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Abstract

Analysis of global gene expression in mesenteric control and collateral arteries
was used to investigate potential molecules, pathways, and mechanisms
responsible for impaired collateral growth in the Spontaneously Hypertensive
Rat (SHR). A fundamental difference was observed in overall gene expression
pattern in SHR versus Wistar Kyoto (WKY) collaterals; only 6% of genes
altered in collaterals were similar between rat strains. Ingenuity® Pathway
Analysis (IPA) identified major differences between WKY and SHR in net-
works and biological functions related to cell growth and proliferation and
gene expression. In SHR control arteries, several mechano-sensitive and
redox-dependent transcription regulators were downregulated including JUN
(—5.2x, P = 0.02), EGRI (—4.1x, P = 0.01), and NFkB1 (—1.95x, P = 0.04).
Predicted binding sites for NFkB and AP-1 were present in genes altered in
WKY but not SHR collaterals. Immunostaining showed increased NFxB
nuclear translocation in collateral arteries of WKY and apocynin-treated SHR,
but not in untreated SHR. siRNA for the p65 subunit suppressed collateral
growth in WKY, confirming a functional role of NFkB. Canonical pathways
identified by IPA in WKY but not SHR included nitric oxide and renin—
angiotensin system signaling. The angiotensin type 1 receptor (AGTR1)
exhibited upregulation in WKY collaterals, but downregulation in SHR; phar-
macological blockade of AGTR1 with losartan prevented collateral luminal
expansion in WKY. Together, these results suggest that collateral growth
impairment results from an abnormality in a fundamental regulatory mecha-
nism that occurs at a level between signal transduction and gene transcription
and implicate redox-dependent modulation of mechano-sensitive transcription
factors such as NFxB as a potential mechanism.

dramatically with increased occurrence of risk factors

Introduction including aging, obesity, and hyperglycemia. These risk
An urgent medical need has been identified for novel factors for PAD not only promote arterial disease, but
therapies across the spectrum of peripheral arterial disease also suppress the innate capacity for compensation to
(PAD) (Gornik 2009), the prevalence of which is rising major arterial occlusion in humans and animal models
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Molecular Basis for Impaired Collateral Growth

(as reviewed by Ziegler et al.[2010]). Their presence may
also suppress the efficacy of therapeutic interventions,
including molecular and cell based treatments (Kinnaird
et al. 2008) and thus explain the failure of many preclini-
cal studies performed in young healthy animals to predict
clinical outcomes for PAD therapies. While potential
mechanisms that mediate impaired compensation have
been reviewed (Kinnaird et al. 2008), many of the studies
supporting these potential mechanisms were focused on
angiogenesis or tissue/cellular responses to severe ischemia
or hypoxia and not the primary collateral arteries which
experience increased blood flow and shear stress and
comprise the primary site of vascular resistance and com-
pensation subsequent to arterial occlusion in both
humans and animal models of arterial insufficiency (as
reviewed in Ziegler et al. [2010]). Consequently, the spe-
cific mechanisms mediating the impaired growth of col-
lateral arteries in the peripheral circulation remain largely
unknown.

The current study was undertaken to identify potential
mechanisms responsible for impaired collateral growth in
the Spontaneously Hypertensive Rat (SHR), an animal
model widely utilized to assess vascular adaptations to
peripheral arterial occlusion (Nelissen-Vrancken et al.
1992, 1993; Scheidegger et al. 1997; Emanueli et al. 2001,
2002; Tamarat et al. 2002; Tuttle et al. 2002b; Srivastava
et al. 2003; Taccarino et al. 2005; Miller et al. 2007a; You
et al. 2008; Matsumura et al. 2009). Microarray analysis
of control and collateral mesenteric arteries was per-
formed and the results demonstrate a fundamental differ-
ence in the overall collateral gene expression pattern in
SHR versus normotensive control rats (Wistar Kyoto;
WKY). Data mining revealed striking differences in the
expression of molecules involved in the regulation of cell
growth and proliferation and gene expression. Redox-
dependent modulation of mechano-sensitive transcription
factors is proposed as a potential mechanism that may
explain, at least in part, the fundamental differences in
collateral gene expression between WKY and SHR and
the resultant impairment in SHR collateral growth.

