experimental results from this proposal are critical to forming a comprehensive understanding of 
arterial stenosis and aneurysm formation in persons with NF1. We provide preclinical evidence that CCR2 
expression is critical for Nf1+/- neointima formation and deletion of CCR2 limits neointima formation and arterial 
stenosis in Nf1+/- mice. In contrast to arterial stenosis, aneurysm formation results from a thinning of the arterial 
wall that is characterized by excessive oxidative stress, inflammatory cell infiltration, and degradation of the 
extracellular matrix. As neurofibromin-deficiency in macrophages is sufficient to cause both pathologies, we have 
identified that oxidative stress generated by NOX2 activation is responsible for the outward remodeling observed 
in aneurysm formation. These formative studies allow us to understand why persons with NF1 are predisposed to 
both pathologies and why they may occur together in the same person. In broader context, a greater understanding 
of how neurofibromin controls macrophage function directly informs other manifestations of Nf1 for which 
macrophages participate in disease initiation or progression including myeloid leukemias, neurofibromas, and 
MPNST. 
 
 Technology impact 
  Nothing to report 
 
 Impact on Society 
  Nothing to report 
 
Changes to Report: 
 Nothing to report 
 
 
 
 



	7	
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CCR2 Activation”. Human Molecular Genetics. 2016 Mar 1:25(6):1129-1139. PMCID: 
PMC4764194. 

2. *Bessler WK, Hudson FZ, Zhang H, Harris V, Wang Y, Mund JA, Downing B, Ingram DA, 
Case J, Fulton DJ, Stansfield BK. “Neurofibromin Regulates Reactive Oxygen Species 
Production and Arterial Remodeling”. Free Radical Biology and Medicine. 2016 Aug;97:212-
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3. *Kim HW, Stansfield BK. “Genetic and Epigenetic Regulation of Aortic Aneurysms”. 
Biomed Research International. 2017;2017:7268521. PMCID: PMC5237727. 
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5. Kim HW, Blomkalns AL, Ogbi M, Thomas M, Gavrila D, Neltner BS, Cassis LA, Thompson 
RW, Weiss RW, Lindower PD, Blanco VM, McCormick ML, Daugherty A,Fu X, Hazen SL, 
Stansfield BK, Huo Y, Chatterjee T, Weintraub NL. Role of myeloperoxidase in abdominal 
aortic aneurysm formation: mitigation by taurine. Am J Physiol - Heart Circ Physiol. In Press  

6. Benson TW, Chatterjee TK, Weintraub DS, Popoola O, Joseph J, Stansfield BK, Crowe M, 
Yiew KH, Unruh D, Pillai A, Williams J, Mintz J, Stepp DW, Brittain J, Bogdanov V, 
Weintraub NL. “Duffy Antigen Receptor for Chemokines Regulates Insulin Signaling and 
Adipocyte Maturation”. Submitted. 

7. *Zhang H, Hudson FZ, Xu Z, Tritz R, Rojas M, Patel C, Haigh SB, Bordan Z, Ingram DA, 
Fulton DJ, Weintraub NL, Caldwell RB, Stansfield BK. “Neurofibromin Deficiency Induces 
Endothelial Cell Proliferation and Retinal Neovascularization.” Invest Ophthalmol Vis Sc. 
Submitted 

 
Abstracts 

1. *Stansfield BK, Ingram DA. CCR2 Signaling is Necessary for Nf1+/- Neointima Formation, 
Southern Society for Pediatric Research, New Orleans, LA 

2. Benson TW, Chatterjee TK, Weintraub DS, Popoola O, Stansfield BK, Crowe M, Pillai A, 
Mintz J, Stepp D, Brittain J, Bogdanov V, Weintraub NL. Duffy Antigen Receptor for 
Chemokines Modulates Adipose Inflammation in Obesity Related Metabolic Disease, 
American Diabetes Association, Boston, MA 

3. *Bessler,WK, Hudson FZ, Fulton DJ, Ingram DA, Stansfield BK*. Neurofibromin Regulates 
Oxidative Stress and Arterial Remodeling, Children’s Tumor Foundation, Monterey, CA 
*Award for Basic Science Poster 

4. Benson TW*, Chatterjee TK, Weintraub DS, Popoola O, Joseph J, Stansfield BK, Crowe M, 
Yiew N, Unruh D, Pillai A, Williams j, Mintz J, Stepp D, Brittain J, Bogdanov V, Weintraub 
NL. The Role of the Duffy Antigen Receptor for Chemokines in Metabolic Disease, 
Experimental Biology, San Diego, CA 

5. Tritz R, Zhang H, Fulton DJ, Stansfield BK. Metabolic Characterization of Circulating 
Human Endothelial Colony Forming Cells. Southern Society for Pediatric Research, New 
Orleans, LA 

6. *Tritz R, Zhang HB, Hudson FZ, Benson TW, Kim HW, Fulton DJ, Weintraub NL, Stansfield 
BK. Neurofibromin is a Novel Regulator of Macrophage Polarization via PFKFB3 Activation. 
Children’s Tumor Foundation, Washington D.C. 
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7. Zhang H, Hudson FZ, Caldwell RB, Stansfield BK*. “Neurofibromin is a novel regulator of
endothelial cell proliferation and retinal neovascularization” Southern Society for Pediatric
Research, New Orleans, LA. *Young Faculty Travel Award
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a b s t r a c t

Neurofibromatosis type 1 (NF1) predisposes individuals to early and debilitating cardiovascular disease.
Loss of function mutations in the NF1 tumor suppressor gene, which encodes the protein neurofibromin,
leads to accelerated p21Ras activity and phosphorylation of multiple downstream kinases, including Erk
and Akt. Nf1 heterozygous (Nf1þ /-) mice develop a robust neointima that mimics human disease.
Monocytes/macrophages play a central role in NF1 arterial stenosis as Nf1 mutations in myeloid cells
alone are sufficient to reproduce the enhanced neointima observed in Nf1þ /- mice. Though the molecular
mechanisms underlying NF1 arterial stenosis remain elusive, macrophages are important producers of
reactive oxygen species (ROS) and Ras activity directly regulates ROS production. Here, we use compound
mutant and lineage-restricted mice to demonstrate that Nf1þ /- macrophages produce excessive ROS,
which enhance Nf1þ /- smooth muscle cell proliferation in vitro and in vivo. Further, use of a specific
NADPH oxidase-2 inhibitor to limit ROS production prevents neointima formation in Nf1þ /- mice. Finally,
mononuclear cells from asymptomatic NF1 patients have increased oxidative DNA damage, an indicator
of chronic exposure to oxidative stress. These data provide genetic and pharmacologic evidence that
excessive exposure to oxidant species underlie NF1 arterial stenosis and provide a platform for designing
novels therapies and interventions.

& 2016 Elsevier Inc. All rights reserved.

1. Introduction

Neurofibromatosis type 1 (NF1) is a common genetic disorder
resulting from germline mutations in the NF1 tumor suppressor
gene and affects over 2 million people worldwide [1]. Neurofi-
bromin, the protein product of NF1, functions as a catalyst for the
slow, intrinsic hydrolysis of active p21Ras (Ras) [1]. Thus, loss of
neurofibromin expression increases Ras-dependent kinase activity
in response to growth factor stimulation of receptor tyrosine ki-
nases. The downstream Ras kinases Erk and Akt turn on multiple
molecular switches to promote a pro-survival phenotype in neu-
rofibromin-deficient cells.

Persons with NF1 have a strong predisposition for cardiovas-
cular disease, which often presents in adolescence and early
adulthood [2–4]. Upwards of 8% of NF1 patients will develop hy-
pertension, arterial stenosis, aortic aneurysms, or moyamoya,

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/freeradbiomed

Free Radical Biology and Medicine

http://dx.doi.org/10.1016/j.freeradbiomed.2016.06.002
0891-5849/& 2016 Elsevier Inc. All rights reserved.

Abbreviations: EEL, external elastic lamina; IEL, internal elastic lamina; I/M ratio,
intima/media ratio; MNC, peripheral blood mononuclear cells; NF1, neurofi-
bromatosis type 1; Nf1þ /-, heterozygous for the Nf1 allele; Nf1þ /–;p47-/-, hetero-
zygous for the Nf1 allele and homozygous deletion of p47phox; Nf1flox/þ;LysMcre,
heterozygous for the Nf1 allele in myeloid cells alone; Nf1flox/flox;LysMcre, homo-
zygous for the Nf1 allele in myeloid cells alone; Nfflox/þ ;gp91flox/flox;LysMcre, het-
erozygous for the Nf1 allele and homozygous deletion of gp91phox in myeloid cells
alone; NOX2, NADPH oxidase 2; PMA, phorbol myristate acid; Ras, p21Ras pathway;
ROS, reactive oxygen species; SMC, smooth muscle cell; SOD, superoxide dis-
mutase; WT, wild type
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though universal screening has not been adopted and may un-
derestimate the true prevalence of disease [4–6]. The distribution
of NF1 vasculopathy within a single patient is often patchy and
affects multiple vessels [4]. The varied presentation of arterial le-
sions suggests that NF1 patients may require a “second hit” mu-
tation in the normal NF1 allele or, more likely, a local insult in the
vessel wall leading to dysregulation of normal repair mechanisms.
Constitutional homozygosity for NF1 mutations is embryonic le-
thal in humans and mice; therefore, inherited mutations in a
single NF1 allele are likely sufficient for the increased disease
prevalence and provide a platform for investigation [7].

We have developed a mouse model of NF1 arterial stenosis
using Nf1 heterozygous (Nf1þ /-) mice that phenotypically re-
sembles human NF1 arterial lesions [8–12]. Following carotid ar-
tery injury, Nf1þ /- mice develop a robust neointima when com-
pared with WT mice, which is characterized by α-SMA positive
smooth muscle cells (SMC) and a predominance of bone marrow-
derived macrophages within the neointima [10–12]. Disruption of
PDGF-Ras-Erk signaling inhibits Nf1þ /- SMC proliferation and
prevents neointima formation in Nf1þ /- mice[9]; however, SMC-
specific Nf1 heterozygosity failed to replicate the enhanced
neointima observed in Nf1þ /- mice and provides evidence that
other cell populations are required to initiate neointima formation
in Nf1þ /- mice [8,10]. In support of this hypothesis, WT mice re-
constituted with Nf1þ /- bone marrow developed a pronounced
neointima following carotid artery ligation while Nf1þ /- mice re-
constituted with WT bone marrow developed a modest neointima
similar in size to WT lesions [8]. Further, we recently showed that
loss of a single Nf1 gene copy in myeloid cells is sufficient to re-
produce the exaggerated arterial lesions observed in Nf1þ /- mice
[11]. These experiments in lineage-restricted and chimeric mice
provide strong evidence that neurofibromin-deficient monocytes
and macrophages are critical mediators of Nf1þ /- arterial stenosis.
However, the mechanisms through which Nf1þ /- monocytes and
macrophages directly influence Nf1þ /- SMC proliferation and ar-
terial stenosis is completely unknown.

Emerging evidence suggests that Ras kinases directly regulate
reactive oxygen species (ROS) production and, in turn, ROS may
modulate Ras activity [13–15]. Constitutive activation of Ras in
hematopoietic progenitor and cancer cells dramatically increases
ROS production via activation of the NADPH oxidase complex [16–
19]. Also, Drosophila harboring mutations in the Nf1 gene exhibited
shortened lifespan and increased production of and vulnerability
to ROS [20,21], while overexpression of neurofibromin prolonged
lifespan and reduced ROS production [22]. More recently, neuro-
fibromin deficiency or Ras activation significantly increased oli-
godendrocyte ROS production and disrupted endothelial tight
junctions, which was restored by daily administration of the an-
tioxidant N-acetyl cysteine [23]. These findings are intriguing since
neurofibromin occupies a unique position in the regulation of ki-
nases that activate ROS production and enhance SMC proliferation
[24–26]. For example, the Ras-dependent kinases Akt and Erk di-
rectly phosphorylate the p47phox subunit of NADPH oxidase 2
(NOX2) and facilitate Rac2-dependent recruitment of p67phox to
the transmembrane component of NOX2 to increase superoxide
production in phagocytes [27–29]. Overproduction of ROS in in-
filtrating leukocytes via NOX2 therefore may augment SMC func-
tion and participate in the pathogenesis of arterial lesions in NF1
patients. Therefore, we hypothesize that loss of neurofibromin in
monocytes/macrophages enhances ROS production via NOX2 ac-
tivation and amplifies Nf1þ /- SMC proliferation leading to occlu-
sive arterial disease. As a corollary to our experimental murine
work, we seek to identify whether NF1 patients experience
chronic oxidative stress.

2. Materials and methods

2.1. Animals

Protocols were approved by Laboratory Animal Services at
Augusta University and Indiana University. Nf1þ /– mice were ob-
tained from Tyler Jacks (Massachusetts Institute of Technology,
Cambridge, MA) and backcrossed 13 generations into the C57BL/6J
strain. p47phox (4742) knockout mice (p47-/-) were purchased from
The Jackson Laboratory and maintained on C57BL/6 strain. Nf1þ /–

mice were intercrossed with p47-/- mice to produce Nf1þ /–;p47-/-

mice. Nf1flox/flox mice were obtained from Luis Parada (University of
Texas Southwestern Medical Center, Dallas, TX) and maintained on
C57BL/6 background. gp91flox/flox mice were obtained from Abay
Shah (King's College, London, UK). LysMcre (4781) mice were
purchased from The Jackson Laboratory and maintained on C57BL/
6 background. Nf1flox/flox mice were crossed with gp91flox/flox and
LysMcre mice to generate Nfflox/þ ;gp91flox/flox;LysMcre mice (het-
erozygous loss of Nf1 and homozygous loss of gp91phox in myeloid
cells only). LysM is expressed in neutrophils and macrophages.
Cre-mediated recombination was confirmed by PCR as previously
described [11]. Inbreeding of Nf1flox/flox mice with LysMcre mice
yielded Nf1flox/þ;LysMcre (heterozygous loss of Nf1 in myeloid cells
alone) and Nf1flox/þ (WT) controls. Male mice, between 12 and 15
weeks of age, were used for experiments.

2.2. Carotid artery ligation

Carotid artery injury was induced by ligation of the right
common carotid artery as previously described [11]. Briefly, mice
were anesthetized by inhalation of an isoflurane (2%)/oxygen
(98%) mixture. Under a dissecting scope, the right carotid artery
was exposed through a midline neck incision and ligated proximal
to the bifurcation using a 6-0 silk suture. The contralateral carotid
artery was sham ligated as a control. Mice were administered
15 μg of buprenorphine (IP) following the procedure and re-
covered for 28 days. Whole ligated and control arteries were
harvested from experimental mice for analysis as previously
described.

2.3. Morphometric analysis

Van Gieson-stained arterial cross Sections 400, 800, and
1200 μm proximal to the ligation were analyzed for neointima
formation using Image J (NIH, Bethesda, MD). Lumen area, area
inside the internal elastic lamina (IEL), and area inside the external
elastic lamina (EEL) were measured for each cross section. To ac-
count for potential thrombus formation, arteries containing sig-
nificant thrombus (450% lumen occlusion) at 400 μm proximal to
the ligation were excluded from analysis. The number of excluded
arteries was not different between experimental groups. Re-
presentative photomicrographs for each figure are taken from ar-
terial cross sections between 600 and 1200 μm proximal to the
bifurcation. Intima area was calculated by subtracting the lumen
area from the IEL area, and the media area was calculated by
subtracting the IEL area from the EEL area. Intima/media (I/M)
ratio was calculated as intima area divided by media area.

2.4. Arterial ROS detection in vivo

Carotid arteries from Nf1þ /- and WT mice were injured as de-
scribed above. Forty-eight hours after injury, dihydroethidium
(20 mg/kg) was provided via IP injection. After an additional 24-h
recovery period, mice were sacrificed and whole control and in-
jured carotid arteries were perfused with heparinized saline and
flash frozen in OCT compound. Arterial cross sections (20 μm)
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were analyzed for fluorescence using an EVOS FL microscope. In a
second set of experiments, whole arteries from Nf1þ /- and WT
mice were harvested 72 h after injury and pooled, minced into a
single cell suspension, and placed in boiling sodium dodecyl sul-
fate (SDS) buffer. NOX2 and β-actin expression were analyzed by
western blot.

2.5. Isolation of bone marrow-derived macrophages, characteriza-
tion, and ROS determination

Bone marrow-derived macrophage isolation and characteriza-
tion was performed as described [8]. To assess ROS production,
WT, Nf1flox/þ ;LysMcre, and Nf1flox/flox;LysMcre macrophages (5"105

cells) were suspended in 0.5 mL Hank's Balanced Salt Solution
(HBSSS) and stimulated with 100 nM phorbol myristate acid
(PMA). L-012 (2 μM) with and without 50 units/mL superoxide
dismutase (SOD) was added to the suspension and luminescence
was measured at 15-s intervals in a luminometer. In some ex-
periments, macrophages were incubated with PD0325901 (10 nM)
or wortmannin (50 nM) to specifically inhibit Erk and Akt activity,
respectively. All experiments were performed in triplicate in four
distinct cohorts.

2.6. Smooth muscle cell isolation and proliferation

Smooth muscle cell isolation and proliferation assays were
performed as described [26]. SMC were obtained by outgrowth
from explants of WT and Nf1þ /# thoracic aortas. SMC were cul-
tured in DMEM supplemented with 20% fetal bovine serum and
100 U/ml penicillin/streptomycin in a 37 °C, 5% CO2-humidified
incubator. For cell proliferation, SMC (5000 cells/cm2) were placed
in a 96-well plate and deprived of growth factors for 12–18 h.
Quiescent SMC were stimulated with H2O2 (1 and 100 μM) for
24 h and pulse-labeled with 1 mCi/ml of [3H] thymidine for 6 h. β
emission was measured and reported as counts per minute. Cell
counts using a hemocytometer were performed to confirm
radioisotope results. Under the same conditions, cell viability was
assessed by MTT assay and light absorbance was measured using a
plate reader (570 nm). All experiments were performed in tripli-
cate in four distinct cohorts.

2.7. Patient recruitment

NF1 patients were recruited by the Indiana University NF1
Clinic at Riley Hospital for Children. All patients received a physical
examination and a medical history was taken to confirm the di-
agnosis of NF1 according to the NIH clinical criteria [30]. Patients
with a history of cancer, on anti-cancer drugs or pregnant were
excluded from the study. All patients gave informed consent prior
to participation in the study.

2.8. Isolation of human peripheral blood mononuclear cells and
analysis

Blood samples were collected from NF1 patients (37.679.7 years)
and age- and sex-matched healthy controls (40.278.1 years) into
EDTA Vacutainer tubes (BD Biosciences). Peripheral blood mono-
nuclear cells (MNCs) were isolated from 16 ml of peripheral blood by
density centrifugation using Ficoll-Paque Plus (GE Healthcare) as
previously described [31]. A total of 1"106 MNCs were resuspended
in PBS with 2% FBS and incubated with human FcR Blocking Reagent
(Miltenyi Biotec) for 10 min at 4 °C. After blocking, MNCs were in-
cubated for 30 min at 4 °C with the following primary conjugated
monoclonal antibodies: anti–human CD14–PECy5.5 (Abcam), anti–
human CD45–allophycocyanin–Alexa Fluor 750 (Invitrogen), and
anti-human CD16–PECy7 (BD Biosciences — Pharmingen), as well as

the live/dead marker ViVid (Invitrogen). After staining, MNCs were
washed 2 times with PBS with 2% FBS and fixed in 1% formaldehyde
(Sigma-Aldrich) for a minimum of 24 h. Stained MNC samples were
acquired on a BD LSRII flow cytometer equipped with a 405-nm
violet laser, 488-nm blue laser, and 633-nm red laser. At least
300,000 events were collected for each sample. Data were collected
uncompensated and analyzed using FlowJo software version 8.7.3
(Tree Star).

2.9. Modified comet assay in human mononuclear cells

MNCs were assayed for oxidative DNA damage as previously
described, with modification [32]. Following cell lysis, slides were
treated with formamidopyrimidine DNA glycosylase (FPG), which
recognized and removed oxidized purines, causing a DNA break.
For each sample, 100 cells were analyzed. The Institutional Review
Board of the Indiana University School of Medicine approved all
protocols using human tissue samples.

2.10. Statistics

All values are presented as mean7S.E.M. unless otherwise
noted. Human monocyte frequency and leukocyte oxidative-DNA
damage was analyzed using Student's t-test and sample distribu-
tion was analyzed by F-test. Macrophage ROS production and SMC
proliferation and viability was analyzed using 2-way ANOVA with
Tukey's post-hoc test for multiple comparisons. Intima area and I/
M ratio analysis was assessed by 1-way ANOVA with Tukey's post-
hoc test for multiple comparisons. Murine experiments using
apocynin treatment were assessed using 2-way ANOVA with Tu-
key's post-hoc test for multiple comparisons. Analysis was per-
formed using GraphPad Prism version 5.0 d. Po0.05 were con-
sidered significant.

3. Results

3.1. Neurofibromin-deficient macrophages produce excessive super-
oxide via p21Ras activation

The p21Ras pathway directly, but not completely, regulates in-
tracellular and extracellular oxidant species concentration; there-
fore, Ras activation in neurofibromin-deficient leukocytes may
increase ROS production. To examine the role of neurofibromin-
deficiency in leukocyte-mediated ROS production, we utilized cre/
lox technology to isolate Nf1 heterozygous and homozygous
macrophages. As Nf1 nulzygosity results in embryonic lethality, we
isolated bone marrow macrophages from Nf1flox/þ;LysMcre (Nf1
heterozygous in myeloid cells) and Nf1flox/flox;LysMcre (Nf1 homo-
zygous in myeloid cells) and subjected them to stimulation with
phorbol myristate acetate (PMA) to provoke ROS production. In
response to PMA stimulation, neurofibromin-deficient macro-
phages generated greater quantities of ROS when compared to WT
macrophages (Fig. 1). In fact, a gene-dosage response was observed
in neurofibromin-deficient macrophages (Fig. 1A and B). The ad-
dition of superoxide dismutase (SOD) effectively quenched ROS
production, indicating that Nf1 mutant macrophages produce ex-
cessive superoxide primarily (Fig. 1B).

To examine whether Ras activation in neurofibromin-deficient
macrophages directly regulates ROS production, we elicited ROS
production in WT and Nf1þ /- macrophages with PMA in the pre-
sence of PD0325901, an inhibitor of Ras-Mek-Erk, and wortman-
nin, an inhibitor of Ras-PI-3K. In response to PMA, Nf1þ /- macro-
phages produced significantly more ROS when compared with WT
macrophages and this response was completely inhibited in the
presence of either Erk or Akt inhibitors (Fig. 1C). WT macrophages
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also produced little ROS when co-incubated with PD0325901 or
wortmannin, which suggests that PMA likely induces ROS pro-
duction via Ras activation.

3.2. Nf1þ /- SMC are sensitive to oxidative stress

Reactive oxygen species modify the response of intracellular
signaling pathways, including p21Ras, and may exaggerate the re-
sponse of extracellular growth signals to induce cell proliferation
and survival. More specifically, superoxide and its primary by-
product hydrogen peroxide (H2O2) are important mitogens for
SMC [33–36]. Based on the observation that neurofibromin-

Fig. 1. Neurofibromin regulates ROS production via p21Ras. WT (red), Nf1þ /-

(green), and Nf1-/- (blue) macrophage ROS production in response to phorbol
myristate acid (PMA) in the presence or absence of p21Ras inhibitors. A and B. Data
represent relative light units in response to PMA (A) and in response to PMA with
the addition of superoxide dismutase (B) at indicated time point. C. Data represent
fold change7S.E.M. (n¼4) for WT (white bars) and Nf1þ /- (black bars) macrophage
maximal superoxide production in response to PMA (30 min) in the presence or
absence of PD0325901 (10 nM) and wortmannin (50 nM). All comparisons are re-
ferred are in reference to unstimulated WT macrophages. *Po0.01 for WT versus
Nf1þ /– macrophages stimulated with PMA. **Po0.001 for WT and Nf1þ /– macro-
phages stimulated with PMA versus WT and Nf1þ /– macrophages stimulated with
PMA in the presence of either PD0325901 or wortmannin.

Fig. 2. Low dose H2O2 induces Nf1þ /- SMC proliferation and Erk activation. WT
(white bars) and Nf1þ /– (black bars) SMC proliferation in response to stimulation
with indicated concentration of H2O2 (μM). A. Data represent genotype-specific fold
change7SEM, n¼4. *Po0.05 for Nf1þ /- SMC versus Nf1þ /– SMC stimulated with
indicated concentration of H2O2. B. Data represent genotype-specific SMC viabili-
ty7SEM (n¼4) in the presence of H2O2. *Po0.01 for Nf1þ /- SMC versus Nf1þ /–

SMC stimulated with indicated concentration of H2O2. C. Representative western
blots of phospho-Erk, phospho-Akt, pro-caspase 3, cleaved caspase 3, and β-actin in
WT and Nf1þ /- SMC treated with indicated concentration of H2O2 (n¼4).
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deficient macrophages produce excessive ROS, we isolated SMC
from the aortas of WT and Nf1þ /- mice to interrogate the potential
paracrine effects of local ROS production by infiltrating Nf1þ /-

macrophages on arterial SMC in vitro. Under growth-restrictive
conditions, Nf1þ /- SMC exhibit increased proliferation when
compared with WT SMC [11,12,26]. To account for this inherent
advantage, we compared quiescent Nf1þ /- and WT SMC incubated
with/without H2O2 to mimic exposure to vascular oxidative stress.
In response to low micromolar concentrations of H2O2, Nf1þ /- SMC
exhibited a dose-responsive increase in thymidine incorporation,
while higher concentrations of H2O2 failed to stimulate Nf1þ /- SMC
proliferation (Fig. 2A). Thymidine incorporation was also dose-
responsive in WT SMC, though higher H2O2 concentrations were
required to induce the same proliferative response and statistical
significance was not achieved. Interestingly, WT and Nf1þ /- SMC
viability dropped significantly in response to stimulation with
100 μM H2O2 as determined by MTT assay (Fig. 2B). Both low and
high concentrations of H2O2 preferentially activated Erk in Nf1þ /-

SMC when compared to WT SMC, while Ras-PI-3K activity re-
mained largely unchanged (Fig. 2C). Consistent with decreased cell
viability, incubation of Nf1þ /- SMC with 100 μM H2O2 induced the
cleavage of caspase-3, an indicator of apoptosis (Fig. 2C). These
data suggest that low-level ROS amplifies Erk activity in Nf1þ /-

SMC and potentiates Nf1þ /- SMC proliferation, while higher con-
centrations of H2O2 may induce Nf1þ /- SMC apoptosis. The latter is
an important observation since SMC apoptosis is a critical step in
the development of aortic aneurysms, which is a less common
manifestation of NF1 vasculopathy [2,37]. Additionally, we ex-
amined Nf1þ /- and WT SMC for native ROS production in response
to incubation with H2O2 to identify particular advantages that
neurofibromin-deficiency and/or Ras activation might have on ROS
production. Quiescent Nf1þ /- and WT SMC exhibited similar basal
ROS production and the addition of H2O2 (10 and 100 μM) did not
confer additional ROS production in Nf1þ /- SMC when compared
with WT SMC (data not shown). Thus, it is unlikely that Nf1þ /-

SMC produce sufficient quantities of ROS to autonomously induce
SMC proliferation and arterial stenosis de novo, but may confer an
additive effect to local ROS production by infiltrating macrophages.

3.3. NOX2 expression is upregulated in Nf1þ /- carotid arteries

Previously, we showed that Nf1þ /- mice develop exaggerated
neointimas and excessive remodeling when compared with WT

mice, which is largely mediated by neurofibromin-deficient
monocytes/macrophages [9,11]. While loss of neurofibromin ex-
pression leads to increase Ras signaling and enhances macrophage
survival and function, the inciting mechanism(s) leading to ram-
pant SMC proliferation and neointima formation are poorly un-
derstood. To examine the potential role of excessive ROS produc-
tion by Nf1þ /- macrophages on the vascular wall, we harvested
control and ligated arteries from Nf1þ /- and WT mice 3 days after
injury. Prior to tissue harvest, animals were provided dihy-
droethidium (DHE) via IP injection to detect ROS in the vascular
wall. In comparison to control vessels, injured arteries from both
genotypes exhibited increase DHE staining indicating an upregu-
lation in ROS production (Fig. 3A). However, injured Nf1þ /- arteries
showed only a modest increase in ROS expression compared to
injured WT arteries at this early time point. Next, control and in-
jured carotid arteries from Nf1þ /- and WT mice were pooled and
analyzed for NOX2 expression. Interestingly, control Nf1þ /- ar-
teries have increased expression of NOX2 compared to WT control
arteries (Fig. 3B). In response to arterial ligation, both WT and
Nf1þ /- carotid arteries have enhanced expression of NOX2 com-
pared to genotype-specific controls, though injured Nf1þ /- arteries
exhibited the highest NOX2 expression of all conditions tested.
Although examination of an early time point after arterial injury
did not detect significant differences in ROS production in the
vessel wall between Nf1þ /- and WT arteries, NOX2 expression in
whole artery lysates suggest that neurofibromin regulates the
expression of NOX2 and NOX2 expression is increased during early
inward arterial remodeling.

3.4. NOX2 activation is required for Nf1þ /- neointima formation

Excessive ROS production by infiltrating leukocytes in the vas-
cular wall contributes to SMC proliferation and arterial stenosis
[34,38] and therapeutic attempts to scavenge excess ROS or inter-
rupt ROS production have proven efficacious in preclinical models
of neointima formation [39]. Superoxide production in leukocytes is
largely mediated via NADPH oxidase 2 (NOX2), which is activated,
in part, by the Ras-dependent kinases Erk and Akt [17,28,40]. Based
on our observation that neurofibromin-deficient macrophages
produce excessive superoxide and Nf1þ /- SMC proliferation is dose-
responsive to ROS species, we intercrossed Nf1þ /- mice with p47phox

knockout mice to understand the role of NOX2 activation in Nf1þ /-

neointima formation. In response to carotid artery ligation, Nf1þ /-

Fig. 3. Loss of neurofibromin enhances NOX2 expression in carotid arteries. Representative photomicrographs (A) and NOX2 expression (B) in control and injured carotid
arteries from WT and Nf1þ /- mice (n¼3). A. Fluorescence indicating DHE staining in control and injured WT and Nf1þ /- arterial cross sections. Scale bars: 400 μm. B.
Representative western blot and quantitative densitometry for NOX2 and β-actin in pooled samples from WT Nf1þ /- carotid arteries.
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mice developed an enhanced neointima, which was phenotypically
and histologically similar to our previous observations (Fig. 4). Ge-
netic deletion of p47phox, a cytosolic component of NOX2 that is
required for NOX2 activation, reduced neointima formation in
Nf1þ /- mice to levels observed in the background strain. Quantita-
tive analysis of arterial cross sections from each cohort demon-
strated a 65% reduction in neointima area and 80% reduction in
intima/media (I/M) ratio (Fig. 4B and C). Thus, p47phox expression is
required for Nf1þ /- neointima formation and NOX2 activation may
be mechanistically responsible for the enhanced ROS production
observed in Nf1 mutant macrophages.

Previously, we utilized LysMcre mice to demonstrate that loss of
a single Nf1 gene copy in monocytes/macrophages is sufficient to
reproduce the enhanced neointima observed in neurofibromin-
deficient mice [11]. In order to specifically interrogate the role of
macrophage-specific ROS production in the pathogenesis of Nf1
arterial stenosis, we intercrossed Nf1flox/þ;LysMcre mice with
gp91flox/flox mice to generate Nf1flox/þ ;gp91flox/flox;LysMcre mice with
specific deletion of both gp91phox alleles in Nf1þ /- monocytes and
macrophages. gp91phox is the glycosylated membrane-bound

component of NOX2 and is required for electron transfer to mo-
lecular oxygen in the generation of superoxide [41]. Creþ and Cre#

mice were subjected to carotid artery ligation to induce neointima
formation. Lineage-restricted inactivation of a single Nf1 allele in
myeloid cells alone was sufficient to induce a robust neointima
that is an exact phenocopy of neointimas observed in Nf1þ /- mice
after arterial injury (Fig. 5). In contrast, genetic deletion of both
gp91phox alleles in Nf1flox/þ;LysMcre mice resulted in a 75% reduc-
tion in neointima formation after arterial injury when compared
to Nf1flox/þ;LysMcre mice (Fig. 5B and C). Collectively, these data
provide genetic evidence that the presence and activation of NOX2
is necessary for Nf1þ /- neointima formation and limiting ROS
production may be a viable therapeutic target for the prevention
and/or treatment of NF1 arterial stenosis.

3.5. Apocynin inhibits neointima formation in Nf1þ /- mice

The proximity of invading Nf1þ /- macrophages to vascular wall
SMC and their propensity for superoxide production may be pa-
thologically linked to neointima formation in Nf1þ /- mice.

Fig. 4. Genetic deletion of p47phox inhibits Nf1þ /- neointima formation. Representative photomicrographs (A) and quantification of neointima area (B and C) of injured
carotid arteries from WT, Nf1þ /-, and Nf1þ /-;p47phox-/- mice. A. Black arrows indicate neointima boundaries. Black boxes identify area of injured artery that is magnified
below. Scale bars: 100μm. B and C. Quantification of neointima area (B) and I/M ratio (C) of injured carotid arteries fromWT, Nf1þ /-, and Nf1þ /-;p47phox-/- mice. Data represent
mean neointima area or I/M ratio7SEM, n¼8–11. *Po0.001 for WT and Nf1þ /-;p47phox-/- mice versus Nf1þ /- mice.
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Sequestering ROS production provides an attractive therapeutic
option since anti-oxidants are well tolerated and may be particu-
larly effective in NF1 patients with evidence of oxidative stress.
The antioxidant apocynin is intriguing since it binds the p47
subunit in the cytosol and interferes with NOX2 activation [42–44].
Therefore, we subjected Nf1þ /- and WT mice to carotid artery li-
gation to induce arterial stenosis and provided drinking water
containing or lacking apocynin (100 mg/kg/day) for 28 days until
the arteries were harvested and analyzed for neointima formation.
In response to carotid artery injury, WT mice developed a modest
neointima while Nf1þ /- mice developed a severe arterial stenosis,
which was similar to our previous observations (Fig. 6). In con-
trast, daily administration of apocynin reduced Nf1þ /- neointima
area and I/M ratio by 75% in comparison with control Nf1þ /- mice
(Fig. 6A and B). WT mice experienced a modest, but non-sig-
nificant reduction in neointima formation, which is likely due to
their resistance to neointima formation.

3.6. NF1 patients have increased pro-inflammatory monocytes and
evidence of chronic oxidative stress

Loss of Nf1 may increase the susceptibility of whole organisms
and primary cells to oxidative stress, and previous studies have
suggested interplay between chronic oxidative stress and in-
flammation in tissue derived from NF1 patients. However, evi-
dence of oxidative stress has not been demonstrated in persons
with NF1 [8,45–47]. Therefore, we isolated peripheral blood MNCs
to examine them for evidence of oxidative stress. In comparison
with age- and sex-matched controls, total monocyte count was
elevated in asymptomatic NF1 patients. Examination of monocyte
subpopulation frequency showed that some healthy persons with
NF1 had a substantial increase in the frequency of a monocyte
subpopulation (CD14þCD16þ þ) associated with inflammatory
conditions and oxidative stress [48–50] (Fig. 7 A and B). The mean
frequency of CD14þCD16þ þ monocytes in the NF1 cohort was

Fig. 5. Lineage restricted deletion of gp91phox in myeloid cells inhibits Nf1þ /- neointima formation. Representative photomicrographs (A) and quantification of neointima area
(B and C) of injured carotid arteries fromWT, Nf1flox/þ ;LysMcre, and Nf1flox/þ ;gp91flox/flox;LysMcre mice. A. Black arrows indicate neointima boundaries. Black boxes identify area
of injured artery that is magnified below. Scale bars: 100 μm. B and C. Quantification of neointima area (B) and I/M ratio (C) of injured carotid arteries from WT,
Nf1flox/þ ;LysMcre, and Nf1flox/þ ;gp91flox/flox;LysMcre mice. Data represent mean neointima area or I/M ratio7SEM, n¼10–12. *Po0.001 for WT, and Nf1flox/þ ;gp91flox/flox;LysMcre

mice versus Nf1flox/þ ;LysMcre.
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2.5 times higher than the mean frequency of CD14þCD16þ þ

monocytes in the control cohort (40.8714 vs. 15.7374.3 cells/μL,
P¼0.06). Within the NF1 cohort, we observed that some NF1 pa-
tients exhibited a significant elevation in the frequency of circu-
lating CD14þCD16þ þ monocytes, which may cause a positive
skew in the sample distribution. To determine if the sample dis-
tribution in these two cohorts could occur by random chance, we
performed an F-test of variance. This secondary analysis revealed a
significant difference in CD14þCD16þ þ monocyte frequency var-
iance between NF1 and control patients (Po0.001). Monocyte

subpopulation frequencies must be interpreted in relationship to
controls since normal values do not presently exist. While nearly
60% of healthy controls had a CD14þCD16þ þ monocyte frequency
of less than 10,000 cells/μL in their peripheral blood, less than 45%
of healthy persons with NF1 met the same cutoff value. In fact, the
highest CD14þCD16þ þ monocyte frequency observed in persons
with NF1 were 2–3 fold higher than the highest observed fre-
quencies in control patients (Fig. 7B). In comparison, the frequency
of patrolling or “classical” monocytes did not differ between con-
trol and NF1 patients Fig. 7C. Since CD14þ þCD16# classical

Fig. 6. Apocynin, a NOX2 inhibitor, reduces Nf1þ /- neointima formation. Quantification of neointima area (A) and I/M ratio (B) of injured carotid arteries from WT and Nf1þ /-

mice treated with apocynin (100 mg/kg/day) or water. Data represent mean neointima area or I/M ratio 7 SEM, n¼8–10. *Po0.001 for WT versus Nf1þ /- mice treated with
water. **Po0.001 for Nf1þ /- mice treated with apocynin versus Nf1þ /- mice treated with water. No statistical difference was observed between WT mice treated with
apocynin and WT mice treated with water.

Fig. 7. NF1 patients have evidence of chronic inflammation and oxidative stress. Quantification of total monocyte count (A), CD14þCD16þ þ monocyte count (B), and
peripheral blood MNC comet tail moment (C) in NF1 patients and age-, sex-matched controls. A. Data represent total monocyte count (cells/μL) for NF1 patients (n¼13) and
controls (n¼18). Po0.01 for NF1 patients versus control patients. B. Data represent CD14þCD16þ þ monocytes (cells/μL) for NF1 patients (n¼13) and controls (n¼17). C.
Data represent CD14þ þCD16# monocytes (cells/μL) for NF1 patients (n¼13) and controls (n¼17). D. Data represent mean comet tail moment7S.D. for NF1 patients (n¼10)
versus controls (n¼28). Po0.05 for NF1 versus control patients.
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monocytes arise from the bone marrow and give rise to
CD14þ þCD16þ intermediate and CD14þCD16þ þ non-classical
monocytes, this data suggests that the increased frequency of
CD14þCD16þ þ monocytes is the result of signaling inputs outside
the bone marrow compartment and do not arise from alterations
in developmental maturation [50].

Next, we examined peripheral blood MNCs for evidence of oxi-
dative stress using a modified comet assay to analyze for oxidative
DNA damage. Monocytes isolated from NF1 patients displayed a
2-fold increase in oxidative DNA damage when compared with
control patients (Fig. 7D Thus, NF1 patients have evidence of chronic
oxidative stress and inflammation, which may predispose them to
premature and/or severe forms of cardiovascular disease.

4. Discussion

Despite a high propensity for severe forms of cardiovascular
disease, tailored therapies for NF1 patients with vasculopathy are
nonexistent. The lack of a concise therapeutic approach to NF1
vasculopathy is largely due to a poor understanding of disease
pathogenesis and latency in disease presentation. To date, most
therapeutic studies have targeted downstream Ras kinases as their
activity is deregulated and amplified in persons with NF1. While
Ras pathway inhibitors are mechanistically plausible for the
treatment of cardiovascular manifestations in NF1 patients, long-
term treatment of cardiovascular diseases with Mek-Erk or Ras-PI-
3K inhibitors is not practical due to the necessity of this highly
conserved pathway in normal cell growth and differentiation.
Thus, the need for highly efficacious and well-tolerated com-
pounds for persons with NF1 vasculopathy must leverage the
unique biochemistry found in neurofibromin-deficient tissue
while maintaining a favorable side-effect profile.

Emerging evidence suggests that oxido-reductive balance is
disturbed in active Ras mutants and neurofibromin-deficient tis-
sues and humans. The interaction between ROS and Ras is multi-
faceted, but reactive oxygen and nitrogen species have been
identified as upstream modulators and downstream targets of
several Ras kinases [13]. Active Ras mutations or upregulation of
Ras signaling leads to increased expression of NADPH oxidases to
enhance ROS production in multiple cell types [17,51–53]. Ras
activation through growth factor binding of various receptor tyr-
osine kinases may cooperate with small molecule modulators,
such as ROS, to enhance phosphorylation of the downstream ki-
nases Erk and Akt [54]. In turn, inhibition of ROS production ap-
pears to decrease Erk and Akt activity so that signaling feedback
between ROS and Ras is critical for cell homeostasis [55–57]. The
physiologic interaction of ROS and p21Ras may turn pathologic in
the setting of neurofibromin-deficiency as evidenced by recent
studies. Oligodendrocytes containing either inactivating Nf1 or
active HRAS mutations produce excessive ROS leading to disrup-
tion of local endothelial tight junctions and increased vascular
permeability, which is restored with the administration of the
antioxidant N-acetyl cysteine [23]. Neurofibromin may also ex-
press a more direct relationship with mitochondrial ROS produc-
tion via protein kinase A (PKA). Mutations in the Drosophila Nf1
homolog increased mitochondrial ROS production, shortened
lifespan, and sensitized flies to oxidative stress [22]. Over-
expression of PKA restored a normal response to oxidative stress
in Nf1 mutant Drosophila [58]. Conversely, overexpression of
neurofibromin in Drosophila provided resistance to oxidant injury
and prolonged mean lifespan. Here, we show that superoxide
production by differentiated macrophages is directly regulated by
neurofibromin via a gene-dosage dependent mechanism.

In support of neurofibromin's role in ROS production, we pro-
vide the first evidence of chronic oxidative stress in NF1 patients, as

demonstrated by increased comet tail moment, an indicator of
oxidative DNA damage [59]. Recent studies suggest that neurofi-
bromin also regulates cell cycle and DNA repair pathways; there-
fore, loss of neurofibromin may prevent normal DNA repair to occur
and may be an alternative explanation for the enhanced oxidative
DNA damage [60]. However, measurement of direct DNA damage
did not differ between NF1 and control patients (data not shown).
Regardless, the implications of these findings may be broad-based
since excessive ROS production and oxidative DNA damage may
participate in several manifestations of NF1, including cancer, im-
paired learning and cognition, and musculoskeletal diseases. Fur-
ther, modulating ROS production is an attractive therapeutic alter-
native for NF1 patients and may have additive effects since neuro-
fibromin restrains ROS production directly and indirectly.

Monocytes and macrophages appear to play a critical role in
the pathogenesis of NF1 vasculopathy. Lineage-restricted in-
activation of Nf1 in myeloid cells leads to a pro-inflammatory
monocyte profile in mice and is sufficient to recapitulate the ar-
terial stenosis phenotype observed in persons with NF1 [11]. Nf1
mutant macrophages are readily recruited to sites of vascular in-
jury and the excessive ROS production by Nf1þ /- macrophages
appears to promote a proliferative SMC response in vitro and
in vivo. Interestingly, PMA elicited more ROS in Nf1 mutant mac-
rophages as compared to WT macrophages, which was effectively
blocked by co-incubation with inhibitors of Ras. PMA is a potent
stimulus for NADPH via Ras-Erk dependent and independent
mechanisms and may explain the exaggerated response of Nf1þ /-

and Nf1-/- macrophages to PMA [61–64]. Increased production of
ROS may propagate a pro-survival macrophage phenotype and
increase the generation and secretion of pro-inflammatory cyto-
kines, although this has yet to be demonstrated [65]. Neurofi-
bromin's role in regulating monocyte/macrophage-mediated ROS
is further emphasized by the observation that apocynin sig-
nificantly inhibited neointima formation in Nf1þ /- mice while
having little effect on WT neointima formation. Although apocynin
is generally recognized as a nonspecific antioxidant in vascular
wall cells, Heumuller et al. concluded that apocynin dimerizes in
myeloperoxidase-expressing cells, including macrophages, and
suppresses superoxide production in leukocytes by inhibiting the
binding of the cytosolic p47phox subunit to the transmembrane
NOX2 complex [42]. Apocynin's dual roles as an antioxidant and
specific inhibitor of NOX2 activity likely contribute to the reduced
neointima formation observed in Nf1þ /- mice. These observations
are supported by our findings that genetic deletion of p47phox or
myeloid cell specific inactivation of gp91phox inhibited neointima
formation in Nf1þ /- mice. Further, the activation of p47phox is
highly regulated by the Ras dependent kinases Erk and Akt, which
is required for NOX2 activation and superoxide production in cir-
culating phagocytes [66–68]. Directly targeting NOX2 for the pre-
vention and/or treatment of NF1-related arterial stenosis may not
be viable as NOX2 is critical for respiratory burst and phagocytosis,
though clinical trails of small molecule NOX inhibitors are forth-
coming [40].

Antioxidants, on the other hand, have yielded promising results
in multiple preclinical models of arterial stenosis, but human
clinical trials have demonstrated only a modest effect [69–71].
Inhibition of ROS production or sequestering its activity via anti-
oxidant therapy may provide a greater beneficial effect in patients
with active Ras mutations, including NF1, than that observed in
the general population since small perturbations in kinase activity
precipitate a dramatic increase in downstream signaling. For ex-
ample, anti-oxidant therapy significantly reduced vascular wall
ROS in Nf1þ /- aortas exposed to angiotensin II (AngII) while having
minimal effect on ROS in WT aortas [72]. The preferential effect of
antioxidant therapy in Nf1þ /- mice may be explained by the high
numbers of macrophages observed in Nf1þ /- aortas exposed to
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AngII resulting in an abundance of oxidant species. Interestingly,
low dose simvastatin, an HMG-CoA reductase inhibitor with anti-
oxidant properties, effectively blocked ROS production in Nf1þ /-

aortas exposed to AngII with only a modest treatment effect ob-
served in WT aortas exposed to AngII. While the pleiotropic effects
of statins are widely studied, their function as an inhibitor of
prenylation has made them an attractive therapy for NF1 patients
since prenylation is required for Ras activation [73]. The ability of
statins to modulate Ras activity and scavenge oxidative species
may cooperate to limit the production and local concentration of
ROS within the vascular wall. Statins have proven beneficial for a
variety of NF1 manifestations including cognitive deficits, beha-
vioral impairment, bone dysplasia and healing in preclinical
models, but randomized trials in NF1 patients have yielded mixed
results [11,74–77]. To date, no clinical trials for NF1 vasculopathy
have been performed.

In summary, our study identifies a novel role for neurofibromin
signaling in the generation of reactive oxygen species and provides
genetic and pharmacologic evidence that excessive ROS is linked
to NF1 vasculopathy. Further, we provide the first human data to
suggest that NF1 patients experience chronic oxidative stress. As
neurofibromin-deficient myeloid cells are critical cellular media-
tors of multiple manifestations of NF1, our findings provide a
framework for interrogating ROS in NF1 biology and the rational
design of clinical trials using antioxidants for NF1 vasculopathy.
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Abstract
Persons with neurofibromatosis type 1 (NF1) have a predisposition for premature and severe arterial stenosis. Mutations in the
NF1 gene result in decreased expression of neurofibromin, a negative regulator of p21Ras, and increases Ras signaling.
Heterozygous Nf1 (Nf1+/−) mice develop a marked arterial stenosis characterized by proliferating smooth muscle cells (SMCs)
and a predominance of infiltrating macrophages, which closely resembles arterial lesions from NF1 patients. Interestingly,
lineage-restricted inactivation of a single Nf1 allele in monocytes/macrophages is sufficient to recapitulate the phenotype
observed in Nf1+/− mice and to mobilize proinflammatory CCR2+ monocytes into the peripheral blood. Therefore, we
hypothesized that CCR2 receptor activation by its primary ligand monocyte chemotactic protein-1 (MCP-1) is critical for
monocyte infiltration into the arterial wall and neointima formation in Nf1+/− mice. MCP-1 induces a dose-responsive increase
in Nf1+/− macrophage migration and proliferation that corresponds with activation of multiple Ras kinases. In addition, Nf1+/−

SMCs, which express CCR2, demonstrate an enhanced proliferative response to MCP-1 when compared with WT SMCs. To
interrogate the role of CCR2 activation on Nf1+/− neointima formation, we induced neointima formation by carotid artery
ligation in Nf1+/− and WT mice with genetic deletion of either MCP1 or CCR2. Loss of MCP-1 or CCR2 expression effectively
inhibited Nf1+/− neointima formation and reduced macrophage content in the arterial wall. Finally, administration of a CCR2
antagonist significantly reduced Nf1+/− neointima formation. These studies identify MCP-1 as a potent chemokine for Nf1+/−

monocytes/macrophages and CCR2 as a viable therapeutic target for NF1 arterial stenosis.

Introduction
Neurofibromatosis type 1 (NF1) is an autosomal dominant dis-
order affecting 1 in 3000 persons and is the result of inactivating
mutations in theNF1 tumor suppressor gene. Neurofibromin, the
protein product of NF1, functions as a GTPase activating protein
for p21ras (Ras) and accelerates the slow, intrinsic hydrolysis of

active Ras-GTP to its inactive diphosphate conformation (1). In-
herited mutations of NF1 affect a single gene copy and result in
disease with complete penetrance and a broad range of clinical
features.

Cardiovascular disease represents a common, yet understud-
ied, manifestation of NF1 that contributes to the early mortality
observed in this patient population (2). NF1 vasculopathy

†These authors contributed equally to this work.
Received: October 26, 2015. Revised: December 7, 2015. Accepted: December 30, 2015

© The Author 2016. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

Human Molecular Genetics, 2016, Vol. 25, No. 6 1129–1139

doi: 10.1093/hmg/ddv635
Advance Access Publication Date: 5 January 2016
Original Article

1129

 at G
eorgia H

ealth Sciences U
niversity G

reenblatt Library on M
arch 25, 2016

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

http://www.oxfordjournals.org
http://hmg.oxfordjournals.org/


primarily affects the arterial network with a strong predilection
for the renal artery and proximal branches of the carotid artery.
The exact frequency of vasculopathy inNF1 patients is unknown;
however, multiple case series and large patient cohorts suggest
the prevalence of arterial disease approaches 10% (3–7). The in-
sidious and progressive clinical presentation of these lesions in
early adulthood likely places the true incidence much higher.
In fact, histologic evidence of cardiovascular disease was identi-
fied in nearly 50% of young adults with NF1 in one case series (8),
whereas a comprehensive review of 3253 death certificates re-
vealed a diagnosis of vasculopathy was listed 7.2 times more fre-
quently than expected among NF1 patients less than 30 years of
age at the time of death (4).

Arterial lesions associated with NF1 are characterized by
smooth muscle cell (SMC) hyperplasia, leukocyte infiltration
and arterial remodeling leading to vasoocclusion and tissue is-
chemia (2,9–11). Previously, we developed a mouse model of
NF1 arterial stenosis using Nf1 heterozygous (Nf1+/−) mice that
completely recapitulates the human phenotype (12). Although
neointima formation is the result of complex interactions be-
tween vascular wall cells and circulating leukocytes, we showed
that loss of a single Nf1 allele in bonemarrow cells is both neces-
sary and sufficient to induce arterial stenosis (13). These results
were somewhat surprising, because neurofibromin-deficient
SMC have increased proliferation and migration in response to
multiple growth factors and Nf1+/− macrophages (13,14). Neurofi-
bromin-deficient macrophages are the dominant hematopoietic
cell within the neointima of Nf1+/− mice and likely secrete cyto-
kines and chemokines that stimulate SMC proliferation and
migration (13,15). Thus, it is plausible that loss of neurofibromin
in bone marrow and circulating hematopoietic cells, particularly
monocytes and macrophages, may predispose NF1 patients to
developexaggerated responses to acute andchronic inflammation
or insult. Emerging evidence in NF1 patients is supportive of this
hypothesis. Asymptomatic NF1 patients have increased circulat-
ing proinflammatory cytokines and monocytes (CD14+CD16+) in
the peripheral blood compared with controls (13). Similar to NF1
patients, Nf1+/− mice have increased circulating Ly6ChiCCR2+

monocytes, which are the murine correlate of human proinflam-
matory monocytes (15,16). Murine Ly6ChiCCR2+ leukocytes are
primitive bone-marrow-derived monocytes that are actively re-
cruited to sites of inflammation and differentiate into macro-
phages and inflammatory dendritic cells (17,18). In support of
our hypothesis that neurofibromin regulates inflammatory cas-
cades in circulating leukocytes, we recently showed that loss of a
single Nf1 gene copy in myeloid cells was sufficient to mobilize
Ly6ChiCCR2+ monocytes and induce arterial stenosis following
carotid artery ligation (15). Interestingly, genetic deletion of both
Nf1 gene copies inmyeloid cells alone resulted in a 4-fold increase
in circulating Ly6ChiCCR2+ monocytes and nearly complete arter-
ial occlusion following carotid ligation (15).

Based on these observations, we generated compound mu-
tant mice to test the hypothesis that CCR2 activation is critical
for Nf1+/− macrophage recruitment to sites of vascular injury
and necessary for Nf1+/− neointima formation. Further, we
sought to understand how CCR2 activation by its primary ligand,
monocyte chemotactic protein-1 (MCP-1/CCL2), mediates neuro-
fibromin-deficient macrophage function and SMC proliferation.
Finally, we use our murine model system to test the efficacy of
a potent and specific inhibitor of the CCR2 receptor as a potential
therapeutic intervention in the treatment of NF1 arterial
stenosis.

Results
MCP-1 is a potent chemokine forNf1+/−macrophages and
SMC

MCP-1 is a monomeric polypeptide anchored to the endothelial
monolayer of blood vessels and secreted by SMC and circulating
leukocytes (19,20). The chemotactic properties of MCP-1 are pri-
marily mediated through its activation of the CCR2 receptor
(19,21–23). Importantly, the expression of CCR2 in the cardiovas-
cular system is restricted to endothelial cells (ECs), SMC and
monocytes/macrophages and is not a mediator of granulocyte
chemotaxis (24–26). Therefore, we derived Nf1+/− andWTmacro-
phages from Nf1+/− and WT mice to assess their functional re-
sponse to MCP-1 stimulation. At baseline, Nf1+/− macrophages
demonstrate a 2-fold increase inmigration, but do not exhibit en-
hanced proliferation. In response to MCP-1 incubation, Nf1+/−

macrophages exhibited a dose-dependent increase in chemo-
taxis and proliferation when compared with WT macrophages
(Fig. 1A and B). Although MCP-1 also increased WT macrophage
migration and proliferation in a dose-dependent manner, MCP-
1 stimulated a 2- to 3-fold increase in Nf1+/− macrophage migra-
tion and proliferation when compared with WT macrophages at
the same concentration of MCP-1. Interestingly, analysis of cul-
turemedia from growth-arrestedNf1+/− andWTmacrophages re-
vealed an increased concentration of MCP-1 in the media of
cultured Nf1+/− macrophages when compared with WT macro-
phage media (Fig. 1C). Cell counts of growth-arrested macro-
phages did not differ between genotypes (data not shown).
Next, we analyzed neurofibromin-regulated Ras kinase activity
to determine which pathway may be preferentially activated in
in Nf1+/− macrophages in response to MCP-1 (Fig. 1D). While
phosphorylation of both Erk and Akt was demonstrated in Nf1+/−

macrophages incubated with MCP-1, the increase in p-Erk/Erk
ratio didnot differ betweenNf1+/−andWTmacrophages incubated
withMCP-1 and likely represents an increase in Erk activity that is
independent of neurofibromin expression. Akt phosphorylation,
on the other hand, was dramatically higher inNf1+/−macrophages
stimulated with MCP-1 when compared with WT macrophages
stimulated with MCP-1. Thus, Nf1+/− macrophages exhibit an ex-
aggerated response to MCP-1 stimulation that corresponds with
preferential activation of the PI3-K–Akt pathway.

Infiltratingmacrophages secrete growth factors and cytokines
to induce SMC proliferation and inward remodeling, which are
hallmarks of arterial stenosis. Although genetic deletion of Nf1
in SMC is not required for Nf1+/− neointima formation, Nf1+/−

SMCs demonstrate enhanced proliferation in response to mul-
tiple growth factors and co-incubation with Nf1+/− and WT
macrophages (14,15,27). Based on the observation that Nf1+/−

macrophages exhibit increased production of MCP-1 and that
SMC express CCR2, we isolated SMC from WT, Nf1+/− and Nf1+/−;
CCR2−/− mice to assess their proliferative response to MCP-1.
Similar to previous published reports, WT SMC showed amodest
proliferative response to MCP-1 (28–31) (Fig. 2A). While Nf1+/−

SMCs are more proliferative at baseline, Nf1+/− SMC exhibited a
nearly 2-fold increase in proliferation in response to MCP-1
stimulation when compared with untreated Nf1+/− SMC. MCP-1
expression in cultured Nf1+/− SMC and secretion into growth
mediawas similar toWT SMC (data not shown). Genetic deletion
of CCR2 in Nf1+/− SMC completely abolished the proliferative
response mediated by MCP-1 and demonstrates that MCP-1 is
primarily activating CCR2 on Nf1+/− SMC (Fig. 2A). Examination
of Ras-dependent kinase activity revealed a profound increase
in Erk signaling in Nf1+/− SMC stimulated with MCP-1 when
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compared with unstimulated Nf1+/− SMC (Fig. 2B). MCP-1 did not
alter Akt activity in Nf1+/− SMC (data not shown). Based on the
substantial increase in Erk activity in response toMCP-1,we incu-
bated Nf1+/− and WT SMC with MCP-1 (10 ng/ml) in the presence
or absence of PD0325901, a potent inhibitor of Mek–Erk signaling.
At low nanomolar concentrations of PD0325901, MCP-1 failed to
evoke a proliferative response in Nf1+/− SMC (Fig. 2C). Not sur-
prisingly, blockade of Erk signaling also reduced WT SMC prolif-
eration and strengthens the argument that Erk activation is
critical for MCP-1 elicited SMC proliferation. Collectively, these
data suggest that Nf1+/− SMC exhibit enhanced proliferation in
response to MCP-1 via Erk activation.

Genetic deletion of MCP-1 or CCR2 abrogates Nf1+/−

neointima formation

Based on our observations that MCP-1 is a potent stimulus for
Nf1+/− macrophage and SMC, we sought to interrogate the role
of MCP-1/CCR2 signaling in the pathogenesis Nf1+/− arterial sten-
osis.Nf1+/−micewere intercrossedwithMCP1−/−mice to generate

compoundmutantNf1+/−;MCP1−/−mice.WT,MCP1−/−,Nf1+/− and
Nf1+/−; MCP1−/− mice underwent surgical ligation of the right
common carotid artery to induce neointima formation. In re-
sponse to arterial injury, WT mice developed a modest neointi-
ma, whereas Nf1+/− mice developed a robust neointimal layer
after arterial injury (Fig. 3). Genetic deletion of MCP-1 completely
inhibited neointima formation in Nf1+/− mice. Morphometric
analysis of serial cross sections revealed a 70% reduction in
neointima area (Fig. 3B) and a 55% reduction in intima/media
(I/M) ratio (Fig. 3C). Corresponding with the reduced neointima
in Nf1+/− mice lacking MCP-1 expression, Mac-3+ macrophage
staining in the neointimas of Nf1+/−; MCP1−/− mice were sig-
nificantly reduced when compared with Nf1+/− neointimas
(10.4 ± 3.0% versus 17.3 ± 3.4% of total cell number, P = 0.1; Fig. 3D).

Although MCP-1 primarily binds to CCR2, recent evidence
suggests that MCP-1 has non-CCR2-mediated effects in SMC in-
cluding binding of the CCR4 receptor (32,33). Therefore, we inter-
crossed Nf1+/− and CCR2−/− mice to examine the role of CCR2
activation on Nf1+/− neointima formation and macrophage infil-
tration into the vascular wall. The common carotid arteries of

Figure 1. MCP-1 enhances Nf1+/− macrophage function. WT (white bars) and Nf1+/– (black bars) macrophage migration and proliferation, in response to MCP-1. (A) Data
represent average number of migrated cells per HPF ± SEM, n = 5. *P < 0.001 for WT versus Nf1+/– macrophages at indicated concentration of MCP-1. **P < 0.001 for
unstimulated WT and Nf1+/− macrophages versus MCP-1 (10 ng/ml) stimulated WT and Nf1+/− macrophages. #P < 0.0001 for MCP-1 (10 ng/ml) stimulated WT and Nf1+/−

macrophages versus MCP-1 (100 ng/ml) stimulated WT and Nf1+/− macrophages. (B) Data represent thymidine incorporation reported as mean counts per minute
(cpm) ± SEM, n = 5. *P < 0.001 for WT versus Nf1+/– macrophages at indicated concentration of MCP-1. **P < 0.001 for unstimulated WT and Nf1+/− macrophages versus MCP-
1 (10 ng/ml) stimulatedWTandNf1+/−macrophages. #P < 0.001 forMCP-1 (10 ng/ml) stimulatedNf1+/−macrophages versusMCP-1 (50 ng/ml) stimulatedNf1+/−macrophages.
(C) Data representMCP-1 concentration reported as pg/ml ± SEM, n = 5. *P < 0.01 forWT versusNf1+/–macrophage-conditionedmedia. (D) Representativewestern blots of Akt
and Erk phosphorylation in WT and Nf1+/− macrophages treated with/without MCP-1 (10 ng/ml), n = 4. Quantitative densitometry ± SEM is reported as ratio of
phosphorylated-Akt to total Akt or phosphorylated-Erk to total Erk density and corrected to unstimulated WT macrophages. *P < 0.001 for pAkt/Akt ratio in all conditions
versus Nf1+/– macrophages stimulated with MCP-1. *P < 0.01 for pErk/Erk ratio for unstimulated WT macrophages versus MCP-1 stimulated WT macrophages and
unstimulated Nf1+/− macrophages.
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WT, CCR2−/−, Nf1+/− and Nf1+/−; CCR2−/− mice were ligated and
analyzed for neointima formation after a 28-day recovery period.
Similar to our previous experiment, Nf1+/− mice form a large
neointimawhen compared withWTmice. Homozygous deletion
of CCR2 in Nf1+/− mice completely abrogated neointima

formation and quantitative analysis of arterial cross sections de-
monstrated that arterial remodeling and neointima size were
similar toWT arteries (Fig. 4A–C). Consistent with these observa-
tions, Mac-3+macrophage infiltration into the neointimawas re-
duced in Nf1+/−;CCR2−/− mice when compared with Nf1+/− mice
(12.2 ± 2.9% versus 21.53 ± 3.5% of total cell number, P < 0.05;
Fig. 4D). Thus, MCP-1 and CCR2 expression are critical for neoin-
tima formation in Nf1+/− mice.

Pharmacologic inhibition of CCR2 inhibits Nf1+/−

neointima formation

Pharmacologic inhibition of CCR2 could provide an attractive
therapeutic target for NF1 patientswith evidence of vasculopathy.
Therefore, we utilized a specific CCR2 antagonist (INCB3284) for
preclinical testing in our murine model system of NF1 arterial
stenosis (34). Nf1+/− and WT mice were administered INCB3284
or vehicle via intraperitoneal injection immediately after arterial
injury and once daily for 10 days as rescue therapy. This regimen
was selected based on published pharmacokinetics for INCB3284
and specific targeting of macrophages during the early phase of
arterial remodeling (34). In response to carotid artery ligation,
vehicle-treated Nf1+/− mice developed significant intimal hyper-
plasia, whereas WT mice developed a more modest neointima,
which was grossly and quantitatively similar to our previous
observations (Fig. 5A–C). Daily administration of INCB 3284 as a
rescue therapy significantly reduced neointima formation in
Nf1+/− mice when compared with vehicle-treated Nf1+/− mice
(Fig. 5B and C). While there was a trend toward reduction of
neointima area and I/M ratio in WT mice treated with INCB
3284 when compared with WT mice receiving PBS treatment,
statistical significancewas not achieved (P = 0.11 and 0.5, respect-
ively). Mac-3+ macrophage content was also reduced in Nf1+/−

mice treated with INCB 3284 when compared with Nf1+/− mice
receiving PBS treatment (16.3 ± 3.2% versus 24.12 ± 3.1% of total
cell number, P < 0.05; Fig. 5D). Weight gain was similar between
INCB 3284 and vehicle treatment groups, and no toxicities were
observed on autopsy and inspection of visceral organs. These
are the first data to suggest that a competitive CCR2 antagonist
may be a viable therapeutic intervention for NF1 patients with
evidence of cardiovascular disease.

Discussion
To date, therapeutic interventions for NF1 patients with cardio-
vascular disease have been limited, and tailored therapies direc-
ted at neurofibromin deficiency or its downstream targets are
non-existent. Multiple extracellular signaling inputs converge
on canonical Ras to maintain normal cell turnover, which limits
the long-term use of Ras kinase inhibitors in patients with NF1
cardiovascular disease. Thus, a complete understanding of the
pathogenesis of arterial disease in NF1 patients is imperative to
inform novel therapeutic approaches leading to disease-specific
clinical trials. Along this line of reasoning, emerging evidence
suggests that NF1 patients experience chronic inflammation
including increased cytokine production and frequency of circu-
lating proinflammatory CD14+CD16+ monocytes in their periph-
eral blood (13). These findings are supported by our recent
observation that Nf1+/− mice have increased circulating Ly6Chi

monocytes, which closely resemble human proinflammatory
intermediate monocytes (16). Increased cell surface expression
of CCR2 is characteristic of Ly6Chi monocytes and enables these
primitive myeloid cells to emigrate from the bone marrow and
home to sites of inflammation where they differentiate into

Figure 2. MCP-1 enhances Nf1+/− SMC proliferation via Erk activation. WT (white
bars), Nf1+/– (black bars) and Nf1+/−;CCR2−/− (gray bars) SMC proliferation in
response to stimulation with MCP-1. (A) Data represent thymidine incorporation
as mean cpm± SEM, n = 4. *P < 0.05 for WT SMC versus Nf1+/– SMC at indicated
concentrations of MCP-1. No statistical difference was observed between
unstimulated Nf1+/− and Nf1+/−;CCR2−/− SMC. **P < 0.001 for unstimulated Nf1+/−

SMC versus MCP-1 stimulated Nf1+/− SMC. #P < 0.001 for MCP-1 stimulated Nf1+/−

SMC versus MCP-1 stimulated Nf1+/−;CCR2−/− SMC. (B) Representative western
blot and quantitative densitometry of Erk phosphorylation in WT and Nf1+/− SMC
treated with/without MCP-1 (10 ng/ml), n = 3. Quantitative densitometry ± SEM is
reported as ratio for phosphorylated-Erk to total Erk density and corrected to
unstimulated WT SMC. *P < 0.0001 for all conditions versus Nf1+/– SMC stimulated
with MCP-1. (C) Data represent thymidine incorporation as mean cpm± SEM,
n = 3. *P < 0.05 for WT SMC versus Nf1+/– SMC at indicated concentrations of MCP-
1. **P < 0.01 for unstimulated Nf1+/− and WT SMC versus MCP-1 stimulated Nf1+/−

and WT SMC. #P < 0.01 for MCP-1 stimulated Nf1+/− and WT SMC versus MCP-1
stimulated Nf1+/− and WT SMC in the presence of PD0325901 at indicated
concentration.
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macrophages and secrete growth factors, reactive oxygen species
and cytokines (35). Neurofibromin appears to play a central role in
their derivation andmobilization from the bone marrow. Similar
to Nf1+/− mice, mice harboring a lineage-restricted deletion of a
single Nf1 gene copy in myeloid cells have increased Ly6-
ChiCCR2+ monocytes in the peripheral blood (15). Interestingly,
genetic deletion of both Nf1 gene copies resulted in a 4-fold in-
crease in circulating Ly6ChiCCR2+ monocyte frequency, which
strongly suggests that neurofibromin directly regulates mono-
cyte mobilization and inflammation via a cell autonomous and
gene-dosage-dependent mechanism (15).

Not surprisingly, monocytes andmacrophages appear to play
a central role in the pathogenesis of NF1-related arterial stenosis.
Experimental ligation of the common carotid artery in mice har-
boring a myeloid-specific deletion of Nf1 results in a robust
neointima that is identical toNf1+/− mice and NF1 patients. Dele-
tion of both Nf1 alleles in myeloid cells resulted in a near-total

occlusion of the carotid artery after injury. Thus, neointima for-
mation in Nf1-mutant mice is directly regulated by neurofibro-
min expression in myeloid cells via a gene-dosage-dependent
mechanism. Based on the observation that neointima formation
and CCR2+, inflammatory monocyte frequency is directly regu-
lated by myeloid cell-specific mutations in the Nf1 gene, we uti-
lized MCP-1 and CCR2 knockout mice to specifically interrogate
the role of neurofibromin in regulating CCR2-dependent mono-
cytemobilization and homing during cardiovascular remodeling.
Here we show that loss of MCP-1 or CCR2 expression prevents
macrophage infiltration into the arterial wall and abolishes
neointima formation in Nf1+/− mice. The recruitment of bone
marrowmonocytes appears to be strongly linked to the presence
and activation of CCR2. CCR2-deficient mice have a dramatic re-
duction in mature monocyte frequency in the peripheral blood,
whereas the bone marrow appears to be enriched with primitive
and precursor myeloid cells indicating that CCR2 participates in

Figure 3. Genetic deletion of MCP-1 inhibits Nf1+/− neointima formation. Representative photomicrographs (A) and quantification of neointima area (B and C) of injured
carotid arteries from WT, MCP1−/−, Nf1+/− and Nf1+/−;MCP1−/− mice. (A) Black arrows indicate neointima boundaries. Black boxes identify area of injured artery that is
magnified below. Scale bars: 100 μm. (B and C) Quantification of neointima area (B) and I/M ratio (C) of injured carotid arteries from WT, MCP1−/−, Nf1+/− and Nf1+/−;
MCP1−/− mice. Data represent mean neointima area or I/M ratio ± SEM, n = 10–12. *P < 0.01 for WT, MCP1−/− and Nf1+/−;MCP1−/− mice versus Nf1+/− mice. (D)
Representative photomicrographs of Mac-3 staining in injured carotid arteries from Nf1+/− and Nf1+/−;MCP1−/− mice. Black arrows indicate neointima boundaries.
Black box identifies area of injured artery that is magnified in the right column. Black arrowheads represent positivemacrophage (anti-Mac3) staining. Scale bars: 100 μm.
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the mobilization of monocytes from the bone marrow (25,36,37).
Monocyte differentiation in CCR2−/− mice remains intact; how-
ever, mature monocytes fail to accumulate in the spleen and re-
spond to inflammatory stimuli (36). Surprisingly, CCR2 deletion
failed to reduce neointima formation in our experimental
model system. The demonstrated reduction in neointima forma-
tion in CCR2-deficient mice has largely been demonstrated in
compound mutant mice (i.e. CCR2−/−;ApoE−/−) and may rely on
a hyperlipidemic background to mediate its effects (38,39). Fur-
ther, C57Bl/6 mice are highly resistant to arterial remodeling in
multiple animal models, which is consistent with our experi-
mental results and previous reports (12,13,15,27,40).

Although MCP-1 is the principal ligand for CCR2, other mono-
cyte chemotactic proteins have affinity for CCR2 andhave a role in
monocyte function, SMC proliferation and arterial remodeling
(25,41,42). Thus, complimentary studies in Nf1+/− mice lacking

MCP-1 expression were critical to link the increased sensitivity of
neurofibromin-deficient monocytes/macrophages to MCP-1 and
the mobilization of CCR2+ proinflammatory monocytes in Nf1-
mutant mice. The lack of neointima formation in Nf1+/−;MCP1−/−

mice mirrors our findings in CCR2-deficient Nf1+/− mice and
provides strong genetic evidence that this signaling axis is neces-
sary for Nf1+/− neointima formation. The underlyingmechanisms
of this interaction remain unclear; however, we show that MCP-1
preferentially activates Erk signaling in Nf1+/− SMC and multiple
Ras-dependent kinases in Nf1+/− monocytes, including Akt. Inter-
estingly, Erk and Akt, the primary downstream targets of Ras,
activate several transcription factors including SP-1, c-Jun and
AP-1, which control the expression of MCP-1 and other cytokines
(43–46). In turn, expression of chemokines such as MCP-1 largely
controls leukocyte and SMC function via RTK-mediated Ras acti-
vation. This may contribute to a positive feedback loop where

Figure 4. Genetic deletion of CCR2 inhibits Nf1+/− neointima formation. Representative photomicrographs (A) and quantification of neointima area (B and C) of injured
carotid arteries from WT, CCR2−/−, Nf1+/− and Nf1+/−;CCR2−/− mice. (A) Black arrows indicate neointima boundaries. Black boxes identify area of injured artery that is
magnified below. Scale bars: 100 μm. (B and C) Quantification of neointima area (B) and I/M ratio (C) of injured carotid arteries from WT, CCR2−/−, Nf1+/− and Nf1+/−;
CCR2−/− mice. Data represent mean neointima area or I/M ratio ± SEM, n = 10–12. *P < 0.005 for WT, CCR2−/− and Nf1+/−;CCR2−/− mice versus Nf1+/− mice. (D)
Representative photomicrographs of Mac-3 staining in injured carotid arteries from Nf1+/− and Nf1+/−;CCR2−/− mice. Black arrows indicate neointima boundaries. Black
box identifies area of injured artery that is magnified in the right column. Black arrowheads represent positive macrophage (anti-Mac3) staining. Scale bars: 100 μm.
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cytokines can propagate their own production, which may be
amplified in the setting of Ras deregulation (47–49). Our observa-
tion that neurofibromin-deficient macrophages have increased
production and secretion of MCP-1, which may potentiate their
own function, is congruent with this line of investigation. For ex-
ample, mTOR signaling is proximally regulated by neurofibromin
and loss of neurofibromin increases Akt activity in response to
MCP-1 in murine monocytes. Recent studies in human and mur-
ine monocytes have revealed that MCP-1 production is directly
regulated bymTOR activation and that inhibition ofmTOR signal-
ing results in decreased MCP-1 expression and secretion via an
NF-κB-dependent mechanism. Interestingly genetic deletion of
tuberous sclerosis complex 2 amplifies mTOR signaling and also
increases MCP-1 expression, which suggests that this pathway

directly regulates MCP-1 production. Therefore, it is plausible
that decreased expression of neurofibromin may enhance down-
stream signaling networks that increase MCP-1 expression to pro-
vide a greater local concentration of MCP-1 to activate CCR2 on
circulating monocytes/macrophages and vascular wall cells.
While long-term use of an mTOR inhibitor for the prevention or
treatment of NF1 vasculopathy is unlikely, interrogation of this
pathway may provide substantial mechanistic insights into the
regulation of monocyte-specific chemokines and their function
in the setting of neurofibromin deficiency. Ongoing studies in
our laboratory are focused on understanding how Ras signaling
controls the transcription and/or activity of MCP-1.

Targeted therapies directed against eitherMCP-1 have yielded
promising results in preclinical animal models, but have largely

Figure 5. CCR2 antagonist reduces neointima formation in Nf1+/− mice. Representative photomicrographs (A) and quantification of neointima area (B and C) of injured
carotid arteries from WT and Nf1+/− mice treated with INCB 3284 (15 mg/kg/day) or PBS. (A) Black arrows indicate neointima boundaries. Black boxes identify area of
injured artery that is magnified below. Scale bars: 100 μm. (B and C) Quantification of neointima area (B) and I/M ratio (C) of injured carotid arteries from WT and Nf1+/−

mice treated with INCB 3284 or PBS. Data represent mean neointima area or I/M ratio ± SEM, n = 6–8. *P < 0.01 for WT mice with PBS treatment versus Nf1+/− mice with PBS
treatment. **P < 0.001 forNf1+/− micewith PBS treatment versusNf1+/− micewith INCB 3284 treatment. No statistically significant differencewas observed betweenWTmice
with PBS treatment and WT mice with INCB 3284 treatment. Experiments were performed in triplicate. (D) Representative photomicrographs of Mac-3 staining in injured
carotid arteries from Nf1+/− mice with PBS treatment versus Nf1+/− mice with INCB 3284 treatment. Black arrows indicate neointima boundaries. Black box identifies area
of injured artery that is magnified in the right column. Black arrowheads represent positive macrophage (anti-Mac3) staining. Scale bars: 100 μm.
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proven to lack efficacy in human clinical trials (50–55). Bindarit,
an indazolic derivative that binds to the promoter of the MCP-1
gene and limits MCP-1 expression, inhibits human and murine
SMCproliferation andde-differentiation aswell as neointima for-
mation in several animalmodels (28,55,56). However, the use of a
monoclonal antibody directed against MCP-1 in persons with
rheumatoid arthritis did not improve clinical symptoms and de-
monstrated a dose-responsive increase in serum MCP-1 concen-
trations, which suggests that clearance of the antibody complex
is limited (57). Antibodies directed against MCP-1 in the treat-
ment of cardiovascular disease have not been proposed, though
bindarit is presently under investigation for the treatment of dia-
betic nephropathy.MCP-1mayprove to be a difficult target for the
treatment of cardiovascular disease because it is expressed and
secreted by multiple cell types, including EC, SMC, leukocytes
and perivascular adipocytes, and demonstrates affinity for
other receptors including CCR4 (32,33). Further, MCP-1 secretion
provides important feedback between perivascular cells (i.e. adi-
pocytes) and remote tissues, including skeletalmuscle and hepa-
tocytes (58,59), which makes sequestering MCP-1 activity
clinically difficult.

Local inhibition of CCR2, on the other hand, is an attractive
therapeutic target for the treatment of NF1 vasculopathy because
its expression and ligand-binding affinity is relatively limited.
CCR2 antagonists have been studied in multiple clinical trials
for the treatment of cardiovascular disease, autoimmunity,
chronic inflammation, diabetes and malignancy (60–62). In par-
ticular, CCR2 antagonism may prove efficacious in the treatment
ofmultiplemanifestations ofNF1, because acceleration of Ras ac-
tivity in myeloid progenitor cells leads to dysfunctional differen-
tiation and increased sensitivity to cytokines and growth factors
(1,63–65). Our genetic and pharmacologic data support our hy-
pothesis that MCP-1/CCR2 activation is highly regulated by neu-
rofibromin and may represent a viable therapeutic target for NF1
patients with cardiovascular disease. Further studies directed at
understanding how neurofibromin and/or Ras activation control
the expression of MCP-1 and facilitate the mobilization of CCR2+
monocytes from the bone marrow are critical for future transla-
tional work and human studies of NF1 vasculopathy.

Materials and Methods
Animals

Protocols were approved by Laboratory Animal Services at
Augusta University and Indiana University. Nf1+/– mice were
obtained from Tyler Jacks (Massachusetts Institute of Technol-
ogy, Cambridge, MA) and backcrossed 13 generations into the
C57BL/6J strain. MCP-1 (4434) and CCR2 (4999) knockout mice
were purchased from The Jackson Laboratory and maintained
on C57BL/6 strain. Nf1+/– mice were intercrossed with MCP1 and
CCR2 knockout mice to produce Nf1+/–;MCP1−/− and Nf1+/−;
CCR2−/− mice. Male mice (12–15 weeks of age) were used for ex-
periments to limit the confounding effects of circulating
hormones.

Carotid artery ligation

Carotid artery injurywas induced by ligation of the right common
carotid artery as described (15). Briefly, mice were anesthetized
by inhalation of an isoflurane (2%)/oxygen (98%) mixture. Under
a dissecting scope, the right carotid arterywas exposed through a
midline neck incision and ligated proximal to the bifurcation
using a 6–0 silk suture. The contralateral carotid artery was

sham ligated as a control. Micewere administered 15 μg of bupre-
norphine (ip) following the procedure and recovered for 28 days.
In some experiments, Nf1+/− and WT mice were administered
15 mg/kg INCB3284 (Caymen Chemical, IC50 3.7 nM and t½ 15 h)
or vehicle via IP injection immediately after arterial injury and
continued once daily for 10 days.

Morphometric analysis

Van Gieson-stained arterial cross sections 400, 800 and 1200 μm
proximal to the ligation were analyzed for neointima formation
using ImageJ (NIH, Bethesda,MD). Lumen area, area inside the in-
ternal elastic lamina (IEL), and area inside the external elastic
lamina (EEL) were measured for each cross section. To account
for potential thrombus formation, arteries containing significant
thrombus (>50% lumen occlusion) at 400 μm proximal to the
ligation were excluded from analysis. The number of excluded
arteries was not different between experimental groups. Repre-
sentative photomicrographs for each figure are taken from arter-
ial cross sections between 600 and 1200 μm proximal to the
bifurcation. Intima area was calculated by subtracting the
lumen area from the IEL area, and the media area was calculated
by subtracting the IEL area from the EEL area. I/M ratio was calcu-
lated as intima area divided by media area.

Histopathology and immunohistochemistry

For immunohistochemistry, serial sections were blocked for en-
dogenous peroxidase activity with 3% hydrogen peroxide in
methanol following antigen retrieval in Antigen Unmasking So-
lution (Vector Laboratories) at 95°C. Sections were blocked with
Protein Block (Dako) for 1 h and were incubated with anti-Mac3
(1:50; BD Biosciences) primary antibodies. Sections were incu-
bated with a biotinylated secondary antibody and visualized by
3,3′-diaminobenidine and counterstained with hematoxylin.
Sections were examined, and images of sections were collected
using a Zeiss Axioskop microscope (Carl Zeiss) with a 20× or
40× CP-ACHROMAT/0.12NA objective. Images were acquired
using a SPOT RT color camera (Diagnostic Instruments). To quan-
tify the number ofmacrophageswithin the neointima of each ex-
perimental group, Mac-3+ cells and SMCs were counted in three
random 40× images by a blinded observer. To correct for a reduc-
tion in cell volume within the neointima, a ratio of Mac-3+ cells
and SMC was calculated and analyzed for each mouse.

Isolation of bone-marrow-derived macrophages and
characterization

Bone-marrow-derived macrophage isolation and characteriza-
tion was performed as described (13). Proliferation was assessed
by incorporation of radioactive thymidine in WT and Nf1+/– BM-
derived macrophages. Briefly, WT and Nf1+/– macrophages
(5 × 104 cells) were serum-starved for 12–18 h and placed in a
96-well plate in 200 μl starvation media in either the absence or
presence of MCP-1 (10 ng/ml). Cells were cultured for 24 h and
subsequently pulsed with 1.0 μCi (0.037 MBq) [3H] thymidine for
6 h. Cells were harvested using a cell harvester and thymidine
incorporation was determined as counts per minute (cpm).

For macrophage migration, the bottom of Transwell filters
(8-μm pore filter; Costar) were coated with 20 μg/ml fibronectin
CH296 peptide for 2 h at 37°C and rinsed twice with PBS contain-
ing 2% BSA. WT and Nf1+/– macrophages (2.5 × 105 cells) were
placed in the upper chamber of the transwell and allowed to mi-
grate toward the bottom of the transwell containing indicated
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concentration of MCP-1. After 24 h, non-migrated cells in the
upper chamber were removed with a cotton swab and migrated
cells that attached to the bottom surface of the membrane were
stained with 0.1% crystal violet dissolved in 0.1 M borate, pH 9.0
and 2% ethanol for 5 min at room temperature. The number of
migrated cells was determined in five random fields with an in-
verted microscope using a 20 × objective lens. All experiments
were performed in triplicate.

Smooth muscle cell isolation and proliferation

SMC isolation and proliferation assays were performed as de-
scribed (14). SMCs were obtained by outgrowth from explants of
WT, Nf1+/− and Nf1+/−;CCR2−/− thoracic aortas. SMCs were cul-
tured in DMEM supplemented with 10% fetal bovine serum and
100 U/ml penicillin/streptomycin in a 37°C, 5% CO2-humidified
incubator. For cell proliferation, SMC (5000 cells/cm2) were placed
in a 96-well plate and deprived of growth factors for 12–18 h.
Quiescent SMC were stimulated with MCP-1 (10 ng/ml) for 24 h
and pulse-labeled with 1 µCi/ml of [3H] thymidine for 6 h. Beta
emission was measured and reported as cpm. In some experi-
ments, SMCs were incubated with indicated concentrations of
PD0325901 (Erk inhibitor). All experiments were performed in
triplicate.

Statistical analysis

All values are presented as mean or percent ± SEM. Cell prolifer-
ation and migration were analyzed by two-way ANOVA with
Tukey’s post hoc test for multiple comparisons. All experiments
were performed in triplicate. MCP-1 concentration was analyzed
by Student’s t-test. Intima area and I/M ratio analysis was as-
sessed by one-wayANOVAwith Tukey’s post hoc test formultiple
comparisons. Murine experiments utilizing INCB 3284 were
analyzed using two-way ANOVA with Tukey’s post hoc test for
multiple comparisons. Percent Mac-3+ cells was analyzed by
Student’s t-test. Analysis was performed using GraphPad Prism
version 5.0d. P < 0.05 were considered significant.
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Kim HW, Blomkalns AL, Ogbi M, Thomas M, Gavrila D,
Neltner BS, Cassis LA, Thompson RW, Weiss RM, Lindower PD,
Blanco VM, McCormick ML, Daugherty A, Fu X, Hazen SL,
Stansfield BK, Huo Y, Fulton DJ, Chatterjee T, Weintraub NL.
Role of myeloperoxidase in abdominal aortic aneurysm formation:
mitigation by taurine. Am J Physiol Heart Circ Physiol 313: H1168–
H1179, 2017. First published September 29, 2017; doi:10.1152/
ajpheart.00296.2017.—Oxidative stress plays a fundamental role in
abdominal aortic aneurysm (AAA) formation. Activated polymorpho-
nuclear leukocytes (or neutrophils) are associated with AAA and
express myeloperoxidase (MPO), which promotes inflammation, ma-
trix degradation, and other pathological features of AAA, including
enhanced oxidative stress through generation of reactive oxygen
species. Both plasma and aortic MPO levels are elevated in patients
with AAA, but the role of MPO in AAA pathogenesis has, heretofore,
never been investigated. Here, we show that MPO gene deletion
attenuates AAA formation in two animal models: ANG II infusion in
apolipoprotein E-deficient mice and elastase perfusion in C57BL/6
mice. Oral administration of taurine [1% or 4% (wt/vol) in drinking
water], an amino acid known to react rapidly with MPO-generated
oxidants like hypochlorous acid, also prevented AAA formation in the
ANG II and elastase models as well as the CaCl2 application model of
AAA formation while reducing aortic peroxidase activity and aortic
protein-bound dityrosine levels, an oxidative cross link formed by
MPO. Both MPO gene deletion and taurine supplementation blunted
aortic macrophage accumulation, elastin fragmentation, and matrix
metalloproteinase activation, key features of AAA pathogenesis.
Moreover, MPO gene deletion and taurine administration significantly
attenuated the induction of serum amyloid A, which promotes ANG
II-induced AAAs. These data implicate MPO in AAA pathogenesis

and suggest that studies exploring whether taurine can serve as a
potential therapeutic for the prevention or treatment of AAA in
patients merit consideration.

NEW & NOTEWORTHY Neutrophils are abundant in abdominal
aortic aneurysm (AAA), and myeloperoxidase (MPO), prominently
expressed in neutrophils, is associated with AAA in humans. This
study demonstrates that MPO gene deletion or supplementation with
the natural product taurine, which can scavenge MPO-generated
oxidants, can prevent AAA formation, suggesting an attractive poten-
tial therapeutic strategy for AAA.

abdominal aortic aneurysm; myeloperoxidase; taurine; angiotensin II;
elastase; calcium chloride

INTRODUCTION

Abdominal aortic aneurysms (AAA) are a common and
life-threatening condition that occurs in up to 9% of elderly
individuals !65 yr of age (37). This complex vascular disorder
involves loss of smooth muscle cells and damage of structural
connective tissue leading to progressive aortic dilation and/or
catastrophic rupture and death (18). Surgical and percutaneous
repair is associated with significant operative risks and com-
plications (3), and, currently, there is no effective medical
treatment for AAA.

Oxidative stress plays an important role in AAA pathogen-
esis (23, 24). Polymorphonuclear leukocytes (PMNs or neu-
trophils) are key mediators of oxidative stress and are present
abundantly in human AAA tissues and elastase-induced AAA,
where they play a crucial role in recruiting inflammatory cells
to the aorta (12). Activated PMNs release myeloperoxidase
(MPO), an enzyme that produces hypochlorous acid (HOCl)
from H2O2 and Cl"; HOCl reacts with a variety of biomol-
ecules, including proteins, the double bonds of cholesterol and
fatty acid groups, and nucleic acids, thereby causing oxidative
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damage (17). MPO-derived HOCl inactivates tissue inhibitor
of metalloproteinase-1 and #1-antiprotease, which may indi-
rectly stimulate proteolytic activity and matrix degradation (4,
41). Moreover, MPO can use H2O2 to convert L-tyrosine to
tyrosyl radical and dityrosine (diTyr), an indicator of posttrans-
lational oxidative cross link of proteins (11, 15). MPO can also
use nitric oxide to promote protein nitration and lipid peroxi-
dation, consistent with a complex and multifaceted role in
promoting oxidative stress (10). Together, these studies sug-
gest that MPO-mediated oxidative stress may play an impor-
tant role in the pathogenesis of AAA.

Serum amyloid A (SAA) is an inducible acute-phase reac-
tant produced by the liver, inflammatory cells, and adipocytes,
whose induction has been linked to oxidative stress produced
by lipid peroxidation products in mice fed an atherogenic diet
(20). Cytokines produced during chronic inflammation also
induce SAA, which, in turn, upregulates chemokine expression
and activates matrix metalloproteinases (MMPs), key media-
tors of AAA. SAA expression has been recently reported to be
upregulated in ANG II-induced AAA, and genetic deletion of
SAA prevented ANG II-induced AAA formation (42), suggest-
ing that SAA upregulation contributes to AAA pathogenesis.
However, whether MPO regulates SAA in the context of AAA
formation is unknown.

Taurine, a naturally occurring amino acid, has been studied
in conditions associated with enhanced oxidative stress, includ-
ing smoking, rheumatoid arthritis, osteoarthritis, neuronal in-
jury, diabetes, cyclosporine-induced hepatotoxicity, ischemia-
reperfusion injury, and diabetes in humans (6, 8, 14, 16, 27,
33). By reacting with HOCl to form taurine-chloramine, tau-
rine can attenuate HOCl-mediated oxidation and tissue dam-
age, reducing inflammation. Taurine also possesses other po-
tential antioxidant effects, including suppression of reactive
oxygen species generation and favorably modulating antioxi-
dant enzyme levels (35).

In this study, we investigated the role of MPO in AAA
formation and the preventive effects of taurine using three
murine models of AAA: 1) ANG II infusion into hyperlipid-
emic apolipoprotein E knockout (ApoE"/") mice, 2) elastase
perfusion, and 3) CaCl2 application in C57BL/6 mice. We also
examined the impact of MPO deficiency on AAA formation
using MPO knockout (MPO"/") mice. Our results suggest that
MPO plays an important role in AAA pathogenesis and that
taurine supplementation is effective at mitigating AAA forma-
tion.

MATERIALS AND METHODS

Animals. C57BL/6, ApoE"/", and MPO"/" mice were purchased
from Jackson Laboratory (Bar Harbor, ME). MPO"/" mice were bred
with ApoE"/" mice to obtain heterozygotes in the ApoE"/" back-
ground, which were interbred to produce littermates that were wild-
type (WT), heterozygous ($/"), or homozygous ("/") for MPO. The
animal experimental protocols were approved by the Institutional
Animal Care and Use Committees at the University of Iowa, Univer-
sity of Cincinnati, and Medical College of Georgia at Augusta
University.

ANG II-induced AAA model. Six-month-old male ApoE"/",
ApoE"/"MPO$/", and ApoE"/"MPO"/" mice received saline (pla-
cebo control) or ANG II (1,000 ng·kg"1·min"1, A9525, Sigma, St.
Louis, MO) infused via osmotic mini-pumps (model 2004, Alzet,
Cupertino, CA) inserted into the subcutaneous space in the interscap-
ular area under parenteral anesthesia, as previously described (7). In

separate experiments, ApoE"/" mice received saline or infusion of
ANG II in the presence or absence of oral taurine [1% and 4%
(wt/vol)]. These taurine concentrations were chosen on the basis of
good tolerability and efficacy at reducing oxidative stress in mice and
rats (8, 25). Mice were placed on plain or taurine-supplemented
drinking water for 5 days before mini-pump implantation and contin-
ued for the study duration of 28 days. Aneurysms of the suprarenal
aorta occur in ~80% of ANG II-infused mice at this dose and time
period. Blood pressure measurements were obtained using a previ-
ously validated tail-cuff method (Coda 6, Kent Scientific, Torrington,
CT). Mice were conditioned to the instrument and procedure for 5
consecutive days before pump implantation. To ensure a more robust
estimation of systolic blood pressure (SBP), we used the interquartile
mean of SBP measurements achieved through 30 measurement cycles
every other day. Unless otherwise specified, mice were euthanized 4
wk after pump implantation for the assessment of aneurysm formation
and other parameters, as described below.

Elastase-induced AAA model. Male C57BL/6 mice at %3 mo of age
were randomly assigned to receive water without or with taurine
supplementation [1% or 4% (wt/vol)] for 5 days before elastase
induction of AAA. Under parenteral anesthesia with pentobarbital, a
laparotomy was performed, and the infrarenal abdominal aorta from
beneath the left renal vein to the iliac bifurcation was isolated. The
isolated segment was tied off, exsanguinated, and then perfused with
porcine pancreatic elastase (PPE) type I (E-1250, Sigma) for 5 min.
Heat-inactivated elastase was perfused in control mice. In separate
experiments, elastase was perfused in WT and MPO"/" mice. Unless
otherwise specified, mice were euthanized 14 days after elastase
perfusion for the assessment of aneurysm formation and other param-
eters, as described below. This protocol was adapted with permission
from Thompson et al. (37).

CaCl2-induced AAA model. Twelve-week-old male C57BL/6 mice
received water without or with taurine supplementation [1% (wt/vol)]
for 5 days before CaCl2 induction of AAA. Mice were anesthetized,
and a laparotomy was performed as described above, after which
saline (sham control) or 0.5 mol/l of CaCl2 (Sigma-Aldrich) was
applied to the infrarenal aortic adventitial surface for 15 min followed
by a rinse with 0.9% sterile saline and surgical closure. After 21 days,
animals were anesthetized, aortic outer diameter was measured, and
aortic tissues were removed for further experiments, as described
above.