Methods

General experimental approach

The mesenteric model of flow-mediated collateral growth
(Unthank et al. 1996a,b) was used to assess mechanisms
related to collateral growth and its impairment. The mes-
entery is part of the peripheral circulation and both acute
and chronic intestinal occlusion occur clinically as a result
of atherosclerotic lesions (Hirsch et al. 2006). This model
allows similar ileal arteries representing normal flow
control arteries and high flow collateral arteries to be
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evaluated in the same animal (within subject design).
Additional advantages of the mesenteric model include a
well-defined collateral path and known hemodynamic
changes (Unthank et al. 1996a,b). The vessels are of a size
that provide significant compensation as primary collater-
als, can be easily dissected, and provide adequate RNA
for analysis without pooling.

Animals, procedures, and treatments

Male WKY and SHR rats were obtained from Harlan
(Indianapolis, IN) and studied at ~10 weeks of age. All
procedures were approved by the Indiana University
School of Medicine Institutional Animal Care and Use
Committee. The mesenteric model to induce collateral
growth was created by ligation of sequential ileal arteries
with special care to prevent angiogenesis from stretch or
partial desiccation as previously described (Unthank et al.
1996a,b; Miller et al. 2007a).

For microarray analysis and real-time quantitative RT-
PCR studies, control and collateral arteries were harvested
24 h postligation. This time was selected because minimal
cellular remodeling/recruitment and luminal expansion
have occurred and previous array and expression studies
have shown significant mRNA alterations at 24 h after
arterial occlusion (Lee et al. 2004; Prior et al. 2004). Prior
to tissue harvesting, the caudal aorta was cannulated
above the iliac bifurcation, and the renal arteries ligated
as well as the abdominal aorta proximal to the superior
mesenteric artery. Retrograde aortic perfusion of the
mesenteric arteries and intestine was then performed with
30 mL of cold, phosphate buffered saline followed by
10 mL of an RNA stabilization reagent (RNAlater;
Ambion, Austin, TX).

For immunostaining experiments, control and collateral
arteries were harvested at 1-3 days postligation after
perfusion with warm phosphate-buffered saline contain-
ing a dilator cocktail (0.1 mmol/L adenosine and
0.01 mmol/L sodium nitroprusside) followed by 10%
neutral buffered zinc formalin containing the same dila-
tors. Some SHR were treated with the antioxidant apocy-
nin (3 mmol/L in drinking water) beginning 1 day before
model creation and continuing until perfusion fixation at
3 days postligation. This dose restores both a normal
redox status and collateral growth capacity in SHR mes-
enteric arteries (Miller et al. 2007a; Zhou et al. 2008).

In experiments to assess the importance of the angio-
tensin type 1 receptor (AGTRI1) in successful collateral
luminal expansion, luminal diameters were imaged with
maximal dilation at the time of model creation and then
7 days later in rats with and without losartan pretreat-
ment as previously described (Unthank et al. 1996a,b;
Miller et al. 2007a).
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To assess the potential role of NFkB in collateral
growth, experiments were performed in which p65 or
control siRNA were administered via tail vein using the
hydrodynamic method as previously described (Modlinger
et al. 2006; Palm et al. 2007). Briefly, p65 siRNA
(ON-Target Plus SmartPool duplex, Thermo Scientific/
Dharmacon, Pittsburgh, PA) or nonsense control siRNA
(Thermo/Dharmacon; SmartPool universal siRNA con-
trol) was reconstituted with RNase-free water and diluted
with Mirus Bio TransIT in vivo transfection agent. The
siRNA was injected as a 6 mL bolus containing 50 and
25 ug, respectively, at 1 day prior to and 4 days after
collateral model creation and luminal expansion assessed
by diameter measurements as described above.

Global gene expression analysis

Microarray analysis of WKY and SHR mesenteric arteries
was performed by the Indiana University Center for Med-
ical Genomics (IUCMG) using the Affymetrix GeneChip
Rat Genome U34A Array as previously described (Miller
et al. 2007b) but with amplification (McClintick et al.
2003). Control and collateral arteries from each animal
were labeled individually and hybridized to an array. No
pooling was used. Data were analyzed using Affymetrix
Microarray Suite 5.0 software (MAS5; Affymetrix Micro-
Array Suite 5.0 User’s Guide, Santa Clara, CA). The
experimental design for the microarray analysis is sum-
marized in Figure 1. Same-animal control and collateral
arteries were harvested from four WKY and four SHR.
One WKY control sample had insufficient RNA and was
excluded from analysis. A complete data set is available at
the NCBI GEO database (http://www.ncbi.nlm.nih.gov/
projects/geo) under accession GSE19524. Microarray data
analyses were carried out using the Microarray Data Por-
tal, a proprietary analytical and informatics algorithm
developed by the IUCMG, and IPA (Ingenuity® Systems,
www.ingenuity.com). To eliminate data from probe sets
that are not reliably detected, only those probe sets iden-
tified as “present” by MAS5 in at least half of the arrays
were analyzed (McClintick et al. 2003).

Real-time quantitative RT-PCR (qRT-PCR)

Total RNA was obtained from additional sets of animals
and mesenteric artery mRNA expression assessed using
real-time quantitative PCR as previously described in
detail (Miller et al. 2007b). Aliquots (5.0 uL of 1:5-1:50
dilutions) of reverse transcription reactions (0.5 ug total
RNA) were combined with the appropriate primers for
targets or the beta-actin endogenous control (TagMan®
Gene Expression Assays; Applied Biosystems, Foster City,
CA) in the presence of PCR reagents (QuantiTect™ Probe
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| Arterial ligation performed in WKY and SHR |

y

| After 24 hrs, control and collateral artery isolation from each animal ‘

!

| Affymetrix GeneChip Rat Genome U34A, quadruplicates |

A 4

Logarithmetic normalization

A 4

| Two-way Repeated Measures ANOVA (Strain X Vessel type) |

A 4

| Ingenuity Pathway Analysis, Motif Modeler |

Figure 1. Experimental design for microarray analysis. Microarray
analysis utilizing the Affymetrix GeneChip Rat Genome U34A Array
was performed on control and collateral mesenteric arteries of
WKY and SHR (N = 4 each). Data were extracted using Affymetrix
Microarray Suite 5.0 software and statistical analysis for a within
subject design was performed after logarithmetic normalization.
Data mining was then performed with IPA to identify molecules
with the greatest expression changes, top biological functions, and
canonical pathways. Motif Modeler was used to find predicted
transcription factor binding sites in molecules with altered
expression in collateral relative to control arteries.

PCR Kit; Qiagen, Valencia, CA). Reactions were run in
triplicate on an Applied Biosystems 7500 Real-Time PCR
System using relative quantification (ddCt) with dual-
labeled (FAM/MGB) probes as the product detection
method. Standard cycling conditions (2-step PCR, 40
cycles) were used for all targets except AGTR1b (angio-
tensin II receptor, type 1b), which was modified to 45
cycles. Differences in PCR product yields between groups
were determined by comparing the fold differences
between target mRNA after normalization to beta-actin.