Aortic tissue collection and measurement. Aortic tissue samples
were harvested at several time points over the aneurysm induction
period (3 and 14 days in the elastase and CaCl2 models and 4, 7, and
28 days in the ANG II model). The chest and abdominal cavities were
opened, and blood was drawn from the right ventricle at the time of
euthanasia. Aortas were irrigated with cold PBS through the left
ventricle. Using a dissection microscope, we collected aortic roots for
atherosclerosis quantification, exposed the abdominal aorta, and dis-
sected the periadventitial tissue carefully from the wall of the aorta.
Aortic measurements were determined with a stage micrometer and
optical eyepiece reticle. For the elastase model, the percent increase in
outer diameter was calculated from the difference between the prein-
tervention and final measurements. An AAA was defined as an
increase in the baseline outer diameter of 50%. The abdominal aorta,
from the last intercostal artery to the ileal bifurcation, was sectioned
and weighed, and the aneurysmal areas were fixed in paraformalde-
hyde [4% (wt/vol)] for immunohistochemistry or homogenized/soni-
cated for biochemical assays. Representative images of aortic histol-
ogy were taken at the midpoint of the suprarenal aorta (ANG II
model) or infrarenal aorta (elastase model) to maintain consistency.
Aortic root sections were analyzed for atherosclerosis, as previously
reported (7, 36). Blood samples were assayed for lipid profiles, as
previously reported (36).

Gelatin zymography for detection of MMP-2 and MMP-9. Protein
was extracted from excised abdominal aortas that had been snap
frozen in liquid nitrogen and homogenized in a buffer containing 1 M
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NaCl, 2 M urea, 0.2 mM PMSF, 50 mM Tris (pH 7.4), 0.1% EDTA,
0.1% Brij-35, and a 1:100 dilution of protease inhibitor cocktail
(P8340, Sigma). Samples were sonicated on ice and centrifuged, and
supernatants were used to quantify protein content (Pierce BCA
system, Pierce, Rockford, IL). Protein lysate (600 &g) was placed in
a nonreducing zymogram buffer (no. 161-0764, Bio-Rad, Hercules,
CA) and applied without boiling to a 10% zymogram gel (no.
161-1167, Bio-Rad). Gels were incubated in 2% Triton X-100 at
room temperature for 30 min and then rinsed in H2O for 5 min.
Gels were incubated overnight at 37°C with gentle agitation in
buffer containing 50 mM Tris·HCl (pH 7.5), 0.15 mM NaCl, 5 mM
anhydrous D-glucose, 5 &M ZnCl2, and 30% Brij-35. Proteins were
stained with Coomassie brilliant blue R-250 solution (Bio-Rad)
and destained with a solution containing 40% methanol, 10%
acetic acid, and 50% H2O.

Peroxidase activity assay. Abdominal aortic tissues were snap
frozen in liquid nitrogen and homogenized in 50 mM potassium
phosphate buffer containing 0.5% hexadecyltrimethylammonium bro-
mide. Homogenates were then freeze-thawed twice and sonicated on
ice. Suspensions were centrifuged at 40,000 g for 15 min, and
supernatants were harvested and separated using Sephadex G-75
columns. Assays were performed using o-dianisidine-based peroxi-
dase activity measurements, as previously described (43). Briefly, 0.1
ml of samples was mixed with 2.9 ml of 50 mM phosphate buffer
containing 0.53 mM o-dianisidine and 0.15 mM H2O2. Absorbance
changes at 460 nm were measured in a spectrometer every 15 s for 10
min. Peroxidase activity was calculated from a standard curve pre-
pared using purified human neutrophil-derived MPO. For the elastase
and CaCl2 models, we used a commercial detection kit (Fluoro MPO
kit, Cell Technology), as previously reported (26), according to the
manufacturer’s instructions.

Immunohistochemistry. Paraformaldehyde-fixed [4% (wt/vol)]
aortic sections were transferred to ethanol before being embedded
in paraffin. Cross sections (5 &m) were mounted and stained with
hematoxylin-and-eosin (H&E) or Verhoeff van Gieson stain for
elastin. Antibodies for MPO (ab45977, Abcam, Cambridge, MA),
Mac-3 (553322, BD PharMingen, Franklin Lakes, NJ), and SAA
(AF2948, R&D Systems, Minneapolis, MN) were used in conjunc-
tion with the HistoMouse-SP kit (95-9541, Invitrogen, Carlsbad,
CA) or DAB substrate kit (SK-4100, Vector Laboratories, Burlin-
game, CA).

Tyrosine modification analysis by LC/MS/MS. Stable isotope dilu-
tion LC/MS/MS analyses were performed to quantify the oxidized
amino acids in abdominal aortic tissues, as previously reported (1).
Briefly, samples were delipidated, isotope-labeled internal standards
were added, and samples were then hydrolyzed in methane sulfonic
acid under inert atmosphere. Hydrolysates were resolved on an ultra-
high-performance, reverse-phase column and introduced into a Shi-
madzu 8050 triple quadrupole mass spectrometer using a discontinu-
ous gradient. Oxidized amino acids and their precursors were moni-
tored with characteristic parent-daughter ion transitions, as previously
described (1).

Western blot analysis. Protein extraction and Western blot analysis
were performed as previously described (7). The antibodies used were
SAA (AF2948, R&D Systems), transferrin (ab82411, Abcam), MPO
(ab9535, Abcam), and GAPDH (Ambion).

Statistical analysis. Results are expressed as means ' SE unless
otherwise noted. Differences between two groups were analyzed by
Student’s t-test, and differences between multiple groups were ana-
lyzed by one-way ANOVA followed by least significant difference
testing for multiple comparisons. Only those mice with elastase-
induced aneurysms from the same enzyme lot were compared. A
Fisher exact test was used to analyze categorical data. P values of
(0.05 were considered to be significant.

RESULTS

MPO deficiency protected against AAA formation induced
by ANG II in ApoE-deficient mice. To test the hypothesis that
MPO contributes to AAA formation, we infused ANG II into
MPO/ApoE compound-deficient mice. Reduced MPO protein
expression level in these mice was confirmed by Western blot
analysis (Fig. 1A). Interestingly, deletion of one (MPO$/") or
both (MPO"/") alleles markedly protected against ANG II-
induced AAA formation, as evidenced by reduced aneurysm
incidence and maximal aortic diameter (Fig. 1, B and C).
Histological analyses demonstrated that thrombus formation,
macrophage accumulation, and elastase degradation during
AAA formation were reduced significantly in MPO/ApoE-
deficient mice (Fig. 1, E–F). MMP-2 and MMP-9 levels were
also significantly diminished in MPO-deficient mice (Fig. 1H).
Importantly, diffuse immunostaining for MPO was detected in
aortic tissues of ApoE-deficient mice, particularly in the ad-
ventitia, which was abrogated in MPO/ApoE-deficient mice
(Fig. 1G).

MPO deficiency reduced SAA expression during AAA
formation. SAA expression in the plasma, liver, and aorta
during AAA formation was markedly reduced in MPO/ApoE-
deficient mice compared with ApoE"/" mice (Fig. 2, A and B).
Reduced SAA accumulation in aortic tissues from MPO/ApoE-
deficient mice was also confirmed by immunostaining (Fig.
2C). In contrast, MPO gene deletion did not affect blood
pressure in response to ANG II infusion (data not shown).

Supplemental taurine attenuated ANG II-induced AAA
formation. We next supplemented the drinking water of
ApoE"/" mice with taurine [1% or 4% (wt/vol)], both of which
significantly reduced ANG II-induced AAA formation, as
assessed by maximal aortic diameter (Fig. 3A) and weight (data
not shown) measured at death. Because both 4% and 1%
taurine supplementation produced qualitatively similar results,
in subsequent experiments, we used 1% taurine to limit poten-
tially nonspecific effects associated with higher doses. To test
the impact of taurine on peroxidase activity, we adopted a
biochemical assay designed to exclude myoglobin and hemo-
globin contaminants that could be associated with tissue throm-
bus (43). Using this assay, we detected a significant increase in
aortic peroxidase activity induced during ANG II infusion that
was strongly blocked by taurine administration (Fig. 3B). To
quantify the effects of taurine on one aspect of oxidative stress
noted to be produced by MPO, we analyzed aortic protein-
bound diTyr levels, a posttranslational oxidative cross link of
proteins generated by MPO and other tyrosyl radical-generat-
ing pathways (15, 19), using LC/MS/MS. We detected a
significant increase in diTyr levels in aortas from ANG II-
infused mice, which was markedly reduced by taurine treat-
ment (Fig. 3C). Histological analyses demonstrated extensive
intramural thrombus formation (H&E; Fig. 3D), macrophage
accumulation (Mac-3; Fig. 3E), and localized MPO accumu-
lation (MPO; Fig. 3F) in aortas of ANG II-infused mice, all of
which were attenuated markedly by taurine. Taurine adminis-
tration also resulted in a dose-dependent diminution in an AAA
pathology score (data not shown), as defined by Manning et al.
(22). Mortality from AAA dissection/rupture was 20% in
control mice and 0% in taurine-administered mice (data not
shown). Although taurine supplementation conferred protec-
tion against AAA, it did not reduce known parameters associ-
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ated with aneurysmal growth rate, such as SBP, aortic root
atherosclerosis, or lipid levels (data not shown).

Taurine reduced SAA expression induced during AAA
formation. Given that MPO gene deletion blocked induction of
SAA during AAA formation (Fig. 2) and that taurine reduced
peroxidase activity (Fig. 3), we next tested whether taurine
supplementation inhibited SAA induction during AAA forma-
tion. ANG II infusion into ApoE"/" mice significantly in-
creased SAA levels in the plasma, liver, and aorta, all of which
were effectively reduced by taurine supplementation (Fig. 4, A
and B). Immunostaining demonstrated that SAA accumulated
primarily in the adventitia in aortas of ANG II-infused mice
and was effectively blocked by taurine treatment (Fig. 4C).

Taurine and MPO gene deletion protected against elastase-
induced AAA formation. We next investigated whether taurine
inhibited AAA formation using a distinct model, elastase-induced
AAA formation. Elastase infusion produced ~80% increase in
aortic diameter compared with control, and taurine supplementa-
tion prevented elastase-induced AAA formation (Fig. 5A). Perox-
idase activity assay showed marked increases in aortas extracted
from mice 3 days after elastase infusion compared with aortas
from mice infused with heat-inactivated elastase (Fig. 5B). This
was consistent with previous observations and corresponds to
the time point of maximal aortic PMN accumulation in this
experimental model (26). Tissue histology showed prominent
macrophage accumulation in the adventitia of elastase-infused
aortas that was blunted by taurine supplementation (Fig. 5, C
and D). In addition, elastase infusion strongly induced elastin
degradation (Fig. 5D) and aortic MMP-2/MMP-9 activation

(Fig. 5E), which were also blocked by taurine supplementation.
Similar to our findings with taurine, deletion of MPO also
strongly protected mice against AAA formation in the elastase
model (Fig. 6A). MMP-2/MMP-9 activation (Fig. 6B) and
elastin fragmentation (Fig. 6C) were diminished markedly in
MPO"/" mice compared with WT control mice.

Taurine protected against CaCl2-induced AAA formation.
We further investigated whether taurine treatment could miti-
gate AAA formation induced by CaCl2 application in C57BL/6
mice, another animal model of AAA, which is associated with
PMN infiltration and elastin fragmentation. As shown in Fig. 7,
A and B, taurine treatment significantly reduced aortic diameter
and MPO activity induced by CaCl2 application. Prominent
elastin fragmentation, macrophage infiltration, and MPO accu-
mulation were observed in CaCl2-induced AAA tissues com-
pared with sham control tissues, which were markedly inhib-
ited by taurine treatment (Fig. 7, C–E). Furthermore, taurine
blocked induction of aortic MMP-2/MMP-9 by CaCl2 appli-
cation (Fig. 7F).

DISCUSSION

Oxidative stress is hypothesized to exert a prominent role in
AAA pathogenesis (23). MPO, an enzyme expressed predom-
inantly in PMNs and monocytes, is an important mediator of
vascular oxidative stress, and its levels have been positively
associated with AAA in humans (12, 19). Here, using three
distinct animal models of AAA, we report that deletion of
MPO or supplementation with taurine, a naturally occurring
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amino acid that is reported to ameliorate MPO-mediated
oxidative stress, mitigates AAA formation. Mechanistically,
both MPO gene deletion and taurine supplementation
blunted aortic macrophage accumulation, elastin fragmen-
tation, and MMP activation, key features of AAA pathogen-
esis. Moreover, induction of SAA, which amplifies inflam-
mation and activates MMPs and has been implicated in
AAA (42), was strongly attenuated by MPO gene deletion
and taurine supplementation. These data implicate MPO in
the pathogenesis of AAA and raise the possibility that
taurine supplementation be evaluated for its therapeutic
efficacy in subjects with AAA.

The contribution of MPO to vascular disease was supported
by previous studies that identified MPO-oxidized molecular

species in human atherosclerotic plaques (2, 9, 13, 46). In the
circulation, MPO is bound tightly to and oxidatively modifies
high-density lipoprotein (HDL), thereby disrupting its anti-
atherogenic effects (13, 47). MPO levels are independently
associated with the presence of coronary artery disease, linked
to catalytic consumption of nitric oxide and endothelial dys-
function in vivo, and are predictive of future myocardial
infarction and major adverse cardiac and peripheral arterial
events (2, 39). Interestingly, studies using genetically modified
mice to examine a role of MPO in atherosclerosis have pro-
duced variable results (38). This discrepancy between murine
studies and human data may, in part, reflect species differences
in MPO, since murine leukocytes contain ~10-fold less MPO
than human leukocytes (28).
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The potential role of MPO in AAA has received little
attention despite the compelling evidence linking PMNs to the
pathogenesis of AAA in humans. For example, PMNs isolated
from patients with AAA are activated, release more MPO, and
exhibit higher intracellular H2O2 levels compared with con-
trols, suggesting a fundamental state of redox imbalance (12,
29, 30). These PMNs become trapped within the thrombus
associated with AAA and release MPO, plasma levels of which
are also elevated in patients with AAA (12, 30). Smoking, a
major risk factor for AAA, upregulates MPO expression and
activity in PMNs, and MPO upregulation was also observed
after in vitro exposure of PMNs to nicotine (21). Interestingly,
nicotine infusion was demonstrated to promote AAA in mice
(40), which further suggests a biological link between smok-
ing, PMNs, MPO, and AAA.

Here, we used three murine models of AAA formation to
test the hypothesis that MPO contributes to AAA pathogenesis.
In the elastase and CaCl2 models, PMN infiltration is promi-
nent, and aortic MPO accumulation precedes onset of aneu-
rysm formation (5, 26). These findings, coupled with our data
showing that MPO gene deletion or taurine supplementation

prevented elastin- and CaCl2-induced AAA, provide strong
support for our hypothesis. However, unlike the elastase or
CaCl2 models, PMN infiltration is not a prominent feature of
the ANG II infusion model (32), although PMNs can become
trapped within the thrombus that forms in the media. Biochem-
ical and histological analyses demonstrated evidence of in-
creased peroxidase activity and MPO protein, respectively, in
aortas from ANG II-infused mice; immunostaining specificity
was established using tissues from MPO knockout mice. The
diffuse pattern of immunostaining suggests MPO expression
by macrophages prevalent in the vascular wall and/or tissue
uptake in response to ANG II infusion, a hypothesis that will
need to be addressed in future studies.

MPO uses H2O2 to convert L-tyrosine to tyrosyl radical.
Activated PMNs use this system to oxidize free L-tyrosine to
o,o’-diTyr, and levels of protein-bound diTyr are elevated in
atherosclerotic tissues (9, 15, 19). In this study, diTyr levels
measured by LC/MS/MS were markedly increased in AAA
tissues in conjunction with increased peroxidase activity. At-
tenuation of ANG II-induced AAA by taurine was associated
with diminished peroxidase activity and diTyr levels, consis-
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tent with inhibiting MPO, although taurine possesses other
biological actions that could favorably modulate AAA (25).

SAA is a cytokine-inducible, acute-phase reactant, ex-
pressed primarily in hepatocytes, inflammatory cells, and adi-
pocytes. Plasma SAA concentrations are elevated in chronic
inflammatory diseases, and both SAA and MPO can circulate
bound to HDL. Our findings of increased SAA levels in the
liver, plasma, and aorta in the ANG II-induced AAA model
confirm the findings of Webb et al. (42), who proceeded to
demonstrate a key role for SAA in the pathogenesis of AAA
using SAA1/2 knockout mice. Here, we show that MPO gene
deletion and taurine treatment prevented upregulation of SAA
during ANG II infusion, suggesting that MPO may promote

AAA, at least in part, through SAA induction. The extent to
which local versus hepatic production of SAA contributes to
aortic pathology remains to be determined. Interestingly, MPO
gene deletion attenuated hepatic inflammation in mice fed a
high-fat diet, which may support a role for MPO in regulating
SAA expression in liver (31). Moreover, increased plasma
levels of circulating inflammatory cytokines such as IL-6 and
TNF-# during AAA formation may contribute to liver inflam-
mation and induction of hepatic SAA expression. Indepth
studies are required in the future to determine the mechanisms
of SAA regulation by MPO.

Taurine supplementation is generally regarded as safe, is
thought to function through inhibition of oxidative stress, and

L
L

L

L

L
L

BA

C

D

E

retuo citroA di
am

et
er

 (m
m

)

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 *

**

0

0.1

0.2

0.3

0.4

0.5

0.6

M
PO

 a
ct

iv
ity

(u
ni

ts
/µ

g 
pr

ot
ei

n) *

**

Sham CaCl2 CaCl2
Taurine

F

L
L L

Sham CaCl2 CaCl2 + Taurine

MMP-2

Pro-MMP-9

Pro-MMP-2

Sham CaCl2 CaCl2
Taurine

*

M
M

P 
le

ve
ls

(%
 c

ha
ng

es
)

CaCl2
CaCl2 + Taurine

Sham

100

50

0

Pro-MMP2 MMP2 Pro-MMP9

*
*

Sham CaCl2 CaCl2
Taurine

Fig. 7. Effects of taurine on CaCl2-induced
abdominal aortic aneurysms in wild-type
(WT) mice. A and B: effects of taurine on
mean outer aortic diameter (A) and myeloper-
oxidase (MPO) activity (B). *P ( 0.05 vs.
sham control; **P ( 0.05 vs. CaCl2-treated
WT mice (A: n ) 10, B: n ) 3). C"E:
representative histology demonstrating elas-
tin degradation (C; Verhoeff van Gieson
staining), macrophage infiltration (D; Mac-3
staining), and MPO accumulation (E). Black
arrows indicate macrophages (C) and elastin
degradation (E). L, lumen. F: representative
zymogram (left) of pro-matrix metalloprotei-
nase (MMP)-2, MMP-2, and pro-MMP-9 lev-
els as well as quantified data (right). *P (
0.05 vs. CaCl2 (n ) 3).

H1177TAURINE INHIBITS MPO-MEDIATED AAA FORMATION

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00296.2017 • www.ajpheart.org

http://physio-prod.literatumonline.com/action/showImage?doi=10.1152/ajpheart.00296.2017&iName=master.img-026.jpg&w=113&h=51


has been provided in doses up to 10 g/day administered for
6–12 mo with minimal adverse effects (34). Oral taurine (3
g/day) ameliorated lipid-induced oxidative stress and insulin
resistance in obese, nondiabetic men (44). Moreover, supple-
mentation with 6 g/day taurine reduced oxidative DNA damage
in leukocytes measured 24 h after intense aerobic exercise (45).
Taurine supplementation also improved parameters of cardio-
vascular dysfunction in smokers, such as endothelial cell func-
tion and viability (6). Our findings suggest that taurine supple-
mentation mitigates AAA formation in three distinct murine
models. Given taurine’s safety record and low cost, it merits
consideration for efficacy testing in patients with AAA.

In conclusion, we report, for the first time, that the neutro-
phil enzyme MPO, levels of which are elevated in plasma and
aneurysm tissues of patients with AAA, plays a pivotal role in
AAA formation induced experimentally in mice using patho-
genically distinct models of aneurysm formation. Moreover,
supplementation with taurine, a naturally occurring amino acid,
which is safe and effective at ameliorating MPO-mediated
oxidative stress, can mitigate experimental AAA formation.
Further studies are indicated to test the effects of taurine
supplementation on parameters of MPO-mediated oxidative
stress and AAA progression in patients with this disorder.
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Aneurysms are characterized by structural deterioration of the vascular wall leading to progressive dilatation and, potentially,
rupture of the aorta. While aortic aneurysms often remain clinically silent, the morbidity and mortality associated with aneurysm
expansion and rupture are considerable. Over 13,000 deaths annually in theUnited States are attributable to aortic aneurysm rupture
with less than 1 in 3 persons with aortic aneurysm rupture surviving to surgical intervention. Environmental and epidemiologic
risk factors including smoking, male gender, hypertension, older age, dyslipidemia, atherosclerosis, and family history are highly
associated with abdominal aortic aneurysms, while heritable genetic mutations are commonly associated with aneurysms of the
thoracic aorta. Similar to other forms of cardiovascular disease, family history, genetic variation, and heritablemutationsmodify the
risk of aortic aneurysm formation and provide mechanistic insight into the pathogenesis of human aortic aneurysms. This review
will examine the relationship between heritable genetic and epigenetic influences on thoracic and abdominal aortic aneurysm
formation and rupture.

1. Introduction

Aortic aneurysm formation is the result of a thinning medial
layer and deterioration of the elastic lamina resulting in
weakening of the tensile strength of the arterial wall. Aortic
aneurysms are commonly identified in the thoracic and
infrarenal aorta, with the latter referred to as abdominal
aortic aneurysms (AAA). AAA represent the majority of
aortic aneurysms and are classically associated with dyslipi-
demia, male sex, older age, smoking, and hypertension [1, 2].
The expansion of AAA is not a passive process but more
closely mimics chronic inflammatory diseases characterized
by hematopoietic cell infiltration and degradation of the
extracellular matrix and vascular structures. Close associa-
tion of inflammatory cells with breaks in the elastic lamina
and the presence of reactive oxygen species suggests that
AAA is an indolent process that eventually reaches a stress
point resulting in aneurysm rupture [1, 3].

Thoracic aneurysms, on the other hand, are relatively
rare and exhibit a strong heritable pattern. Approximately
20 percent of persons with thoracic aneurysms have a
family history of aortic aneurysms. The relationship between
thoracic aortic aneurysms and family history is strongest

in first-degree relatives with 10-fold increased risk [4]. Syn-
dromes associated with thoracic aortic aneurysms include
Marfan syndrome (MFS), Loeys-Dietz syndrome (LDS),
Ehlers-Danlos syndrome (EDS), familial thoracic aortic
aneurysms and dissections (TAAD), autosomal dominant
polycystic kidney disease (ADPKD), bicuspid aortic valve
(BAV), and neurofibromatosis type 1 (NF1). Of these, MFS
is the most common familial connective tissue disorder
associated with thoracic aortic aneurysm, but each of these
heritable syndromes shed light on the pathogenesis of aortic
aneurysm formation [5]. A comprehensive understanding
of heritable gene mutations and epigenetic modifications
associated with aortic aneurysms will allow scientists and
clinicians to design effective therapies and identify disease-
specific biomarkers for tracking progression and risk for
aneurysm rupture.

2. Syndromes Associated with
Aortic Aneurysms

Marfan syndrome is the result of mutations in the FBN1 gene
on chromosome 15, which encodes fibrillin-1, an extracellular
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Table 1: Summary of genetic and epigenetic relationships with TAAD and AAA.

Mutation Syndrome TAAD AAA
FBN1 [5–8] Marfan +
TGFBR1 [9], TGFBR2 [9, 10] Loeys-Dietz +
COL3A1 [11–14] Ehlers-Danlos + +/−
TGFBR2, MYH11 [15, 16], ACTA2 [17, 18] LOX [19], MAT2A [20], SMAD3 [21, 22] Familial TAAD +
PKD1 [23, 24], PKD2 [24] ADPKD + +/−
NF1 [25–27] NF1 + +/−
FBLN5 [28–30] +
ELN [14] Williams +
MMP2 [31], MMP9 [32], MMP12 [33] +/−
MMP3 [34, 35] +
TIMP1 [14] +
LDLR1 [36, 37] +
APOE E3/E3 [38] +
PTPN11 [39–41] Noonan +
MTHFR C677T [42–44] +
ALOX15 [45, 46] +
CNN2 [47] +
SERPINB9 [47] +
ADCY10P1 [47] +
miR-21 [48], miR-146a [48] +
miR-29b [49, 50] + +

matrix (ECM) protein that forms microfibrils and controls
vessel elasticity. Fibrillin-1 plays a vital role inmaintaining the
vascular architecture via transforming growth factor- (TGF-
) 𝛽 signaling, a cytokine that controls cell proliferation and
differentiation [51, 52]. The importance of TGF-𝛽 signaling
in maintaining vascular integrity was confirmed by the
identification of mutations in the TGF-𝛽 receptor genes 1
and 2 (TGFBR1 and TGFBR2), which cause Loeys-Dietz syn-
drome [53]. Similar to Marfan syndrome, mutations in both
TGFBR1 and TGFBR2 result in disruption of collagen and
elastin fiber biology in the vessel wall and aortic aneurysm
formation [9]. Mutations in TGFBR2 have also been linked to
familial thoracic aortic aneurysms and dissections (TAAD), a
syndrome associated with aneurysms of the ascending aorta
and aortic dissections at relatively early stages of dilatation
[54, 55]. TAAD represents a heterogeneous population of
inherited disorders with mutations in myosin heavy chain-
11 (MYH11) and 𝛼-smooth muscle actin-2 (ACTA2) among
several, which are also linked to TAAD [15, 17, 19–21, 56–61].

Autosomal dominant polycystic kidney disease is com-
monly associated with intracerebral aneurysms but has been
linked to thoracic aortic aneurysms and dissection aswell [62,
63]. The etiology of this risk increase is thought to be multi-
factorial, as persons with ADPKD have increased prevalence
of hypertension, a risk factor for thoracic aneurysms and
AAA, and mutations in the PKD1 and PKD2 genes increase
vascular smooth muscle cell (VSMC) apoptosis and induce
dissecting aneurysms in mice [23, 63, 64]. While reports
suggest that persons with APDPKD have an increased risk of
AAA, a large cohort study failed to demonstrate an increased
AAA prevalence in ADPKD [24]. Likewise, cardiovascular

manifestations of neurofibromatosis type 1 occur in up to
10% of patients and tend to occur in adolescents and young
adults [25]. Mutations in the NF1 tumor suppressor gene
increase VSMC proliferation and apoptosis, while mice with
inactivating mutations in Nf1 develop more frequent and
severe aortic aneurysms than mice without the Nf1mutation
[26, 27].

3. Candidate Genes Contributing to
Aortic Aneurysm

The emergence of gene sequencing technology has greatly
enabled the systematic search for candidate mutations and
single nucleotide polymorphisms (SNPs) associated with
aortic aneurysm formation. Much of this focus has been
on identifying genes associated with AAA as the heritabil-
ity of thoracic aneurysms is more commonly recognized
[65], although mutational analysis of nonsyndromic tho-
racic aneurysms has gained interest. Recently, genome-wide
association studies (GWAS) have identified several candidate
SNPs related to nonsyndromic thoracic aneurysms and AAA
[10, 66–68]. Table 1 summarizes genomic and epigenomic
relationships with thoracic and abdominal aortic aneurysms.
Many of these candidate genes require additional verification
and must demonstrate functional plausibility in the patho-
genesis of aortic aneurysms.

3.1. Extracellular Matrix Proteins. Fibrillin-1, coded by the
FBN1 gene, is an extracellular matrix glycoprotein that helps
maintain the structural integrity of elastic fibers and other
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connective tissues. Mutations in the FBN1 gene have been
identified in 70–93% of persons who meet the diagnostic
criteria for Marfan syndrome with more than 1,000 unique
FBN1 mutations observed in this population [6–8, 69].
GWAS studies of patients with sporadic thoracic aneurysms
identified five independent SNPs in the FBN1 coding region
on chromosome 15,whichmayhave predictive anddiagnostic
ability in nonsyndromic thoracic aortic aneurysms [7].

Fibulins (FBLN) are elastin-binding proteins that asso-
ciate with fibronectin-containing fibers and lamina within
the aorta and other large arteries [28]. FBLN5 functions
as a bridging peptide to promote the adhesion of vascular
endothelial cells. Mutations in the FBLN5 gene result in cutis
laxa and are potentially linked to age-related macular degen-
eration, a disease characterized by degradation of the elastin
support structures [70]. Further, Fbln5 knockoutmice exhibit
fragmentation of the elastic lamina and downregulation of
FBLN5 is associated with aortic dilation in humans, which
supports a role for FBLN5 in the pathogenesis of AAA [29,
71]. However, Badger et al. examined peripheral blood sam-
ples from 230 persons with AAA and 278 controls for three
common SNPs in the FBLN5 gene locus [30]. The frequency
of each SNP was similar between cases and controls.

Degradation of collagen, a major component of the
extracellular matrix (ECM), contributes to aneurysm for-
mation and rupture due to a loss of tensile strength within
the aorta. The COL3A1 gene encodes a type III collagen
found in the vascular wall that provides extensibility to the
aorta. Mutations in the COL3A1 gene cause Ehlers-Danlos
Syndrome type IV [8] and hemizygous deletions have been
linked to familial aortic aneurysm rupture [11]. Similar results
were identified in COL3A1 haploinsufficient mice [12, 13].
However, SNP analysis of AAA and control patients for the
T581C variant of COL3A1 failed to demonstrate a difference
in the allele frequency between study populations [14].

Mutations in the ELN gene, encoding elastin (ELN),
result in Williams Syndrome, a syndrome characterized by
supravalvar aortic stenosis, cutis laxa, and other disorders
of connective tissue [72]. Elastin is a highly elastic protein
found in the lamina of muscular arteries and accommodates
arterial dilation and facilitates recoil. ELN knockout mice
develop severe hypertension and die shortly after birth, while
ELN heterozygous mice develop muscularized arteries and
moderate hypertension [73]. Additionally, decreased elastin
expression potentiates VSMC proliferation and increases
arterial fragility. Thus, elastin appears to play an important
role in maintaining vascular wall integrity under stress.
However, a propensity for aortic aneurysm formation has
not been demonstrated in ELN mutant mice. SNPs in the
ELN gene have been identified in patients with a strong
family history of AAA, but cohort studies of nonrelated AAA
and control patients have failed to show a difference in SNP
frequency [14].

Matrix metalloproteinases (MMP) are zinc-containing
peptidases that are biologically active molecules involved in
the degradation of ECM proteins and play an important
role in cell proliferation, migration, and apoptosis. Matrix
metalloproteinase-2 (MMP2) is highly expressed in VSMC
and AAA in both mice and humans, but mutational analysis

of AAA and control patients has failed to reveal a predictive
SNP in the MMP2 gene [31, 74–79]. Similarly, MMP9 and
MMP12 appear to participate in the pathogenesis of AAA in
mousemodels, but no association betweenMMP9 orMMP12
gene variants and AAA has been identified [32, 33, 77, 80].
MMP3, on the other hand, is highly expressed in humanAAA
and a common SNP in the promoter region of the MMP3
gene was found to correlate positively with AAA formation
and coronary aneurysms in humans [34, 35]. Tissue inhibitor
of metalloproteinases (TIMPs) inhibits MMP activation and
plays a pivotal role in determining the influence of the ECM
and cell adhesion molecules on VSMC function within the
vascular wall. SNP analysis of the TIMP1 gene has yielded
conflicting data with one study showing an association with
AAA patients without a family history of AAA and a larger
meta-analysis failing to show an association between TIMP1
polymorphisms and AAA [14, 81]. No association between
AAA and TIMP2 or TIMP3 has been identified [14].

3.2. TGF-𝛽 Pathway. Transforming growth factor-𝛽 (TGF-
𝛽) is a cytokine that regulates a variety of cellular functions,
including differentiation, transformation, and proliferation.
Dysregulated TGF-𝛽 signaling has been implicated in the
pathogenesis of both thoracic aneurysms and AAA. The
TGF-𝛽 superfamily members can bind to fibrillin; therefore,
fibrillin-1 deficiency impairs matrix sequestration of latent
TGF-𝛽, leading to uncontrolled secretion of TGF-𝛽 and
upregulated TGF-𝛽 signaling [82, 83]. More recently, non-
canonical TGF-𝛽 signaling through SMAD proteins has been
shown to induce thoracic aortic aneurysm formation via the
mitogen-activated protein kinase (MAPK) pathway [84–86].
These later observations are particularly interesting as SMAD
mediated MAPK activation overlaps with other syndromes
with a predisposition for thoracic aneurysm formation.

Likewise, TGF-𝛽 signaling has been implicated in the
inflammatory AAA animal models and human AAA. How-
ever, TGF-𝛽 appears to play a protective role in AAA.
TGF-𝛽 and TGFBR2 are poorly expressed in human AAA
tissue samples compared to controls and disruption of
TGF-𝛽 signaling prevents AAA formation in the elastase
and angiotensin (AngII) animal models of AAA [87–90].
Interestingly, AngII increases the expression and activation
of all TGF-𝛽 isoforms and TGFBR1 and TGFBR2 within
both the thoracic and abdominal murine aorta [91–93].
Analysis of the TGFB1 and TGFBR1 genes failed to reveal
an association with human AAA [14, 81], but two SNPs in
TGFBR2 (rs1036095 and rs4522809) were associated with
AAA [10]. Additionally, mutations in the SMAD3 gene have
been linked with aneurysm-osteoarthritis syndrome, which
further demonstrates the critical role of noncanonical TGF-𝛽
in aortic aneurysm formation [22].

3.3. Smooth Muscle-Related Proteins. Smooth muscle cells,
alongwith the elastic lamina and ECM, provide the structural
integrity of the vascular wall. Thus, mutations affecting
VSMC function and/or their ability to maintain the ECM
could render the aorta vulnerable to dilation and/or rupture.
Mutations in smooth muscle myosin (MYH11), coding for
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smooth muscle myosin heavy chain, have been linked to
isolated familial thoracic aortic aneurysm [16]. Ascending
aortic aneurysms in patients with MYH11 mutations are
accompanied by a high rate of patent ductus arteriosus
(PDA), but disruption of this locus is responsible for only a
small fraction of sporadic PDA [16, 94]. Similarly, mutations
in 𝛼-smooth muscle actin (ACTA2) are associated with
several manifestations of cardiovascular disease including
thoracic and cerebral aneurysms, myocardial infarction, and
neurovascular malformations [18]. Given that ACTA2 is a
component of smooth muscle cells and also a transcriptional
target of TGF-𝛽 signaling, mutations in this gene likely affect
VSMC functions and impair vascular contraction.

3.4. LipidMetabolism. Apolipoprotein E (APOE) binds to the
low-density lipoprotein receptor (LDLR) to clear lipoprotein
particles from the blood and is critical for lipid and lipopro-
tein metabolism. Mutations in the LDLR gene are linked to
familial hypercholesterolemia and type III hyperlipidemia,
which significantly increase the susceptibility to premature
and severe atherosclerosis [95]. GWAS have identified muta-
tions in the LDLR, located on chromosome 19p13.2, and
the low-density lipoprotein receptor-related protein 1 (LRP1),
located on chromosome 12q13.3, which are associated with
genetic susceptibility to AAA [36, 37, 96]. Additionally, sev-
eralAPOE polymorphismsmodify the risk for atherosclerosis
andAAA.Multiple studies have examinedAPOE∗2, -∗3, and
∗4 alleles in patients with AAAs, and individuals with the
E3/E4 genotype showed a markedly lower AAA expansion
rate than those with the E3/E3 genotype [38]. Interestingly
the E4 genotype is associated with shorter lifespan in several
cross-sectional epidemiologic studies [97–99].

3.5. RAS-Related Pathway. Neurofibromin is encoded by the
NF1 tumor suppressor gene and functions as a negative
regulator of p21Ras (Ras) activity in circulating hematopoietic
and vascular wall cells [26, 100–103]. Mutations in the
NF1 gene are associated with neurofibromatosis type I and
Watson syndrome, a variant of NF1 [104]. The incidence of
cardiovascular disease and aneurysm formation in persons
with NF1 approaches 10% [105–109]. Most aortic aneurysms
in NF1 are located in the thoracic descending aorta, but
animal models of Nf1 mutant animals demonstrate a strong
predisposition for infra-renal AAA as well [27]. Broader
epidemiologic studies ofNF1 patients and aneurysm risk have
yet to be performed.

PTPN11 (SH2 domain-containing protein tyrosine
phosphatase-2) is encoded by the PTPN11 gene and regulates
a variety of cell functions, including mitogenic activation
and gene transcription. Mutations in the PTPN11 gene cause
Noonan syndrome, a relatively rare inherited disorder char-
acterized by accelerated Ras-MAPK signaling transduction.
Persons with Noonan syndrome are at increased risk for
dilation of the aortic root and aneurysm formation in the
ascending aorta [39–41]. It is mechanistically plausible that
other inherited mutations in the Ras pathway may modify
the risk of thoracic aneurysm formation, but animal studies
and/or human data supporting this hypothesis are limited.

4. Epigenetic Risk Factors

Epigenetics refers to heritable and acquired modifications
to the genome that alter gene expression without changing
the DNA sequence. In some instances, epigenetic modifi-
cations are stable and passed on to future generations, but
many modifications are relatively dynamic and responsive to
environmental cues. Epigenetic modifications include DNA
methylation, histone modifications, and noncoding RNA,
which can directly interact with the primary nucleotide
sequence and regulate gene expression. Methyltransferases
are enzymes that methylate DNA and the supporting ele-
ments including histones to alter gene activity and chromatin
structure. DNA methylation occurs naturally as a result of
aging and cell differentiation but is also recognized as an
important modifier of disease risk.

Similarly, posttranslational histone modification by the
addition or removal of methyl or acetyl groups, phosphory-
lation, ubiquitylation, and sumoylation results in suppression
or activation of gene transcription by altering the chromatin
structure or recruiting additional histone modifiers. Modifi-
cations that increase chromatin condensation restrict access
of transcription factors to the gene target, whilemodifications
that decrease chromatin condensation lead to a more open
chromatin structure and increase gene expression. Histone
modifying enzymes, such as histone deacetylases (HDACs),
histone methyltransferases (HMT), and histone acetyltrans-
ferases (HAT), have been implicated in cardiovascular dis-
ease, cancer initiation and propagation, and Alzheimer’s dis-
ease. Presently, epigenetic effects on the frequency, severity,
and progression of thoracic aneurysms and AAA are limited
with most of the data on AAA being inferred from studies of
atherosclerosis and other inflammatory conditions. However,
atherosclerosis and AAA are distinct clinical entities with
overlapping risk factors and disease mechanisms. Thus,
interpretation of study results from related cardiovascular
diseases must be viewed with some caution.

4.1. Epigenetic Modification in Matrix Degradation. MMP
expression and activation are a hallmark feature of AAA.
In particular, MMP-2 and MMP-9 are highly expressed
in human and murine AAA and likely have some role
in thoracic aortic aneurysms [75, 77, 110–112]. Increased
expression of active MMPs predicts severity of other chronic
inflammatory diseases such as rheumatoid arthritis, chronic
kidney disease, and degenerative inflammatory disorder [113–
115]. Demethylation of the MMP2 gene promoter increases
MMP-2 expression in noninvasive breast cancer cell lines
and cells treated with trichostatin A, an HDAC inhibitor,
demonstrated increased histone acetylation and reduced
MMP2 mRNA expression [116, 117]. Likewise, methylation
and acetylation ofMMP9 result in downregulation of MMP-
9 expression and inhibit MMP-9 binding to the CREB
transcription factor via Class II major histocompatibility
complex transactivator, respectively [118, 119]. Interestingly,
HDAC2 binding to the MMP9 promoter region suppresses
MMP-9 expression and suggests that epigenetic modification
of MMPs is tightly regulated [120]. While MMP expression is
highly associated with human and murine aortic aneurysms,
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the regulation of MMP expression in cardiovascular tissues
or primary cells remains poorly understood.

Classes I and II HDACs contain a conserved HDAC
domain but differ in their expression patterns with broad
expression of Class I HDACs and more limited expression
of Class II HDACs. In human AAA, Galán et al. recently
reported increased expression of HDACs 1, 2 (Class I), 4,
and 7 (Class II) in human AAA compared to aortic tissue
samples from healthy organ donors [121]. Further, the use of
HDAC inhibitors significantly reduced AngII-induced AAA
in APOE knockout mice via downregulation of MMP-2 and
MMP-9 in the vascular wall [122]. Administration of Class
I or Class II HDAC inhibitors were efficacious in reducing
the frequency and severity of AAA in mice, which further
supports the hypothesis that epigenetic modifications are
critical to the pathogenesis of aortic aneurysms and HDAC
inhibitors represent a promising therapeutic strategy [121].

Epidemiologic data suggests that carriers of the MTHFR
C677T allele are at increased risk for AAA [42–44]. Per-
sons with this polymorphism express a heat-labile MTHFR
enzyme with reduced activity and increased plasma homo-
cysteine levels, which is a known risk factor for AAA
and growth rate [123–125]. Homocysteine is considered a
potent inhibitor of methyltransferases by increasing the
intracellular accumulation of s-adenosyl homocysteine and
sequestering methyl donor groups [126, 127]. In support of
this hypothesis,MTHFR knockout mice exhibit global DNA
hypomethylation and enhanced atherosclerosis, although an
increased susceptibility to AAA in animal models has not
been demonstrated [128]. The role of methyltransferases in
AAA is an emerging area of interest.

4.2. Epigenetic Modification in Smoking. Smoking is a strong
risk factor for AAA; however, the underlying mechanisms
for this risk association are poorly understood. Exposure
to prolonged smoking alters the epigenome, particularly
in high-turnover cell lines such as bone marrow-derived
leukocytes. Current smoking status and prenatal exposure
to cigarette smoke strongly influence the methylation sig-
nature of DNA [129–132]. In one of the most insightful
studies of cigarette exposure and the epigenome, Stephanie
London and colleagues conducted a meta-analysis of 15,907
individuals to identify the methylation footprint of smokers
and nonsmokers across the epigenome [133]. They showed
that 1/3 (>7,000) of currently recognized human genes
have smoking-associated methylation patterns. Interestingly,
CpGs (cytosine-rich methylation sites) that are causally
related to cardiovascular diseases showed the strongest cor-
relations for both current and former smokers as compared
to persons who have never smoked [133]. Former smokers
appear to have a methylation signature that more closely
mimics nonsmokers; however, smoking cessation does not
appear to fully reverse these changes [133–135].

Examination of specific gene promoters has identified
similar changes in DNA methylation for candidate genes
associated with AAA formation including protease-activated
receptor-4 (PAR4 or F2RL3) and 15-lipoxygenase (ALOX15).
Breitling et al. examined the methylation status of 27,000
CpGs to show that methylation of the F2RL3 gene was

reduced by 12% in smokers when comparedwith nonsmokers
[130]. Further, CpG methylation correlated negatively with
the quantity of cigarettes smoked and positivelywith duration
of smoking abstinence. Broader examination of intergenic
CpGmethylation has identified similar relationships between
smoking and altered DNA methylation [136, 137]. Methyla-
tion status of theAlox15 promoter directly affects gene expres-
sion with heavy smokers showing a substantial increase in
15-lipoxygenase levels compared to nonsmokers [138, 139].
15-Lipoxygenase has been implicated in the pathogenesis
of AAA and pharmacologic or genetic inhibition of 5-
lipoxygenase signaling has demonstrated efficacy in prevent-
ing AAA in animal models [45, 46]. However, further epige-
nomic studies of human AAA are needed to demonstrate the
precise mechanisms relating smoking to AAA formation.

4.3. Epigenetic Modification in Aging. Older age is associ-
ated with higher risk for AAA and aging-related epigenetic
changes have been proposed as a potential mechanism for
this increased risk. After methylation patterns have been
established during human development, progressive, time-
dependent, global hypomethylation occurs [140–142]. Most
of these observations have been made in primary cell lines
or animal models of cancer and other age-related diseases
with few observations in older adults with AAA. Studies
of atheroma in humans and atherogenic mice exhibit a
global loss of genomic 5-methyl-Cytosine content, a com-
mon occurrence in neoplastic cells [143–145]. 5-Methyl-
C is produced by transfer of a methyl group from S-
adenosylmethionine, a process that is inhibited by decreased
MTHFR activity and elevated homocysteine levels associated
with aging [146–148]. One investigator proposes that DNA
methylation measures the cumulative effect of the epigenetic
maintenance system and may predict many age-related dis-
eases [149].These observations are likely relevant to aging and
increased risk for AA formation.

4.4. Epigenetic Modification in Inflammatory Responses.
Chronic inflammation characterizes AAA, wherein inflam-
matory leukocytes and cytokines as well as reactive oxygen
species are found within the vascular wall in human AAA
and animalmodels of AAA. Inflammation also influences the
epigenome of circulating leukocytes and vascular wall cells.
Ryer et al. examined the genome-wide DNA methylation
profiles of mononuclear cells isolated from 20 humans with
AAA and 21 controls. Four genes with differential CpG
methylation were identified: kelch-like family member 35
(KLHL35), calponin 2 (CNN2), serpin peptidase inhibitor
clade B (ovalbumin) member 9 (SERPINB9), and adenylate
cyclase 10 pseudogene 1 (ADCY10P1) [47]. For three of these
genes (CNN2, SERPINB9, andADCY10P1),methylationmore
closely correlated with the presence of AAA than with either
age or smoking status and suggests that themethylation status
of these genesmay represent an independent and additive risk
factor for AAA.

Changes in DNA methylation within the promoter
region of immunomodulatory cytokines may also affect risk
for AAA. Treatment of cultured human lymphocytes with
interleukin-6 increases global methylation in these cells [114].
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Promotermethylation regulates the expression and activity of
other inflammatory cytokines implicated in AAA formation
including TNF-𝛼, IL-1𝛽, and monocyte chemotactic protein-
1 (MCP-1 or CCL2) [150–154]. Likewise, reactive oxygen
species (ROS) can increase histone acetylation via modula-
tion of HAT activity to promote inflammation in several cell
lines [155–157]. Hydrogen peroxide induces gene acetylation
by increasing HAT activity and suppressing HDAC activity
[158]. Thus, blunting oxidative stress may be a promising
strategy to suppress inflammatory conditions such as AAA.

4.5. Noncoding RNAs in AAA. Noncoding RNAs (ncRNA)
are functional RNA transcribed from DNA but fail to be
translated into proteins. ncRNA, including transfer RNA
(tRNA), ribosomal RNA (rRNA), microRNA (miRNA), and
long noncoding RNA (lncRNA), are abundant, biologically
active molecules that modify gene expression. MicroRNA
are short (21–25 nucleotides), single-strandedRNAmolecules
that mimic small interfering RNA and function in RNA
silencing and posttranscriptional regulation of gene expres-
sion.