Immunohistochemistry

Immunostaining was performed using an immunoperoxi-
dase technique on cross-sections of paraffin-embedded
control and collateral vessels as previously described
(Miller et al. 2007b). Briefly, for immunoperoxidase stud-
ies, slides from paraffin blocks were antigen retrieved
using DAKO Target Retrieval solution (pH 6.0) to expose
antigens masked by formalin. Endogenous biotin was
blocked with avidin/biotin blocking system (DAKO) and
endogenous peroxidase with 3% hydrogen peroxide. Anti-
bodies were applied for 60 min at room temperature at a
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concentration determined by titering to eliminate nonspe-
cific background staining. Slides were developed using
DAKQ’s EnVision+ Dual Link (DAKO North America
Inc., Carpinteria, CA), HRP kit for rabbit or mouse
primary antibodies in a DAKO Autostainer. The
AGTR1 polyclonal primary antibody was generated from
a peptide immunogen for the sequence LQLLKYIPPKAK
SHSNLSTKMSTLSYRPSDNVSSSTKKP  (Sigma Prestige
Antibody HPA003596). The antibody for NFxkB (nuclear
factor kappa light-chain enhancer of activated B cells) was
a mouse monoclonal against NFkB p65 (Santa Cruz,
sc-8008). Quantitation was performed by CAL in a
blinded manner by determining the percent of cells or
nuclei with immunoreactivity within each wall layer
(intima, media, and adventitia).

Statistical and ontological analyses

Two-way repeated measures analysis of variance (strain X
vessel type) was used to assess statistical differences in the
microarray experiments. For the microarray analysis, false
discovery rates were calculated as previously described
(Storey and Tibshirani 2003). Genes that had significant
expression changes at P < 0.05 using log transformed sig-
nal values and fold changes >1.25 were further analyzed
with IPA. By associating these molecules with biological
functions in the Ingenuity Knowledge Base, IPA func-
tional analysis identified the biological functions most
significant to the data set. Right-tailed Fisher’s exact test
was used to calculate a P-value determining the probabil-
ity that each biological function was due to chance alone.
IPA canonical pathways analysis identified the pathways
from the IPA library of canonical pathways that were
most significant to the data set. Fisher’s exact test was
used to calculate a P-value determining the probability
that the association between the genes in the data set and
the canonical pathway was explained by chance alone.
Statistical significance of arterial diameter change and
immunoreactivity results was assessed by two-way
repeated measures analysis of variance with pairwise
multiple comparison procedures performed with the
Holm-Sidak method (Systat Software Inc., Sigmaplot for
Windows v.11).

Results

Differences between WKY and SHR
collaterals

A primary goal of the study was to identify potential
molecules and discover related functions and pathways
that might mediate the collateral growth impairment
observed in SHR. To accomplish this objective in an
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unbiased manner, analysis of the microarray data was
performed with IPA. The first objective was to determine
the total number of molecules with altered expression
between collateral and control arteries in SHR and WKY.
The number of genes present on the microarray with
adequate expression for analysis was 1795. IPA was used
to determine the molecules with altered expression in
collateral compared to control arteries (within subject
design, P < 0.05, fold change >1.25x) that were both
common and unique to WKY and SHR. There were a
total of 125 and 111 genes with altered expression in
WKY and SHR, respectively. Figure 2 reports the number
of these molecules which were up- and downregulated,
and shows that only 14 were common between WKY and
SHR. These results indicate a fundamental difference
between WKY and SHR in the global pattern of collateral
gene expression. The potential impact of this difference
between WKY and SHR was further assessed in IPA by
analyses of networks, biological functions, and canonical
pathways.

Network analyses

The five gene networks with the highest scores deter-
mined by IPA are shown in Table 1 for WKY and SHR.
In WKY, the networks with the two highest scores were
(1) Cellular Movement, Cellular Development, Cellular
Growth and Proliferation, and (2) Gene Expression, Cell
Death, and Hematological System Development and
Function. We examined these two networks to further
assess collateral expression differences between these two
strains. As illustrated in Figure 2B and C, these two net-
works contained 18 and 17 molecules, respectively, with
altered expression (P < 0.5 and fold change >1.25%) in
WKY collaterals. Comparison to the molecules altered in
the SHR collaterals for these two WKY networks revealed
that only six molecules combined were common between
strains (molecules identified by red plus signs in Fig-
ure 2B and C).

Biological functions

Table 2 lists the five highest IPA rated biological func-
tions within the molecular and cellular category for collat-
eral artery gene expression in WKY and SHR. Not only
are the top functions dissimilar for the WKY and SHR,
but evaluation of the specific molecules altered within
WKY and SHR collaterals display limited overlap or simi-
larity for a given function. For example, of altered mole-
cules in the functional groups of Cellular Growth and
Proliferation and Cell Cycle (among top ranked for WKY
and SHR, respectively, Table 2), only 1 molecule was
common (PTPN2). In addition, Gene Expression,
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B Cellular Movement, Cellular Development,
Cellular Growth and Proliferation

WKY
Collateral
651

601

SHR
Collateral
371
74,

Adaptdfpiotein 1

C Gene Expression, Cell Death, Hematological
System Development and Function

Figure 2. Fundamental differences in collateral gene expression. (A) Venn diagram of number of genes with increased (1) or decreased (|)
expression in collateral artery relative to same animal control artery for WKY and SHR (P < 0.05, fold change >1.25x). An IPA comparison
analysis of the molecules with altered expression (125 in WKY, 111 in SHR) indicates 222 genes unique to either set, with only 14 common to
both sets and demonstrating similar expression changes. The upregulated genes with common expression between WKY and SHR included
AP1S1 (adaptor-related protein complex 1, sigma 1 subunit), C6orf115 (ABRA C-terminal like), LRRC59 (leucine rich repeat containing 59), and
PTPN2 (protein tyrosine phosphatase, nonreceptor type 2); those downregulated were ATP1A2 (ATPase, Na+/K+ transporting, alpha 2
polypeptide), COX8A (cytochrome c oxidase subunit VIIIA (ubiquitous)), CST3 (cystatin C), ECH1 (enoyl CoA hydratase 1, peroxisomal), FUCA1
(fucosidase, alpha-L- 1, tissue), IDH2 (isocitrate dehydrogenase 2 (NADP+), mitochondrial), LDHB (lactate dehydrogenase B), PPA2
(pyrophosphatase (inorganic) 2), PPP1R1A (protein phosphatase 1, regulatory (inhibitor) subunit 1A), and ZFP36L1(zinc finger protein 36, C3H
type-like 1). The two IPA highest scored networks in WKY were Cellular Movement, Cellular Development, Cellular Growth and Proliferation
shown in (B), and Gene Expression, Cell Death, Hematological System Development and Function depicted in (C). Molecules with significant
up- and downregulation are identified with red and green shading, respectively. Comparison of these molecules between WKY and SHR
demonstrated fundamental differences. For those genes in the Cellular Movement, Cellular Development, Cellular Growth and Proliferation,
only AP1S1(adaptor-related protein complex 1, sigma 1 subunit), ATP1A2, EEF2K (eukaryotic elongation factor-2 kinase), and CSRP2 (cysteine
and glycine-rich protein 2) had altered expression in SHR (red +). Similarly, within the Gene Expression, Cell Death, Hematological System
Development and Function network, only CLU (clusterin) and FUCA (fucosidase, alpha-L- 1, tissue) had altered collateral expression in SHR
(red +). o = cytokine, © = enzyme, o = other, horizontal oval = transcription regulator, A= phosphatase, ¥ = kinase, vertical oval =
transmembrane receptor, trapezoid = transporter. Lines without arrows indicate binding, lines with arrows indicate stimulation, solid lines
indicate direct interaction, and dashed lines indirect.
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Table 1. IPA highest ranked networks.