A significant number of miRNAs are differentially
expressed inAAA and normal aortic tissue samples; however,
most studies fail to identify similar miRNA trends, which is
likely due to the heterogeneity of AAA tissue [159]. Pahl et
al. showed that AAA have increased expression of miR-181a,
-146a, and -21 and lower expression of miR-133b, -331-3p, -
133a, -30c, and -204 when compared with control biopsies
[160]. Other miRNA with differential expression in AAA
and control tissue include miR-126, -20a, -27a, -155 -221, -
222, -223, -124a, -29b, and let-7 [161]. Of these, miR-21 and
-146a expressions are consistently elevated in AAA compared
to healthy aorta, and miR-21 has been shown to inhibit
VSMC apoptosis and protect against AAA formation in
APOE knockout mice [48]. Several other miRNA, including
miR-146a, promote VSMC survival and participate in the
pathogenesis of AAA [49, 162, 163]. Interestingly, miR-29b
has been implicated in both AAA and thoracic aneurysms
associated with Marfan syndrome [49, 50].

Analysis of circulating miRNAs in peripheral blood has
also yielded useful insight into AAA. Zhang et al. identified
increased expression of miR-191-3p, -455-3p, and -1281 in the
whole blood of AAA patients compared to controls, while
a separate study showed decreased expression of miR-126, -
124a, -146a, -155, -223, -29b, -15a, and -15b in AAA [164, 165].
Stather et al. reported reduced expression of let-7e, miR-
15a, and -196b in the peripheral blood of AAA patients and
increased expression of miR-411 as compared to controls
[165]. The increased expression of some miRNA in AAA
tissue and decreased expression in peripheral blood (i.e.,
miR-146a and miR-29b) demonstrate the complex nature of
using miRNA as biomarkers of disease progression. Larger
studies comparing miRNA expression in peripheral blood
and primary tissue would shed considerable light on the role
of miRNA in AAA formation.

Recently, an intense interest in the role of noncoding
RNAs has broadened our understanding of the influence
of the epigenome on aortic aneurysm formation. After
showing that miR-29b is significantly downregulated in two

animal models of AAA, Maegdefessel et al. showed that
administration of an anti-miR to further diminish miR-29b
expression in the aortic wall reduced aorta dilation and AAA
formation [49]. Conversely, administration of a pre-miR-29b
to increase miR-29b expression within the aorta exacerbated
AAA formation and aneurysm rupture (63% versus 33%). In
both animal models and human AAA tissue samples, miR-
29b appears to target genes that encode extracellular matrix
proteins including Col1a1, Col3a1, Col5a1, and ELN as well
as matrix metalloproteinases (i.e., MMP9). This same group
identified a role formiR-29b in thoracic aortic aneurysms in a
murinemodel ofMarfan syndrome. Contrary to AAA, aortas
from Fbn1mutant mice (Marfan) expressed higher quantities
of miR-29b, which corresponded with enhanced apoptosis,
increasedMMP expression, and suppression of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-𝜅B)
activity, a repressor of miR-29b [50]. Boon et al. examined
the aortas of young and old mice as well as tissue samples
of human thoracic aneurysms to identify patterns of micro-
RNA expression. The miR-29 family was highly expressed in
aortas from older mice and was associated with downregu-
lation of ECM protein expression [166]. Similar to the mice,
human tissue samples of thoracic aortic aneurysm expressed
high levels of miR-29b when compared to human controls.

While the data for a pathological role for miR-29b in
AAA is compelling, other miRNAs have been implicated
in AAA as well. miR-21 controls VSMC proliferation and
apoptosis during AAA formation and upregulation of miR-21
has been demonstrated inAAAbiopsy samples [48]. Nicotine
enhances both miR-21 expression and AAA size in mice and
AAA biopsy samples isolated from frequent smokers showed
a twofold increase inmiR-21 expression when compared with
AAA from nonsmokers [48]. In both mice and humans, the
increase in miR-21 expression was associated with reduced
expression of phosphatase and tensin homolog (PTEN) and
increased activation of protein kinase B (Akt).

Murine AAA exhibited increased expression of miR-24
with genetic deletion of miR-24 further enhancing murine
AAA size and severity [167]. Chitinase 3-like 1 gene (Chi311),
which promotes cytokine synthesis in leukocytes and VSMC
migration, appears to be a potential target of miR-24 [167].
Additionally, miR-712 and its human homolog miR-205 sup-
press metalloprotease inhibitor activity in response to AngII
to stimulate MMP activity in aortic VSMC and facilitate
AAA formation [168]. Although miRNA influence aortic
aneurysm formation and severity, it remains to be seen if
targeting specific miRNA is a viable therapeutic approach for
the prevention or treatment of human aortic aneurysms.

5. Conclusions

In this review, we provide a comprehensive assessment of
the genetic and epigenetic landscape of aortic aneurysms.We
have long appreciated the influence of inherited syndromes
on aortic aneurysm formation and aneurysm rupture and the
multiple environmental and familial risk factors associated
withAAA, butmore andmore, we are gaining insight into the
complexities of gene regulation and protein function in the
pathogenesis of aortic aneurysms. Of these recent advances,
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miRNAs and epigenetic modifiers are particularly intriguing
and may represent viable therapeutic targets for patients
with aortic aneurysms as seen in other patient populations.
Future work must include comparisons between findings in
human tissue and animal models of aortic aneurysm to draw
clinically relevant conclusions about the role of miRNAs or
other epigenome modifiers in aortic aneurysm formation.
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mice,”Médecine Science, vol. 26, no. 10, pp. 795–797, 2010.



10 BioMed Research International

[91] L. Lucarini, E. Sticchi, F. Sofi et al., “ACE and TGFBR1 genes
interact in influencing the susceptibility to abdominal aortic
aneurysm,” Atherosclerosis, vol. 202, no. 1, pp. 205–210, 2009.

[92] A. Siegert, E. Ritz, S. Orth, and J. Wagner, “Differential regula-
tion of transforming growth factor receptors by angiotensin II
and transforming growth factor-𝛽1 in vascular smoothmuscle,”
Journal of Molecular Medicine, vol. 77, no. 5, pp. 437–445, 1999.

[93] N. Fukuda,W.-Y. Hu, A. Kubo et al., “Angiotensin II upregulates
transforming growth factor-𝛽 type I receptor on rat vascular
smoothmuscle cells,”American Journal of Hypertension, vol. 13,
no. 2, pp. 191–198, 2000.

[94] L. Zhu, D. Bonnet, M. Boussion, B. Vedie, D. Sidi, and X.
Jeunemaitre, “Investigation of the MYH11 gene in sporadic
patients with an isolated persistently patent arterial duct,”
Cardiology in the Young, vol. 17, no. 6, pp. 666–672, 2007.

[95] A. K. Soutar and R. P. Naoumova, “Mechanisms of disease:
genetic causes of familial hypercholesterolemia,”Nature Clinical
Practice Cardiovascular Medicine, vol. 4, no. 4, pp. 214–225,
2007.

[96] M. J. Bown, “Genomic insights into abdominal aortic aneu-
rysms,” Annals of the Royal College of Surgeons of England, vol.
96, no. 6, pp. 405–414, 2014.

[97] D. C. Ewbank, “The APOE gene and differences in life
expectancy in Europe,” The Journals of Gerontology—Series A
Biological Sciences and Medical Sciences, vol. 59, no. 1, pp. 16–
20, 2004.

[98] L. U. Gerdes, B. Jeune, K. A. Ranberg, H. Nybo, and J.
W. Vaupel, “Estimation of apolipoprotein E genotype-specific
relative mortality risks from the distribution of genotypes in
centenarians and middle-aged men: apolipoprotein E gene is a
’frailty gene,’ not a ’longevity gene’,” Genetic Epidemiology, vol.
19, no. 3, pp. 202–210, 2000.

[99] R. Jacobsen, T. Martinussen, L. Christiansen et al., “Increased
effect of the ApoE gene on survival at advanced age in healthy
and long-lived Danes: two nationwide cohort studies,” Aging
Cell, vol. 9, no. 6, pp. 1004–1009, 2010.

[100] D. Viskochil, A. M. Buchberg, G. Xu et al., “Deletions and a
translocation interrupt a cloned gene at the neurofibromatosis
type 1 locus,” Cell, vol. 62, no. 1, pp. 187–192, 1990.

[101] W. K. Bessler, F. Z. Hudson, H. Zhang et al., “Neurofibromin
is a novel regulator of Ras-induced reactive oxygen species
production in mice and humans,” Free Radical Biology &
Medicine, vol. 97, pp. 212–222, 2016.

[102] W. K. Bessler, G. Kim, F. Z. Hudson et al., “Nf1 +/− mono-
cytes/macrophages induce neointima formation via CCR2 acti-
vation,”HumanMolecular Genetics, vol. 25, no. 6, pp. 1129–1139,
2016.

[103] B. K. Stansfield,W.K. Bessler, R.Mali et al., “Heterozygous inac-
tivation of the NF1 gene in myeloid cells enhances neointima
formation via a rosuvastatin-sensitive cellular pathway,”Human
Molecular Genetics, vol. 22, no. 5, pp. 977–988, 2013.

[104] J. E. Allanson, M. Upadhyaya, G. H. Watson et al., “Watson
syndrome: is it a subtype of type 1 neurofibromatosis?” Journal
of Medical Genetics, vol. 28, no. 11, pp. 752–756, 1991.

[105] G. S. Oderich, T. M. Sullivan, T. C. Bower et al., “Vascular
abnormalities in patients with neurofibromatosis syndrome
type I: clinical spectrum, management, and results,” Journal of
Vascular Surgery, vol. 46, no. 3, pp. 475–484, 2007.

[106] D. Rea, J. F. Brandsema, D. Armstrong et al., “Cerebral arteri-
opathy in children with neurofibromatosis type 1,” Pediatrics,
vol. 124, no. 3, pp. e476–e483, 2009.

[107] E. Fossali, E. Signorini, R. C. Intermite et al., “Renovascular
disease and hypertension in children with neurofibromatosis,”
Pediatric Nephrology, vol. 14, no. 8-9, pp. 806–810, 2000.

[108] M. Henkemeyer, D. J. Rossi, D. P. Holmyard et al., “Vascular
system defects and neuronal apoptosis in mice lacking Ras
GTPase-activating protein,” Nature, vol. 377, no. 6551, pp. 695–
701, 1995.

[109] T. L. Rosser, G. Vezina, and R. J. Packer, “Cerebrovascular
abnormalities in a population of children with neurofibromato-
sis type 1,” Neurology, vol. 64, no. 3, pp. 553–555, 2005.

[110] S. A. Lemaire, X. Wang, J. A. Wilks et al., “Matrix metal-
loproteinases in ascending aortic aneurysms: bicuspid versus
trileaflet aortic valves,” Journal of Surgical Research, vol. 123, no.
1, pp. 40–48, 2005.

[111] W. D. McMillan, N. A. Tamarina, M. Cipollone, D. A. Johnson,
M. A. Parker, and W. H. Pearce, “Size matters: the relationship
between MMP-9 expression and aortic diameter,” Circulation,
vol. 96, no. 7, pp. 2228–2232, 1997.

[112] M. Shen, J. Lee, R. Basu et al., “Divergent roles of matrix met-
alloproteinase 2 in pathogenesis of thoracic aortic aneurysm,”
Arteriosclerosis,Thrombosis, and Vascular Biology, vol. 35, no. 4,
pp. 888–898, 2015.

[113] S. Zhang, B. Zhong,M. Chen et al., “Epigenetic reprogramming
reverses the malignant epigenotype of the MMP/TIMP axis
genes in tumor cells,” International Journal of Cancer, vol. 134,
no. 7, pp. 1583–1594, 2014.

[114] P. Stenvinkel, M. Karimi, S. Johansson et al., “Impact of
inflammation on epigenetic DNA methylation—a novel risk
factor for cardiovascular disease?” Journal of Internal Medicine,
vol. 261, no. 5, pp. 488–499, 2007.

[115] N. R. Fuggle, F. A. Howe, R. Allen, and N. Sofat, “New insights
into the impact of neuro-inflammation in rheumatoid arthritis,”
Frontiers in Neuroscience, vol. 8, article 357, 2014.

[116] I. T. Pereira, E. A. S. Ramos, E. T. Costa et al., “Fibronectin
affects transient MMP2 gene expression through DNA
demethylation changes in non-invasive breast cancer cell lines,”
PLoS ONE, vol. 9, no. 9, Article ID e105806, 2014.

[117] M. Ailenberg and M. Silverman, “Trichostatin A—histone
deacetylase inhibitor with clinical therapeutic potential—is also
a selective and potent inhibitor of gelatinase A expression,”
Biochemical andBiophysical ResearchCommunications, vol. 298,
no. 1, pp. 110–115, 2002.

[118] C. Yuan, L. Zhang, Y. Gao, D. Peng, J. Liu, and Y. Cai,
“DNA demethylation at the promoter region enhances the
expression of MMP-9 in ectopic endometrial stromal cells
of endometriosis,” Chinese Journal of Cellular and Molecular
Immunology, vol. 30, no. 12, pp. 1258–1261, 2014.

[119] S. Nozell, Z. Ma, C. Wilson, R. Shah, and E. N. Benveniste,
“Class II major histocompatibility complex transactivator
(CIITA) inhibits matrix metalloproteinase-9 gene expression,”
The Journal of Biological Chemistry, vol. 279, no. 37, pp. 38577–
38589, 2004.

[120] C. Yan, H.Wang, Y. Toh, andD. D. Boyd, “Repression of 92-kDa
type IV collagenase expression by MTA1 is mediated through
direct interactions with the promoter via amechanism, which is
both dependent on and independent of histone deacetylation,”
The Journal of Biological Chemistry, vol. 278, no. 4, pp. 2309–
2316, 2003.

[121] M. Galán, S. Varona, M. Orriols et al., “Induction of histone
deacetylases (HDACs) in human abdominal aortic aneurysm:
therapeutic potential of HDAC inhibitors,” Disease Models and
Mechanisms, vol. 9, no. 5, pp. 541–552, 2016.



BioMed Research International 11

[122] A. Vinh, T. A. Gaspari, H. B. Liu, L. F. Dousha, R. E. Wid-
dop, and A. E. Dear, “A novel histone deacetylase inhibitor
reduces abdominal aortic aneurysm formation in angiotensin
II-infused apolipoprotein E-deficient mice,” Journal of Vascular
Research, vol. 45, no. 2, pp. 143–152, 2008.

[123] T. Brunelli, D. Prisco, S. Fedi et al., “High prevalence of
mild hyperhomocysteinemia in patients with abdominal aortic
aneurysm,” Journal of Vascular Surgery, vol. 32, no. 3, pp. 531–
536, 2000.

[124] J. Liu, S. W. Zuo, Y. Li et al., “Hyperhomocysteinaemia is an
independent risk factor of abdominal aortic aneurysm in a
Chinese Han population,” Scientific Reports, vol. 6, Article ID
17966, 2016.

[125] K. J.Halazun, K.A. Bofkin, S. Asthana, C. Evans,M.Henderson,
and J. I. Spark, “Hyperhomocysteinaemia is associated with
the rate of abdominal aortic aneurysm expansion,” European
Journal of Vascular and Endovascular Surgery, vol. 33, no. 4, pp.
391–394, 2007.

[126] S. M. Krishna, A. Dear, J. M. Craig, P. E. Norman, and J.
Golledge, “The potential role of homocysteine mediated DNA
methylation and associated epigenetic changes in abdominal
aortic aneurysm formation,” Atherosclerosis, vol. 228, no. 2, pp.
295–305, 2013.

[127] B. J. Toghill, A. Saratzis, S. C. Harrison, A. R. Verissimo,
E. B. Mallon, and M. J. Bown, “The potential role of DNA
methylation in the pathogenesis of abdominal aortic aneurysm,”
Atherosclerosis, vol. 241, no. 1, pp. 121–129, 2015.

[128] Z. Chen, A. C. Karaplis, S. L. Ackerman et al., “Mice defi-
cient in methylenetetrahydrofolate reductase exhibit hyper-
homocysteinemia and decreased methylation capacity, with
neuropathology and aortic lipid deposition,”Human Molecular
Genetics, vol. 10, no. 5, pp. 433–443, 2001.

[129] K. W. K. Lee and Z. Pausova, “Cigarette smoking and DNA
methylation,” Frontiers in Genetics, vol. 4, article no. 132, 2013.

[130] L. P. Breitling, R. Yang, B. Korn, B. Burwinkel, and H. Brenner,
“Tobacco-smoking-related differential DNA methylation: 27K
discovery and replication,” American Journal of Human Genet-
ics, vol. 88, no. 4, pp. 450–457, 2011.

[131] B. A. Mercer, A. M. Wallace, C. E. Brinckerhoff, and J. M.
D’Armiento, “Identification of a cigarette smoke-responsive
region in the distal MMP-1 promoter,” American Journal of
Respiratory Cell and Molecular Biology, vol. 40, no. 1, pp. 4–12,
2009.

[132] R. Satta, E. Maloku, A. Zhubi et al., “Nicotine decreases DNA
methyltransferase 1 expression and glutamic acid decarboxylase
67 promotermethylation inGABAergic interneurons,”Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 105, no. 42, pp. 16356–16361, 2008.

[133] R. Joehanes, A. C. Just, R. E. Marioni et al., “Epigenetic
signatures of cigarette smoking,” Circulation: Cardiovascular
Genetics, vol. 9, no. 5, pp. 436–447, 2016.

[134] L. G. Tsaprouni, T.-P. Yang, J. Bell et al., “Cigarette smoking
reduces DNA methylation levels at multiple genomic loci but
the effect is partially reversible upon cessation,” Epigenetics, vol.
9, no. 10, pp. 1382–1396, 2014.

[135] S. Ambatipudi, C. Cuenin, H. Hernandez-Vargas et al.,
“Tobacco smoking-associated genome-wide DNA methylation
changes in the EPIC study,” Epigenomics, vol. 8, no. 5, pp. 599–
618, 2016.

[136] M. M. Monick, S. R. H. Beach, J. Plume et al., “Coordinated
changes in AHRRmethylation in lymphoblasts and pulmonary

macrophages from smokers,” American Journal of Medical
Genetics, Part B: Neuropsychiatric Genetics, vol. 159, no. 2, pp.
141–151, 2012.

[137] J. Sandoval, H. A. Heyn, S. Moran et al., “Validation of a DNA
methylation microarray for 450,000 CpG sites in the human
genome,” Epigenetics, vol. 6, no. 6, pp. 692–702, 2011.

[138] U. P. Kelavkar, N. S. Harya, J. Hutzley et al., “DNA methy-
lation paradigm shift: 15-lipoxygenase-1 upregulation in pro-
static intraepithelial neoplasia and prostate cancer by atypical
promoter hypermethylation,” Prostaglandins and Other Lipid
Mediators, vol. 82, no. 1–4, pp. 185–197, 2007.

[139] H.Takagi andT.Umemoto, “Smoking promotes pathogenesis of
aortic aneurysm through the 5-lipoxygenase pathway,”Medical
Hypotheses, vol. 64, no. 6, pp. 1117–1119, 2005.

[140] P. A. Jones, S. M. Taylor, and V. L. Wilson, “Inhibition of
DNA methylation by 5-azacytidine,” Recent Results in Cancer
Research, vol. 84, pp. 202–211, 1983.

[141] V. L. Wilson and P. A. Jones, “DNA methylation decreases in
aging but not in immortal cells,” Science, vol. 220, no. 4601, pp.
1055–1057, 1983.

[142] M. Jung and G. P. Pfeifer, “Aging and DNA methylation,” BMC
Biology, vol. 13, article 7, 2015.

[143] M. O. Hiltunen, M. P. Turunen, T. P. Häkkinen et al.,
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M.Neuhäuser-Berthold, “Effect of age on plasma homocysteine
concentrations in young and elderly subjects considering serum
vitamin concentrations and different lifestyle factors,” Interna-
tional Journal for Vitamin and Nutrition Research, vol. 74, no. 2,
pp. 129–136, 2004.

[149] S. Horvath, “DNA methylation age of human tissues and cell
types,” Genome Biology, vol. 14, no. 10, article R115, 2013.

[150] S. Kochanek, A. Radbruch, H. Tesch, D. Renz, andW. Doerfler,
“DNA methylation profiles in the human genes for tumor
necrosis factors 𝛼 and 𝛽 in subpopulations of leukocytes and
in leukemias,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 88, no. 13, pp. 5759–5763,
1991.

[151] Z. H. Liu, L. L. Chen, X. L. Deng et al., “Methylation status of
CpG sites in the MCP-1 promoter is correlated to serumMCP-1
in type 2 diabetes,” Journal of Endocrinological Investigation, vol.
35, no. 6, pp. 585–589, 2012.



12 BioMed Research International

[152] K. E. Sullivan, A. B. M. Reddy, K. Dietzmann et al., “Epigenetic
regulation of tumor necrosis factor alpha,” Molecular and
Cellular Biology, vol. 27, no. 14, pp. 5147–5160, 2007.

[153] J. Wang, Y. Jiang, A. Yang et al., “Hyperhomocysteinemia-
induced monocyte chemoattractant protein-1 promoter DNA
methylation by nuclear factor-𝜅B/DNA methyltransferase 1 in
apolipoprotein E–deficient mice,” BioResearch Open Access, vol.
2, no. 2, pp. 118–127, 2013.

[154] I. Wessels, D. Fleischer, L. Rink, and P. Uciechowski, “Changes
in chromatin structure and methylation of the human
interleukin-1𝛽 gene during monopoiesis,” Immunology, vol.
130, no. 3, pp. 410–417, 2010.

[155] J. Makino, R. Ogasawara, T. Kamiya et al., “Royal Jelly con-
stituents increase the expression of extracellular superoxide
dismutase through histone acetylation in monocytic THP-1
cells,” Journal of Natural Products, vol. 79, no. 4, pp. 1137–1143,
2016.

[156] N. N. Soe, M. Sowden, P. Baskaran et al., “Acetylation of
cyclophilin A is required for its secretion and vascular cell
activation,”Cardiovascular Research, vol. 101, no. 3, pp. 444–453,
2014.

[157] F. M. Moodie, J. A. Marwick, C. S. Anderson et al., “Oxidative
stress and cigarette smoke alter chromatin remodeling but
differentially regulate NF-𝜅B activation and proinflammatory
cytokine release in alveolar epithelial cells,”The FASEB Journal,
vol. 18, no. 15, pp. 1897–1899, 2004.

[158] D. Pons, F. R. de Vries, P. J. van den Elsen, B. T. Heijmans, P.
H. A. Quax, and J. W. Jukema, “Epigenetic histone acetylation
modifiers in vascular remodelling: new targets for therapy in
cardiovascular disease,” European Heart Journal, vol. 30, no. 3,
pp. 266–277, 2009.

[159] I. Hinterseher, R. Erdman, J. R. Elmore et al., “Novel pathways
in the pathobiology of human abdominal aortic aneurysms,”
Pathobiology, vol. 80, no. 1, pp. 1–10, 2013.
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Impaired adipogenic differentiation during diet-induced obe-
sity (DIO) promotes adipocyte hypertrophy and inflammation,
thereby contributing to metabolic disease. Adenomatosis pol-
yposis coli down-regulated 1 (APCDD1) has recently been iden-
tified as an inhibitor of Wnt signaling, a key regulator of adipo-
genic differentiation. Here we report a novel role for APCDD1
in adipogenic differentiation via repression of Wnt signaling
and an epigenetic linkage between miR-130 and APCDD1 in
DIO. APCDD1 expression was significantly up-regulated in
mature adipocytes compared with undifferentiated preadi-
pocytes in both human and mouse subcutaneous adipose tis-
sues. siRNA-based silencing of APCDD1 in 3T3-L1 preadi-
pocytes markedly increased the expression of Wnt signaling
proteins (Wnt3a, Wnt5a, Wnt10b, LRP5, and !-catenin) and
inhibited the expression of adipocyte differentiation markers
(CCAAT/enhancer-binding protein " (C/EBP") and peroxi-
some proliferator-activated receptor # (PPAR#)) and lipid
droplet accumulation, whereas adenovirus-mediated overex-
pression of APCDD1 enhanced adipogenic differentiation.
Notably, DIO mice exhibited reduced APCDD1 expression and
increased Wnt expression in both subcutaneous and visceral
adipose tissues and impaired adipogenic differentiation in vitro.
Mechanistically, we found that miR-130, whose expression is
up-regulated in adipose tissues of DIO mice, could directly tar-

get the 3!-untranslated region of the APCDD1 gene. Further-
more, transfection of an miR-130 inhibitor in preadipocytes
enhanced, whereas an miR-130 mimic blunted, adipogenic dif-
ferentiation, suggesting that miR-130 contributes to impaired
adipogenic differentiation during DIO by repressing APCDD1
expression. Finally, human subcutaneous adipose tissues iso-
lated from obese individuals exhibited reduced expression of
APCDD1, C/EBP", and PPAR# compared with those from non-
obese subjects. Taken together, these novel findings suggest that
APCDD1 positively regulates adipogenic differentiation and
that its down-regulation by miR-130 during DIO may contrib-
ute to impaired adipogenic differentiation and obesity-related
metabolic disease.

Adipose tissue is the major energy reserve in higher
eukaryotes and is remarkably flexible at storing and releasing
triacylglycerols during periods of caloric excess and depriva-
tion. Adipose tissue can expand by increasing the volume of
pre-existing adipocytes (hypertrophy) and/or by increasing
the number of new adipocytes (hyperplasia) via adipogenic
differentiation of partially committed stem cells, termed
preadipocytes (1). Adipogenic differentiation of preadi-
pocytes is a normal physiological function required for adi-
pose tissue development and remodeling. However, in obe-
sity, adipogenic differentiation is typically insufficient to
meet metabolic demand, and the excess calories are primar-
ily stored in pre-existing adipocytes, which become over-
loaded with lipid. The resulting mechanical stress leads to
adipose tissue inflammation, glucose intolerance, insulin
resistance, and ectopic lipid accumulation (2, 3). Studies in
humans suggest that adipocyte cell size is an independent
predictor of the development of obesity-related metabolic
disease (4). Thus, understanding the mechanisms that regu-
late adipogenic differentiation during obesity may provide
important insights into the pathogenesis and treatment of
metabolic disease.

The Wnt signaling pathway is a fundamental regulator of cell
proliferation, polarization, and differentiation (5, 6). Wnt-fam-
ily proteins exert their effects on cellular processes through
canonical and non-canonical pathways (7, 8). The canonical
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Wnt/!-catenin pathway is activated by binding of Wnt ligands
to Frizzled (Fz)4 receptors and co-receptors, low-density lipo-
protein-related protein (LRP)5/6, leading to !-catenin stabili-
zation and subsequent translocation into the nucleus, where it
affects the transcription of Wnt target genes (9 –11). Wnt sig-
naling has been reported to negatively regulate adipogenic
differentiation through several mechanisms; for example,
Wnt6, Wnt10a, and Wnt10b inhibit adipogenic differentiation
through a !-catenin dependent mechanism (12), and Wnt3a
suppresses C/EBP!/"-induced adipogenesis of 3T3-L1 cells by
inhibiting PPAR# induction (13). Thus, regulation of Wnt sig-
naling in obesity may impact the development and/or progres-
sion of metabolic disease.

Recently, adenomatosis polyposis coli down-regulated 1
(APCDD1), a membrane-bound protein expressed during tis-
sue development, has been identified as a novel Wnt inhibitor
(14). Mechanistically, APCDD1 was reported to physically
interact with the canonical Wnt3a ligand and LRP5 receptor at
the cell surface, thereby repressing the biological effects of Wnt
signaling and contributing to neural development in chicks and
in Xenopus embryos. APCDD1 is widely expressed in adult
human tissues, including the heart, pancreas, prostate, hair fol-
licles, liver, kidney, and adipose tissues (14 –16), but the biolog-
ical functions of APCDD1 are poorly understood. Previously,
using an unbiased genome-wide microarray approach, we ob-
served that APCDD1 expression was significantly higher in well
differentiated subcutaneous adipocytes compared with poorly
differentiated visceral (perivascular) adipocytes isolated from
the same human subjects (17), suggesting the possibility that
APCDD1 could play a role in adipogenic differentiation, per-
haps through its ability to inhibit Wnt signaling.

In this study, we investigated the role of APCDD1 in regulat-
ing the differentiation of human and mouse preadipocytes.
We provide evidence that down-regulation of endogenous
APCDD1 expression increases the Wnt/!-catenin signaling
pathway, leading to the inhibition of key adipogenic transcrip-
tion factors (C/EBP$ and PPAR#) and impaired adipogenic dif-
ferentiation. Conversely, overexpression of APCDD1 promotes
adipogenic differentiation. We also report that APCDD1 expres-
sion in adipose tissue is decreased under obese conditions in both
mouse and human subjects compared with non-obese controls.
Furthermore, miR-130 was identified as a posttranscriptional reg-
ulator of APCDD1 gene expression during DIO. These findings
may have important implications for the role of APCDD1 in the
pathogenesis of obesity-related metabolic disease.

Results

Increased APCDD1 expression in conjunction with decreased
Wnt signaling during adipogenic differentiation

Wnt expression was reported to be down-regulated during
differentiation of murine preadipocytes (18). To confirm that
Wnt expression is down-regulated during in vitro adipogenic
differentiation of human preadipocytes, we assayed the mRNA

expression of Wnt1, Wnt3a, and Wnt10b. All three genes were
significantly down-regulated 6 days after induction of differen-
tiation compared with undifferentiated cells (Fig. 1A). Next, to
examine whether APCDD1 is differentially expressed in mature
adipocytes versus undifferentiated preadipocytes (PA), we frac-
tionated human subcutaneous adipose tissues to obtain floating
mature adipocytes and the stromal vascular fraction, which is
enriched in preadipocytes. Interestingly, APCDD1 mRNA lev-
els were markedly higher in mature human adipocytes com-
pared with the stromal vascular fraction (Fig. 1B). In addition,
APCDD1 mRNA expression was significantly increased during
in vitro differentiation of human subcutaneous preadipocytes
(Fig. 1C). Time course experiments in mouse 3T3-L1 preadi-
pocytes demonstrated that APCDD1 mRNA expression is rap-
idly induced following the onset of adipogenic differentiation,
with levels peaking by day 3 and sustained for up to 12 days (Fig.
1D). Furthermore, APCDD1 protein expression was markedly
up-regulated during adipogenic differentiation in isolated
murine adipocytes (Fig. 1E) and in 3T3-L1 preadipocytes (Fig.
1F and supplemental Fig. S1) compared with undifferentiated
cells. Thus, Wnt expression is down-regulated during adipo-
genic differentiation in conjunction with increased APCDD1
expression in both humans and mice.

APCDD1 gene silencing attenuates adipogenic differentiation
in conjunction with increased Wnt signaling

To investigate whether APCDD1 expression participates in
adipogenic differentiation, we silenced APCDD1 in 3T3-L1 prea-
dipocytes by transfection with siRNA specific for APCDD1 or a
scrambled control. Knockdown of APCDD1 blunted adipogenic
differentiation, as demonstrated by reduced lipid droplet accumu-
lation (Fig. 2A) and adipogenic marker (C/EBP$ and PPAR#)
expression (Fig. 2, B and C). Furthermore, APCDD1 gene silencing
increased the expression of proteins associated with the Wnt/!-
catenin signaling pathway, including Wnt3a, Wnt5a, Wnt10b,
LRP5, and !-catenin, in 3T3-L1 preadipocytes (Fig. 2, B and C).
These data indicate that knockdown of APCDD1 blocks adipo-
genic differentiation while up-regulating Wnt signaling.

Overexpression of APCDD1 enhances adipogenic
differentiation and inhibits Wnt signaling

To establish APCDD1 as a positive regulator of adipogenic
differentiation, 3T3-L1 preadipocytes were transduced with ade-
novirus overexpressing APCDD1 or GFP control. At 7 days of
adipogenic differentiation, APCDD1-overexpressing cells exhib-
ited increased lipid droplet accumulation (Fig. 3A) and adipogenic
marker (adiponectin, FABP4, C/EBP$, and PPAR#) expression
(Fig. 3, B and C) compared with GFP control-transduced cells.
Moreover, the expression of Wnt signaling proteins, including
Wnt3a, Wnt5a, LRP5, and !-catenin, was attenuated in APCDD1-
overexpressing cells compared with the control. These findings
suggest that APCDD1 positively regulates adipogenic differentia-
tion while suppressing the Wnt signaling pathway.

Reduced APCDD1 expression in parallel with impaired
adipocyte differentiation in obese mice

To investigate the potential role of APCDD1 in DIO in vivo,
we quantified APCDD1 expression in the subcutaneous adi-

4 The abbreviations used are: Fz, Frizzled; PA, preadipocyte; CD, chow diet;
HFD, high-fat diet; SQ, subcutaneous; SV, stromal vascular; qPCR, quantita-
tive PCR; C/EBP$, CCAAT/enhancer-binding protein $; PPAR#, peroxisome
proliferator-activated receptor #; BMI, body mass index.
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pose tissues of lean chow diet (CD)-fed mice and obese high-fat
diet (HFD) mice. Body weight was significantly increased by
HFD feeding (60% calories from lard fat) in WT (C57Bl/6) mice
(Fig. 4A). Intriguingly, after 18 weeks of HFD feeding, APCDD1
mRNA and protein expression were reduced in subcutaneous
(SQ) adipose tissues compared with CD mice (Fig. 4, B and C).
Similarly, APCDD1 protein expression was also significantly
decreased in HFD mouse-derived visceral adipose tissues (Fig.
4D). On the other hand, Wnt3a protein expression was in-
creased in adipose tissues isolated from HFD mice. Impor-
tantly, as we reported previously (19), preadipocytes isolated

from subcutaneous adipose tissue of HFD male mice demon-
strated impaired in vitro differentiation compared with that
from CD mice, as evidenced by diminished lipid droplet accu-
mulation (Fig. 4E). These results indicate that impaired adipo-
genic differentiation during HFD is associated with reduced
APCDD1 expression.

miR-130 overexpression induced by HFD directly targets
APCDD1 gene expression

Next, we investigated the potential mechanisms whereby
APCDD1 expression is down-regulated during DIO. We

Figure 1. Wnt and APCDD1 expression in relation to adipogenic differentiation. A, expression of Wnt1, Wnt3a, and Wnt10b mRNAs was down-
regulated during adipogenic differentiation (6 days) of human subcutaneous preadipocytes (n ! 3). *, p " 0.01; **, p " 0.05 versus control (Day 0). B, the
APCDD1 mRNA level was up-regulated in mature human adipocytes (AD) compared with PAs within the SV fraction (n ! 3). *, p " 0.01 versus control (SV).
C, APCDD1 mRNA expression was increased during in vitro adipogenic differentiation (12 days) of primary cultured human preadipocytes (n ! 3). *, p "
0.01 versus control (Day 0). D, time course expression of APCDD1 mRNA during adipogenic differentiation of 3T3-L1 preadipocytes (n ! 3). *, p " 0.05
versus control (Day 0). E and F, APCDD1 protein expression was increased during in vitro adipogenic differentiation (12 days) of 3T3-L1 preadipocytes and
primary cultured mouse preadipocytes (n ! 3). *, p " 0.05 versus control (Day 0). Levels of mRNA and protein expressions were determined by qPCR and
Western blotting, respectively.
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Figure 2. APCDD1 gene silencing suppresses adipogenic differentiation in conjunction with up-regulated expression of Wnt signaling proteins in
3T3-L1 preadipocytes. A, adipogenic differentiation was impaired in 3T3-L1 preadipocytes transfected with APCDD1 siRNA compared with the scrambled
control, as indicated by reduced cytoplasmic lipid droplet accumulation (Oil red O). ****, p " 0.0001 versus control (Scramble). B and C, transfection of 3T3-L1
preadipocytes with APCDD1 siRNA increased expression of Wnt signaling proteins (Wnt3a, Wnt5a, Wnt10b, LRP5, and !-catenin) and decreased expression of
adipogenic markers (C/EBP$ and PPAR#) (n ! 3). !-catenin, C/EBP$, and PPAR# expression levels were examined in the nuclear fraction. *, p " 0.01; **, p " 0.05
versus control. Protein expressions were determined by Western blotting and densitometry analysis. Scr, scrambled.
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hypothesized that a specific set of miRNAs may be induced by
HFD to regulate APCDD1 expression in preadipocytes. To test
this hypothesis, we first examined databases (Targetscan, miR-
Walk, and PicTar) to search for miRNAs potentially targeting
APCDD1, which predicted that miRNA 130a-3p and miRNA
130b-3p directly bind to the 3# UTR of APCDD1 mRNA (Fig.
5A). We quantified the expression of miR-130a-3p and miR-
130b-3p in 3T3-L1 cells and observed that both of these miR-
NAs were down-regulated within 1 day after induction of dif-
ferentiation and remained repressed for up to 12 days (Fig. 5B
and supplemental Fig. S2). To experimentally validate that
APCDD1 is a target gene of miR-130, expression of miR-
130a-3p and miR-130b-3p was knocked down by specific anti-
sense inhibitors. Transfection of 3T3-L1 preadipocytes with
anti-miR-130a-3p or anti-miR-130b-3p significantly aug-
mented APCDD1 protein expression (Fig. 5C), indicating that
APCDD1 is a direct target of miR-130. To investigate whether
miR-130 is induced by HFD, we examined the expression levels
of miR-130 in subcutaneous and visceral adipose tissues. Inter-
estingly, expression of miR-130a-3p and miR-130b-3p was
markedly increased in both subcutaneous and visceral adipose
tissues from HFD mice compared with control mice (Fig. 5D).
Furthermore, transfection of 3T3-L1 preadipocytes with miR-
130a-3p inhibitor enhanced, whereas overexpression of miR-
130a-3p blunted, adipogenic differentiation, as evaluated by
cytoplasmic lipid droplet measurement (Fig. 5, D–F).

MiR-130 could potentially inhibit adipogenic differentiation
by targeting genes other than APCDD1. Thus, we tested the
effects of forced overexpression of APCDD1 in 3T3-L1 preadi-
pocytes transfected with an miR-130a-3p mimic. As shown in
supplemental Fig. S3, the miR-130a-3p mimic failed to inhibit
adipogenic differentiation in APCDD-1-overexpressing cells.
These findings support a mechanistic link between miR-130
and APCDD1 in the inhibition of adipogenic differentiation.
Moreover, our results are consistent with the notion that HFD-
induced miR-130 targets APCDD1 in DIO mice to impair adi-
pogenic differentiation.

APCDD1 expression is down-regulated in obese individuals in
conjunction with reduced adipogenic gene expression

To investigate the functional relevance of APCDD1 in
human obesity, we examined APCDD1 expression in subcuta-
neous adipose tissues isolated from obese (BMI $ 30) and non-
obese (BMI " 30) human subjects. Interestingly, APCDD1
protein expression was significantly down-regulated in obese
compared with non-obese subjects. Furthermore, adipogenic
markers (C/EBP$ and PPAR#) protein expression was mark-
edly reduced in obese subjects (Fig. 6, A and B). There was also
a strong trend toward decreased adiponectin gene expression
with increasing BMI in our patient population (supplemental

Fig. S4). Notably, expression of Wnt3a, one of the targets of
APCDD1, tended to be up-regulated in adipose tissues isolated
from obese subjects (p ! 0.06 versus non-obese control). miR-
130 expression in human subcutaneous adipose tissues exhib-
ited considerable variability but showed a trend toward an
increase in obese individuals (supplemental Fig. S5). These
findings in human adipose tissues support our data obtained
from mice as well as in vitro cell culture experiments in that
impaired adipogenic differentiation during DIO could poten-
tially be linked to reduced APCDD1 expression.

Discussion

The Wnt signaling pathway negatively regulates adipogenic
differentiation and may play an important role in promoting
metabolic dysfunction in obesity. Here we report that APCDD1
is a positive regulator of adipogenic differentiation through its
repression of Wnt signaling. APCDD1 is weakly expressed in
subcutaneous adipose tissues isolated from obese mice and
humans, consistent with reports of impaired adipocyte differ-
entiation in DIO. Moreover, overexpression of APCDD1 in
3T3-LI cells enhances adipogenic differentiation and inhibits
expression of proteins in the Wnt signaling pathway, whereas
siRNA-mediated APCDD1 gene silencing blunts adipogenic
differentiation and up-regulates Wnt protein expression.
Mechanistically, we demonstrated that APCDD1 is directly tar-
geted by miR-130, which is overexpressed in adipose tissues of
obese mice. Taken together, these findings uncover a novel role
for APCDD1 in adipogenic differentiation and raise the possi-
bility that suppression of APCDD1 expression by miR-130
in adipose tissues contributes to obesity-related metabolic
disease.

Wnt signaling has been reported to repress adipogenic
differentiation by blocking the induction of key adipogenic
transcription factors, PPAR# and C/EBP$ (18, 20). Wnts are
secreted, cysteine-rich glycoproteins that act as autocrine or
paracrine factors, regulating a variety of developmental pro-
cesses, including cell proliferation and differentiation (5, 21).
Wnt signaling encompasses both canonical and non-canon-
ical pathways, with the former being better characterized in
adipogenic differentiation. Pioneering studies demonstrated
that overexpression of Wnt1 or a GSK3! phosphorylation-
defective !-catenin mutant inhibited adipogenic differenti-
ation in 3T3-L1 preadipocytes (18). Overexpression of
canonical Wnt10b ligand stabilized !-catenin and blocked
adipogenic differentiation in 3T3-L1 preadipocytes (18).
Also, transgenic mice overexpressing Wnt10b under the
control of the adipose-specific FABP4 promoter exhibited a
50% reduction in total body adiposity and resistance to HFD-
induced white adipose tissue expansion (22). Although the
canonical Wnt pathway has been consistently implicated in

Figure 3. APCDD1 overexpression accelerates adipogenic differentiation and down-regulates the expression of Wnt signaling proteins in 3T3-L1
preadipocytes. A, adipogenic differentiation, as indicated by lipid droplet accumulation (Oil red O), was increased in 3T3-L1 preadipocytes transfected with
adenoviral APCDD1 compared with the control. *, p " 0.01 versus control (Adeno-GFP). B, mRNA expression of adipogenic markers (adiponectin and FABP4)
was up-regulated in adenoviral APCDD1-transduced 3T3-L1 preadipocytes during differentiation (7 days) (n ! 4). *, p " 0.01 versus control (PA); **, p " 0.05
versus GFP. AD, adipocyte. C and D, transduction of 3T3-L1 preadipocytes with adenoviral APCDD1 down-regulated Wnt-associated protein expression (Wnt3a,
Wnt5a, Wnt10b, LRP5, and !-catenin) and up-regulated adipogenic marker (C/EBP$ and PPAR#) protein expression during differentiation (n ! 3). *, p " 0.01;
**, p " 0.05 versus control (CTL). Levels of mRNA and protein expressions were determined by qPCR and Western blotting, respectively. Representative blots are
shown in C and densitometry in D.
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inhibition of adipogenic differentiation in vitro and in vivo,
non-canonical Wnt pathways (independent of !-catenin)
are poorly understood and may exert opposing effects on
adipogenesis. For instance, Wnt5b, a non-canonical ligand,

is transiently induced during adipogenic differentiation and
partially inhibits the canonical Wnt/!-catenin pathway to
facilitate differentiation (23). Thus, the canonical and non-
canonical Wnt pathways are interconnected and cross-talk

Figure 4. Reduced APCDD1 expression is associated with up-regulated Wnt3a and blunted adipogenic differentiation in DIO mice. A, 18 weeks of HFD
feeding, compared with CD feeding, significantly increased body weight in mice (n ! 3). B—D, APCDD1 mRNA (B) and protein (C) levels were down-regulated,
whereas Wnt3a was up-regulated, in extracts of SQ (C) and visceral (D) adipose tissues isolated from HFD-fed DIO mice compared with lean controls (n ! 3).
Relative mRNA and protein expression were quantified by qPCR and Western blotting, respectively. *, p " 0.01; **, p " 0.05 versus control (CD). E, adipogenic
differentiation (7 days) was impaired in preadipocytes isolated from subcutaneous adipose tissues of DIO mice. Light microscopy of neutral cytoplasmic lipid
droplet accumulation was assessed by Oil red O staining.
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with one another to regulate adipogenic differentiation in a
complex manner.

The components of Wnt signaling pathways are modulated
by a number of endogenous activators and inhibitors, among
them APCDD1 (24). APCDD1 is an evolutionarily conserved
plasma membrane glycoprotein that has only been recently
identified as a Wnt inhibitor (14). The APCDD1 gene is located
on chromosome 18 in mice and humans and was first identified

in colon cancer tissues (14, 16, 25). It encodes an %58-kDa
transmembrane protein whose transcription is regulated by the
!-catenin"Tcf complex (14, 16). APCDD1 expression was
found to be elevated in 18 of 27 primary colon cancer tissues
compared with corresponding noncancerous mucosa, and its
exogenous expression was shown to promote cancer cell
growth (16). In humans, APCDD1 is expressed during tissue
development and in numerous adult tissue types (14 –16), sug-

Figure 5. HFD-induced miR-130 targets APCDD1 and inhibits adipogenic differentiation. A, computational analysis predicted that miR-130a-3p and
miR-130b-3p can directly bind the 3# UTR of APCDD1. B, miR-130a-3p and miR103b-3p levels were down-regulated during adipogenic differentiation in
3T3-L1 preadipocytes. *, p " 0.05 versus control (Day 0). C, APCDD1 protein expression was increased by transfection of miR-130 inhibitor in 3T3-L1
preadipocytes (n ! 3). *, p " 0.05 versus control (CTR). SCR, scramble. D, miR-130a-3p and miR-130b-3p levels were increased in the SQ and visceral
adipose depots of HFD-fed DIO mice (n ! 5). *, p " 0.01; **, p " 0.05 versus control (CD). E, miR-130a-3p expression was significantly reduced or increased
by transfection of miR-130a-3p inhibitor or mimic, respectively, in 3T3-L1 preadipocytes (n ! 3). *, p " 0.01 versus control. F, adipogenic differentiation
of 3T3-L1 preadipocytes was enhanced by transfection of miR-130a-3p inhibitor and reduced by transfection of miR-130a-3p mimic. *, p " 0.0001 versus
control. Light microscopy of neutral cytoplasmic lipid droplets accumulation was evaluated by Oil red O staining and optical density measurement by
spectrophotometer.
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gesting a diverse role for APCDD1 in biological processes asso-
ciated with Wnt signaling. Indeed, recent studies have docu-
mented that APCDD1 is involved in gliogenesis, tooth
morphogenesis, oligodendrocyte differentiation, osteogenic
differentiation of human dental follicle cells, and diseases such
as hereditary hypotrichosis simplex (14, 26 –29). Although
most studies support an inhibitory role for APCDD1 in Wnt/
!-catenin signaling, Morsczeck and co-workers (28) reported
that APCDD1 sustained the expression and activation of
!-catenin during osteogenic differentiation of human dental
follicle cells. Moreover, microarray results indicated that
APCDD1 expression is $300-fold higher in dental follicle cells
than in mesenchymal stem cells (30). This suggests that the
level of APCDD1 expression and its impact on Wnt/!-catenin
signaling may vary considerably in individual cells and tissues.

Although a role for APCDD1 in mammalian adipose devel-
opment and adipocyte differentiation is heretofore unreported,
Ullah et al. (15) recently identified APCDD1 as a potential

human adipocyte-specific marker gene using GeneChips anal-
ysis and bioinformatics. Our study is the first to directly
examine the functional significance of APCDD1 in adipo-
genic differentiation of human and murine preadipocytes in
vitro. We demonstrate that APCDD1 gene expression is
rapidly induced during adipogenic differentiation and pro-
pose a functional link between APCDD1 and the adipogenic
program through a Wnt signaling-dependent mechanism.
APCDD1 was demonstrated to physically interact with
Wnt3a and Fz co-receptor LRP5 proteins, thereby prevent-
ing the formation of Wnt receptor complexes (14). Here we
show that APCDD1 inhibits the expression of Wnt pathway-
related proteins, including Wnt3a, LRP5, and !-catenin, in
3T3-L1 preadipocytes, revealing a mechanism by which
APCDD1 could disrupt canonical Wnt signaling. In addition
to canonical Wnt signaling, we found that APCDD1 may also
regulate the expression of non-canonical Wnt5a. The pre-
cise mechanisms whereby APCDD1 inhibits Wnt pathways

Figure 6. Down-regulated expression of APCDD1 in adipose tissues from obese humans is associated with reduced adipogenic gene expression. A
and B, protein expression of APCDD1, in conjunction with C/EBP$, PPAR#, was down-regulated, whereas Wnt3a levels tended to be up-regulated (p ! 0.06),
in subcutaneous adipose tissues isolated from obese (BMI $ 30) compared with non-obese subjects (BMI " 30). *, p " 0.05 versus non-obese control. Protein
expressions were analyzed by Western blotting (A, representative data) and densitometry (B, n ! 8).
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in the context of adipogenic differentiation thus appear to be
complex. It is also possible that APCDD1 regulates adipocyte
differentiation via Wnt-independent mechanisms. Future
studies will be required to investigate these possibilities.

Although adipose tissue contains a large number of preadi-
pocytes that are potentially able to differentiate into fully
mature, lipid-storing adipocytes, it nevertheless primarily
expands by enlargement of pre-existing adipocytes in obesity
(31, 32), thus promoting insulin resistance and hepatic steato-
sis, key aspects of metabolic syndrome (3, 33). This suggests
that the level of adipogenic differentiation is insufficient to
match the metabolic demand in obesity. The rate of preadi-
pocyte replication is actually increased in adipose tissues of
obese mice (34), suggesting that the insufficient level of adi-
pocyte differentiation in obesity is not caused by reduced
adipogenic precursor cell abundance. Interestingly, we have
reported previously that HFD impairs adipogenic differentia-
tion, promoting accumulation of inefficiently differentiated
adipocytes that exhibit diminished expression of adipogenic
differentiation-specific genes (35). This impairment in adipo-
genic differentiation in HFD-induced obesity therefore may be
related to the inability of preadipocytes to efficiently undergo
differentiation and/or maintain the differentiated state.

Mounting evidence indicates that Wnt signaling may be dys-
regulated in obesity and thus could potentially contribute to the
impaired adipogenic differentiation. Two independent groups
have reported increased circulating Wnt5a in obese patients
compared with lean control subjects (36, 37). Expression of
Wnt5a mRNA in visceral adipose tissues was also found to be
increased, whereas secreted Fz-related protein 5 (SFRP5), an
adipokine that represses Wnt signaling by binding and seques-
tering Wnt ligands, was reduced in obese patients (37). In line
with these findings, we showed that obese subjects (BMI $ 30)
tended to display increased Wnt3a expression in their subcuta-
neous adipose tissues compared with non-obese subjects
(BMI " 30). The mechanisms responsible for up-regulated
Wnt ligand expression in obesity are unknown. Interestingly,
we observed decreased APCDD1 protein expression in both
obese human and mouse adipose tissues compared with their
corresponding controls. Based on our findings, we postulate
that reduced APCDD1 expression in obese adipose tissues may
potentiate Wnt signaling, thereby contributing to impaired adi-
pogenic differentiation in vivo. Future studies directly targeting
APCDD1 in animal models of obesity will be required to test
this hypothesis.

Identifying the mechanisms whereby APCDD1 expression is
down-regulated in obese adipose tissues may provide insights
into the pathogenesis of metabolic syndrome and new ap-
proaches for treatment. Here we focused on epigenetic mech-
anisms of gene regulation, which play a prominent role in the
pathogenesis of obesity-related diabetes (38). In particular miR-
NAs, through their potent effects on posttranscriptional regu-
lation, are functionally important in adipogenic differentiation.
For instance, miR-143 stimulates adipogenic differentiation
through inhibition of ERK5 (39), whereas miR-210 enhances
adipogenesis by inhibiting TCF7L2, a key transcription factor
in Wnt signaling (40). Moreover, miR-124 and miR-17–92 pro-
mote adipogenic differentiation by repressing Dlx5 and retino-

blastoma (RB)-family Rb2/p130, respectively (41, 42). On the
other hand, several miRNAs have been reported to negatively
regulate adipogenesis. TNF-$-induced up-regulation of miR-
155 inhibits adipogenic differentiation by down-regulating
cAMP-response element-binding protein (CREB) and C/EBP!
(43), and let-7 was reported to inhibit adipogenesis by regulat-
ing the expression of high mobility group AT-hook2
(HMGA-2) (44). Notably, the miR-130 family has been shown
to impair human preadipocyte differentiation by repressing
PPAR# biosynthesis, and TNF-$-induced miR-130 was
reported to promote adipocyte dysfunction during obesity (45,
46). Here we confirmed a previous report that miR-130 expres-
sion is up-regulated in adipose tissues of HFD-fed obese mice
(46). Computational analysis of the 3# UTR of the APCDD1
gene predicted a binding site for miR-130a and miR-130b,
which share the same seed sequence but are encoded by two
independent loci (miRBase Database). Knockdown of miR-130
in preadipocytes increased APCDD1 expression, suggesting
that it may directly target APCDD1. Indeed, transfection of an
miR-130a-3p inhibitor in preadipocytes enhanced, whereas an
miR-130a-3p mimic blunted, adipogenic differentiation. Based
on these findings, we hypothesize that elevated miR-130 in
obese adipose tissues may contribute to impaired adipogenic
differentiation via its inhibitory effect on APCDD1 expression
(Fig. 7). Although this study focused on the role of miRNA, the
importance of other epigenetic mechanisms, including DNA
methylation and histone modifications, in regulating APCDD1
gene expression in obesity remains to be determined. Finally,
what role, if any, adipocyte enlargement in obesity plays in
down-regulating APCDD1 expression also remains to be
determined.

Figure 7. Schematic depicting the potential mechanisms of APCDD1-me-
diated adipogenic differentiation in the lean state versus DIO. Under nor-
mal physiological conditions, APCDD1 inhibits the expression of Wnt signal-
ing proteins, leading to the induction of key adipogenic transcription factors
(C/EBP$ and PPAR#) and adipogenic differentiation. In DIO, HFD-induced
miR-130 in adipose tissues blocks APCDD1 gene expression, thereby aug-
menting Wnt signaling and repressing adipogenic differentiation.
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In conclusion, we provide novel evidence that APCDD1, an
endogenous inhibitor of Wnt signaling, is an essential compo-
nent of the adipogenic differentiation program. Based on our
findings, we propose a working model (Fig. 7, A and B) to sug-
gest that, under normal physiological conditions, APCDD1
inhibits the expression of Wnt signaling proteins, leading to the
induction of key adipogenic transcription factors (C/EBP$ and
PPAR#) and induction of adipogenic differentiation. In DIO,
up-regulated expression of miR-130 in adipose tissues blocks
APCDD1 gene expression, thereby augmenting Wnt signaling
and repressing adipogenic differentiation. These findings may
have important implications for the pathogenesis of obesity-
related metabolic disease.

Experimental procedures

Preparation of mouse adipose tissues

Male C57BL/6J mice were maintained on chow diet after
weaning. At 6 weeks of age, these mice were either maintained
on CD (Harlan Teklad, LM-485) or switched to an HFD
(Research Diet, D12492, 60% calories from lard fat) for 18
weeks. Mice were euthanized, blood was collected via cardio-
centesis, and subcutaneous and visceral adipose tissues were
collected following tissue perfusion with saline. All animal
studies were conducted using a protocol approved by the Insti-
tutional Animal Care and Use Committee of the University of
Cincinnati College of Medicine and Medical College of Georgia
at Augusta University.

Preparation of human adipose tissues

Human adipose tissues were collected from obese (BMI $
30) and non-obese (BMI " 30) patients undergoing abdominal
surgeries. The study protocol was approved by the Institutional
Review Boards of the University of Cincinnati and Medical Col-
lege of Georgia at Augusta University.

Isolation of adipocytes, preadipocytes, and in vitro adipogenic
differentiation

To isolate adipocytes and preadipocytes from adipose tis-
sues, mouse or human adipose tissues were thoroughly minced,
digested with collagenase (Worthington), filtered, and centri-
fuged to separate mature floating adipocytes from the pelleted
stromal vascular (SV) fraction cells (preadipocyte-enriched) as
described previously (47). Then, SV pellets were resuspended,
plated, and grown in preadipocyte growth medium (Cell Appli-
cations) as described previously (47). The cells were expanded
for two to four passages in culture and differentiated in the
presence of adipocyte differentiation medium (Cell Applica-
tions), which was replaced with fresh medium every 2 days.
3T3-L1 preadipocytes were cultured in 3T3-L1 preadipocytes
medium and differentiated in 3T3-L1 differentiation medium
(ZenBio). These commercial media include a standard combi-
nation of adipogenic differentiation factors, including FBS
(5–10%), insulin (100 –1700 nM), dexamethasone (250 –1000
nM), 3-isobutyl-1-methylxanthine (100 –500 nM), indometha-
cin, biotin, pantothenate, etc. and induce adipogenic differen-
tiation with high efficiency. For molecular studies, adipose tis-
sues were flash-frozen in liquid nitrogen immediately after

collection for subsequent analysis of RNA or protein expres-
sion. 3T3-L1 preadipocytes, obtained from the ATCC, were
grown in preadipocyte medium (ZenBio) and differentiated in
the presence of adipocyte differentiation medium (ZenBio)
according to the instructions of the manufacturer.

Cytoplasmic lipid droplet measurement by Oil red O

0.4% of Oil red O (Sigma) in isopropanol (stock solution) was
diluted at 3:2 (Oil red O:ddH2O) ratio to form Oil red O work-
ing solution. Cells were washed with PBS and fixed with 4%
paraformaldehyde for 1 h. Cells were then washed with ddH2O
followed by 60% isopropanol. Oil red O working solution was
then added to the fixed cells and incubated for 10 min at room
temperature. After incubation, cells were washed with ddH2O
and imaged using light microscopy. Oil red O quantification
was carried out by measuring the optical density (510 nm) with
a spectrophotometer.

siRNA transfection of 3T3-L1 preadipocytes

3T3-L1 preadipocytes were transfected with APCDD1-spe-
cific siRNA (Santa Cruz Biotechnology; final concentration, 20
nM) or scramble control by using Lipofectamine 2000TM (Invit-
rogen) according to the instructions of the manufacturer, and
then the cells were differentiated in the presence of adipocyte
differentiation medium. After 72 h of differentiation, the cells
were retransfected with APCDD1 siRNA or scramble control in
the same manner to boost the transfection efficiency. At 7 days
of differentiation, cells were stained with Oil red O to evaluate
lipid accumulation (an index of adipocyte differentiation) or
harvested for molecular studies.

Adenovirus transduction of 3T3-L1 preadipocytes

The human APCDD1 adenovirus (Applied Biological Mate-
rials) was amplified by transducing HEK 293 cells, and the
medium supernatant containing the adenovirus was collected
and titrated according to the instructions of the manufacturer.
3T3-L1 preadipocytes were transduced with adenoviruses car-
rying APCDD1 or a control gene at a multiplicity of infection of
500 with 0.5 %g/ml poly-L-lysine in preadipocyte medium for
6 h and then differentiated in the presence of adipocyte differ-
entiation medium. At 7 days of differentiation, cells were
stained with Oil red O or harvested for molecular studies.

Quantitative PCR

Total RNA was extracted from tissues or cells with QIAzol
lysis reagent and purified with the RNeasy lipid tissue mini kit
(Qiagen) according to the instructions of the manufacturer.
Real-time quantification of mRNA levels of the genes of interest
was performed using Brilliant II SYBR Green QPCR Master
Mix (Agilent Technologies) according to the instructions of the
manufacturer. Normalized Ct values were subjected to statisti-
cal analysis, and the -fold difference was calculated by the && Ct
method as described previously (48).

Western blotting

Proteins were extracted from tissues or cells by radioimmune
precipitation (RIPA) assay lysis buffer, separated on SDS-PAGE
gel, transferred to nitrocellulose membranes, and probed with
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the appropriate antibodies, and subsequently blots were devel-
oped using ECL system (Thermo Scientific). For detection of
nuclear proteins (!-catenin, C/EBP$, and PPAR#), nuclear
fractionation was performed using an NE-PER nuclear and
cytoplasmic extraction reagents kit (Thermo Scientific) ac-
cording to the protocol of the manufacturer. The specific anti-
bodies used in this study were as follows: APCDD1, C/EBP$,
Wnt1, Wnt3a, Wnt10b, LRP5, LRP6, and !-actin (Santa
Cruz Biotechnology); Wnt5a (Abcam); GAPDH (Ambion);
PPAR# (Novus Biologicals); histone H3 (Cell Signaling
Technology); and !-catenin (Upstate).

miRNA target prediction

Computational miRNA target prediction analysis was per-
formed using three databases (TargetScan, PicTar, and miR-
Walk algorithms) to predict potential binding between 3# UTR
of target genes and selective miRNAs.

miRNA isolation and detection

Total RNA, including miRNA, was extracted using the mir-
VanaTM miRNA isolation kit (Ambion), and miR-130a-3p and
miR-130b-3p were detected using All-in-One first-strand
cDNA synthesis kits and All-in-One miRNA quantitative RT-
PCR reagent kits (GeneCopoeia). Specific miR-130 primers for
quantitative RT-PCR were as follows: miRNA universal reverse,
5#-CCAGTGCAGGGTCCGAGGTA; miR-130a-3p RT, 5#-
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG-
ATGCCCTT; miR-130a-3p forward, 5#-ACACTCCAGCTG-
GGCAGTGCAATGTTAAAA; miR-130b-3p RT, 5#-CTCAA-
CTGGTGTCGTGGAGTCGGCAATTCAGTTGAGATGCC-
CTT; and miR-130a-3p forward, 5#-ACACTCCAGCT-
GGGCAGTGCAATGATGAAA.

Transfection of 3T3-L1 preadipocytes with miRNA inhibitor or
mimic

miR-130 mimic (miRIDIAN miRNA mimic) and anti-miR-
130 (hairpin inhibitor) were synthesized by Dharmacon.
3T3-L1 preadipocytes were transfected with 50 nM miRNA
anti-miR or mimic using Lipofectamine 2000 (Invitrogen)
according to the instructions of the manufacturer, and then the
cells were differentiated in the presence of adipocyte differen-
tiation medium. After 48 h of differentiation, the cells were
retransfected in the same manner to boost transfection effi-
ciency. At 5 days of differentiation, cells were stained with Oil
red O. In some experiments, 3T3-L1 preadipocytes were co-
transfected with the APCDD1 plasmid and miR-130a-3p mimic
by adenovirus and Lipofectamine 2000, respectively, in preadi-
pocyte medium for 6 h and then differentiated in the presence
of adipocyte differentiation medium.

Statistical analysis

Data are expressed as mean ' S.E. Comparison between two
mean values was evaluated by an unpaired Student’s two-tailed
t test and between three or more groups by one-way analysis of
variance followed by Bonferroni post hoc analysis. The statisti-
cal relationship between two continuous variables was evalu-
ated by linear repression analysis. p " 0.05 was considered sta-
tistically significant.

Author contributions— N. K. H. Y., T. K. C., H. W. K., and N. L. W.
were involved in study conception and design, data acquisition, anal-
ysis, interpretation, and manuscript writing. R. P. performed the
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Remote Effects of Transplanted Perivascular Adipose Tissue
on Endothelial Function and Atherosclerosis
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Ha Won Kim1 & Neal L. Weintraub1
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Abstract
Purpose Perivascular adipose tissue (PVAT) surrounds the arterial adventitia and plays an important role in vascular
homeostasis. PVAT expands in obesity, and inflamed PVAT can locally promote endothelial dysfunction and atheroscle-
rosis. Here, using adipose tissue transplantation, we tested the hypothesis that expansion of PVAT can also remotely
exacerbate vascular disease.
Methods Fifty milligrams of abdominal aortic PVAT was isolated from high-fat diet (HFD)-fed wild-type mice and
transplanted onto the abdominal aorta of lean LDL receptor knockout mice. Subcutaneous and visceral adipose
tissues were used as controls. After HFD feeding for 10 weeks, body weight, glucose/insulin sensitivity, and lipid
levels were measured. Adipocytokine gene expression was assessed in the transplanted adipose tissues, and the
thoracic aorta was harvested to quantify atherosclerotic lesions by Oil-Red O staining and to assess vasorelaxation
by wire myography.
Results PVAT transplantation did not influence body weight, fat composition, lipid levels, or glucose/insulin sensitivity.
However, as compared with controls, transplantation of PVAT onto the abdominal aorta increased thoracic aortic ath-
erosclerosis. Furthermore, PVAT transplantation onto the abdominal aorta inhibited endothelium-dependent relaxation in
the thoracic aorta. MCP-1 and TNF-α expression was elevated, while adiponectin expression was reduced, in the
transplanted PVAT tissue, suggesting augmented inflammation as a potential mechanism for the remote vascular effects
of transplanted PVAT.
Conclusions These data suggest that PVAT expansion and inflammation in obesity can remotely induce endothelial dysfunction
and augment atherosclerosis. Identifying the underlying mechanisms may lead to novel approaches for risk assessment and
treatment of obesity-related vascular disease.

Keywords Perivascular adipose tissue . Fat transplantation . Endothelial dysfunction . Atherosclerosis . Inflammation

Introduction

Perivascular adipose tissue (PVAT) surrounds most large ves-
sels except the cerebral vasculature and had traditionally been
thought to simply provide structural support for blood vessels.
Over the past two decades, however, PVAT has become rec-
ognized as a physiologically and metabolically active endo-
crine tissue with important effects on vascular function and
disease states [1, 2]. Under physiological conditions, PVAT
may exert a protective role against neointimal formation
through release of NO and anti-inflammatory adiponectin
[3]. However, mounting evidence suggests that in disease
states, PVAT contributes to endothelial dysfunction,
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neointimal formation, atherosclerosis, and other cardio-
vascular diseases, including abdominal aortic aneurysms,
aortic stiffness, and vasculitis [4–12]. Mechanistically,
these effects have been linked to local inflammation, ox-
idative stress, and decreased nitric oxide (NO) release
from endothelium along with uncoupling of endothelial
NO synthase (eNOS) in PVAT [13, 14].

In rodent models of obesity, PVAT acquires a pro-
inflammatory phenotype with macrophage and leukocyte ac-
cumulat ion and product ion of pro-inf lammatory
adipocytokines which contribute to migration of vascular
smooth muscle cells and myofibroblasts into the neointima
[15]. Recent studies suggest that dysfunctional and inflamed
PVAT is also associatedwithmetabolic disease, hallmarked by
insulin resistance and glucose intolerance. Indeed, in humans,
fat surrounding the heart and great vessels expands in obesity,
correlating with increased visceral fat mass and insulin resis-
tance [16]. Moreover, under basal conditions, human
perivascular adipocytes secrete much higher levels of pro-
inflammatory cytokines such as interleukin (IL)-6, IL-8, and
monocyte chemoattractant protein (MCP)-1 compared with
other visceral (perirenal) adipocytes [17]. Together, these find-
ings raise the possibility that expansion of PVAT in obesity
could also promote vascular disease at distant sites, beyond its
well-described function as a local paracrine mediator.

In order to investigate remote effects of PVAT on vascular
disease, we adopted an adipose tissue transplantation model.
Transplantation of adipose tissues onto arteries is a useful
approach to investigate the local impact of PVAT on vascular
diseases [5, 18, 19]. Our laboratory previously established a
PVAT transplantation model to investigate the role of PVAT in
neointimal formation in conjunction with wire injury of the
carotid artery [20]. Adapting a similar PVAT transplantation
model to the abdominal aorta, this study investigated the sys-
temic and remote effects of PVAT on metabolic disease and
atherosclerosis. We found that transplanting just 50 mg of
PVAT harvested from obese mice onto the abdominal aorta
of recipient hyperlipidemic mice was sufficient to induce en-
dothelial dysfunction and augment atherosclerosis in the re-
mote thoracic aorta. These systemic vascular effects of PVAT
were independent of changes in body weight, fat composition,
insulin and glucose sensitivity, or plasma lipid levels.
Although the precise mechanisms remain to be determined,
this study provides the first evidence showing a systemic ef-
fect of PVAT on vascular disease.

Methods

Adipose Tissue Transplantation

Using a dissecting microscope, 15 or 50 mg of white
PVAT was isolated from abdominal aortas of donor of

C57Bl/6J mice fed a HFD (60% kcal fat, D12492,
Research Diets, New Brunswick, NJ, USA) for more than
10 weeks. Subcutaneous adipose tissue (SAT), and in
some experiments visceral adipose tissue (VAT), was iso-
lated from the HFD-fed mice for use as controls. The
isolated adipose tissues were transplanted onto the
infrarenal abdominal aortas of 8-week-old male LDL re-
ceptor knockout (LDLR−/−, C57Bl/6J background) mice.
In brief, after a midline abdominal incision, the abdominal
aorta between the left renal vein to the iliac bifurcation
was carefully mobilized from the retroperitoneum using
microsurgery forceps. Then, after removing the surround-
ing connecting tissue, adipose tissue was transplanted on-
to the abdominal aorta and affixed using a synthetic ab-
sorbable surgical tissue adhesive (Tissuemend II,
Veterinary Products Laboratories, Phoenix, AZ, USA).
To account for the impact of surgical manipulation, adi-
pose tissue transplanted mice were compared against
sham-operated (non-transplanted) mice otherwise treated
identically. After recovering from surgery, the mice were
maintained on a HFD for up to 12 weeks, and body
weight was monitored weekly. The mice were sacrificed
10–12 weeks after transplantation, and aortas and
transplanted adipose tissues were collected for further
studies. Endogenous visceral (epididymal) and subcutane-
ous adipose tissues were carefully dissected and weighed
as previously described [21]. Blood was also withdrawn
via ventricular puncture and assayed for lipid profiling.
Mice were housed at thermoneutrality (30 °C) throughout
the study with a 12-h light/dark cycle. All animal studies
were registered and approved by the Institutional Animal
Care and Use Committee of the Medical College of
Georgia at Augusta University.

Nuclear Magnetic Resonance

Fat composition was measured by quantitative nuclear mag-
netic resonance (NMR) as previously described [21].

Total Cholesterol and Triglyceride Measurement

Total cholesterol and triglyceride were quantified using com-
mercial assays (Wako Pure Chemical Industries, Osaka,
Japan) as previously described [22].

Insulin and Glucose Tolerance

Insulin and glucose tolerance tests (ITT, GTT) were per-
formed using glucose strips as previously described [21].
Briefly, at 10 weeks after adipose tissue transplantation,
glucose levels were measured in blood obtained from tail
veins immediately before and every 10 min after intra-
peritoneal injection of 0.75 U/kg body weight of human
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insulin (Humulin R®, Lilly) in mice fasted for 6 h. One
week later, glucose levels were also assessed before and
every 10 min after intraperitoneal injection of 2 g/kg
body weight of glucose in mice fasted for 24 h.

Atherosclerosis Lesion Analysis in Thoracic Aorta

LDLR−/− mice were fed a HFD for 10 weeks after adipose
tissue transplantation. After euthanizing mice, the thoracic
aorta (from the aortic root to the diaphragm) was isolated
and fixed in 4% paraformaldehyde for 24 h, and athero-
sclerotic lesions were stained with Oil-red O. Images were
captured using a microscope digital camera (MU500,
AmScope, USA). Quantitative analysis of atherosclerotic
lesions was performed using Image-Pro Plus software
(Media Cybernetics).

Wire Myography

Thoracic aortas were carefully isolated and cleaned of sur-
rounding tissue, dissected into 2–3 mm of four rings, and
mounted on a wire myography as described previously
[23]. In brief, two tungsten wires were inserted into the
lumen of the arteries and fixed to a force transducer and a
micrometer. Arteries were bathed in a physiological salt
solution and equilibrated for 60 min. Arterial viability
was determined twice with a potassium (KCl)-rich solution
(60 mmol/L). Then, dose-dependent constriction curve re-
sponse to KCl (10 mmol/L to 60 mmol/L) was performed.
Endothelium-dependent and -independent relaxation
curves were respectively tested with acetylcholine (ACh,
0.1 nmol/L to 100 μmol/L) and sodium nitroprusside (SNP,
0.01 nmol/L to 10 μmol/L). Vessels were preconstricted to
50 to 80% of their maximal 60 mM KCl constriction with
serotonin before assessing relaxat ion responses.
Constriction responses to KCl are presented in grams of
tension, while relaxation responses to acetylcholine and
sodium nitroprusside are expressed as a percentage of con-
striction induced by serotonin. The relaxation curves were
fitted by nonlinear regression analysis, and maximum re-
sponses (Emax) were compared amongst the groups.

RNA Extraction and Quantitative RT-PCR

RNA was isolated with a commercially available kit
(RNeasy® mini kit, Qiagen), and quantitative analysis of
mRNA expressionwas performed using anMX3000p thermal
cycler system and Brilliant II SYBR Green qPCRMaster Mix
kit (Agilent Technologies). mRNA expression was normal-
ized to the housekeeping gene Arbp and analyzed according
to the 2-∆∆Ct method. Primer sequences are listed in the
Supplementary Table 1.

Histology

Abdominal aortas with surrounding adipose tissues were fixed
in 10% formaldehyde and embedded in paraffin. Paraffin sec-
tions were stained with hematoxylin-eosin (H&E).

Statistical Analysis

Data were expressed as mean ± standard error of the
mean. Differences between two groups were analyzed by
Student’s t test. Multiple group datasets were evaluated
for normality, and differences were analyzed by one-way
ANOVA followed by Bonferroni post-hoc testing. A p
value < 0.05 was considered statistically significant. All
statistical analyses were performed using GraphPad
Prism version 7.0 for Mac OS X (GraphPad Software,
La Jolla California, USA).

Results

Adipose Tissues Transplantation in Abdominal Aorta

Representative images of donor SAT or PVAT transplanted to
abdominal (infrarenal) aorta of recipient LDLR−/− mice are
shown in Fig. 1a. Histological analysis confirmed that both
SAT and PVAT were well engrafted into the adventitia of re-
cipient aorta at 9 weeks after transplantation (Fig. 1b). The
transplanted PVAT exhibited typical histological appearance
of white adipose tissue (Fig. 1b).

Adipose Tissue Transplantation Did Not Alter Body
Weight, Fat Composition or Lipid Levels in Recipient
LDLR−/− Mice

All mice progressively gained weight on the HFD follow-
ing adipose tissue transplantation, and no significant dif-
ferences in weight (assessed either by absolute grams or
percentage change) were observed amongst the various
groups of mice (Fig. 2a, b). Likewise, body composition
(fat versus lean mass) measured by nuclear magnetic res-
onance (Fig. 2c) and endogenous subcutaneous and vis-
ceral adipose tissues masses were not significantly influ-
enced by adipose tissue transplantation (Fig. 2d). Lipid
analysis at 12 weeks after adipose tissue transplantation
demonstrated that levels of total cholesterol and triglycer-
ides in serum were similar amongst the various groups
(Fig. 2e, f). These results suggest that neither SAT nor
PVAT transplantation affected systemic parameters such
as body weight, fat composition, or lipid profile in recip-
ient LDLR−/− mice.

Cardiovasc Drugs Ther



Adipose Tissue Transplantation Did Not Affect Insulin
Sensitivity or Glucose Tolerance

Blood glucose levels prior to intraperitoneal administra-
tion of either insulin or glucose were comparable amongst
the groups (Fig. 3a, b). ITT demonstrated that the hypo-
glycemic response to insulin was similar at each time
point amongst all groups (Fig. 3a). Hyperglycemic re-
sponses to glucose, examined by GTT, were likewise sim-
ilar amongst all groups (Fig. 3b), suggesting that adipose
tissue transplantation did not affect total body insulin sen-
sitivity or glucose tolerance.

Abdominal Transplantation of PVAT, but Not SAT
or VAT, Augmented Atherosclerosis in Thoracic Aorta

Quantitative analysis indicated that the extent of athero-
sclerotic lesions in aortic arch and thoracic aorta was
significantly higher in the PVAT transplantation group
compared with the other groups (Sham; 1.67 ± 0.21,
SAT; 2.33 ± 0.45, VAT; 2.43 ± 0.56, PVAT; 4.5 ± 0.68,
p = 0.011, Fig. 4a, b). Given that PVAT transplantation
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Fig. 1 Representative images and H&E staining of donor SATand PVAT
transplanted to infrarenal abdominal aorta. a Adipose tissue
transplantation was performed onto infrarenal abdominal aorta, and
images taken at the conclusion of the procedure are shown here. b
H&E staining of transplanted adipose tissues on abdominal aorta at
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did not significantly affect systemic metabolic or lipid
parameters, this finding suggested that increased abdom-
inal aortic PVAT might augment thoracic aortic athero-
sclerosis by promoting inflammation. Interestingly, ex-
pression of the inflammatory genes MCP-1 and TNF-α
was elevated in transplanted PVAT, while expression of
adiponectin, an anti-inflammatory adipokine, was mark-
edly reduced (Fig. 4c–e).

PVAT Transplanted in Abdominal Aorta Promoted
Endothelial Dysfunction in Thoracic Aorta

Dose-dependent constriction responses to KCl in thoracic aor-
ta were comparable amongst the groups (Fig. 5a, b).
Interestingly, following sub-maximal preconstruction by
phenylephrine, Ach-induced relaxation (10 μmol/L and
100 μmol/L) was significantly lower in the PVAT transplanted
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group compared with the sham or SAT transplanted groups
(Fig. 5c, d). In contrast, endothelium-independent relaxation
induced by sodium nitroprusside was unaffected by PVAT
transplantation (Fig. 5e, f), suggesting that increased abdom-
inal aortic PVAT can remotely impair endothelial function.

Discussion

PVAT has been recognized as a unique adipose tissue depot,
and mounting evidence indicates that both pro- and anti-
inflammatory adipocytokines secreted from PVAT regulate

vascular homeostasis through paracrine mechanisms. The
quantity and pro-inflammatory state of PVAT surrounding
atherosclerosis-prone vessels increases in obesity, suggesting
that dysfunctional PVAT may contribute locally to atheroscle-
rosis. Here, we demonstrate that transplantation of just 50 mg
of PVAT to the abdominal aortas of LDLR−/− mice augments
atherosclerosis and promotes endothelial dysfunction at a re-
mote site (the thoracic aorta). These effects were independent
of changes in body weight, fat/adipose tissue mass, insulin
and glucose sensitivity, and plasma lipid levels. Expression
of MCP-1 and TNF-α was significantly increased in the
transplanted PVAT, raising the possibility that inflammatory
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mediators produced by dysfunctional PVAT in obesity could
augment systemic vascular disease.

Endothelial dysfunction, characterized by impaired
endothelium-dependent vasodilation and a pro-inflammatory
state, is a key event in the development of atherosclerosis.
Diminished nitric oxide (NO) availability and an imbalance
between endothelium-derived relaxing and contracting factors
are well established mechanisms leading to endothelial dys-
function. Previous studies have suggested a contributory role
of PVAT to endothelial dysfunction. Lee et al. reported that in
obesity, PVAT reduces NO production through increased ex-
pression of caveolin-1, which negatively regulates endothelial
NO synthase (eNOS) [24]. PVAT also may induce endothelial
dysfunction via protein kinase C-β dependent phosphoryla-
tion and inactivation of eNOS [25]. Inflamed PVAT mediated
by a HFD feeding induces eNOS uncoupling both in endothe-
lium and PVAT, which reduces NO production contributing to
impaired endothelial dysfunction [13]. However, the afore-
mentioned mechanisms have been linked to local rather than
systemic perturbations in endothelial function. Using an adi-
pose tissue transplantation approach, our study demonstrated
that PVAT, but not SAT or VAT, can also promote endothelial
dysfunction in remote blood vessels. To the best of our knowl-
edge, this is the first evidence demonstrating that dysfunction-
al PVATcan remotely perturb endothelial function, though the
underlying mechanisms remain to be determined.

We have reported that human perivascular adipocytes
exhibit a pro-atherogenic phenotype, releasing substantial-
ly more pro-inflammatory cytokines as compared with ad-
ipocytes derived from other depots (e.g., SAT, omental or
perirenal) [17]. MCP-1 is a key regulator of macrophage
infiltration into adipose tissue, and MCP-1 expressed in
transplanted PVAT promotes neointimal hyperplasia in
wire-injured carotid artery [20]. In this study, MCP-1 ex-
pression was significantly higher in transplanted PVAT as
compared with SAT or VAT, but whether this small amount
of transplanted PVAT was sufficient to increase circulating
levels of MCP-1, or other inflammatory mediators, is un-
clear. On the other hand, adiponectin also plays an impor-
tant role in modulating inflammation, and decreased levels
of circulating adiponectin contribute to atherosclerosis and
insul in resis tance. Previous studies showed that
adiponectin released from PVAT plays an important local
role in vasorelaxation through paracrine properties [26].
Adiponectin may oppose vascular constriction through
phosphorylation of eNOS at Ser1177 to stimulate endothelial
NO production [27]. Interestingly, transplantation of PVAT
isolated from adiponectin−/− mice onto carotid arteries of
apolipoprotein E−/− mice led to accelerated plaque forma-
tion [8]. Our data also showed that adiponectin expression
in transplanted PVAT was markedly lower than in SAT or
VAT at 10 weeks after transplantation, suggesting a poten-
tial mechanism of amplification of inflammation in the

transplanted PVAT. These results and previous data suggest
that an imbalance in pro- and anti-inflammatory mediators
in dysfunctional PVAT potentially could remotely promote
atherosclerosis as well as endothelial dysfunction, although
this hypothesis will require further testing that is beyond the
scope of the present study.

In addition, our findings raise a number of important
questions. First, the PVAT used for transplantation experi-
ments was harvested from obese mice fed a 60% HFD and
maintained under thermoneutral conditions. PVAT in ro-
dents exhibits features of both white and brown adipose
tissue depending on the anatomic location, and brown-like
function of PVAT has beneficial metabolic effects associat-
ed with thermogenesis and fatty acid combustion to ame-
liorate atherosclerosis [28]. PVAT releases both pro-
inflammatory and anti-inflammatory adipocytokines, but
when challenged by HFD, this balance is strongly shifted
towards inflammation. Indeed, dysfunctional PVAT medi-
ated by HFD plays an important role in atherosclerosis and
hypertension [12, 29]. It is entirely possible that
transplanting PVAT from mice fed a chow diet, or a HFD
with lower fat content, might have produced different (per-
haps even protective) effects on endothelial function or ath-
erosclerosis. Likewise, maintaining the mice under ambient
temperature conditions might have fostered Bbrowning^ of
the PVAT to offset the phenotypic changes of the HFD [30].
Such findings would be in keeping with the notion that
PVAT has pleiotropic effects on vascular function and
may only become pro-atherogenic under certain conditions.
Second, the absolute amount of transplanted PVAT required
to elicit systemic vascular effects is unknown. In prelimi-
nary studies, 15 mg of PVATwas transplanted onto abdom-
inal aorta, and no significant differences were seen in vas-
cular function or atherosclerosis of the aortic arch and tho-
racic aorta (data not shown), suggesting that a critical
amount of PVAT is required. Importantly, researchers
should take these findings into account when designing
experiments to test the local (paracrine) effects of PVAT
on the vasculature. Finally, it remains to be determined
whether the systemic effects of the transplanted PVATwere
dependent upon a physical association with the vasculature.
Additional experiments in which PVAT is transplanted to
different locations (vascular vs. non-vascular) will be re-
quired to address this question.

In conclusion, this study suggests that HFD-induced in-
flamed PVAT could contribute to endothelial dysfunction
and atherosclerosis in a remote manner, possibly through pro-
duction of PVAT-derived pro-inflammatory cytokines. These
findings support the notion that PVAT is a unique adipose
tissue depot that has the potential to profoundly perturb the
vasculature under certain conditions, and that targeting PVAT
may be a promising therapeutic strategy for treating and
preventing obesity-related vascular disease.
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Arginase 1 promotes retinal neurovascular
protection from ischemia through
suppression of macrophage inflammatory
responses
Abdelrahman Y. Fouda1,2,3, Zhimin Xu1,2,3, Esraa Shosha1,2,3, Tahira Lemtalsi1,2,3, Jijun Chen4, Haroldo A. Toque4,2,
Rebekah Tritz2, Xuezhi Cui3,5, Brian K. Stansfield2,6, Yuqing Huo2,5, Paulo C. Rodriguez7, Sylvia B. Smith3,5,8,
R. William Caldwell4,3, S. Priya Narayanan1,2,3,9 and Ruth B. Caldwell1,2,3,5,8

Abstract
The lack of effective therapies to limit neurovascular injury in ischemic retinopathy is a major clinical problem. This
study aimed to examine the role of ureohydrolase enzyme, arginase 1 (A1), in retinal ischemia-reperfusion (IR) injury.
A1 competes with nitric oxide synthase (NOS) for their common substrate L-arginine. A1-mediated L-arginine depletion
reduces nitric oxide (NO) formation by NOS leading to vascular dysfunction when endothelial NOS is involved but
prevents inflammatory injury when inducible NOS is involved. Studies were performed using wild-type (WT) mice,
global A1+/− knockout (KO), endothelial-specific A1 KO, and myeloid-specific A1 KO mice subjected to retinal IR injury.
Global as well as myeloid-specific A1 KO mice showed worsened IR-induced neuronal loss and retinal thinning.
Deletion of A1 in endothelial cells had no effect, while treatment with PEGylated (PEG) A1 improved neuronal survival
in WT mice. In addition, A1+/− KO mice showed worsened vascular injury manifested by increased acellular capillaries.
Western blotting analysis of retinal tissue showed increased inflammatory and necroptotic markers with A1 deletion. In
vitro experiments showed that macrophages lacking A1 exhibit increased inflammatory response upon LPS
stimulation. PEG-A1 treatment dampened this inflammatory response and decreased the LPS-induced metabolic
reprogramming. Moreover, intravitreal injection of A1 KO macrophages or systemic macrophage depletion with
clodronate liposomes increased neuronal loss after IR injury. These results demonstrate that A1 reduces IR injury-
induced retinal neurovascular degeneration via dampening macrophage inflammatory responses. Increasing A1 offers
a novel strategy for limiting neurovascular injury and promoting macrophage-mediated repair.

Introduction
Ischemia-induced retinal neurovascular injury is a pri-

mary contributor in blinding diseases that affect neonates
(retinopathy of prematurity), working age adults (diabetic
retinopathy), and the elderly (branch vein occlusion). The

retinal ischemia-reperfusion (IR) injury model has been
widely used to study the mechanisms of neurovascular
injury in these and other diseases of the central nervous
system (CNS) such as stroke1–5. Therefore, it provides an
excellent model to study the neurovascular damage
characteristic of many CNS disorders. The lack of
understanding of the mechanisms of IR injury-induced
neuronal and vascular injury is a critical barrier for
developing clinically effective treatments for these
conditions.
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Arginase has two isoforms, arginase 1 (A1) and arginase
2 (A2)6. A1, the cytosolic isoform, is strongly expressed in
the liver, where it is the central player in the urea cycle7.
The mitochondrial isoform, A2, is expressed in extra-
hepatic tissues, especially the kidney8. Both isoforms are
expressed in the retina and brain9, and have been linked
to CNS diseases10. A1 is expressed in retinal glia10. After
experimental stroke, A1 has been reported to be strongest
in myeloid cells with less expression in astrocytes11,12. A1
and nitric oxide synthase (NOS) enzyme compete for their
common substrate the semi-essential amino acid L-argi-
nine13. A1 upregulation can lead to suppression of nitric
oxide (NO) formation by endothelial NOS (eNOS)
resulting in superoxide production, endothelial dysfunc-
tion, platelet aggregation, and leukocyte activation and
attachment to the vessel wall14. However, A1 expression
in “M2-like” anti-inflammatory myeloid cells is thought to
reduce NO production by iNOS, and thus can dampen
oxidative stress and inflammation15,16. Interestingly, the
number of A1+, Iba1+ macrophages/microglia is corre-
lated with post-stroke neuron survival and recovery in
mice11. Recent studies have shown that A1 is expressed
exclusively by infiltrating myeloid cells and not by
microglia after CNS injury17,18.
We have previously shown that A2 plays a deleterious

role in retinal IR injury19. Moreover, retinal IR injury is
associated with increased expression of A2 and iNOS, and
decreased A119. While A1 is a marker for M2 macro-
phages and is known to improve tissue repair, its role in
macrophage polarization and neurovascular damage after
CNS IR injury has not been studied10. Here we examined
for the first time the role of A1 in retinal IR injury using
mice with global and cell-specific A1 deletion. We also
tested the therapeutic potential of PEGylated A1 (PEG-
A1, a drug form of A1 that is currently under investigation
as cancer therapy20–24) in retinal IR injury.

Results
A1 deletion worsens IR-induced neurovascular
degeneration in vivo
We have previously shown that retinal IR injury is

associated with decreased A1 mRNA at 3 h19. In line with
this, we found a sustained decrease in retinal arginase
activity starting at 3 h after IR injury and up to 48 h
(Fig. S1). To study the role of A1 in retinal IR injury, we
used heterozygous (A1+/−) global KO mice, since homo-
zygous deletion of A1 is postnatal lethal25. WT or A1+/−

KOmice were subjected to 40min of ischemia on the right
eye followed by reperfusion as explained in the methods26.
The left eye served as sham control. The retinal IR injury
model is associated with both neuronal and microvascular
degeneration that are manifested by neuronal loss and
acellular capillary formation19. To evaluate neurodegen-
eration after IR injury, we labeled WT and A1+/− KO

retinas with the neuronal marker, NeuN and imaged the
surviving neurons in the retinal ganglion cell layer by
confocal microscopy19,26. IR injury reduced NeuN-positive
cells in WT mice at 7 days, which was further worsened in
A1+/− mice (Fig. 1a, b). We next examined microvascular
degeneration by preparing retina vascular digests and
counting the number of acellular capillaries19,27. WT IR
injured retinas showed a large number of acellular capil-
laries (≈150/mm2 empty basement membrane sleeves, red
arrows, Fig. 1c, d) at 14 days after IR injury and this was
further increased by ≈50% in A1+/− mice.

A1 deletion exacerbates retinal thinning and distortion
after IR injury
The IR injury model has been shown to affect the inner

retinal layers (ganglion cell layer (GCL), inner plexiform
layer (IPL), and inner nuclear layer (INL)) to a greater
extent than the outer retina leading to reduced inner retina
thickness26,28,29. In accordance with this, morphometric
analysis on hematoxylin and eosin (H&E)-stained WT IR
injured retina sections at 7 days showed reduced thickness
of the inner retinal layers compared to sham controls. A1+/

− retinas showed further thinning and distortion compared
to WT after IR injury (Fig. 2a, b). This was confirmed by
optical coherence tomography (OCT) that showed wor-
sened retinal detachment in A1+/− retinas (Fig. 2c).

A1 deletion exacerbates retinal inflammation and
necroptosis after IR injury
Next, we examined the underlying mechanism of

increased retinal cell death in A1+/− mice after IR injury.
Various mechanisms of retinal cell death have been
described in the retina IR injury model with studies from
our lab and others emphasizing a prominent role of pro-
grammed cell death by necroptosis (a caspase-independent
programmed form of cell death)19,30–35. Necroptosis is
associated with an early increase in cell membrane per-
meability. We evaluated this through propidium iodide (PI)
uptake, which is plasma membrane impermeable and only
labels the DNA of dying cells. We observed PI-positive cells
in GCL and INL of WT retinas within 6 h following IR
injury with more cells in A1+/− retinas (Fig. S2).
Unlike apoptosis, necroptosis is associated with release

of cellular contents and subsequent inflammatory
response. Therefore, we examined the necroptosis marker
receptor interacting protein 3 kinase (RIP3) together with
other inflammatory markers via western blotting. Western
blot analyses showed increases in the stress marker
phospho-p38 MAPK in A1+/− retinas at 3 h after IR injury
as compared to WT retinas. There was also a trend
towards an increase in the mitochondrial fission marker,
dynamin-related protein (Drp1) but the difference was
not statistically significant (Fig. 3a−c). Furthermore, IR
injury induced increases in the inflammatory cytokine,
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tumor necrosis factor alpha (TNF-α), and RIP3 in A1+/−

retinas at 6 h (Fig. 3d−g). The increase in inflammation
was associated with increases in oxidative stress. This was
shown by increased nitrotyrosine formation (a measure of
protein tyrosine nitration via peroxynitrite, which is
formed by the reaction of NO with superoxide anion).
Albumin extravasation (measure of vascular permeability)
was also increased in A1+/− as compared to WT mice at
48 h after IR injury (Fig. 3h−j).

Effect of cell-specific A1 deletion on neuronal survival and
retinal tissue thinning after IR injury
It has been shown that retinal IR injury induces mac-

rophage/microglia recruitment and proliferation within

24 h with a peak in cell number at 3–5 days36. In accor-
dance, we have seen an increase in Iba1-positive cells in
the retina after IR injury (Fig. S3A). Interestingly, we
detected Iba1-positive cells in the vitreous at 48 h after IR
injury, suggesting infiltration of systemic monocyte-
derived macrophages (Fig. S3B). Building on this and
since global A1 deletion showed a worsened retinal IR
injury outcome, we next examined the cell-specific role of
A1. For this, A1 floxed (loxP) mice were crossed to
LysMcre and Cdh5cre transgenic mice to generate mice
lacking A1 in myeloid (LysMcre;A1f/f) or endothelial
(Cdh5cre;A1f/f) cells, respectively. Mice with myeloid but
not endothelial A1 deletion showed exacerbated neuronal
loss at 7 days after IR injury compared to littermate floxed

Fig. 1 A1 deletion worsens neuronal and microvascular degeneration after IR injury. a WT and A1+/− mice were subjected to retinal IR injury
and sacrificed at 7 days. Flat-mount NeuN staining showed neuronal cell loss in WT retinas after IR injury compared to shams, which was further
aggravated in A1+/− mice. Scale bar= 100 μm. b Quantification of NeuN-positive cells, n= 5 for WT IR and 8 for A1+/− IR, *p < 0.05. c Vascular digests
at 14 days showed increased numbers of acellular capillaries (red arrows) in WT IR injured retinas and this microvascular degeneration was further
augmented in A1+/− IR injured retinas. Scale bar= 50 μm. d Quantification of acellular capillaries (empty basement membrane sleeves—enlarged in
inset), n= 5 for WT IR and 8 for A1+/− IR, **p < 0.01
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control (Fig. 4a, b). Moreover, myeloid A1 KO retinas
showed more thinning and distortion after IR injury
(Fig. 4c, d). Western blotting on retinal lysates from
endothelial-specific A1 KO mice showed no difference in
albumin extravasation at 48 h after IR injury as compared
to floxed controls (Fig. S5). Collectively, these data suggest
a major protective role of myeloid A1 and a minimal role
of endothelial A1 in retinal IR injury. In line with a
reparative role of infiltrating macrophages in the retinal
IR injury model, systemic macrophage depletion using
clodronate liposomes led to worsened neurodegeneration
and retinal hemorrhage after IR injury in WT mice
(Fig. S7).

PEGylated A1 treatment protected retinal neurons and
increased microglia/macrophages after IR injury
To study the effect of increasing A1 levels on neuro-

degeneration, we used PEG-A1, which is an investiga-
tional drug with good safety, pharmacodynamic, and
pharmacokinetic profiles in patients20. WT mice received

intravitreal injection of PEG-A1 (1.7 ng in 1 μl), 3 h before
or after IR injury. Either pre- or post-treatment with PEG-
A1 improved neuronal survival at 7 days after IR injury.
Interestingly, the PEG-A1-mediated neuronal preserva-
tion was associated with more retinal macrophages/
microglia with elongated morphology as evident by
Iba1 staining of retina flat-mounts (Fig. 5a−c).

A1 deletion augments macrophage inflammatory response
in vitro and PEGylated A1 treatment mitigates it
To further confirm our in vivo data, we tested the role

of A1 expression in macrophage inflammatory response
in vitro. Peritoneal macrophages isolated from myeloid
A1 KO and floxed littermate controls were treated with
interleukin-4 (IL-4, 20 ng/ml) or lipopolysaccharide (LPS,
100 ng/ml) for 24 h to generate anti-inflammatory
(M-2 like) or proinflammatory (M-1 like) responses,
respectively. As expected, IL-4 treatment increased
A1 expression in macrophages isolated from control
mice.

Fig. 2 A1 deletion worsens retinal thinning and distortion after IR injury. a Hematoxylin and eosin (H&E) staining of retinal frozen sections
showed less retinal ganglion cells, distorted morphology, and retinal thinning 7 days after IR injury which was further worsened in A1+/− retinas
(yellow arrow heads). Scale bar= 50 μm. GCL ganglion cell layer, IPL inner plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL
outer nuclear layer. b Quantification of inner retina thickness (GCL+ IPL+ INL, denoted by yellow arrows in panel (a)), n= 4 for WT IR and 5 for A1+/

− IR, *p < 0.05. c Optical coherence tomography (OCT) in live mice at 7 days corroborated the H&E results with yellow arrow heads pointing at retinal
distortion/detachment, n= 3 per group (different cohort of mice than the one used for H&E)
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Upon LPS stimulation, macrophages lacking A1 showed
more iNOS expression, TNF-α and inflammasome path-
way activation (NLRP3, NFkB, and pro-IL1β) compared to
controls. Furthermore, they showed increased NO pro-
duction in cell supernatant compared to controls as
measured by NO analyzer. Collectively, A1 KO macro-
phages exhibited a more pronounced inflammatory
response to LPS stimulation. Cotreatment with PEG-A1
(1 μg/ml) dampened the LPS-induced inflammatory
response and reduced NO production in both control and
A1 KO macrophages (Fig. 6).

PEGylated A1 rescues LPS-induced mitochondrial
dysfunction in macrophages
Next, we examined macrophage metabolic reprogram-

ming, which has been implicated in macrophage polar-
ization and inflammatory response. Seahorse XFe96
analyzer was used to evaluate mitochondrial function by
measuring the oxygen consumption rate (OCR). As pre-
viously described, LPS stimulation (100 ng/ml) shifted

WT bone marrow-derived macrophages (BMDMs) to a
more glycolytic phenotype (as measured by increased
extracellular acidification rate, ECAR) and decreased
mitochondrial respiration parameters (OCR)37. PEG-A1
(1 μg/ml) significantly inhibited the LPS-induced altera-
tions in mitochondrial function parameters in WT
BMDMs (Fig. 7a−g). In addition, staining live BMDMs
with the mitochondrial membrane potential sensitive dye,
Rhodamine 12338, showed mitochondrial fragmentation
in response to LPS stimulation which was partially
reversed with PEG-A1 cotreatment (Fig. 7i, j). Seahorse
analysis of LPS-stimulated A1 KO macrophages showed
impaired mitochondrial function as compared to loxP
controls (Fig. S8). PEG-A1 treatment of A1 KO macro-
phages blunted the LPS-induced impaired mitochondrial
function (Fig. S9).
NO has been shown to decrease mitochondrial reserve

capacity in endothelial cells39. We aimed to further
examine the link between A1 and mitochondrial
respiration in endothelial cells. Bovine retinal

Fig. 3 A1 deletion increases inflammation, oxidative stress, and necroptosis markers after IR injury. a Western blotting on retinal tissues
collected at 3 h after IR showed higher levels of the stress marker p-p38 in A1+/− mice compared to WT after IR injury. There was also a trend towards
higher levels of the mitochondrial fission protein, Drp1. b, c show quantification of Drp1 and p-p38 respectively. d Analysis at 6 h after IR injury
showed a similar trend with increased TNF-α (26 kDa, membrane bound and 52 kDa, homotrimeric form), and RIP3 in A1+/− retinas as compared to
WT. e−g show quantification of TNF-α bands and RIP3 respectively. h A1+/− mice showed increased nitrotyrosine (marker for peroxynitrite-mediated
oxidative stress via protein nitration) and albumin extravasation (measure of permeability) at 48 h after IR injury. i, j show quantification of
nitrotyrosine and albumin western blotting respectively. *p < 0.05, **p < 0.01
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endothelial cells were subjected to oxygen-glucose
deprivation (OGD) for 5 h followed by 1 h reoxygena-
tion (R). OGD/R impaired mitochondrial respiration
parameters and PEG-A1 treatment (1 μg/ml) improved

maximal respiration and spare respiratory capacity
(difference between maximal respiration and basal
respiration) after OGD/R (Fig. S10). Collectively, PEG-
A1 treatment rescued the LPS- and OGD/R-induced

Fig. 4 Myeloid A1 deletion worsens neuronal loss and retinal thinning after IR injury. a Retinas of mice with myeloid but not endothelial-
specific A1 deletion showed worsened neuron loss compared to floxed control at 7 days after IR injury. Scale bar= 100 μm. b Quantification of
NeuN-positive cells, n= 9 for A1f/f IR and 5 for M-A1−/− and E-A1−/− IR, *p < 0.05 vs. A1f/f. c H&E staining at 7 days showed worsened inner retina
thinning in M-A1−/− mice compared to control (A1f/f). Scale bar= 50 μm. d Quantification of inner retina thickness, n= 7 for A1f/f IR and 6 for M-A1−/

− IR, *p < 0.05. e Optical coherence tomography (OCT) corroborated the H&E results with yellow arrow pointing at retinal detachment

Fouda et al. Cell Death and Disease �(2018)�9:1001� Page 6 of 15

Official journal of the Cell Death Differentiation Association



mitochondrial dysfunction in macrophages and endo-
thelial cells respectively.

Intravitreal injection of A1 KO BMDMs is associated with
worsened neurodegeneration after IR injury
Finally, we employed intravitreal injections of BMDMs

to further examine the role of A1 in the macrophage
reparative/damaging functions. Mice were subjected to IR
injury and intravitreal macrophage injection was con-
ducted at day 3. Retinas were collected for NeuN staining
at day 7. Indeed, A1 KO macrophage injection was
associated with worsened neurodegeneration after IR
injury compared to loxP control macrophages (Fig. 8).

Discussion
In this study, we present evidence on the important role

of A1 in macrophage polarization toward a reparative
phenotype leading to neurovascular recovery after retinal
IR injury. We show that global as well as myeloid-specific
A1 deletion worsens retinal IR injury outcomes and
macrophages lacking A1 exhibit enhanced inflammatory
response. Additionally, PEG-A1 treatment reduces retinal
IR injury and dampens the macrophage inflammatory
response.

Although retinopathies are diagnosed primarily based
on vascular abnormalities, studies have demonstrated that
inflammation40–42 and neurodegeneration43,44 occur
before appearance of typical vascular pathology. Our
present study in a retinal IR injury mouse model shows
that A1 protects against neuronal and vascular injury.
This was evident by the worsened neurodegeneration,
acellular capillary formation, retinal thinning, and
necroptosis in A1+/− mice compared to WT. By contrast,
our recent study in A2−/− mice suggests a deleterious role
of A2 in retinal IR injury. This could be explained by the
differential expression and subcellular localization pat-
terns of the two arginase isoforms. Both of our studies
have employed different endpoints to confirm the role of
A1 and A2 in retinal IR injury. Other studies have also
shown opposing roles of A1 vs. A2 under different disease
conditions. In fact, these two isoforms are transcribed
from two different genes and appear to function inde-
pendently in different tissues10,14. However, the possible
reciprocal regulation and interaction between A1 and A2
remains to be elucidated.
Necroptosis is initiated in response to a death receptor

signaling and upon failure of apoptosis induction. TNF-α
binding to its receptor can induce necroptosis with RIP3

Fig. 5 A1 treatment protects retinal neurons, and increases microglia/ macrophages after IR injury. a Mice received intravitreal injection of
PEG-A1 (1.7 ng/µl) 3 h before induction of IR injury and were sacrificed at day 7. PEG-A1 treatment preserved retinal neurons (NeuN-positive cells),
n= 6 for PBS and 5 for PEG-A1, *p < 0.05. b PEG-A1-treated retinas showed increased microglia/macrophage infiltration as evident by Iba1 staining
on retina flat-mounts. c Treatment with PEG-A1 (1.7 ng/µl) 3 h after IR injury achieved similar neuronal preservation to the pretreatment, thus
showing post-injury protective effect, n= 5 for PBS and 7 for PEG-A1, *p < 0.05
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being the main executioner. Necroptosis leads to mem-
brane permeability and release of cell components, which
causes an inflammatory response. RIP3 can also directly
activate the NLRP3 inflammasome pathway. We and
others have shown activation of the necroptosis pathway
within hours of the IR injury which can induce inflam-
mation and myeloid cell recruitment. Our previous pub-
lication19, and current data show that while A2 deletion
reduces IR injury-induced necroptosis in the retina, A1
deletion can augment it.
Our molecular analyses show that A1 deletion is asso-

ciated with upregulation of iNOS, peroxynitrite, TNF-α,
and RIP3. A1 competes with NOS enzymes for their
common substrate L-arginine leading to less NO pro-
duction13. A1 upregulation can decrease NO production
by iNOS in myeloid cells, thus reducing oxidative stress
and inflammation15,16. However, chronic A1 upregulation
in endothelial cells can lead to uncoupling of endothelial
NOS (eNOS), via reduction of L-arginine, resulting in
endothelial dysfunction14. In our acute model of retinal IR
injury, we did not detect any A1-mediated adverse vas-
cular outcomes. In fact, A1+/− mice showed more
microvascular degeneration and greater vascular perme-
ability which was not affected by endothelial-specific
deletion of A1. Furthermore, PEG-A1 treatment rescued
the OGD/R-induced mitochondrial dysfunction in endo-
thelial cells. Collectively, this suggests a vascular protec-
tive role of A1 in our acute injury model in young and
otherwise healthy mice. Possible adverse vascular effects
of A1 treatment in mouse models of endothelial dys-
function will be addressed in future studies.
A1 has been long used as a marker for anti-

inflammatory M2-like macrophages; however, its direct
functional role has not been examined in CNS diseases.
Using myeloid-specific A1 KO mice as well as in vitro
macrophage experiments, we show here that this pro-
tective role of A1 in IR injury is mediated through myeloid
cells. NO induces TNF-α expression in myeloid cells and
potentiates its neurotoxicity45–54. Our results suggest that
A1 decreases iNOS-mediated NO production and oxida-
tive stress in myeloid cells leading to decreased TNF-α
production and subsequent necroptosis and tissue

damage. Moreover, NO has been linked to macrophage
metabolic reprogramming to a more glycolytic phenotype
and less mitochondrial oxidative phosphorylation through
nitrosylation of the electron transport chain complexes55.
In line with this, our data show that PEG-A1 effectively
rescues LPS-induced suppression of mitochondrial
metabolism. Interestingly, NFkB activation in response to
LPS stimulation was not changed by A1 deletion or PEG-
A1 treatment suggesting that A1 regulates iNOS and
inflammatory cytokines transcription at a level down-
stream of NFkB phosphorylation. One possibility is that
A1 suppresses inflammatory gene transcription in mac-
rophages through epigenetic modification. A recent
report has shown that, putrescine, a downstream product
of arginase can suppress M1 inflammatory gene tran-
scription through histone modification and altered
euchromatin formation56. Further studies are needed to
elucidate the mechanisms by which A1 promote a less
inflammatory macrophage phenotype.
Monocyte-derived macrophages infiltrate the CNS after

injury and recent reports have examined their role in CNS
injury outcome. Two independent studies have shown
that brain-infiltrating macrophages after ischemic stroke
acquire an M2-like reparative phenotype57,58. Monocyte-
derived macrophages have been shown to prevent
hemorrhagic transformation and mediate long-term
functional recovery after stroke in mice59,60. Moreover,
brain-infiltrating macrophages reduce lesion volume and
neurological deficit in an intracerebral hemorrhage (ICH)
mouse model through M2 polarization61. Interestingly,
macrophages have been shown to promote vascular repair
after traumatic brain injury in mice62, and directly repair
cerebrovascular ruptures in zebrafish63. On the other
hand, one report showed that macrophage depletion
reduced myelin damage and promoted neurological
recovery in a mouse stroke model64. Our current data
show that macrophages play a protective role in retinal IR
injury and their depletion further worsens neurodegen-
eration and hemorrhage. Moreover, we show that A1 is a
central player in this protective effect. While our in vitro
studies focused on A1-mediated dampening of the mac-
rophage inflammatory response, the in vivo studies

(see figure on previous page)
Fig. 6 Macrophages lacking A1 show a more pronounced inflammatory response to LPS stimulation in vitro and PEG-A1 treatment
mitigates it. aWestern blotting of peritoneal macrophage cell lysates showed increased iNOS expression, TNF-α, and pro-IL-1β upon LPS stimulation
which was further augmented in A1 KO macrophages. b PEG-A1 treatment (1 μg/ml) reduced this inflammatory response. c−i Quantification of
western blot bands. *p < 0.05 vs. loxP vehicle and loxP LPS+ PEG-A1, #p < 0.05 vs. loxP LPS, A1KO vehicle and A1KO LPS+ PEG-A1, $p < 0.05 vs.
respective vehicle. &p < 0.05 vs. loxP LPS. j A1 KO macrophages showed more nitric oxide (NO) release into the media in response to LPS, as measured
using NO analyzer and this was ameliorated by PEG-A1, *p < 0.05 vs. vehicle loxP, #p < 0.05 vs. loxP LPS, A1KO vehicle, A1KO LPS+ PEG-A1. k RT-PCR
on BMDMs showed increased iNOS mRNA expression with LPS that was further increased in A1 KO macrophages. PEG-A1 treatment did not affect
iNOS mRNA expression *p < 0.05 vs. loxP vehicle, $p < 0.05 vs. respective loxP group. l Media from wells treated with PEG-A1 show marked elevation
of arginase activity (12-fold increase compared to control) at the end of a 24 h incubation, ****p < 0.0001
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suggest that A1 can promote a reparative macrophage
phenotype as well. The proposed protective role of mac-
rophages in our model could be mediated through
clearing of dying cells via phagocytosis and promoting
vascular repair. Further studies are warranted to examine
these mechanisms.

In conclusion, our study shows that A1 ameliorates the
IR injury-induced retinal injury via dampening the mac-
rophage inflammatory response. Enhancing myeloid A1
can be a potential therapeutic approach for treatment
of CNS ischemic conditions, especially ischemic
retinopathies.

Fig. 7 PEG-A1 treatment protects against LPS-induced mitochondrial dysfunction in WT bone marrow-derived macrophages (BMDMs). WT
BMDMs were stimulated with LPS (100 ng/ml) for 24 h ± PEG-A1 (1 μg/ml). Seahorse XFe96 analyzer was used to evaluate mitochondrial function by
measuring the oxygen consumption rate (OCR). a Change in OCR with time in response to Mito Stress test inhibitors (oligomycin, FCCP, and
rotenone/antimycin A). b−g Mitochondrial respiration parameters were decreased with LPS treatment. PEG-A1 significantly rescued this decrease.
*p < 0.01 vs. other three groups, $p < 0.01 vs. controls, &p < 0.01 vs. respective control, LPS, #p < 0.01 vs. respective control, and LPS+ PEG-A1, n= 12
per group. Representative run from two independent experiments that showed the same results. h Extracellular acidification rate (ECAR), a measure
of glycolysis, was increased with LPS stimulation but was not affected by PEG-A1 cotreatment, $p < 0.01 vs. controls, n= 12 per group. i WT
macrophages under control condition or PEG-A1 treatment alone exhibited an elongated and interconnected mitochondria (stained with
Rhodamine 123). LPS-induced mitochondrial fragmentation and localization around the nucleus consistent with a round activated macrophage
morphology. PEG-A1 cotreatment of LPS-stimulated macrophages partially reversed the LPS effect. j Magnification of cells denoted by arrows in
panel (i). Images were converted to black and white for clarity. Scale bar= 10 μm
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Materials and methods
Mouse retinal IR injury model
All animal procedures were performed in accordance

with the Association for Research in Vision and Oph-
thalmology (ARVO) Statement and adhered to the Public
Health Service Policy on Humane Care and Use of
Laboratory Animals (revised July 2017). Procedures were
approved by the institutional animal care and use com-
mittee (Animal Welfare Assurance no. A3307–01). Male
mice (10−12 weeks old) were anaesthetized with keta-
mine/xylazine mixture and the right eye was subjected to
IR injury while the left eye served as sham control. IR
injury was induced by inserting a needle connected to an
elevated saline reservoir into the anterior chamber to raise
the intraocular pressure to 110mmHg for 40min as
previously described19,26. The mice were sacrificed at
various times after IR injury to examine different end-
points based on the literature and our previous
publications19,26.

Experimental groups
To determine the role of A1 in neurovascular degenera-

tion after IR injury, we used mice with global and condi-
tional A1 deletion: heterozygous A1+/− knockout (KO),
endothelial-specific (Cdh5Cre;A1f/f or E-A1−/−) KO, and
myeloid-specific (LysMCre; A1f/f or M-A1−/−) A1 KO. A1+/

− mice on C57BL6J background were used since A1−/− is
postnatal lethal due to hyperamonemia25,65–67. Experiments
were conducted on littermate control and KO mice to
ensure proper comparison. IR injury was conducted on all
mice within a litter during the same day. Mice were selected
for surgery in a random order irrespective of the genotype.
Cell-specific A1 KO mice were generated by crossing

C57BL-6 A1 floxed mice (A1f/f) with Cre-expressing
transgenic mice under control of the VE-Cadherin pro-
moter (Cdh5Cre) or lysozyme 2 promoter (LysMCre) to
generate endothelial-specific (E-A1−/−) or myeloid-specific
(M-A1−/−) mice respectively. We have recently character-
ized and confirmed the E-A1−/− mice68. Myeloid A1 dele-
tion has been confirmed by tissue immunostaining and
western blotting on isolated cells (Fig. S4). Further details
are provided in the supplementary data.
Five sets of in vivo experiments were conducted:
Experiment 1: A1+/− KO mice and C57BL6J WT con-

trols were used to examine the effect of whole body
deletion of one copy of A1 on IR injury outcome.
Experiment 2: Endothelial-specific (E-A1−/−) and

myeloid-specific M-A1−/− mice were used and compared
to floxed controls (A1f/f) to examine the cell-specific role
of A1.
Experiment 3: WT mice were treated with clodronate

liposomes to deplete systemic monocytes/macrophages or
control liposomes to examine the role of these cells in
retinal IR injury.
Experiment 4: WT mice were treated with intravitreal

injection of PEG-A1 (1.7 ng in 1 μl, dose was selected
based on preliminary studies) to examine the effect of
increasing intraocular arginase on retinal IR injury
outcome.
Experiment 5: WT mice received intravitreal injection of

A1−/− or A1f/f macrophages to examine the impact of A1
expression in macrophages on IR injury outcome.

Monocyte/macrophage depletion
Two hundred microliters of clodronate or red fluor-

escent control liposomes (Encapsula Nanosciences) were

Fig. 8 Macrophages lacking A1 worsen neurodegeneration after IR injury. a NeuN staining showing increased neurodegeneration in WT retinas
treated with A1 KO BMDMs (2×105 cells, injected intravitreally on day 3 after IR injury), b Quantification of NeuN-positive cells, n= 4 per group, *p <
0.05. Scale bar= 100 μm

Fouda et al. Cell Death and Disease �(2018)�9:1001� Page 11 of 15

Official journal of the Cell Death Differentiation Association



injected intraperitoneally 1 day before and at day 3 after
IR injury. This achieved ≈80% systemic monocyte/mac-
rophage depletion at day 7 after IR injury (Fig. S6). Clo-
dronate induces apoptosis when the liposomes are
engulfed by macrophages while control liposomes were
used to control for the induction of macrophage phago-
cytic activity. Cages were changed every 2_3 days to
maintain a clean environment and mice were closely
monitored for any signs of infections.

PEGylated arginase 1 (PEG-A1) treatment
PEG-A1 (1.7 ng/μl) or phosphate-buffered saline (PBS)

was administered under anesthesia via intravitreal injec-
tion (in 1 µl volume) using a Hamilton syringe 3 h before
or after induction of retinal IR injury.

Intravitreal macrophage injection
Cultured BMDMs were suspended in PBS and injected

intravitreal (2×105 per 1 µl) on day 3 after IR injury.

Evaluation of neurodegeneration
Neuronal degeneration was assessed at 7 days after IR

injury as previously described19,26. Eyeballs were collected
and fixed overnight in 4% paraformaldehyde at 4 °C, then
retinas were dissected into flat-mounts and stained for the
neuronal marker, NeuN (Millipore, Cat. # MAB377,
Billerica, MA). Four images were taken in the retina
midperiphery using a confocal microscope (LSM 510; Carl
Zeiss, Thornwood, NY) and NeuN-positive cells were
counted using ImageJ software. Results are presented as a
percent of NeuN-positive cell numbers in the GCL of the
IR injured eyes compared to the sham eyes.

Retinal vasculature isolation and measurement of acellular
capillaries
Vasculature was isolated at 14 days after IR injury via

trypsin digestion of retinas that were dissected from
overnight fixed eyeballs as previously described19,69. The
isolated retinal vasculature was air-dried on silane-coated
slides and stained with periodic acid-Schiff and hema-
toxylin. Acellular capillaries were counted in ten random
fields of the mid-retina. The number of acellular capil-
laries was divided by the field area to get number of
acellular capillaries per 1 millimeter square (mm2) of
retina.

Histology and morphometric analysis
Retinal structure was assessed at 7 days on anesthetized

mice using OCT (the Bioptigen Spectral Domain Oph-
thalmic Imaging System, SDOIS; Bioptigen Envisu R2200,
NC) as previously described72. Retinal thickness was
determined by morphometric analysis on H&E-stained
retinal frozen cross sections as previously described19,26,70.
Inner retina (INL+ IPL+GCL) thickness was measured

on H&E images at three different distances from optic
nerve head using ImageJ software. Averaged retinal
thickness was presented as percentage compared to the
contralateral sham eyes.

Western blot analysis
For in vivo experiments, retinas were collected from the

mice, snap-frozen in dry ice, and stored at −80 °C. For
analysis of albumin leakage across the blood-retinal bar-
rier, mice were transcardially perfused with PBS to clear
blood out of the retina vessels before collection and
retinas were processed for western blotting. Retinas were
homogenized using a hand homogenizer in RIPA lysis
buffer and centrifuged at 20,000 × g to prepare the protein
extracts. Protein concentration was measured using
Pierce BCA protein assay kit (Thermo Scientific). For
in vitro experiments, media were collected and cells were
washed with ice-cold PBS then collected in RIPA buffer to
prepare the cell lysates. Retinas or cell lysates were run on
SDS-PAGE then transferred to nitrocellulose membranes
(Millipore, Billerica, MA). The membranes were probed
with following primary antibodies prepared in 2% BSA:
A1 (Santa Cruz Biotechnology Cat. # Sc-20150, 1:500
dilution), phospho p38 (Cell Signaling Technology Cat. #
4511, 1:500), total p38 (Cell Signaling, Cat. # 9212, 1:500),
Drp1 (Santa Cruz Biotechnology, Cat. # SC-271583,
1:500), TNF-α (Abcam, Cat. # ab1793), albumin (Bethyl
Laboratories, 1:5000), RIP3 (Santa Cruz Biotechnology,
Cat. # SC-135170, 1:500), β-actin (Sigma-Aldrich Cat. #
A1978, 1:5000), anti-nitrotyrosine antibody (Millipore,
Cat. # 05-233, 1:5000), iNOS (Cell Signaling, Cat. #
13120), A2 (Santa Cruz Biotechnology, Cat. # Sc-20151,
1:500 dilution), IL-1β (R&D, Cat. # AF-401-NA), p-NFkB
(Cell Signaling, Cat. # 3033, 1:500), T-NFkB (Cell Sig-
naling, Cat. # 4764, 1:500), NLRP3 (Cell Signaling, Cat. #
15101). Secondary antibodies (GE Healthcare) were pre-
pared in 5% milk in 1:2000 dilution. Bands were quantified
using ImageJ and normalized to β-actin loading control.
For the nitrotyrosine blot, all bands in each lane were
quantified except for the thick albumin band (~66 kDa)
that appears due to the reaction of the secondary anti-
mouse antibody with mouse albumin in the tissue
extracts.

Isolation and culture of primary macrophages
Peritoneal macrophages
Mice were injected intraperitoneally with 5 ml of 3%

Brewer’s thioglycollate medium (Sigma) as described
previously71. Mice were sacrificed 3_5 days later and
peritoneal macrophages were collected in PBS through
peritoneal lavage. Cells were centrifuged and then plated
in six-well plates (1 million per well) in DMEM containing
penicillin/streptomycin (P/S), and 10% fetal bovine serum
(FBS). Medium was changed after 2 h to remove
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nonadherent nonmacrophage cells. Experiments were
done on day 2 in DMEM containing 1% PS and 2% FBS.

Bone marrow-derived macrophages
Bone marrow cells were isolated and differentiated

in vitro into macrophages based on a published proto-
col72. Briefly, both femurs and tibias were harvested and
flushed with 20−25ml sterile PBS using a 27-gauge nee-
dle. Flushed cells in PBS were spun down and re-
suspended in differentiation medium (DMEM high glu-
cose containing 20% FBS, 20% L929 conditioned media,
and 1% P/S). Cells were subsequently plated on 100mm
dishes (uncoated, for easier cell detachment). Media was
replaced with fresh differentiation media on day 4. On day
7, media was removed and cells were rinsed with sterile
PBS twice. Cells were subsequently gently scraped and
collected in PBS, spun down, re-suspended in normal
growth media (DMEM high glucose containing 20% FBS,
and 1% P/S), and then plated in 12-well plates for in vitro
polarization or used for in vivo treatment.

Macrophage polarization Cells were stimulated with
LPS (100 ng/ml) or interleukin 4 (IL-4, 20 ng/ml) for 24 h
to achieve proinflammatory (M1) or anti-inflammatory
(M2) phenotype respectively. In some experiments,
macrophages were cotreated with LPS and PEG-A1 (1
μg/ml) to examine the effect of PEG-A1 on the LPS-
induced macrophage inflammatory response.

Arginase activity assay
Arginase activity assay was conducted as previously

described9. Briefly, the enzyme was activated by heating
the lysate or supernatant at 56 °C in 25mM Tris buffer
(pH 7.4) containing 5mM MnCl2. L-Arginine hydrolysis
was then conducted by incubating 50 μl of the activated
samples with 50 μl of 0.5M L-arginine (pH 9.7) at 37 °C
for 60min. The reaction was stopped by adding 400 μl of
acid solution mixture (H2SO4:H3PO4:H2O, 1:3:7). The
concentration of urea, which is the end product of L-
arginine hydrolysis by arginase, was determined after
adding 25 μl of 9% α-isonitrosopropiophenone and heat-
ing the mixture at 100 °C for 45 min. Urea standards and
200 μl of each sample were transferred to a 96-well plate
and read at 540−550 nm in a BioTek microplate reader.
Protein concentration in the lysates was determined by a
BCA assay (Pierce Biotechnology). Arginase activity was
calculated as mmol urea/mg protein and as percent of
control.

Nitric oxide (NO) measurement
We measured nitrite (NO2

−), the stable breakdown
product of NO in cell-conditioned medium to reflect NO
production by macrophages. The conditioned media were

collected at the end of experiments and injected in glacial
acetic acid containing sodium iodide. NO2 is quantita-
tively reduced to NO under these conditions, which can
be quantified by a chemiluminescence detector after
reaction with ozone in an NO analyzer (Sievers, Boulder,
CO)68.

Quantitative RT-PCR
Total RNA was extracted from macrophages using

TRIzol reagent (Invitrogen, CA, USA). RNA was con-
verted to cDNA using M-MLV reverse transcriptase
(Invitrogen, CA, USA). Quantitative PCR for iNOS gene
expression was performed using an ABI StepOne Plus
Thermocycler (Applied Biosystems, CA, USA) with SYBR
Green dye. Forward primer 5′-GTT CTC AGC CCA ACA
ATA CAA GA-3′, reverse primer 5′-GTG GAC GGG
TCG ATG TCA C3′. Data were normalized to HPRT and
the fold change between levels of different transcripts was
calculated by the ΔΔCT method.

Seahorse XFe96 Mito stress test
Mito Stress test (Agilent, Cat. # 103015-100, Santa

Clara, CA) and Seahorse XFe96 (Agilent, Santa Clara, CA)
were used to evaluate mitochondrial function as pre-
viously described37. Briefly, Seahorse 96-well cell culture
plates were used for growing the cells. At day 7, BMDMs
were seeded at cell density of 40 K/well in the Seahorse
cell culture plate in all the wells except A1, A12, H1 and
H12 wells which were used as background wells. The
plate was left under the hood for 1 h to ensure even dis-
tribution of cells, and then cells were checked under
microscope and put in the incubator. Cells were main-
tained to grow in normal complete media (DMEM, 20%
FBS, 1% P/S) for 3−5 h. Then, cells were treated with LPS
overnight in DMEM media supplemented with 10% FBS.
The Seahorse media was prepared according to manu-
facturer’s instructions and supplemented with 4 mM
glutamine (Gemini, West Sacramento, CA), 1 mM pyr-
uvate (Gemini, West Sacramento, CA), and 25mM glu-
cose (Sigma, St. Louis, MO). On the day of the assay, the
pH of the media was adjusted to 7.4 ± 0.1, and the Mito
stress test was conducted according to the manufacturer’s
instructions. The concentrations of the injection com-
pounds used were as follows: oligomycin (1 µM), FCCP (1
µM) and rotenone/antimycin A (0.5 µM). The data were
collected and analyzed using the Wave software (Agilent).

Mitochondrial staining
VectacellTM Rhodamine 123 (Vector Laboratories) was

used to label mitochondria in live cells according to the
manufacturer’s instructions. Briefly, cells were washed
three times with modified PBS containing 1mM CaCl2
and 0.5 mM MgCl2 (PBS+) (Thermo Fisher). The cells
were incubated with the Rhodamine 123 staining solution
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in 37 °C for 15 min. Then, the cells were rinsed three
times with PBS+. Zeiss LSM 780 Inverted Confocal
microscopy (Carl Zeiss AG, Oberkochen, Germany) was
used to image the live cells using a ×63 lens. Several
images were taken randomly to cover the whole field.

Statistical analysis
Statistical analysis was conducted using GraphPad

Prism 7 software. Values were tested to assess whether
they followed a normal distribution by the same software.
One-way or two-way ANOVA with post-hoc Tukey
multiple comparisons was used to analyze the statistical
significance of experimental results in studies of three or
more groups. The significance of differences between two
groups was determined by Student’s t-test. p < 0.05 was
considered significant. Sample size for each experiment
was decided based on our previously published work.
Outliers were checked by GraphPad online outlier cal-
culator. For in vitro studies, each experiment was per-
formed in triplicates and repeated with at least three
different batches of isolated primary cells. Graphs were
prepared using GraphPad Prism 7 software, and results
were expressed as means ± standard errors of the mean
(SEM).

Disclaimer
The contents do not represent the views of the

Department of Veterans Affairs or the United States
Government. The funders had no role in study design,
data collection and analysis, decision to publish, or pre-
paration of the manuscript.

Acknowledgements
This work was supported by grants from The National Institute of Health (NIH
grant R01-EY11766) to R.B.C., the Department of Veterans Affairs, Veterans
Health Administration, Office of Research and Development, Biomedical
Laboratory Research and Development (BX001233) to R.B.C., the Culver Vision
Discovery Institute at Augusta University, and American Heart Association
(AHA) postdoctoral fellowship (18POST34060036) to A.Y.F. R.B.C. is the recipient
of a Research Career Scientist Award from the Department of Veterans Affairs.
The contents do not represent the views of the Department of Veterans Affairs
or the United States Government. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the
manuscript. PEGylated arginase 1 was provided as a kind gift from Dr. Paulo
Rodriguez (Moffitt Cancer Center, FL).

Author details
1Charlie Norwood VA Medical Center, Augusta, GA, USA. 2Vascular Biology
Center, Augusta University, Augusta, GA, USA. 3James and Jean Culver Vision
Discovery Institute, Augusta University, Augusta, GA, USA. 4Department of
Pharmacology and Toxicology, Augusta University, Augusta, GA, USA.
5Department of Cell Biology and Anatomy, Augusta University, Augusta, GA,
USA. 6Department of Pediatrics, Augusta University, Augusta, GA, USA. 7Moffitt
Cancer Center, Tampa, FL, USA. 8Department of Ophthalmology, Augusta
University, Augusta, GA, USA. 9Program in Clinical and Experimental
Therapeutics, College of Pharmacy, University of Georgia, Augusta, GA, USA

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-018-1051-6).

Received: 15 June 2018 Revised: 24 July 2018 Accepted: 6 September 2018

References
1. Osborne, N. N. et al. Retinal ischemia: mechanisms of damage and potential

therapeutic strategies. Prog. Retin. Eye Res. 23, 91–147 (2004).
2. D’Onofrio, P. M. & Koeberle, P. D. What can we learn about stroke from retinal

ischemia models? Acta Pharmacol. Sin. 34, 91–103 (2013).
3. Hartsock, M. J. et al. A mouse model of retinal ischemia-reperfusion injury

through elevation of intraocular pressure. JoVE 113, e54065 (2016).
4. Binet, F. et al. Neuronal ER stress impedes myeloid-cell-induced vascular

regeneration through IRE1α degradation of netrin-1. Cell Metab. 17, 353–371
(2013).

5. London, A., Benhar, I. & Schwartz, M. The retina as a window to the brain-from
eye research to CNS disorders. Nat. Rev. Neurol. 9, 44–53 (2013).

6. Ash, D. E., Cox, J. D. & Christianson, D. W. Arginase: a binuclear manganese
metalloenzyme. Met. Ions. Biol. Syst. 37, 407–428 (2000).

7. Morris, S. M. Jr. Regulation of enzymes of the urea cycle and arginine meta-
bolism. Annu Rev. Nutr. 22, 87–105 (2002).

8. Miyanaka, K. et al. Immunohistochemical localization of arginase II and other
enzymes of arginine metabolism in rat kidney and liver. Histochem. J. 30,
741–751 (1998).

9. Patel, C. et al. Arginase as a mediator of diabetic retinopathy. Front. Immunol.
4, 173 (2013).

10. Caldwell, R. B., Toque, H. A., Narayanan, S. P. & Caldwell, R. W. Arginase: an old
enzyme with new tricks. Trends Pharmacol. Sci. 36, 395–405 (2015).

11. Hamzei Taj, S., Kho, W., Riou, A., Wiedermann, D. & Hoehn, M. MiRNA-124
induces neuroprotection and functional improvement after focal cerebral
ischemia. Biomaterials 91, 151–165 (2016).

12. Quirie, A. et al. Effect of stroke on arginase expression and localization in the
rat brain. Eur. J. Neurosci. 37, 1193–1202 (2013).

13. Wu, G. & Morris, S. M. Jr. Arginine metabolism: nitric oxide and beyond.
Biochem J. 336(Pt 1), 1–17 (1998).

14. Caldwell, R. W., Rodriguez, P. C., Toque, H. A., Narayanan, S. P. & Caldwell, R. B.
Arginase: a multifaceted enzyme important in health and disease. Physiol. Rev.
98, 641–665 (2018).

15. Munder, M. et al. Th1/th2-regulated expression of arginase isoforms in murine
macrophages and dendritic cells. J. Immunol. 163, 3771–3777 (1999).

16. Rath, M., Muller, I., Kropf, P., Closs, E. I. & Munder, M. Metabolism via arginase or
nitric oxide synthase: two competing arginine pathways in macrophages.
Front. Immunol. 5, 532 (2014).

17. Greenhalgh, A. D. et al. Arginase-1 is expressed exclusively by infiltrating
myeloid cells in CNS injury and disease. Brain Behav. Immun. 56, 61–67 (2016).

18. Zarruk, J. G., Greenhalgh, A. D. & David, S. Microglia and macrophages differ in
their inflammatory profile after permanent brain ischemia. Exp. Neurol. 301(Pt
B), 120–132 (2018).

19. Shosha, E. et al. Arginase 2 promotes neurovascular degeneration during
ischemia/reperfusion injury. Cell Death Dis. 7, e2483 (2016).

20. Yau, T. et al. Preliminary efficacy, safety, pharmacokinetics, pharmacodynamics
and quality of life study of pegylated recombinant human arginase 1 in
patients with advanced hepatocellular carcinoma. Invest. New Drugs 33,
496–504 (2015).

21. Morrow, K. et al. Anti-leukemic mechanisms of pegylated arginase I in acute
lymphoblastic t-cell leukemia. Leukemia 27, 569–577 (2013).

22. Mussai, F. et al. Arginine dependence of acute myeloid leukemia blast pro-
liferation: a novel therapeutic target. Blood 125, 2386–2396 (2015).

23. Fletcher, M. et al. L-arginine depletion blunts antitumor T-cell responses by
inducing myeloid-derived suppressor cells. Cancer Res. 75, 275–283 (2015).

24. Feun, L. G., Kuo, M. T. & Savaraj, N. Arginine deprivation in cancer therapy. Curr.
Opin. Clin. Nutr. Metab. Care 18, 78–82 (2015).

25. Iyer, R. K. et al. Mouse model for human arginase deficiency. Mol. Cell Biol. 22,
4491–4498 (2002).

Fouda et al. Cell Death and Disease �(2018)�9:1001� Page 14 of 15

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-018-1051-6
https://doi.org/10.1038/s41419-018-1051-6


26. Yokota, H. et al. Neuroprotection from retinal ischemia/reperfusion injury by
NOX2 NADPH oxidase deletion. Invest. Ophthalmol. Vis. Sci. 52, 8123–8131
(2011).

27. Zheng, L., Gong, B., Hatala, D. A. & Kern, T. S. Retinal ischemia and reperfusion
causes capillary degeneration: similarities to diabetes. Invest. Ophthalmol. Vis.
Sci. 48, 361–367 (2007).

28. Rosenbaum, D. M. et al. The role of the p53 protein in the selective vulner-
ability of the inner retina to transient ischemia. Invest. Ophthalmol. Vis. Sci. 39,
2132–2139 (1998).

29. Schmid, H., Renner, M., Dick, H. B. & Joachim, S. C. Loss of inner retinal neurons
after retinal ischemia in rats. Invest. Ophthalmol. Vis. Sci. 55, 2777–2787 (2014).

30. Kim, C. R., Kim, J. H., Park, H. L. & Park, C. K. Ischemia reperfusion injury triggers
TNFα induced-necroptosis in rat retina. Curr. Eye Res. 42, 771–779 (2017).

31. Gao, S., Andreeva, K. & Cooper, N. G. Ischemia-reperfusion injury of the retina is
linked to necroptosis via the ERK1/2-RIP3 pathway. Mol. Vis. 20, 1374–1387
(2014).

32. Dvoriantchikova, G., Degterev, A. & Ivanov, D. Retinal ganglion cell (RGC)
programmed necrosis contributes to ischemia-reperfusion-induced retinal
damage. Exp. Eye Res. 123, 1–7 (2014).

33. Rosenbaum, D. M. et al. Necroptosis, a novel form of caspase-independent cell
death, contributes to neuronal damage in a retinal ischemia-reperfusion injury
model. J. Neurosci. Res. 88, 1569–1576 (2010).

34. Park, S. W. et al. A selective inhibitor of DRP1, Mdivi-1, increases retinal
ganglion cell survival in acute ischemic mouse retina. Invest. Ophthalmol. Vis.
Sci. 52, 2837–2843 (2011).

35. Viringipurampeer, I. A. et al. NLRP3 inflammasome activation drives bystander
cone photoreceptor cell death in a P23H rhodopsin model of retinal
degeneration. Hum. Mol. Genet. 25, 1501–1516 (2016).

36. Ahmed, A. et al. Minocycline modulates microglia polarization in ischemia-
reperfusion model of retinal degeneration and induces neuroprotection. Sci.
Rep. 7, 14065 (2017).

37. Van den Bossche, J., Baardman, J. & de Winther, M. P. Metabolic character-
ization of polarized M1 and M2 bone marrow-derived macrophages using
real-time extracellular flux analysis. JoVE 105, e53424 (2015).

38. Scaduto, R. C. Jr & Grotyohann, L. W. Measurement of mitochondrial mem-
brane potential using fluorescent rhodamine derivatives. Biophys. J. 76(1 Pt 1),
469–477 (1999).

39. Dranka, B. P., Hill, B. G. & Darley-Usmar, V. M. Mitochondrial reserve capacity in
endothelial cells: the impact of nitric oxide and reactive oxygen species. Free
Radic. Biol. Med. 48, 905–914 (2010).

40. Esser, P., Bresgen, M., Fischbach, R., Heimann, K. & Wiedemann, P. Intercellular
adhesion molecule-1 levels in plasma and vitreous from patients with
vitreoretinal disorders. Ger. J. Ophthalmol. 4, 269–274 (1995).

41. Joussen, A. M. et al. A central role for inflammation in the pathogenesis of
diabetic retinopathy. Faseb J. 18, 1450–1452 (2004).

42. Nagai, N. et al. Suppression of diabetes-induced retinal inflammation by
blocking the angiotensin II type 1 receptor or its downstream nuclear factor-
kappaB pathway. Invest. Ophthalmol. Vis. Sci. 48, 4342–4350 (2007).

43. Barber, A. J. et al. Neural apoptosis in the retina during experimental and
human diabetes. Early onset and effect of insulin. J. Clin. Invest. 102, 783–791
(1998).

44. Villarroel, M., Ciudin, A., Hernandez, C. & Simo, R. Neurodegeneration: an early
event of diabetic retinopathy. World J. Diabetes 1, 57–64 (2010).

45. Gonzalez-Leon, M. C. et al. Nitric oxide induces SOCS-1 expression in human
monocytes in a TNF-alpha-dependent manner. J. Endotoxin Res. 12, 296–306
(2006).

46. Kuo, H. P. et al. Nitric oxide modulates interleukin-1beta and tumor necrosis
factor-alpha synthesis by alveolar macrophages in pulmonary tuberculosis.
Am. J. Respir. Crit. Care Med. 161, 192–199 (2000).

47. Yan, L., Wang, S., Rafferty, S. P., Wesley, R. A. & Danner, R. L. Endogenously
produced nitric oxide increases tumor necrosis factor-alpha production in
transfected human U937 cells. Blood 90, 1160–1167 (1997).

48. Van Dervort, A. L. et al. Nitric oxide regulates endotoxin-induced tnf-alpha
production by human neutrophils. J. Immunol. 152, 4102–4109 (1994).

49. Eigler, A., Sinha, B. & Endres, S. Nitric oxide-releasing agents enhance cytokine-
induced tumor necrosis factor synthesis in human mononuclear cells. Bio-
chem. Biophys. Res. Commun. 196, 494–501 (1993).

50. Wang, S., Yan, L., Wesley, R. A. & Danner, R. L. Nitric oxide increases tumor
necrosis factor production in differentiated U937 cells by decreasing cyclic
AMP. J. Biol. Chem. 272, 5959–5965 (1997).

51. del Fresno, C. et al. Nitric oxide activates the expression of IRAK-M via the
release of TNF-alpha in human monocytes. Nitric Oxide 10, 213–220 (2004).

52. Deakin, A. M., Payne, A. N., Whittle, B. J. & Moncada, S. The modulation of IL-6
and TNF-alpha release by nitric oxide following stimulation of J774 cells with
LPS and IFN-gamma. Cytokine 7, 408–416 (1995).

53. Kalra, D. et al. Nitric oxide provokes tumor necrosis factor-alpha expression in
adult feline myocardium through a cGMP-dependent pathway. Circulation
102, 1302–1307 (2000).

54. Nakaizumi, A. et al. Nitric oxide potentiates TNF-α-induced neurotoxicity
through suppression of NF-κB. Cell. Mol. Neurobiol. 32, 95–106 (2012).

55. Kelly, B. & O’Neill, L. A. Metabolic reprogramming in macrophages and den-
dritic cells in innate immunity. Cell Res. 25, 771–784 (2015).

56. Hardbower, D. M. et al. Ornithine decarboxylase regulates M1 macrophage
activation and mucosal inflammation via histone modifications. Proc. Natl.
Acad. Sci. USA 114, E751–e760 (2017).

57. Kronenberg, G. et al. Distinguishing features of microglia- and monocyte-
derived macrophages after stroke. Acta Neuropathol. 135, 551–568 (2018).

58. Miro-Mur, F. et al. Immature monocytes recruited to the ischemic mouse brain
differentiate into macrophages with features of alternative activation. Brain
Behav. Immun. 53, 18–33 (2016).

59. Gliem, M. et al. Macrophages prevent hemorrhagic infarct transformation in
murine stroke models. Ann. Neurol. 71, 743–752 (2012).

60. Wattananit, S. et al. Monocyte-derived macrophages contribute to sponta-
neous long-term functional recovery after stroke in mice. J. Neurosci. 36,
4182–4195 (2016).

61. Min, H., Jang, Y. H., Cho, I. H., Yu, S. W. & Lee, S. J. Alternatively activated brain-
infiltrating macrophages facilitate recovery from collagenase-induced intra-
cerebral hemorrhage. Mol. Brain 9, 42 (2016).

62. Russo, M. V., Latour, L. L. & McGavern, D. B. Distinct myeloid cell subsets
promote meningeal remodeling and vascular repair after mild traumatic brain
injury. Nat. Immunol. 19, 442–452 (2018).

63. Liu, C. et al. Macrophages mediate the repair of brain vascular rupture through
direct physical adhesion and mechanical traction. Immunity 44, 1162–1176
(2016).

64. Dejda, A. et al. Neuropilin-1-expressing microglia are associated with nascent
retinal vasculature yet dispensable for developmental angiogenesis. Invest.
Ophthalmol. Vis. Sci. 57, 1530–1536 (2016).

65. Shi, O. et al. Generation of a mouse model for arginase II deficiency by
targeted disruption of the arginase II gene. Mol. Cell. Biol. 21, 811–813 (2001).

66. Narayanan, S. P. et al. Arginase 2 deletion reduces neuro-glial injury and
improves retinal function in a model of retinopathy of prematurity. PLoS ONE
6, e22460 (2011).

67. Suwanpradid, J., Rojas, M., Behzadian, M. A., Caldwell, R. W. & Caldwell, R. B.
Arginase 2 deficiency prevents oxidative stress and limits hyperoxia-induced
retinal vascular degeneration. PLoS ONE 9, e110604 (2014).

68. Bhatta, A. et al. Obesity-induced vascular dysfunction and arterial stiffening
requires endothelial cell arginase 1. Cardiovasc. Res. 113, 1664–1676 (2017).

69. Chou, J. C., Rollins, S. D. & Fawzi, A. A. Trypsin digest protocol to analyze the
retinal vasculature of a mouse model. JoVE 76, e50489 (2013).

70. Wang, J., Saul, A., Cui, X., Roon, P. & Smith, S. B. Absence of sigma 1 receptor
accelerates photoreceptor cell death in a murine model of retinitis pigmen-
tosa. Invest. Ophthalmol. Vis. Sci. 58, 4545–4558 (2017).

71. Layoun, A., Samba, M. & Santos, M. M. Isolation of murine peritoneal macro-
phages to carry out gene expression analysis upon toll-like receptors stimu-
lation. JoVE 98, e52749 (2015).

72. Ying, W., Cheruku, P. S., Bazer, F. W., Safe, S. H. & Zhou, B. Investigation of
macrophage polarization using bone marrow derived macrophages. JoVE 76,
e50323 (2013).

Fouda et al. Cell Death and Disease �(2018)�9:1001� Page 15 of 15

Official journal of the Cell Death Differentiation Association



Retina

Neurofibromin Deficiency Induces Endothelial Cell
Proliferation and Retinal Neovascularization

Hanfang Zhang,1,2 Farlyn Z. Hudson,1,2 Zhimin Xu,2 Rebekah Tritz,1,2 Modesto Rojas,2,3 Chintan
Patel,2 Stephen B. Haigh,2 Zsuzsanna Bordán,2 David A. Ingram,4,5 David J. Fulton,2,3 Neal L.
Weintraub,2,6 Ruth B. Caldwell,2,7–9 and Brian K. Stansfield1,2,7

1Department of Pediatrics and Neonatal-Perinatal Medicine, Augusta University, Augusta, Georgia, United States
2Vascular Biology Center, Augusta University, Augusta, Georgia, United States
3Department of Pharmacology and Toxicology, Augusta University, Augusta, Georgia, United States
4Herman B. Wells Center for Pediatric Research, Indiana University School of Medicine, Indianapolis, Indiana, United States
5Department of Neonatal-Perinatal Medicine, Indiana University School of Medicine, Indianapolis, Indiana, United States
6Department of Cardiology, Augusta University, Augusta, Georgia, United States
7Vision Discovery Institute, Augusta University, Augusta, Georgia, United States
8Department of Cellular Biology and Anatomy, Augusta University, Augusta, Georgia, United States
9Charlie Norwood VA Medical Center, Augusta, Georgia, United States?1

Correspondence: Brian K. Stansfield,
Division of Neonatal/Perinatal Medi-
cine, Department of Pediatrics, Au-
gusta University, 1120 15th Street,
BIW6033, Augusta, GA 30912, USA;
bstansfield@augusta.edu.

Submitted: July 10, 2017
Accepted: April 14, 2018

Citation: Zhang H, Hudson FZ, Xu Z,
et al. Neurofibromin deficiency in-
duces endothelial cell proliferation
and retinal neovascularization. Invest

Ophthalmol Vis Sci. 2018;59:XXX–
XXX. https://doi.org/10.1167/
iovs.17-22588

PURPOSE. Neurofibromatosis type 1 (NF1) is the result of inherited mutations in the NF1 tumor
suppressor gene, which encodes the protein neurofibromin. Eye manifestations are common
in NF1 with recent reports describing a vascular dysplasia in the retina and choroid. Common
features of NF1 retinopathy include tortuous and dilated feeder vessels that terminate in
capillary tufts, increased endothelial permeability, and neovascularization. Given the retinal
vascular phenotype observed in persons with NF1, we hypothesize that preserving
neurofibromin may be a novel strategy to control pathologic retinal neovascularization.

METHODS. Nf1 expression in human endothelial cells (EC) was reduced using small hairpin
(sh) RNA and EC proliferation, migration, and capacity to form vessel-like networks were
assessed in response to VEGF and hypoxia. Wild-type (WT), Nf1 heterozygous (Nf1

þ/�), and
Nf1

flox/þ;Tie2cre pups were subjected to hyperoxia/hypoxia using the oxygen-induced
retinopathy model. Retinas were analyzed quantitatively for extent of retinal vessel dropout,
neovascularization, and capillary branching.

RESULTS. Neurofibromin expression was suppressed in response to VEGF, which corresponded
with activation of Mek-Erk and PI3-K-Akt signaling. Neurofibromin-deficient EC exhibited
enhanced proliferation and network formation in response to VEGF and hypoxia via an Akt-
dependent mechanism. In response to hyperoxia/hypoxia, Nf1

þ/� retinas exhibited increased
vessel dropout and neovascularization when compared with WT retinas. Neovascularization
was similar between Nf1

þ/� and Nf1
flox/þ;Tie2cre retinas, but capillary drop out in

Nf1
flox/þ;Tie2cre retinas was significantly reduced when compared with Nf1

þ/� retinas.

CONCLUSIONS. These data suggest that neurofibromin expression is essential for controlling
endothelial cell proliferation and retinal neovascularization and therapies targeting neuro-
fibromin-deficient EC may be beneficial.

Keywords: neurofibromatosis, endothelial cell, VEGF, retinopathy of prematurity, Ras

Neurofibromatosis type 1 (NF1) is the most common
autosomal dominant tumor predisposition syndrome and

affects 1 in 2500 persons worldwide.1 Inactivating mutations in
the NF1 tumor suppressor gene cause NF1. Neurofibromin, the
product of NF1, functions as a GTP-ase activating protein (GAP)
for p21Ras (Ras) and suppresses RAS activity by enhancing the
slow intrinsic hydrolysis of active GTP-Ras. Thus, neuro-
fibromin-deficient cells exhibit enhanced activity of the Ras-
dependent kinases, Erk and Akt, leading to a prosurvival
phenotype.

Eye manifestations are diagnostic of NF1.2 Lisch nodules (iris
hamartomas) present in early childhood and optic pathway
gliomas (OPG) affect 15% of NF1 patients.3,4 More recently,
abnormalities in the retinal and choroidal vasculature have

been appreciated with an estimated prevalence between 60%

and 100% of persons with NF1.5–11 Retinal capillaries and

feeder vessels appear tortuous and disorganized and are often

found in close proximity to choroidal abnormalities. Similarly,

Shields et al.12,13 have identified an association between retinal

vasoproliferative tumors (RVPT) and NF1, which is often

associated with visual disturbances. Vascular features of RVPT

in NF1 include dilated feeder vessels (100%), edema (100%),

exudation (100%), vitreoretinal hemorrhage (50%), and retinal

neovascularization (30%). Interestingly, the median age of

clinical presentation was 12 years (9–36), which is considerably

younger than the median age of presentation in non-NF1

patients (45 years).14
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Based on the clinical rationale that persons with NF1 are
predisposed to pathologic retinal neovascularization and other
vascular abnormalities, the present study aims to identify
neurofibromin’s function in VEGF-induced endothelial cell
proliferation, migration, and vessel-like network formation and
characterize retinal neovascularization in neurofibromin-defi-
cient mice in response to hyperoxia/hypoxia. Our findings
suggest that neurofibromin expression is critical for limiting
VEGF and hypoxia-induced EC proliferation and vessel-like
network formation via Ras-Akt activation. Using the murine
oxygen-induced retinopathy model, we demonstrate that Nf1

heterozygosity (Nf1
þ/�) enhances retinal neovascularization

and impairs vascular regrowth. Further, Nf1 heterozygosity in
Tie2þ EC is sufficient to reproduce the enhanced neovascular-
ization observed in Nf1

þ/� retinas, but also promotes vascular
regrowth following hyperoxia-induced vaso-obliteration.

METHODS

Human Endothelial Cell Culture

Pooled human endothelial colony forming cells (ECFC,
endothelial outgrowth cells) were purchased from the Angio
BioCore at Indiana University (Principal Investigator: Karen
Pollock, Ph.D.).15 Human microvascular endothelial cells
(HMVEC) were purchased from Lonza (city, state, country).
ECFC and HMVEC were maintained in Endothelial Basal
Medium-2 (EBM2; Lonza) with additives (bullet kit) provided
by the manufacturer. The media was supplemented with 10%
FBS (Hyclone, city, state, country?2 ) and 2% penicillin/strepto-
mycin. All cells were maintained 378C, 5% CO2 at normoxia
unless otherwise stated.

NF1 Gene Silencing

Lentiviral vectors expressing NF1 small hairpin (sh) RNA and
shCtr were purchased from Sigma (CAT# TRCN000023878,
TRCN0000039713, and SHC202; city, state, country). To
generate lentiviral supernatant, 293 FT packaging cells were
plated onto tissue culture plates and transfected the following
day using Lipotectamine 3000 (Invitrogen, city, state, country)
according to manufacturer’s instructions. The transfected cells
were incubated in Dulbecco’s modified Eagle’s Medium
(DMEM; manufacturer, city, state, country?3 ) supplemented with
10% FBS. Viral stocks were harvested 24 hours after
transfection, with collection at 48 and 72 hours, clarified by
centrifugation, filtered through a 0.45-lm filter and stored at
�80C. Human ECFC were seeded onto tissue culture plates
coated with collagen and transduced with lentiviral stock
diluted at 1:3 to 1:5 with EOC culture medium in the presence
of 8 lg/mL polybrene (manufacturer, city, state, country) for 8
hours. Fresh medium was replaced. At 48 hours posttransduc-
tion fresh medium with 0.5 lg/mL puromycin (manufacturer,
city, state, country) was replaced for 3 days. Selected cells were
subcultured and NF1 knockdown was confirmed by Western
blot.

Reagents

The following antibodies were used: anti-neurofibromin
(#A300; Bethyl Laboratories, city, state, country); anti-phos-
pho-Akt XP (#4060), anti-Akt (#2938S), anti-phospho-Erk XP
(#4370), anti-Erk (#4695S; Cell Signaling, city, state, country);
anti-phospho-endothelial nitric oxide synthase (eNOS)
(612392) and FITC-anti-CD31 (BD Laboratories, city, state,
country); and anti-GAPDH (Novus, city, state, country).
Recombinant human and murine VEGF were purchased from

Peprotech (city, state, country). Wortmannin was purchased
from Cayman Chemicals (city, state, country) ?4.

BrdU Incorporation

BrdU incorporation into ECFC was performed according to the
manufacturer’s instructions (Millipore, city, state, country).
Briefly, ECFC were progressively serum starved (5% FBS for 24
hours, 1% FBS for 7 hours, 0.125% for experiments) prior to
the addition of VEGF (25 ng/mL). Two hours after the addition
of VEGF, media was supplemented with BrdU and cells were
fixed 24 or 48 hours following VEGF stimulation. Fixed cells
were labeled with anti-BrdU monoclonal antibody followed by
a goat anti-mouse IgG Peroxidase Conjugate. Signal intensity
was measured using a spectrophotometer at 450/550 nm
(manufacturer, city, state, country). In some experiments,
ECFC were cultured in sealed chamber with an environmental
oxygen concentration of 1% (ProOx 110; BioSpherix, city,
state, country) ?5.

Vessel-Like Network Formation

The formation of closed vessel-like networks was assessed in
NF1KD and Scr ECFC in response to VEGF as previously
described.16 Briefly, 96-well plates were coated with 30 lL
Matrigel (Corning, city, state, country) and ECFC were seeded at
a density of 10,000 cells per well. Cells were observed every 4
hours using an inverted microscope (manufacturer, city, state,
country) ?6. and three uniform 340 high-power images were
captured for each well. The number of intact vessel-like
networks were counted and averaged per 320 high-power field.

Animals

All experiments were approved by the Institutional Committee
for Animal Use in Research and Education and conformed to the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Nf1

þ/– mice were obtained from Tyler Jacks
(Massachusetts Institute of Technology, Cambridge, MA, USA)
and backcrossed 13 generations into the C57BL/6J strain.
Nf1

flox/flox mice were obtained from Luis Parada (University of
Texas Southwestern Medical Center, Dallas, TX, USA) and
maintained on C57BL/6J background. Tie2cre (4128) and VE-
cadherin cre (VEcre, 6137) mice were purchased from The
Jackson Laboratory (city, state, country) ?7and maintained on
C57BL/6J background. Nf1

flox/flox mice were crossed with
Tie2cre or VEcre mice to generate Nf

flox/þ
;Tie2cre or Nf

flox/þ
;VE-

cre and Nf1
flox/þ (control) mice. Cre-mediated recombination

was confirmed by PCR as previously described.17

Matrigel Plug Assay

Matrigel plugs were incubated with VEGF in the presence or
absence of wortmannin and inserted into wild-type (WT) and
Nf1

þ/� mice as previously described.18 Concentrated Matrigel
(Corning) was diluted and mixed with VEGF (100 ng/mL)þ/�

wortmannin (25 nM) on ice. WT and Nf1
þ/� mice were

anesthetized via inhalation of isoflurane (2%)/oxygen (98%)
mixture. An equal volume of Matrigel was then injected slowly
into the subcutaneous layer on the abdomen of WT and Nf1

þ/�

mice. Ten days after Matrigel insertion, animals were killed and
Matrigel plugs were harvested for analysis. Matrigel plugs were
photographed using a digital camera (manufacturer, city, state,
country), fixed in paraformaldehyde, and labeled with FITC
anti-CD31 antibody. Digital images were obtained using a Zeiss
Axioplan 2 Imaging System (city, state, country) ?8. Six mice per
condition were used.
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Endothelial Cell Outgrowth From Aortic Rings

Thoracic aortas were isolated from WT and Nf1
þ/� mice,

removed of periadventicial fat, and cut into 1-mm rings. Three
aortic rings from each animal were transferred to 24-well
collagen-coated plate and maintained in optimized HMVEC
growth media. Culture media was supplemented with 100 ng/
mL of VEGF (Sigma) and endothelial cell outgrowth was
monitored every other day for 12 days. Aortic rings were
photographed using an inverted microscope with non–phase
contrast optics at day 12 and the number of cells per image
was quantified by a blinded observer and averaged for each
animal. For some experiments, wortmannin (25 nM) was
added to the aortic rings. Aortic rings from three animals per
condition were used.

Oxygen-Induced Retinopathy

Retinopathy was induced in newborn C57Bl/6 mice as
previously described by Smith et al.19 On postnatal day 7
(P7), dams and pups were placed in a sealed chamber in which
the oxygen concentration was maintained at 75% oxygen. At
P12, animals were transferred back to cages maintained in
normoxia (21%). Room temperature was maintained on a 12-
hour light/dark cycle. Newborn pups and dams were provided
standard chow and water ad libitum. Six to seven pups per
litter were used for all experiments.

Analysis of Vessel Dropout and Neovascularization

Animals were killed on P17 and eyeballs were removed and
fixed in 4% paraformaldehyde for analysis. Following fixation,
retinas were isolated, washed in PBS, and retinal flatmounts
prepared. Retinal tissue was permeablized in 10% Triton X-100
(Sigma) and incubated with isolectin GS-1B4 Alexa Fluor 594
(Fisher, city, state, country) in the dark overnight at 48C.
Retinas were placed on glass slides, incubated in Vectashield
mounting media (Vector Labs, city, state, country)?9 ) and digital
images were acquired using a Zeiss Axioplan 2 Imaging System.
Digital images were assembled using Photoshop (Adobe
Systems, Inc., San Jose, CA, USA) for further analysis. Central
vessel dropout area was quantified from the digital images
using the ImageJ software (http://imagej.nih.gov/ij/; provided
in the public domain by the National Institutes of Health,
Bethesda, MD, USA) and neovascular area was determined
using the Swift_NV macro for ImageJ.20 Branching was also
determined by counting terminal cells proximal to the central
vessel dropout zone.

Statistical Analysis

The results of cell culture experiments are presented as mean
6 SEM. Vessel dropout, neovascular area, and branching are
presented as mean 6 SD. Endothelial cell BrdU incorporation,
vessel-like network formation, vessel dropout, neovascular
area, and branching were compared by two-way ANOVA with
Tukey’s post hoc test for multiple comparisons. Analysis was
performed using GraphPad Prism version 6.0h (La Jolla, CA,
USA). P < 0.05 was considered significant.

RESULTS

Neurofibromin Regulates VEGF Signaling in EC

Activation of the RTK VEGFR2 leads to phosphorylation of the
Ras kinases, Erk and Akt; however, the role of neurofibromin in
regulating VEGF/VEGFR2 signaling is poorly understood.
Incubation of human ECFC (Fig. 1A) with VEGF reduced

neurofibromin protein expression in confluent and subcon-
fluent (60%–70%) ECFC (Figs. 1B, 1C). These observations
corresponded with enhanced phosphorylation of Akt and Erk
kinases. Expression of total Erk and Akt were unchanged (data
not shown). A similar molecular signature was observed in
HMVEC (Fig. 1D). In both cell types, neurofibromin expression
was decreased transiently in response to VEGF and neuro-
fibromin expression was fully restored by 30 minutes after
VEGF treatment, which corresponded with blunting of Erk and
Akt phosphorylation (data not shown).

Nf1 Knockdown Activates Ras and Enhances EC
Proliferation and Vessel-Like Network Formation

Using two shRNA constructs targeting the Nf1 gene, we show
that decreased neurofibromin expression in ECFC (NF1KD)
does not enhance Erk or Akt phosphorylation in the absence of
growth factor stimulation (Fig. 2A). For subsequent experi-
ments, we elected to use shNF1 (NF1KD). In response to
VEGF, NF1KD ECFC exhibit enhanced Erk phosphorylation as
compared with shCtr ECFC. On the other hand, phosphory-
lation of Akt appears to be similar between shCtr and NF1KD
ECFC, which is consistent with preferential activation of
canonical Ras-Erk signaling in neurofibromin-deficient cells.
Next, we treated Nf1KD ECFC with VEGF and examined EC
proliferation using BrdU incorporation. NF1KD ECFC exhibit-
ed a time-dependent increase in BrdU incorporation when
compared with shCtr ECFC (Figs. 2B, 2C). Similarly, vessel-like
network formation was enhanced in NF1KD ECFC when
compared with shCtr ECFC, which is completely blocked by
treatment of NF1KD ECFC with the PI3-K-Akt inhibitor
wortmannin (Figs. 2D, 2E).

Hypoxia and VEGF Exert Additive Effects on
NF1KD ECFC Proliferation

Ischemic retinopathy is the pathologic consequence of
perturbations in VEGF expression and activity, coupled with
a relative oxygen gradient, leading to disruptions in EC
proliferation and capillary formation. Because VEGF markedly
increased proliferation and vessel-like network formation in
NF1KD ECFC, we used BrdU incorporation to assess ECFC
proliferation in response to hypoxia and/or VEGF. NF1KD
ECFC exhibits a modest, but nonsignificant proliferative
advantage over shCtr ECFC (Fig. 3). However, hypoxia (1%)
exposure and VEGF amplified proliferation in NF1KD ECFC
when compared with Scr ECFC. Together, VEGF and hypoxia
synergistically enhance proliferation in NF1KD ECFC. A similar,
but more modest trend, was observed in shCtr ECFC.

Nf1þ/� EC Angiogenic Sprouting is Enhanced by
VEGF

Based on our observation that VEGF suppresses neurofibromin
expression and that NF1KD ECFC proliferation and vessel-like
network formation is significantly increased in NF1KD ECFC
when compared with shCtr ECFC, we isolated thoracic aortic
rings to examine EC outgrowth in response to VEGF. EC
outgrowth was significantly higher in Nf1

þ/� aortic rings
stimulated with VEGF when compared with WT aortic rings
stimulated with VEGF (Figs. 4A, 4B). Suppression of Akt
phosphorylation with wortmannin effectively blocked EC
outgrowth from Nf1

þ/� aortic rings (Figs. 4A, 4B). Next, we
used the Matrigel plug assay to confirm these observations.
Matrigel supplemented with VEGF (100 ng/mL) were implant-
ed into the subcutaneous layer of Nf1

þ/� and WT mice. In
response to VEGF, Matrigel plugs harvested from Nf1

þ/� mice
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were invested with more CD31-positive vessel-like networks
when compared with Matrigel plugs harvested from WT mice
(Fig. 4C).

Vessel Dropout and Neovascularization are
Increased in Nf1þ/� Mice

Human studies strongly suggest that NF1 patients exhibit
pathologic retinal vasculature, endothelial cell overgrowth, and
neovascularization. A preclinical model of NF1 retinopathy has
not been developed. Therefore, we used the oxygen-induced
retinopathy model to assess retinal neovascularization and
vessel dropout in Nf1

þ/� and WT mice. Examination of P9
retinas from Nf1

þ/� and WT mice raised in normoxia (21%)
revealed a complete network of superficial retinal vessels in
both genotypes (data not shown). However, exposure to
hyperoxia from P7 to P12 increased central vessel dropout area
and enhanced neovascularization in Nf1

þ/� mice at P17 when
compared with WT mice (Figs. 5A–C). Neovascular tufts were
noted to be approximate to the line of demarcation between
the vascular and avascular retina in WT mice. In contrast,
neovascularization appeared more diffuse in Nf1

þ/� retinas.
The number of branching capillaries adjacent to the avascular
retina was increased in Nf1

þ/�mice when compared with WT
mice (Figs. 6A, 6B).

Deletion of Nf1 in Tie2þ Cells Enhances
Neovascularization and Reduces Vessel Dropout

Based on our observation that Nf1
þ/� retinas have increased

vessel dropout and neovascularization, features that are seen in
NF1 patients, we used Cre/lox technology to delete Nf1 in

Tie2þ EC and examine retinal vasculature in the OIR ?10model.
Similar to previous published reports, homozygous deletion of
Nf1 in Tie2þ cells results in midgestation lethality. Therefore,
we used Nf1

flox/þ;Tie2cre animals, which express a single Nf1

mutation in Tie2þ EC and monocytes/macrophages. Similar to
Nf1

þ/� and WT mice, a complete network of superficial retinal
vessels was observed in Nf1

flox/þ;Tie2cre at P9 (data not
shown). In response to hyperoxia/hypoxia, Nf1

flox/þ;Tie2cre
retinas exhibited increased neovascularization, which was
similar qualitatively and quantitatively to Nf1

þ/� retinas (Figs.
7A–C). In contrast to Nf1

þ/� retinas, central vessel dropout was
markedly reduced in Nf1

flox/þ;Tie2cre and more closely
resembled WT retinas (Figs. 7A, 7B).

Deletion of Nf1 in VE CadherinþCells Recapitulates
Nf1þ/� Phenotype

Based on the observation that Nf1 deletion in Tie2þ cells did
not fully recapitulate the phenotype observed in Nf1

þ/� retinas,
we intercrossed Nf1

flox/flox and VEcre animals to generate
Nf1

flox/þ;VEcre offspring and subjected pups to OIR. In
response to OIR, Nf1

flox/þ;VEcre retinas exhibited increased
neovascularization and vessel dropout, which closely resem-
bled our observations in Nf1

þ/� animals (Figs. 8A, 8B).

DISCUSSION

A growing body of evidence supports the hypothesis that Ras
activation is crucial for retinal neovascularization and targeting
Ras kinases directly or indirectly has proven efficacious in
animal models of oxygen-induced retinopathy.21–24 Erk and
Akt, the principal downstream kinases that mediate Ras

FIGURE 1. Neurofibromin is a negative regulator of VEGF signaling in endothelial cells. (A) Phenotypic characterization of ECFC showing positive
and negative selection markers consistent with classification as EC. (B, C) Representative Western blots (B) and quantitative densitometry (C)
showing neurofibromin expression in response to VEGF (25 ng/mL) in subconfluent and confluent ECFC and HMVEC, n¼ 3. (D) Representative
Western blots showing neurofibromin expression and phosphorylation of Akt, Erk, and eNOS (1177) in response to VEGF in ECFC and HMVEC, n¼
3.
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signaling, are activated in retinal and nonretinal EC in response

to VEGF and their activation is essential for VEGF-induced EC

proliferation, migration, and vessel-like network forma-

tion.25–28 Further, phosphorylated Erk colocalizes with

VEGFR2 in sprouting endothelial cells during retinal neovas-

cularization and pharmacologic inhibition of Erk kinase and the

Akt-mTOR pathway suppresses retinal neovascularization

during oxygen-induced retinopathy.22,25,29,30 Thus, Ras signal-

FIGURE 2. NF1 silencing enhances Ras signaling endothelial cell function. (A) Representative Western blot confirming NF1 gene silencing (NF1KD)
and Akt and Erk activation in the presence or absence of VEGF (25 ng/mL). (B, C) BrdU incorporation (B) and photomicrographs (C) of control
(white bars) and NF1KD (black bars) ECFC in response to VEGF (25 ng/mL) over 48 hours. Data represent mean 6 SEM, *P < 0.01, **P < 0.001, n

¼ 3. (D, E) VEGF-induced vessel-like network formation (D) and quantification (E) at 12 hours in control and NF1KD ECFC in the presence or
absence of wortmannin (10 nM), n¼ 3 in triplicate.
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ing mediates the effects of VEGF during the neovascular phase
of OIR when VEGF expression is rapidly upregulated and Ras
activation is essential for sprouting angiogenesis.

Neurofibromin interacts with WT H-, N-, and K-Ras via its
GTP-ase regulatory domain (GRD) and serves as a molecular
switch for Ras by stabilizing Ras in its diphosphate (inactive)
conformation. Thus, neurofibromin suppresses Ras signaling in
response to extracellular growth factors, including VEGF, and
loss of neurofibromin permits Ras signaling to proceed
unchecked. In the present study, we provide the first direct
evidence that suppression of neurofibromin is an intermediate
step in VEGF activation of the Ras kinases Erk and Akt in
circulating and microvascular EC. The transient nature of
decreased neurofibromin expression and temporal relationship
with the active conformations of Erk and Akt suggests that
VEGF-induced Ras activation is tightly regulated by neuro-
fibromin. Growth factor–induced suppression of neurofibro-
min is the result of protein kinase C (PKC)-mediated
ubiquitination and proteasomal degradation.31 Interestingly,
PKC overexpression, which enhances neurofibromin degrada-
tion, increases retinal neovascularization while genetic dele-
tion or pharmacologic inhibition of PKC prevents retinal
neovascularization in OIR.32,33 Suppression of neurofibromin
permits VEGF-mediated Ras activation and restoration of
neurofibromin expression is necessary to turn off VEGF
signaling. These relationships are perturbed in persons with
NF1 who fail to express full length, active neurofibromin as
evidenced by the enhanced proliferation observed in NF1KD
ECFC in response to VEGF and/or hypoxia. The inability to
turn off VEGF-Ras signaling in the setting of neurofibromin-

deficiency contributes to uncontrolled EC proliferation and
angiogenesis and likely contributes to retinal neovasculariza-
tion, which is highly prevalent in persons with NF1.

Molecular targeting of Ras kinase activity is particularly
attractive in the prevention or treatment of neovascularization
with emerging evidence suggesting this approach is both
plausible and efficacious.30,34–37 Ras is active in sprouting
retinal EC and appears to be suppressed in quiescent retinal EC
during neovascularization.22 Interestingly, expression of
p120RasGAP, a protein that suppresses Ras activity, is poorly
expressed in VEGFR2-expressing tip EC during neovascular tuft
formation, but is readily expressed after peak tuft formation,
which suggests that Ras is tightly regulated during retinal
neovascularization.22 Our observation that VEGF suppresses
neurofibromin expression and this suppression corresponds
closely with Erk and Akt activation as well as EC proliferation
lends support to this hypothesis because vitreoretinal VEGF
expression surges during the neovascular phase of OIR. While
pharmacologic inhibition of canonical Ras-Erk signaling im-
pairs neurofibromin-deficient EC proliferation, noncanonical
activation PI3-K-Akt signaling in these cells is completely
unexplored. Similar to increased Erk kinase activity in
proliferating retinal EC, Akt expression is upregulated in the
hypoxic phase of OIR and administration of an Akt inhibitor
during this phase suppresses retinal neovascularization.38

Additionally, Akt phosphorylates eNOS and eNOS expression
and activity is temporally related to hyperoxia and hypoxia in
the formation of retinal neovascular tufts.39–41 Our observation
that the PI3-K-Akt inhibitor wortmannin suppresses vessel-like
network formation and prevents EC sprouting from Nf1

þ/�

aortic rings suggests that Akt activation is a critical step for
neurofibromin-deficient EC proliferation, migration, and capil-
lary formation. However, Erk is also activated in NF1KD ECFC
and previous studies by our group and others have suggested
that pharmacologic inhibition of canonical Ras-Erk signaling
impairs neurofibromin-deficient EC proliferation and migra-
tion.27,42 Interestingly, Ismat et al.43 showed that canonical Ras-
Erk signaling is constitutively active and Ras-Akt signaling is
suppressed in Nf1 knockout EC. Expression of the GRD in Nf1

knockout EC suppressed Erk activity and, conversely, en-
hanced Akt phosphorylation, which demonstrates the close
and sometimes opposing relationship between these two
pathways.

While our data demonstrate that NF1KD ECFC are highly
proliferative and exhibit enhanced angiogenic capacity, we also
recognize that stromal cells may influence neurofibromin-
deficient EC proliferation and neovascularization in Nf1

þ/�

mice. NF1 gene silencing in Schwann cells, the principal cells

FIGURE 3. Hypoxia and VEGF exert additive effect on NF1KD ECFC
proliferation. BrdU incorporation in control (white bars) and NF1KD
(black bars) ECFC in response to VEGF (25 ng/mL) in ambient (21%)
and hypoxic (1%) environment. Data represent mean 6 SEM, *P <
0.05, **P < 0.01, n ¼ 3.

FIGURE 4. VEGF enhances vascular sprouting in Nf1þ/� mice and aortas via the Ras-PI-3kinase pathway. (A, B) Photomicrographs (A) and
quantification (B) of EC outgrowth from aortic rings isolated from WT (white bars) and Nf1þ/� (black bars) mice in response to VEGF in the
presence/absence of wortmannin (10 nM). Data represent mean 6 SEM, *P < 0.01, n¼3 in triplicate. (C) Photograph and confocal imaging of anti-
CD31 staining of Matrigel plugs containing VEGF inserted into WT and Nf1

þ/� mice.
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in neurofibromas (pathognomonic tumor of NF1), increases
VEGF secretion and promotes angiogenesis in Nf1

þ/�

mice27.44–46 These vascular tumors are characterized by high
expression of VEGF and VEGFR2, which provides a clinical
rationale for the use of anti-VEGF antibodies and VEGFR2
inhibitors for neurofibromas. Our own observations may
suggest that loss of neurofibromin in stromal cells enhances
angiogenesis and neovascularization. EC sprouting is increased
in aortic explants from Nf1

þ/� mice and capillary formation
was enhanced in Matrigel plugs implanted into Nf1

þ/� mice,
which may be the result of cues from Nf1

þ/� stromal cells and
circulating hematopoietic cells to induce Nf1

þ/� EC prolifera-
tion. In this regard, monocytes and macrophages are intriguing
support cells for angiogenic EC and retinal neovascularization.
Macrophages are abundant in the retina during the hypoxia
phase of OIR and are critical for pathologic neovasculariza-

tion.47–49 Nonselective depletion of macrophages has a
protective effect against neovascular tuft formation.50 This
line of thinking is intriguing because we recently demonstrated
that neurofibromin is a master regulator of macrophage
differentiation and neurofibromin-deficient macrophages ex-
hibit a prosurvival phenotype characterized by enhanced
proliferation, migration, adhesion, and secretion of growth
factors and reactive oxygen species.51–54 Further, the similar-
ities/differences in neovascular tuft formation between Nf1

þ/�

and Nf1
flox/þ;Tie2cre retinas in response to hyperoxia/hypoxia

may be explained by the presence of the Tie2 promoter in both
EC and macrophages.55–57 Deletion of Nf1 in macrophages
increases ROS production and growth factor secretion, which
may lead to excessive proliferation of neurofibromin-deficient
retinal EC.52,53 Thus, the neovascular phenotype observed in
Nf1

þ/� and Nf1
flox/þ;Tie2cre retinas may be explained by a

cooperation between infiltrating neurofibromin-deficient mac-
rophages and/or resident microglia and angiogenic EC to
promote pathologic angiogenesis at the expense of retinal
revascularization. Based on the overlapping expression of Tie2
in both EC and hematopoietic cells, we intercrossed the
Nf1

flox/flox mice with mice expressing Cre under the VE
cadherin promoter (VECre). These mice are generally accepted
to be highly EC-specific; however, close examination of the

FIGURE 5. Vessel dropout and neovascular area are increased in Nf1þ/�

retinas. (A) Representative photomicrograph of P17 retinal flat mounts
isolated from WT and Nf1

þ/�mice. Central vessel dropout is outlined in
yellow. Yellow arrows indicate neovascular tufts. (B, C) Quantification
of percent vessel dropout (A) and neovascular area (B) in WT (white

bars) and Nf1þ/� (black bars) retinas. Data represent mean 6 SD, n¼
10–12 per group.

FIGURE 6. Branching is enhanced in Nf1
þ/� retinas. (A) Representative

high-power photomicrograph of P17 retinal flat mounts isolated from
WT and Nf1þ/� mice. Yellow arrows indicate angiogenic sprouts. (B)
Quantification of branching in WT (white bar) and Nf1þ/� (black bar)
retinas. Data represent mean 6 SD, n¼ 10–12 per group.

FIGURE 7. Heterozygous deletion of Nf1 in Tie2þ cells promotes
retinal neovascularization. (A) Representative photomicrograph of P17
retinal flat mounts isolated from Nf1flox/þ and Nf1flox/þ;Tie2cre mice.
Central vessel dropout is outlined in yellow. Yellow arrows indicate
neovascular tufts. (B, C) Quantification of percent vessel dropout (A)
and neovascular area (B) in Nf1

flox/þ (white bars) and Nf1
flox/þ;Tie2cre

(black bars) retinas. Data represent mean 6 SD, n¼ 10–12 per group.

FIGURE 8. Heterozygous deletion of Nf1 in VE cadherinþ cells
recapitulates Nf1þ/� phenotype. (A, B) Quantification of percent vessel
dropout (A) and neovascular area (B) in Nf1flox/þ (white bars) and
Nf1flox/þ; VECre (black bars) retinas. Data represent mean 6 SD, n ¼
7–8 per group.
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expression pattern of VE cadherin (also known as, Cdh5) in
both commercially available Cre lines demonstrates that 50% to
95% of circulating hematopoietic cells in adult mice arise from
progenitor cells that at one time expressed VE cadherin.58,59

Thus, while Nf1
flox/þ;VECre mice completely recapitulate the

retina phenotype observed in Nf1
þ/� mice, cautious interpre-

tation of these results must be taken because Cre expression is
occurring in EC and circulating hematopoietic cells. Ongoing
studies in our laboratory are focused on exploring the
relationship between EC and various hematopoietic cells in
the pathogenesis of OIR.

Here, we demonstrate that neurofibromin functions as a
negative regulator of VEGF signaling in EC. Inactivating
mutations in the NF1 gene confer a proliferative EC phenotype
and impair their ability to turn off extracellular cues leading to
retinal neovascularization and impaired revascularization. Our
findings provide a framework for interrogating VEGF signaling
in the retinal vasculature and an in vivo platform for the
rational design of antiangiogenic compounds that promote or
maintain neurofibromin expression.
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Objective: Inflammation in adipose tissues in obesity promotes insulin resistance and metabolic disease.
The Duffy antigen receptor for chemokines (DARC) is a promiscuous non-signaling receptor expressed on
erythrocytes and other cell types that modulates tissue inflammation by binding chemokines such as
monocyte chemoattractant protein-1 (MCP-1) and by acting as a chemokine reservoir. DARC allelic
variants are common in humans, but the role of DARC in modulating obesity-related metabolic disease is
unknown.
Methods: We examined body weight gain, tissue adiposity, metabolic parameters and inflammatory
marker expression in wild-type and DARC knockout mice fed a chow diet (CD) and high fat diet (HFD).
Results: Compared to wild-type mice, HFD-fed DARC knockout mice developed glucose intolerance and
insulin resistance independent of increases in body weight or adiposity. Interestingly, insulin sensitivity
was also diminished in lean male DARC knockout mice fed a chow diet. Insulin production was not
reduced by DARC gene deletion, and plasma leptin levels were similar in HFD fed wild-type and DARC
knockout mice. MCP-1 levels in plasma rose significantly in the HFD fed wild-type mice, but not in the
DARC knockout mice. Conversely, adipose tissue MCP-1 levels were higher, and more macrophage
crown-like structures were detected, in the HFD fed DARC knockout mice as compared with the wild-
type mice, consistent with augmented adipose tissue inflammation that is not accurately reflected by
plasma levels of DARC-bound MCP-1 in these mice.
emokines; ACKR1, atypical chemokine receptor 1; CCL, C-C motif chemokine ligand; MCP-1, monocyte chemoattractant
igh fat diet; CD, chow diet; IP, intraperitoneal; NMR, nuclear magnetic resonance; CLAMS, comprehensive laboratory
antitative polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; GTT, glucose tolerance test; ITT,
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Conclusions: These findings suggest that DARC regulates metabolic function and adipose tissue inflam-
mation, which may impact obesity-related disease in ethnic populations with high frequencies of DARC
allelic variants.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Obesity, which afflicts approximately one-third of the US pop-
ulation, is associated with increased risk for the development of the
metabolic syndrome characterized by insulin resistance, abnormal
blood glucose, hypertension, and dyslipidemia (Flegal et al., 2012).
Diseases associated with obesity and the metabolic syndrome
include diabetes, cardiovascular disease, stroke, and certain can-
cers. The health care costs related to obesity impose an economic
burden of up to $190 billion annually (Cawley and Meyerhoefer,
2012) that is projected to increase by $48e66 billion each year by
2030 (Wang et al., 2011).

Obesity is accompanied by chronic low grade inflammation that
originates from increased production of pro-inflammatory cyto-
kines and chemokines in adipose tissues. The accumulating che-
mokines recruit additional immune cells, most notably
macrophages, which in turn produce more chemokines in a viscous
cycle of chronic inflammation. Certain adipocytokines and che-
mokines, such as tissue necrosis factor alpha (TNF-a) andmonocyte
chemoattractant protein-1 (MCP-1), have been causally linked to
the development of insulin resistance, a key feature of the meta-
bolic syndrome, and type 2 diabetes (Xu et al., 2003; Kwon and
Pessin, 2013). Indeed, genetic deletion or pharmacological inhibi-
tion of TNF-a (Hotamisligil et al., 1993; Uysal et al., 1997) or MCP-1
(Weisberg et al., 2006; Kanda et al., 2006) was shown to improve
insulin sensitivity in mice in the setting of obesity. MCP-1 levels
were also reported to be elevated in plasma of obese patients
(Huber et al., 2008), correlating with the degree of insulin resis-
tance (Kim et al., 2006). Conversely, in other studies, MCP-1 defi-
ciency inmice failed to restrainmacrophage recruitment to adipose
tissues or ameliorate insulin resistance during diet-induced obesity
(Kirk et al., 2008). These disparate findings suggest that unidenti-
fied biological variables modulate the function of individual che-
mokines in obesity-related metabolic disease.

Chemokines bind not only to their respective signaling re-
ceptors, but also to several non-signaling receptors, the most
noteworthy of which is the atypical chemokine receptor 1 (ACKR1),
also known as the Duffy antigen receptor for chemokines (DARC).
DARC is a promiscuous chemokine receptor with the unique ability
to bind both C-C and C-X-C class chemokines. In humans, DARC is
expressed on erythrocytes, capillary and post-capillary endothelial
cells, lymphatic endothelial cells, littoral cells of splenic sinusoids,
lung epithelium, kidney collecting ducts, and cerebellar Purkinje
cells (Hansell et al., 2011). Lacking the triplet sequence Asp-Arg-Tyr
(DRYmotif) in its second intracellular loop, DARC cannot activate G-
protein coupled signaling pathways (de Brevern et al., 2005) and is
thought to act primarily as a chemokine modulator by sequestering
chemokines (i.e., ‘buffer-sink’ function) or by regulating their local
concentration at sites of inflammation. Among various chemokines,
DARC has strong binding affinity for C-C motif chemokine ligand 2
(CCL2)/MCP-1 (Hansell et al., 2011), and humans that lack func-
tional DARC expression are more sensitive to MCP-1-induced
monocyte mobilization (Mayr et al., 2009). Indeed, chemokines
such as MCP-1 depend upon erythrocyte DARC to maintain plasma
concentrations, and loss of functional DARC correlated with
decreased levels of DARC-bound chemokines in the serum in both
., et al., Deletion of the Duffy
high fat feeding, Molec
humans and mice (Schnabel et al., 2010; Lentsch, 2002). Erythro-
cyte DARC binds and clears chemokines from sites of inflammation
to buffer inflammation while at the same time reducing receptor
desensitization to counterbalance the buffering effect (Hansell
et al., 2011). These findings illustrate the complex mechanisms
whereby DARC regulates chemokine function.

The human population is characterized by three common alleles
of the DARC gene: the ancestral FYB and the derived FYA and FYO
alleles. The FYB and FYA alleles differ by a single amino acid
(Asp42Gly), while the FYO allele is characterized by the lack of
expression of DARC on erythrocytes (McManus et al., 2017). Blood
donors carrying the FYO and FYA alleles exhibit reduced serum
MCP-1 levels compared to FYB donors linked to reduced erythro-
cyte DARC binding affinity, suggesting that chemokine regulation is
altered in these cohorts (Schnabel et al., 2010). Given the role of
DARC in regulating chemokines that are thought to mediate
obesity-related metabolic disease, and given the existence of
common polymorphisms in the human population associated with
differences in circulating chemokine levels, the role of the DARC in
the development of obesity-related metabolic disease merits
investigation.

Here, we investigated the impact of global DARC gene deletion
on diet-induced obesity and insulin resistance in mice fed a high fat
diet (HFD). DARC knockout mice fed a HFD exhibited marked im-
pairments in glucose tolerance and insulin sensitivity compared to
corresponding wild-type mice. Circulating levels of DARC-bound
MCP-1 did not increase with HFD in DARC knockout mice as seen
in wild-type controls; however, adipose tissue MCP-1 levels were
higher in DARC knockout mice than in the wild-type mice, sug-
gesting incongruence of plasma and adipose tissue levels of DARC-
bound chemokines in DARC knockout mice. Surprisingly, moderate
insulin resistance was also seen in male DARC knockout mice
maintained on chow diet (CD) despite the lack of adipose tissue
inflammation. Taken together, these data suggests that DARC reg-
ulates metabolic function and diet-induced obesity in mice.
2. Materials and methods

2.1. Mice

Male and female DARC knockout mice in the C57BL/6J back-
ground were obtained from Jackson Laboratories and bred in house
to obtain littermates. Mice were housed in cages of 4e5maintained
on CD after weaning. At 8 weeks of age, mice were either main-
tained on CD (Harlan Teklad, LM-485) or switched to HFD (Research
Diet, D12492, with 60% calories from fat) for up to 42 weeks. In a
separate study, a weight-matched experiment in male non-
littermate wild-type and DARC knockout mice was performed to
control for body weight. Weight matched non-littermate wild-type
mice (C57BL/6J) were either maintained on CD or switched to HFD
for up to 26 weeks. Thereafter, mice were euthanized, blood was
collected via cardiocentesis, and tissues were harvested following
perfusion with ice-cold saline as previously described (Chatterjee
et al., 2014). All animal studies were conducted using a protocol
approved by the Institutional Animal Care and Use Committee of
Augusta University, following appropriate guidelines.
antigen receptor for chemokines (DARC) promotes insulin resistance
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2.2. Body fat and food intake measurements

Body weights were obtained weekly for mice fed CD or HFD.
Body fat mass was measured in conscious mice fed CD or HFD one
week prior to sacrifice using nuclear magnetic resonance (NMR)
spectroscopy (Bruker Minispec LF90II) as described previously
(Zhou et al., 2016). Food intake and metabolic energy expenditure
were determined after 25 weeks on CD or HFD using a compre-
hensive laboratory animal monitoring system (CLAMS, Columbus
Instruments, Columbus, OH) for 4 days (2 days of acclimation, fol-
lowed by 2 days of measurement) as previously described (Zhou
et al., 2016).
2.3. Examination of insulin and glucose tolerance

Glucose tolerance testing (GTT) was performed between 16 and
17 weeks (weight-matched cohort and female cohort) or 36 weeks
(littermate cohort) on CD or HFD. Glucose levels were measured
from tail veins immediately prior to and 30, 60, 90 and 120min
after intraperitoneal (IP) injection of glucose at 2 g/kg body weight
in mice fasted for 12 h using glucose strips. Insulin sensitivity
evaluated by insulin tolerance testing (ITT) was assessed at 20
weeks (weight-matched cohort and female cohort) or 38 weeks
(littermate cohort) on CD or HFD by measurement of plasma
glucose from tail veins at 0, 30, 60 and 90min after IP injection of
0.75 U/kg body weight of porcine insulin in 6 hr-fasted mice.
2.4. Enzyme-linked immunosorbent assay (ELISA)

Plasma levels of adiponectin, leptin, and insulin were measured
in mice after overnight fasting, utilizing commercially available
ELISA kits (R&D Systems) as described previously (Unruh et al.,
2015). Plasma levels of MCP-1 were quantified using mouse CCL2/
JE/MCP-1 antibody (R&D Systems) according to the manufac-
turer's protocol.
2.5. Histology

Pancreas, liver and adipose tissues were fixed by immersion in
neutral buffered formalin (10%), dehydrated in ethanol and then
transferred to xylene solution for embedding in paraffin. Five mm
sections were stained with hematoxylin-eosin (H&E) or incubated
with anti-insulin (Abcam, 1:100 dilution, to detect beta cells) or
anti-F4/80 antibodies (Sigma-Aldrich, 1:100 dilution, to detect
macrophages) for 4 h at 37 �C, and then processed with
HistoMouse-SP kit (Invitrogen) or DAB Substrate kits (Vector Labs)
according to the manufacturers’ protocols. The number of F4/80-
positive crown-like structures were counted in 5 randomly
selected high-power fields and normalized to mm2 for
quantification.
2.6. RNA isolation, quantitative polymerase chain reaction (qPCR),
and Western blotting

RNA was isolated utilizing RNeasy lipid mini kit (Qiagen), and
qPCR quantification of mRNA levels was performed as described
previously (Chatterjee et al., 2011) using Syber-green qPCR kit
(Agilent). Arbp (acidic ribosomal phosphoprotein P0) mRNA was
selected as a reference for normalization of transcripts under
investigation. The primer sequences used in the qPCR assay are
provided in Supplementary Table 1. Western blot analysis was
performed as described previously (Chatterjee et al., 2011).
Please cite this article in press as: Benson, T.W., et al., Deletion of the Duffy
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2.7. Statistical analysis

Data are expressed as mean± SEM except for weight data
(expressed as mean± SD). Analysis was accomplished by one way
ANOVA followed by Tukey or Bonferroni post-hoc analysis. P values
less than 0.05 were considered statistically significant.

3. Results

3.1. Increased adiposity and weight gain in male DARC knockout
mice

Baseline weights did not differ amongst male wild-type and
DARC knockout littermate mice. Over the course of the experiment,
the CD-fed DARC knockout mice tended to gain more weight than
their littermate counterparts, although the difference did not ach-
ieve statistical significance. HFD feeding resulted in progressive
weight gain in both groups of mice (Fig. 1A), and under these
conditions, the DARC knockout mice gained significantly more
weight than did their wild-type littermates (Fig. 1A). Body
composition by NMR spectroscopy showed that the CD-fed DARC
knockout mice exhibited greater fat mass, and less lean mass,
compared with their CD wild-type littermates (Fig. 1B). These dif-
ferences were abolished by HFD feeding, during which both DARC
knockout and wild-type mice exhibited dramatic increases in fat
mass, and commensurate reductions in lean mass (Fig. 1B). Quan-
tification of adipose depot weights (normalized to body weight)
demonstrated that CD-fed DARC knockout mice possessed signifi-
cantly more visceral adipose tissue, and a trend towards more
subcutaneous adipose tissue, compared to their CD-fed wild-type
littermates; however, following HFD feeding, percentage body fat
and subcutaneous adipose mass increased proportionately in both
groups of mice (Fig. 1B-C). The DARC knockout mice developed
more liver enlargement during HFD feeding as compared with
wild-type mice (Fig. 1D); percentage liver fat (quantified by NMR
spectroscopy) tended to be higher in HFD-fed DARC knockout mice
versus their littermate controls, although the difference was not
statistically significant (Supplemental Fig. S1). Skeletal musclemass
was similar in DARC knockout and wild-type mice fed a CD or HFD,
respectively (data not shown). Also, quantification of food con-
sumption demonstrated no differences between wild-type and
DARC knockout mice fed a CD or HFD, respectively (Fig. 1E).

3.2. Impaired glucose tolerance and insulin sensitivity in HFD-fed
DARC knockout mice

Next, we examined metabolic status in these mice by per-
forming glucose and insulin tolerance testing. Glucose tolerance
was similar in CD-fed wild-type and DARC knockout mice (Fig. 1F).
Basal fasting glucose levels were elevated in the HFD-fed DARC
knockout mice, and glucose levels rose significantly higher at all
time points after glucose administration in these mice as compared
with the wild-type mice (Fig. 1F). Interestingly, as compared to
wild-typemice, CD-fed DARC knockoutmice also exhibited a strong
trend towards diminished insulin sensitivity (Fig. 1G). As expected,
the HFD obese wild-type mice exhibited insulin resistance, the
degree of which was amplified in the DARC knockout mice. Plasma
insulin levels were similar in CD-fed wild-type and DARC knockout
mice and were significantly but similarly elevated in both HFD
groups (Fig. 1H). Likewise, we detected a similar degree of positive
immunostaining for beta cells in pancreatic tissues from both
groups of HFD-fed mice (Fig. 1I). These findings suggest that the
impaired glucose tolerance and insulin resistance observed in the
HFD-fed DARC knockout mice did not result from diminished ca-
pacity to produce insulin.
antigen receptor for chemokines (DARC) promotes insulin resistance
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Fig. 1. Increased adiposity, weight gain with impaired glucose tolerance, insulin sensitivity in male DARC knockout mice. (A) Growth curves of male littermate DARC knockout
(KO, red symbols) and wild-type (WT, black symbols) mice fed either HFD (open circles) or CD (closed circles) (**p< .01 vs HFDWT). (B) Lean mass (black bars) and fat mass (white
bars) measured by whole body composition by nuclear magnetic resonance (*p< .05, **p< .01, ***p< .001, n¼ 5). (C) Inguinal (SC) and epidydimal (VF) fat pad weight normalized to
body weight (*p < .05, n¼ 5). (D) Liver weight normalized to body weight (*p < .05, n¼ 5). (E) Food intake presented as g/mouse in WT and DARC knockout mice fed a CD or HFD
(**p < .01, n¼ 4). (F) Glucose tolerance test after 32 weeks of CD or HFD (*p< .05 vs HFD WT, n¼ 5). (G) Insulin tolerance test after 36 weeks of CD or HFD (*p < .05 vs HFD WT,
#p< .05 vs CDWT, n¼ 5). (H) Fasting plasma insulin levels measured by ELISA in the CD and HFD groups (*p < .05, n¼ 5). (I) Immunostaining for pancreatic beta cells in the HFDWT
and KO groups. Representative images are shown (n¼ 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Controlling for body weight did not normalize the metabolic
phenotype of HFD-fed male DARC knockout mice

The metabolic phenotype observed in the DARC knockout mice
could have been explained, at least in part, by differences in body
weight as compared to their wild-type littermates. Thus, we per-
formed a weight-matched study in non-littermate wild-type and
DARC knockout mice to control for this variable. As expected,
during the course of the study, body weights did not differ amongst
wild-type and DARC knockout mice fed a CD or HFD, respectively
(Fig. 2A), nor were there differences in food intake (Supplemental
Fig. S2A), locomotor activity (Supplemental Fig. S3A) or metabolic
energy expenditure (Supplemental Fig. S3B). Likewise, fat mass and
adipose tissue weights were similar in the weight-matched wild-
type and DARC knockout mice (Fig. 2B and C). However, as was
observed in the littermate study, liver enlargement was noted in
the HFD-fed DARC knockout mice (Fig. 2D), and hepatic steatosis
was detected in both wild-type and DARC knockout mice fed a HFD
(Fig. 2E). Despite the similar weights and adiposity, the HFD fed
DARC knockout mice exhibited impaired glucose tolerance as
compared to the wild-type mice (Fig. 2F). Moreover, insulin sensi-
tivity was significantly impaired in both CD-fed and HFD-fed DARC
knockout mice as compared to their respective wild-type coun-
terparts (Fig. 2G).

Next, we examined adipokine expression in the weight-
matched cohort. Plasma leptin levels were slightly but signifi-
cantly higher in the CD-fed DARC knockout mice than in wild-type
mice (Fig. 2H) and tended to be higher in DARC knockout mice in
response to HFD, although the differences were not statistically
significant (Fig. 2H). Plasma adiponectin levels were similar inwild-
type and DARC knockout mice in the CD and HFD groups (Fig. 2I). In
adipose tissues, leptin mRNA levels were significantly increased in
HFD-fed DARC knockout mice as compared to wild-type mice
(Fig. 2J).

3.4. Increased adipose tissue inflammation in HFD-fed DARC
knockout mice

DARC can bind and regulate the activity of MCP-1, a chemokine
reported to promote adipose inflammation in obesity. Thus, we
assayed MCP-1 in plasma of our weight-matched wild-type and
DARC knockout mice. As expected, MCP-1 in plasma rose signifi-
cantly during HFD feeding in the wild-type mice. However, the
DARC knockout mice tended to exhibit lower plasma MCP-1 levels
at baseline, and no significant increase was noted following HFD
feeding (Fig. 3A). In contrast to the plasma MCP-1 findings, adipose
MCP-1 (assayed by Western blotting) was significantly higher in
HFD-fed DARC knockout mice as compared with wild-type mice
(Fig. 3B). mRNA expression of TNFa and MCP-1 was likewise higher
in visceral adipose tissues from HFD-fed DARC knockout mice as
compared to wild-type (Fig. 2C&D), while interleukin (IL)-6 and
CCL5 expression was similar in both groups of mice (Figure E&F).
Adipose tissue immunostaining demonstrated few infiltrating F4/
80 positive macrophages in visceral adipose tissues of CD-fed wild-
type or DARC knockout mice (Fig. 3G&H). Following HFD feeding,
increased macrophage staining was detected in adipose tissues of
both wild-type and DARC knockout mice. However, significantly
more crown-like structures were detected in the HFD-fed DARC
knockout mice, consistent with increased adipose tissue inflam-
mation (Fig. 3G&H).

3.5. Impaired glucose tolerance and insulin sensitivity in HFD-fed
female DARC knockout mice

Finally, we studied female wild-type and DARC knockout mice
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fed a CD or HFD. As was observed in the male mice, female DARC
knockout mice gained more weight during the course of HFD
feeding as compared to wild-type mice (Fig. 4A). However, we did
not detect differences in body composition (Fig. 4B) or subcu-
taneous fat mass (Fig. 4C) between female DARC knockout and
wild-type mice fed a CD or HFD, respectively. Also, unlike the male
mice, female DARC knockout mice did not develop liver enlarge-
ment during HFD feeding (Fig. 4D). However, glucose tolerance
(Fig. 4E) and insulin sensitivity (Fig. 4F) were significantly worse in
the HFD-fed female DARC knockout mice as compared to the wild-
type controls. Plasma insulin levels were similar in CD-fed wild-
type and DARC knockoutmice but were significantly higher in HFD-
fed DARC knockout mice (Fig. 4G).

4. Discussion

Here, we investigated the impact of global DARC gene deletion
on metabolic function and inflammation in diet-induced obesity.
After HFD feeding, both male and female DARC knockout mice
gained more weight and exhibited diminished glucose tolerance
and insulin sensitivity compared to wild-type mice. In a weight-
matched cohort, similar impairments in glucose tolerance and in-
sulin sensitivity were observed, indicating body mass-independent
metabolic dysfunction in the DARC knockout mice. While male
DARC knockout mice displayed lower plasma levels of MCP-1, their
visceral adipose tissues contained more MCP-1 protein and
macrophage crown-like structures compared to the wild-type
mice, consistent with heightened inflammation. Interestingly,
male DARC knockout mice on CD also exhibited decreased insulin
sensitivity despite the absence of tissue inflammation. Taken
together, these data suggest that DARC plays a complex role in
regulating systemic metabolism as well as adipose tissue inflam-
mation during HFD feeding.

Because DARC acts as a chemokine regulator, its role has been
investigated in a variety of pathological states. After lipopolysac-
charide (LPS) challenge, DARC knockoutmice exhibited increases in
tissue inflammation compared to wild-type controls, suggesting a
primary role for DARC as a buffer-sink in this acute inflammatory
model (Hansell et al., 2011). Interestingly, bloodmonocytes in DARC
knockout mice expressed significantly less tissue factor in response
to intraperitoneally administered LPS (Østerud et al., 2015). Studies
in DARC knockout mice and human cohorts lacking erythrocyte
DARC expression have demonstrated increased incidence/severity
of prostate cancer, attributed to the loss of DARC's buffer-sink
functionality to regulate tissue levels of angiogenic chemokines
such as CXCl1 (Lentsch, 2002). The role of DARC in atherosclerosis
has also been investigated by crossing DARC knockout mice with
apolipoprotein E knockout mice. In this model, the loss of DARC
conferred protection against atherosclerosis, presumably due to the
lack of chemokines bound to erythrocytes that extravasated into
atheromatous plaques (Wan et al., 2015). Thus, DARC appears able
to play both pro- and anti-inflammatory roles depending on the
specific disease. The role of DARC in regulating chronic low grade
inflammation associated with diet-induced obesity, however, has
not been previously investigated.

Weight gain leading to obesity induces a state of chronic
inflammation that is associated with the development of metabolic
syndrome and type 2 diabetes (Xu et al., 2003). As expected in the
pro-inflammatory setting of obesity, male wild-typemice fed a HFD
displayed a marked increase in circulating MCP-1 levels, concom-
itant with increased adipose tissue MCP-1 protein and macrophage
infiltration. However, circulating MCP-1 levels remained low in the
male DARC knockout mice following consumption of the HFD,
despite the fact that their adipose tissues contained even more
MCP-1 and macrophage crown-like structures than did the WT
antigen receptor for chemokines (DARC) promotes insulin resistance
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Fig. 2. Controlling for body weight did not normalize the metabolic phenotype of HFD fed male DARC knockout mice. (A) Growth curves of male weight-matched DARC
knockout mice (red symbols) and WT mice (black symbols) fed either HFD (open circles) or CD (closed circles) (**p< .01 vs CD WT and CD KO). (B) Lean mass (white bars) and fat
mass (black bars) measured by whole body composition by NMR spectroscopy (***p < .001, **p< .01, n¼ 10). (C) Inguinal (SC) and epidydimal (VF) fat pad weight normalized to body
weight (*p< .05, n¼ 10). (D) Liver weight normalized to body weight (*p < .05, n¼ 10). (E) Representative H&E staining images of liver tissues (n¼ 3). Glucose tolerance test (F) after
17 weeks on diet and insulin tolerance test (G) after 20 weeks on diet (xp < .05 vs CDWT, *p< .05 vs HFDWT, #p < .05 vs CD WT, n¼ 10). Plasma leptin (H) and adiponectin (I) from
weight-matched male mice fed on diet for 24 weeks assayed by ELISA (*p < .05, n¼ 5). (J) Leptin mRNA expression in adipose tissues quantified by real-time PCR (*p< .05, n¼ 4).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Increased adipose tissue inflammation in HFD fed DARC knockout mice. (A) Plasma MCP-1 concentration measured by ELISA following treatment of whole blood with
heparin fromweight-matched male mice on diet for 24 weeks (*p < .05, n¼ 4). (B) Representative Western blot and quantitated data showing MCP-1 protein in epididymal adipose
tissue homogenates of WT and DARC knockout mice (*p < .05, **p < .01, n¼ 5). Adipose mRNA expression of TNFa (C), MCP-1 (D), IL-6 (E) and CCL5 (F) as examined by real time PCR
(*p < .05, **p< .01, n¼ 4). (G) Representative images of F4/80 positive macrophage immunostaining in epididymal adipose tissue. Quantification of crown-like structures is shown in
(H) (*p< .05, n¼ 4).
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Fig. 4. Impaired glucose tolerance and insulin sensitivity in HFD-fed female DARC knockout mice. (A) Growth curves of female DARC knockout mice (red symbols) and WT
mice (black symbols) fed either HFD (open circles) or CD (closed circles) (**p< .01 vs CD WT and CD KO). (B) Lean mass (white bars) and fat mass (black bars) measured by whole
body composition by NMR spectroscopy (***p < .001, n¼ 5). (C) Inguinal (SC) fat pad weight normalized to body weight (*p< .05, n¼ 4). (D) Liver weight normalized to body weight
(*p< .05, n¼ 5). Glucose tolerance test (E) at 17 weeks on diet and insulin tolerance test (F) at 20 weeks on diet (*p< .05 vs HFD WT, #p< .05 vs CD WT, n¼ 4). (G) Fasting plasma
insulin levels measured by ELISA in the CD and HFD groups (*p< .05, n¼ 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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mice, indicative of enhanced adipose tissue inflammation. This
phenotype of the DARC knockout mice could not be explained by
differences in body weight or adiposity. Interestingly, male DARC
knockout mice fed CD displayed insulin resistance comparable to
that of HFD-fed WT mice despite a lack of adipose tissue inflam-
mation. DARC gene deletion did not diminish fasting plasma insu-
lin, and no gross changes in pancreatic beta cell expression were
observed in the male DARC knockout mice, indicating that the
ability to produce insulin was not impaired. Thus, the role of DARC
in regulating insulin sensitivity is likely to be complex, extending
beyond adipose tissue inflammation perhaps to insulin signaling.
Further studies are required to determine whether DARC is
expressed on insulin-sensitive cells, and if so what its function may
be.

During metabolic testing in the CLAMS unit, both wild type and
DARC knockout mice on HFD consumed less food (total grams or
Kcal) when compared to their counterparts on CD (Supplemental
Fig. S2A). This may be partially explained by the fact that the di-
ets must be ground up to load into the CLAMS unit feeders, which
turns the HFD into a dense, sticky paste that is harder for mice to
consume compared to the powder-like CD. Second, it is possible
that obese mice have a more difficult time accessing the CLAMS
feeder due to their body habitus. These explanations are supported
by a trend toward a higher percentage of body weight loss by both
groups of mice on HFD during the CLAMS testing (Supplemental
Fig. S2B).

One of the interesting findings in this study is the liver
enlargement of male DARC knockout mice fed a HFD compared to
wild-type control. We observed a strong trend toward increased
percentage of liver fat in the DARC knockout mice compared to
wild-type, suggesting the enlargement could in part be attributed
to excess hepatic lipid accumulation in these mice. In contrast, liver
enlargement was not seen in female DARC knockout mice during
HFD feeding, despite their increased weight gain and insulin
resistance, suggesting that female sex hormones and/or the estrous
cycle could potentially modulate hepatic lipid flux in these mice.
Future in-depth studies would be required to address this
possibility.

Three main alleles of the DARC gene are present in the human
population: FYB, FYA and FYO, the prevalence of which varies by
region and ancestry (Howes et al., 2011). FYA is the most common
allele globally and is most prevalent in those of Asian descent, FYB
predominates in those of European descent, while FYO is most
prevalent in those of African descent. The distribution of the DARC
alleles is thought to result from selection pressure imposed by
Plasmodium vivax malaria. P. vivax engages DARC to penetrate
erythrocytes, and the absence of DARC on FYO-expressing eryth-
rocytes blocks the entrance of P. vivax and thereby confers resis-
tance to the parasite (Miller et al., 1976). Notably, P. vivax is largely
absent from equatorial Africa, where the FYO allele is nearly fixed.
FYA may have also emerged as an adaptation directed against
P. vivax (King et al., 2011), and natural selection also appears to have
acted on the FYA allele in India (Chittoria et al., 2012).

Evolutionary adaptations often carry fitness trade-offs. Indeed,
the FYO allele has been associated with apparently maladaptive
phenotypes, including increased risk of prostate cancer (Shen et al.,
2006). Interestingly, neutrophil levels are also lower in carriers of
the FYO allele (Reich et al., 2009). The present study found that
DARC gene deletion exacerbated metabolic dysfunction in both
male and female mice fed a HFD. Coincidentally, populations of
African and Asian descent, respectively dominated by the FYO and
FYA alleles, are at increased risk of metabolic disease compared to
those of European ancestry (McNeely and Boyko, 2004; Brancati
et al., 2000). Moreover, FYO and FYA human cohorts exhibit
lower circulating MCP-1 levels (Schnabel et al., 2010), as was
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detected in DARC knockout mice in the present study, although it is
unknown whether adipose tissue levels of MCP-1 in obese human
FYO and FYA cohorts are disproportionately elevated. Given the
results of this study, it is worth considering whether circulating
MCP-1 levels provide an accurate representation of adipose
inflammation in FYA and FYO populations. The extent to which our
findings apply to human populations, however, remains unclear.
The DARC knockout genotype does not equate to FYA or FYO car-
riers, and numerous environmental and genetic factors can impact
circulating chemokine levels and metabolic disease risk in humans.

5. Conclusions

This study is the first to investigate the impact of DARC gene
deletion on metabolic function during diet-induced obesity. Both
male and female DARC knockoutmice fed a HFD exhibited impaired
glucose tolerance and insulin sensitivity, and increased adipose
tissue inflammation, compared to HFD-fed wild-type mice.
Increased adipose tissue inflammation alone does not appear to
explain the observed phenotype, however, as male DARC knockout
mice on CD also displayed moderate insulin resistance despite a
lack of adipose tissue inflammation, suggesting a more complex
role for DARC in metabolism beyond its role in regulating chemo-
kines. Our study also reveals a disconnect between circulating and
adipose tissue levels of DARC-bound chemokines in the DARC
knockout mice which potentially may be relevant to human pop-
ulations expressing common DARC allelic variants. Focused studies
are needed to elucidate the potential impact of DARC poly-
morphisms on adipose tissue inflammation and metabolic disease
in human populations.
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2017 VBI 8130, Modern Drug Discovery and Development, AU 
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2013-2015 Pinkal Patel, Neonatology, Augusta University 
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2017-2018 Dusit Adstamongkonkul, Pediatric Neurology, Augusta University 
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2011 Hilary White, Indiana University S.O.M. 
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2014 Christopher Walker, Augusta University M.C.G. 
2016 Stephanie Ryals, Augusta University M.C.G. 
2016-2019 Alexandra Sawyer, Augusta University M.C.G. 
2017-2018 Jenny Patel, Augusta University M.C.G. 
2017 Folasade Aderibigbe, Augusta University M.C.G. 
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2019 Nadiya Zafar, Augusta University, M.C.G. 
2019 Avirale Sharma, Augusta University, M.C.G. 
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2010 James Wodoka, Case Western University (MD/PhD at Indiana University) 
2013-2014 Grace Kim, Vanderbilt (MS at Georgetown/NIH, MD at U. South Florida) 
2015-2016 Sanah Aslam (B.S./M.D. program), Augusta University (MD at AU) 
2016-2017 Alexandra Cetatoiu, Augusta University 

UNIVERSITY SERVICE: 
2010-2012 Wells Center for Pediatric Research summer intern program, IU S.O.M. 
2013-present PEDS 5000, Junior core rotation in Pediatrics, AU 
2013-present PEDS 5001, Sub-internship in Neonatology, AU 
2013-present Neonatal Fellowship Lecture Series, AU 
2013-present Children’s Summer Scholars Program, AU 
2014-present Neonatology Fellowship Clinical Competency Committee, AU 
2015-2016 LCME Site Visit Representative, AU 
2015-2017 Pediatric Fellows 1st Year Curriculum, AU 
2015-2017 Dean’s Research Committee of the MCG Faculty Senate, AU 
2015-present Pediatric Residency Program Evaluation Committee, AU 
2015-present Pediatric Resident Mentor, AU 
2015-present Pediatric Residency Clinical Competency Committee, AU 
2016-present MD/PhD Admissions Committee Member, AU 
2017-2018 Pediatric Chairman Search Committee, AU 
2017-present Assistant Director of Neonatal ECMO, AU 
2018-present Pediatric Grand Rounds and Lectureships Oversight Committee, AU 

OTHER PROFESSIONAL ACTIVITIES: 
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INVITED LECTURES: 
2013 “Understanding the Pathogenesis of Vascular Disease in Neurofibromatosis Type 

1 Patients: Insights from Mouse Models” Perinatal Grand Rounds. University of 
Alabama at Birmingham 

2016 “Zika Virus in the Continental United States” Family Medicine Grand Rounds. 
Augusta University 

2017 “The Lifelong Effects of Early Life” Perinatal Grand Rounds. MUSC 

2018 “Neurofibromin Deficiency Induces Endothelial Cell Proliferation and Retinal 
Neovascularization”, 10th Annual Culver Vision Discovery Institute Retreat 

AD HOC REVIEW 
ATVB 
BMJ Open 
Cellular and Molecular Life Sciences 
Cellular Physiology and Biochemistry 
Clinical Epidemiology 
Clinical Epigenetics 
Circulation Research 
International Journal of Obesity 
Journal of Maternal-Fetal & Neonatal Medicine 
Journal of Molecular and Cellular Medicine 
Journal of Perinatology 
Nutrition in Clinical Practice 
Pediatric Research 
PLOS One 

GRANTS AND FELLOWSHIPS: 

CURRENT SUPPORT: 
“Responsive Parenting, Sleep, and Rapid Weight Gain among African American Infants”, 
National Institutes of Health 
09/1/2017-08/31/2021  Total Costs  
Birch, Lavner, Principal Investigator, B. Stansfield, Co-Investigator 

“Mechanisms of Myeloperoxidase and NOX4 Interactions in Abdominal Aortic Aneurysm” 
National Institutes of Health 
01/01/2018 – 12/31/2023 Total Costs  
Weintraub, Principal Investigator, B. Stansfield, Co-Investigator 

“Leveraging Macrophage Bioenergetics in NF1” 
Augusta University 
06/01/2018 – 05/31/2019 Total Costs 
B. Stansfield, Principal Investigator

“Inflammation and Retinopathy of Prematurity” 
National Institutes of Health 
04/01/2019 – 03/30/2024 Total Costs  
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B. Stansfield, Principal Investigator
“Inflammatory Macrophages and Retinal Neovascularization”

American Heart Association (pre-doctoral fellowship)
01/01/2019 – 12/31/2020 Total Costs  
Tritz, Principal Investigator, B. Stansfield, Mentor

PRIOR SUPPORT: 
“Myeloid Cells and NF1 Vasculopathy” 
Pediatric Scientist Development Program/NIH-NICHD 
07/01/11-06/30/14,   Total Cost  
B. Stansfield, Principal Investigator

“Cardiovascular Abnormalities in Pediatric Patients with Neurofibromatosis Type 1” 
Texas Neurofibromatosis Foundation 
05/01/2016 – 05/01/2017 Total Costs  
Klesse, Principal Investigator, B. Stansfield, Co-Investigator 

“Interrogating NF1 Arterial Stenosis” 
American Heart Association 
07/01/2015-06/30/2018 Total Costs 
B. Stansfield, Principal Investigator

“Characterizing Myeloid Cell Activation in NF1 Vasculopathy” 
Department of Defense/CDMRP 
07/01/2015-06/30/2018 Total Costs  
B. Stansfield, Principal Investigator

GRANTS UNDER REVIEW: 
“Inflammatory Macrophages and NF1-tumor Angiogenesis” 
Department of Defense 
04/01/2019 – 03/30/2022 Total Costs  
B. Stansfield, Principal Investigator

“Responsive Parenting to Reduce Rapid Weight Gain among Late Preterm African 
American Infants: A Randomized Pilot Study” 
National Institutes of Health 
07/01/2019 – 06/30/2021      Total Costs               
Birch, Lavner, Principal Investigator, B. Stansfield, Co-Investigator 

PRINT AND ELECTRONIC PUBLICATIONS: 
I. TEACHING AND CURRICULUM DEVELOPMENT
1. Pediatric Fellows Education Curriculum, Indiana University (2011-2013)

Co-chaired committee to develop and implement new educational curriculum for
pediatric fellows including professional development, scholarship, and quality 
improvement 

2. PEDS 5037, Advanced Pediatrics Elective, Augusta University
Developed curriculum and facilitated 3-day lecture series to introduce “Evidence Based
Medicine” and literature searches to senior students in graduate medical education 

3. VBI 8130, Modern Drug Discovery and Development, Augusta University
Lecturer

4. Neonatal/Perinatal Medicine, Augusta University
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Developed and implemented new curriculum for graduate students, medical residents, 
and fellows in the Division of Neonatal/Perinatal Medicine (10 lectures/year) 

5. Pediatric Resident Research Program, Chair, Augusta University
Revised and implemented curriculum for pediatric resident research

6. Pediatric Fellow Research Program, co-leader of 1st year curriculum
Helped develop formal didactic sessions on clinical trial design, IRB approval, protection
of human subjects, statistical analysis, and manuscript preparation 

II. RESEARCH, SCHOLARSHIP, OR CREATIVE ACTIVITIES (Refereed Journals)
1. Timoney PJ, Stansfield BK, Whitehead R, Lee HB, Nunery WR. Eyelid Lacerations

Secondary to Caesarean Section Delivery.  Ophthal Plast Reconstr Surg. 2012 Jul-
Aug;28(4):e90-2.

2. Stansfield BK, Bessler WK, Mund JA, Downing B, Mali RS, Sarchet KN, Li F, Distasi MR,
Conway SJ, Kapur R, Ingram DA. Heterozygous Inactivation of the Nf1 Gene in Myeloid
Cells Enhances Neointima Formation via a Rosuvastatin-Sensitive Cellular Pathway. Hum
Mol Genet. 2013 Mar 1;22(5):977-88.

3. Stansfield BK, Bessler WK, Mali RS, Mund JA, Downing B, Kapur R, Ingram DA. Ras-
Mek-Erk Signaling Regulates Nf1 Heterozygous Neointima Formation. Am J Pathol. 2014
Jan;184(1):79-85.

4. Downing B, Li F, Mund JA, Bessler WB, Smiley LC, Sarchet KN, Distasi MR, Conway SJ,
Clapp DW, Stansfield BK*, Ingram DA. “Neurofibromin-deficient Myeloid Cells are Critical
Mediators of Aneurysm Formation In Vivo”. Circulation. 2014 Mar 129:1213-1224.
*Corresponding Author

5. Ham PB, Patel P, Wise LJ, Walters C, Stansfield BK. “Severe Myocardial Injury and
Extracorporeal Membrane Oxygenation in Perinatal Asphyxia” J Pediatr Surg. 2015, doi:
10.1016/j.epsc.2015.03.010

6. Ham PB, Wise LJ, Wang EJ, Stansfield BK, Hatley RM, Walters KC, Pipkin WL, Bhatia J.
“Venovenous Extracorporeal Membrane Oxygenation for Cardiorespiratory Failure due to
Congenital Diaphragmatic Hernia and Ebstein’s Anomaly”. Amer Surg. 2015 Aug 81:9

7. Stansfield BK*, Ingram DA. “Clinical Significance of Monocyte Heterogeneity”. Clin Transl
Med. 2015 Nov 4(1): 5 *Corresponding Author

8. Bessler WK, Kim G, Hudson FZ, Mund JA, Mali R, Menon K, Kapur R, Clapp DW, Ingram
DA, Stansfield BK. “Nf1+/- Monocytes/Macrophages Induced Neointima Formation via
CCR2 Activation”. Hum Mol Genet. 2016 Mar 1:25(6):1129-1139.

9. Bessler WK, Hudson FZ, Zhang H, Harris V, Wang Y, Mund JA, Downing B, Ingram DA,
Case J, Fulton DJ, Stansfield BK. “Neurofibromin Regulates Reactive Oxygen Species
Production and Arterial Remodeling”. Free Radic Biol Med. 2016 Jun 3;97:212-222.

10. Stansfield BK*, Fain ME, Bhatia J, Gutin B, Nguyen JT, Pollock NK. “Nonlinear
Relationship between Birthweight and Visceral Fat in Adolescents”. J Pediatr. 2016
Jul;174:185-92. *Corresponding Author

11. Lalani A, Ham PB, Wise LJ, McDaniel JM, Walters CK, Pipkin WL, Stansfield BK, Hatley
R, Bhatia J. “Management of Patients with Gastroschisis Requiring ECMO for Concurrent
Respiratory Failure” Amer Surg. 2016 Sep;82(9):768-72.

12. Christou H, Dizon MLV, Farrow K, Jadcherla SR, Leeman KT, Maheshwari A, Rubin LP,
Stansfield BK, Rowitch DH. “Sustaining Careers of Physician-Scientists in Neonatology
and Pediatric Critical Care Medicine: Formulating Supportive Departmental Policies”.
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Pediatr Res. 2016 Nov;80(5):635-640. 
13. Masoumy EP, Stansfield BK. “Breakthrough in the Prevention of Mother-to-Child

Hepatitis B Transmission?” J Perinatol. 2017 37, 333–334.
14. Stansfield BK*, Wise LJ, Ham PB, Patel P, Parman M, Jin C, Mathur S, Harshfield G,

Bhatia J. “Outcomes Following Routine Antithrombin III Replacement during Neonatal
Extracorporeal Membrane Oxygenation”. J Pediatr Surg. 2017 Apr;52(4):609-613
*Corresponding Author

15. Kim HW, Stansfield BK. “Genetic and Epigenetic Regulation of Aortic Aneurysms”.
Biomed Res Int. 2017;2017(12)

16. Sawyer A, Wise LJ, Ghosh S, Bhatia J, Stansfield BK. “Comparison of transfusion
thresholds during neonatal extracorporeal membrane oxygenation”. Transfusion. 2017.
Sep;57(9):2115-2120. Cover Article, Editorial, and Letter to Editor

17. Yiew KH, Chatterjee TK, Tang YL, Pellenberg R, Stansfield BK, Bagi Z, Fulton DJ, Stepp
DW, Chen W, Patel V, Kamath VM, Litwin SE, Hui DY, Rudich SM, Kim HW, Weintraub
NL. “Novel role for Wnt inhibitor APCDD1 in adipocyte differentiation: implications for diet-
induced obesity”. J Biol Chemist. Apr 14;292(15):6312-6324.

18. Kim HW, Blomkalns AL, Ogbi M, Thomas M, Gavrila D, Neltner BS, Cassis LA, Thompson
RW, Weiss RW, Lindower PD, Blanco VM, McCormick ML, Daugherty A,Fu X, Hazen SL,
Stansfield BK, Huo Y, Fulton, DJ, Chatterjee T, Weintraub NL. Role of myeloperoxidase
in abdominal aortic aneurysm formation: mitigation by taurine. Am J Physiol - Heart Circ
Physiol. 2017 Dec 1;313(6):H1168-H1179.

19. Zhang H, Hudson FZ, Xu Z, Tritz R, Rojas M, Patel C, Haigh SB, Bordan Z, Ingram DA,
Fulton DJ, Weintraub NL, Caldwell RB, Stansfield BK. “Neurofibromin Deficiency Induces
Endothelial Cell Proliferation and Retinal Neovascularization”. Invest Ophthalmol Vis Sci.
2018. May; 59(6): 2520-2528

20. Sawyer A, Wise LJ, Ghosh S, Bhatia J, Stansfield BK. “Response to Letter by Lohmann
et al”. Transfusion. 2018. May:48(5) 1327-1328.

21. Kim HW, Benson TW, Weintraub DS, Crowe M, Yiew KH, Popoola O, Pillai A, Joseph J,
Archer K, Greenway C, Chatterjee C, Mintz J, Stepp DW, Stansfield BK, Chen W, Brittain
J, Bogdanov V, Gao Y, Williams J, Weintraub NL. “Deletion of the Duffy Antigen Receptor
for chemokines (DARC) promotes insulin resistance and adipose tissue inflammation
during high fat feeding.” Mol Cell Endocrinol. 2018. Sep 15;473:79-88.

22. Masoumy E, Thompson JT, Sawyer AA, Sharma S, Gordon PMK, Regnault TRH,
Matushewski B, Weintraub NL, Richardson B, Stansfield BK. “The Lifelong Impact of
Fetal Growth Restriction on Cardiac Development”. Pediatr Res. 2018. Oct;84(4):537-44.

23. Safarulla A, Kuhn W, Lyon M, Etheridge RJ, Stansfield BK, Best G, Thompson A,
Masoumy EP, Bhatia J. “RANS Scan: Rapid Assessment of the Neonate with Sonography
Scan”. J Ultras Med. 2018: 1-11.

24. Fouda AY, Xu Z, Shosha EF, Lemtalsi T, Chen J, Toque H, Tritz R, Cui R, Stansfield BK,
Huo Y, Rodriguez PC, Smith SB, Caldwell RW, Narayanan SP, Caldwell RB. “Arginase 1
Promotes Retinal Neurovascular Protection from Ischemia Through Suppression of
Macrophage Inflammatory Responses”. Cell Death Dis. 2018. Sep 25;9(10).

25. Eriksen BJ, Savage NM, Stansfield BK, Mann PC. “A Novel Mutation in PTPN11 in an
Extremely Preterm Infant with Suspected Juvenile Mylelomonocytic Leukemia”. J Clinic
Neonatal. 2018. Oct 7(4): 269-72.
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26. Horimatsu T, Patel A, Prasad R, Reid L, Benson T, Zarzour A, Ogbi M, Bruder do
Nascimento T, Belin de Cantemele E, Stansfield BK, Lu X, Kim HW, Weintraub NL.
“Systemic Effects of Transplanted Perivascular Adipose Tissue on Endothelial Function
and Atherosclerosis”. Cardiovasc Drugs Ther. 2018. Oct 32(5): 503-510.

27. Zou J, Ma W, Littlejohn R, Stansfield BK, Kim I, Liu J, Zhou J, Weintraub NL, Su H.
“Transient Inhibition of Neddylation at the Neonatal Stage Evokes Reversible
Cardiomyopathy and Predisposes the Heart to Isoproterenol-induced Heart Failure.” Am J
Physiol - Heart Circ Physiol. 2019. Mar 29.

28. Sawyer AA, Pollock NK, Gutin B, Weintraub NL, Stansfield BK. “Proportionality at Birth
and Left Ventricular Mass in Healthy Adolescents”. Early Hum Develop. 2019. Apr
3;132:24-29

29. Lavner JA, Stansfield BK, Beach SRH, Brody GH, Birch LL. Sleep SAAF: A Responsive
Parenting Intervention to Prevent Excessive Weight Gain and Obesity among African
American Infants. BMC Pediatrics. Editorial Review.

30. Horimatsu T, Blomkaln AL, Ogbi M,  Patel S, Gilreath N, Reid L, Benson TW, Pye J,
Ahmadieh S, Thompson A, Robbins N, Mann A, Edgell A, Benjamin S, Stansfield BK,
Huo Y, Fulton DJ, Agarwal G, Singh N, Offermanns S, Weintraub NL, Kim HW. “Niacin
Protects Against Abdominal Aortic Aneurysm Formation via GPR109A Independent
Mechanisms: Role of NAD+/Nicotinamide”. JCI-Insight. Editorial Review.

31. Keene SD, Patel RM, Stansfield BK, Davis J, Josephson CD, Winkler A. “Blood Product
Transfusion and Mortality in Neonatal ECMO”. Ped Crit Car Med. Editorial Review.

32. Ghoshal P, Singla B, Lin H, Cherian-Shaw M, Hudson FZ, Zhang H, Tritz R, Stansfield
BK, Csanyi G. “Loss of GTPase Activating Protein Neurofibromin Stimulates Paracrine
Cell Communication via Macropinocytosis”. Redox Biol. Editorial Review

33. Sawyer AA, Wise L, Bhatia J, Stansfield BK. “Vitamin K and ECMO for Neonatal Hypoxic
Respiratory Failure”. ASAIO. Editorial Review.

34. McCutcheon KC, Wise L, Lewis K, Gilbert B, Bhatia J, Stansfield BK. “The Utility of
Cranial Ultrasound as a Screening Tool for Neonatal ECMO”. Pediatr Radiol. Editorial
Review

35. Tritz R, Zhang H, Hudson FZ, Harris V, Weintraub NL, Fulton DJ, Stansfield BK.
“Neurofibromin-deficiency Enhances Insulin Signaling and Lean Body Mass”. Hum Mol
Genet. Editorial Review.

BOOK CHAPTERS: 
1. Stansfield BK, Conway SJ, Ingram DA, Friedman JA. "Molecular Basis of Cardiovascular

Abnormalities in NF1", in Upadhyay, M (ed): Neurofibromatosis Type 1. Springer-Verlag
Berlin Heidelberg. 2013

ABSTRACTS PRESENTED (*PLATFORM PRESENTATION): 

2000 Stansfield BK*, Deal ST. Regio-selective reduction of a benzylidene acetal group on 
a derivatized glucose, Georgia Academy of Sciences, Valdosta, GA 

2007 Stansfield BK, Hanevold C, Caldwell A. Prenatal predictors of vesicoureteral reflux, 
Medical College of Georgia Research Symposium, Augusta, GA 
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2010 Stansfield BK, Bessler WK, Mund JA, Ingram DA. Nf1 heterozygous macrophages 
are the primary effectors of Nf1+/- neointima formation, Riley Research Symposium 
Indianapolis, IN 

2010 Stansfield BK*, Bessler WK, Mund JA, Sarchet KN, Downing B, Distasi M, Smiley 
LC, Li F, Ingram DA. Lineage restricted studies of monocytes in Nf1+/- vaso-occlusive 
disease, Midwest Section of Perinatal Medicine, Cincinnati, OH 

2011 Stansfield BK, Bessler WK, Mund JA, Sarchet KN, Downing B, Distasi M, Li F, 
Ingram DA. Nf1 heterozygous macrophages are the primary effectors of Nf1+/- 
neointima formation, Riley Research Symposium, Indianapolis, IN 

2011 Stansfield BK*, Bessler WK, Mund JA, Sarchet KN, Downing B, Distasi M, Smiley 
LC, Li F, Ingram DA. Heterozygous inactivation of Nf1 in monocytes/macrophages 
alone is necessary and sufficient for enhanced neointima formation in vivo, 
Children’s Tumor Foundation, Jackson Hole, WY 

2012 Stansfield BK,* Bessler WK, Mund JA, Sarchet KN, Downing B, Distasi M, Smiley 
LC, Li F, Conway SJ, Kapur R, Ingram DA. Heterozygous Inactivation of the Nf1 
Gene in Myeloid Cells Enhances Neointima Formation via a Rosuvastatin-Sensitive 
Cellular Pathway, Riley Research Symposium, Indianapolis, IN 

2012 Downing B, Li F, Bessler WK, Stansfield BK, Mund JA, Sarchet KN, Distasi MC, 
Ingram DA. Myeloid cells induce Nf1+/- aneurysms via activation of NADPH oxidase, 
National Clinical and Translational Sciences Predoctoral Programs Meeting. 
Rochester, MN 

2012 Downing B, Li F, Bessler WK, Stansfield BK, Mund JA, Distasi MC, Smiley LC, 
Ingram DA. Monocyte/macrophages are the primary effectors of Nf1+/- aneurysm 
formation via increased activation of the NADPH oxidase system, Gordon Research 
Conference and Symposium: NOX Family NADPH Oxidases, Waterville Valley, NH 

2012 Stansfield BK*, Bessler WK, Mund JA, Downing B, Li F, Kapur R, Ingram DA. 
Heterozygous Inactivation of the Nf1 Gene in Myeloid Cells Enhances Neointima 
Formation via a Rosuvastatin-Sensitive Cellular Pathway, Midwest Society for 
Pediatric Research, Columbus, OH 

2014 Bessler WK, Mali RM, Kapur R, Ingram DA, Stansfield BK*. MCP-1/CCR2 Signaling 
Mediates Nf1+/- Neointima Formation, Society for Pediatric Research, Vancouver, BC 

2015 Stansfield BK*, Ingram DA. CCR2 Signaling is Necessary for Nf1+/- Neointima 
Formation, Southern Society for Pediatric Research, New Orleans, LA 

2015 Benson TW, Chatterjee TK, Weintraub DS, Popoola O, Stansfield BK, Crowe M, 
Pillai A, Mintz J, Stepp D, Brittain J, Bogdanov V, Weintraub NL. Duffy Antigen 
Receptor for Chemokines Modulates Adipose Inflammation in Obesity Related 
Metabolic Disease, American Diabetes Association, Boston, MA 

2015 Bessler,WK, Hudson FZ, Fulton DJ, Ingram DA, Stansfield BK*. Neurofibromin 
Regulates Oxidative Stress and Arterial Remodeling, Children’s Tumor Foundation, 
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Monterey, CA. Award for Basic Science Poster 

2015 Stansfield BK, Wise L, Patel P, Parman M, Wall D, Bhatia J. Single Center Review 
of Outcomes Following Administration of Antithrombin III during Extracorporeal 
Membrane Oxygenation, ELSO, Atlanta, GA 

2016 Stansfield BK, Wise L, Patel P, Parman M, Wall D, Bhatia J. Outcomes Following 
Routine Antithrombin III Replacement during Neonatal Extracorporeal Membrane 
Oxygenation, Southern Society for Pediatric Research, New Orleans, LA 

2016 Stansfield BK*, Fain ME, Bhatia J, Gutin B, Nguyen JT, Pollock NK. Nonlinear 
Relationship between Birthweight and Visceral Fat in Adolescents. Southern Society 
for Pediatric Research, New Orleans, LA 

2016 Benson TW*, Chatterjee TK, Weintraub DS, Popoola O, Joseph J, Stansfield BK, 
Crowe M, Yiew N, Unruh D, Pillai A, Williams j, Mintz J, Stepp D, Brittain J, 
Bogdanov V, Weintraub NL. The Role of the Duffy Antigen Receptor for Chemokines 
in Metabolic Disease, Experimental Biology, San Diego, CA 

2016 Thompson J*, Mintz J, Stansfield BK. Cardiometabolic Risk in the Offspring of Hetdb 
Pregnancy, Perinatal Biology Symposium, Aspen, CO *Perinatal Biology Travel 
Award 

2016 Johnston M*, Sharma N, Mathur S, Stansfield BK. Addressing Childhood Obesity: 
One Variable at a Time, MCG Pediatric Scholars’ Day, Augusta, GA *William P. 
Kanto Resident Research Award. 

2016 Sawyer A, Wise LJ, Ghosh S, Bhatia J, Stansfield BK. “Transfusion Threshold for 
Neonatal ECMO”. ELSO, San Diego, CA 

2016 Johnston M, Sharma N, Mathur S, Stansfield BK. Addressing Childhood Obesity: 
One Variable at a Time, American Academy of Pediatrics National Conference & 
Exhibition, San Francisco, CA 

2016 Masoumy E*, Stansfield BK. Fetal Growth Restriction Reduces Cardiomyocyte 
Number and Alters Cardiac Development. Perinatal Pediatrics, Marco Is, FL 

2017 Masoumy E*, Thompson JE, Richardson BS, Stansfield BK. Maternal Nutrient 
Restriction Programs Offspring Cardiomyocyte Fate in Guinea Pigs and Humans. 
Southern Society for Pediatric Research, New Orleans, LA  
*Basic Science Young Investigator Award Finalist

2017 Tritz R, Zhang H, Fulton DJ, Stansfield BK. Metabolic Characterization of 
Circulating Human Endothelial Colony Forming Cells. Southern Society for Pediatric 
Research, New Orleans, LA 

2017 Sawyer A, Wise LJ, Bhatia J, Stansfield BK. Comparison of Transfusion Thresholds 
for Neonatal ECMO. Southern Society for Pediatric Research, New Orleans, LA 

2017 Thompson JA*, Larion S, Mintz JD, Stansfield BK. Impact of Gestational Diabetes 
on Metabolic Risk in the Offspring. Pediatric Academic Societies, San Francisco, CA 
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2017 Masoumy E*, Thompson JE, Richardson BS, Sharma S, Stansfield BK. Fetal 
Growth Restriction Impairs Cardiomyocyte Development in Guinea Pigs and 
Humans. Pediatric Academic Societies Meeting, San Francisco, CA 
*Perinatal Travel Award

2017 Tritz R, Zhang HB, Hudson FZ, Benson TW, Kim HW, Fulton DJ, Weintraub NL, 
Stansfield BK. Neurofibromin is a Novel Regulator of Macrophage Polarization via 
PFKFB3 Activation. Children’s Tumor Foundation, Washington D.C.  

2017 Sawyer AA, Pollock N, Stansfield BK. “Birth BMI and Growth Trajectory Predict 
Cardiometabolic Risk in Adolescents”. National Conference and Exhibition of 
American Academy of Pediatrics, Chicago, IL 

2017 Masoumy E, Thompson JE, Richardson BS, Stansfield BK*. “The Lifelong Effects of 
Fetal Growth Restriction on Cardiac Development” Neonatal Cardiopulmonary 
Biology Young Investigators Forum, Chicago, IL 

2018 Zhang H, Hudson FZ, Caldwell RB, Stansfield BK*. “Neurofibromin is a novel 
regulator of endothelial cell proliferation and retinal neovascularization” Southern 
Society for Pediatric Research, New Orleans, LA. *Young Faculty Travel Award 

2018 Keene SD Patel RM, Stansfield BK, Josephson CD, Winkler AM. “Transfusion and 
Mortality in Neonatal ECMO” Keystone ECMO Meeting, Keystone, CO 

2018 Eason AJ*, Crethers D, Ghosh S, Stansfield BK, Polimenokas AC. “Vascular 
thrombotic events in neonates with congenital heart disease: Risk assessment and 
Outcome analysis in the Neonatal Intensive Care Unit” Cardiovascular and Thoracic 
Critical Care Conference, Washington D.C. 

2019 Komic SR*, Aderibigbe F, Rao A, Stansfield BK. “Predictors of Length of Stay in 
Gastroschisis” Southern Society for Pediatric Research, New Orleans, LA. *Trainee 
Travel Award 

2019 Stansfield BK*. “Inflammatory Monocytes are Mobilized in Infants with Type 1 
Retinopathy of Prematurity” Southern Society for Pediatric Research, New Orleans, 
LA. 

2019 Masoumy E, Stansfield BK*. “The Lifelong Impact of Fetal Growth Restriction on 
Cardiac Development. What’s Next”. Pediatric Academic Societies Meeting, 
Baltimore, MD 

2019 Stansfield BK. “Inflammatory Monocytes are Mobilized in Infants with Type 1 
Retinopathy of Prematurity” Pediatric Academic Societies, Baltimore, MD. 

III. PROFESSIONAL SERVICE:
2015-2016 Southern Society for Pediatric Research, Institutional Representative
2016-2018 Southern Society for Pediatric Research, Council Member
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2019-2020 Southern Society for Pediatric Research, President 

IV. INTEGRATION OF TWO OR MORE ASPECTS OF FACULTY WORK:

2014-present Chair, Pediatric Resident Research Committee 
2018-present Chair, Pediatric Grand Rounds and Lectureships Oversight Committee 

Date:     Signature: 
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