J. L. Unthank et al.

Network ID Associated network functions Score
(A) WKY
1 Cellular Movement, Cellular Development, Cellular Growth and Proliferation 34
2 Gene Expression, Cell Death, Hematological System Development and Function 31
3 Gene Expression, Cancer, Small Molecule Biochemistry 29
4 Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral Metabolism 26
5 Gene Expression, Cell Death, Gastrointestinal Disease 25
(B) SHR
1 Cell-to-Cell Signaling and Interaction, Nervous System Development and Function, Cell Cycle 42
2 Cellular Movement, Cell Cycle, Cellular Growth and Proliferation 37
3 Cellular Development, Hepatic System Development and Function, Lipid Metabolism 30
4 Cellular Assembly and Organization, Cell Death, DNA Replication, Recombination, and Repair 29
5 Genetic Disorder, Neurological Disease, Skeletal and Muscular Disorders 25

IPA, Ingenuity® pathway analysis; WKY, Wistar Kyoto; SHR, spontaneously hypertensive rat.

Table 2. IPA highest ranked molecular and cellular functions.

Name P-value # Molecules

(A) WKY Collateral vs. Control Arteries

Cellular Development 1.96E-08-1.75E-03 50

Cellular Growth and 1.96E-08-2.06E-03 54
Proliferation

Cell-To-Cell Signaling
and Interaction

Cell Death

Cellular Movement

6.39E-08-2.06E-03 40

1.32E-07-2.09E-03 49
1.84E-07-2.09E-03 37

(B) SHR Collateral vs. Control Arteries
Cellular Assembly and 2.07E-05-1.27E-02 19
Organization
Free Radical Scavenging
Molecular Transport
Cell Cycle
Protein Synthesis

2.41E-05-8.06E-03 12
2.41E-05-1.27E-02 35
2.49E-05-1.27E-02 22
2.71E-05-8.33E-04 14

IPA, Ingenuity® pathway analysis; WKY, Wistar Kyoto; SHR, spon-
taneously hypertensive rat.

although not among the IPA highest ranked Bio Func-
tions for either WKY or SHR, was included in the list of
significantly altered molecular and cellular functions for
both and included 39 molecules in WKY (39 subcatego-
ries with P-values from 3.43 x 107° to 2.09 x 10°) and
eight in SHR (eight subcategories, P = 3.40 x 107> to
1.27 x 107?) without a single molecule in common.

Canonical pathway analysis

Based upon the functional analyses, canonical pathways
within IPA were selected for the categories of Cardiovas-
cular Signaling; Cell Cycle Regulation; Cellular Growth,
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Proliferation, and Development; and Transcriptional
Regulation and further screened based upon molecular
ratio >0.03 and statistical significance at P < 0.01. The
canonical pathways which met these criteria and were
different between WKY and SHR are reported in Table 3.
Significant alterations in WKY but not SHR were
observed for signaling pathways associated with nitric
oxide, the renin—angiotensin system (RAS), and trans-
forming growth factor-beta (Fig. 3), all of which are
known to have important roles in various types of arterial
remodeling. In SHR, the canonical pathways of mito-
chondrial dysfunction and insulin receptor signaling were
altered.

Molecules with greatest fold changes

Comparison of the molecules with the greatest fold
changes were identified by IPA and further confirmed
fundamental differences in gene expression between WKY
and SHR collaterals. Table 4 reports the top ten up- and
downregulated molecules in WKY and also shows the
corresponding expression change, if any, in the SHR.
Only one of the top 10 up- and downregulated molecules
in WKY collaterals had significantly altered expression in
the SHR (ATP1A2, ATPase, Na+/K+ transporting, alpha 2
polypeptide). Additional molecules upregulated in the
WKY but not SHR included L-arginine transporter solute
carrier family 7 (SLC7A1), interleukin 1§ (IL1f), and
transforming growth factor 3 (TGFf33); while angiotensi-
nogen (AGT), jun proto-oncogene (JUN), and neurotac-
tin or fractalkine (CX3CL1) were among the molecules
downregulated only in WKY collaterals. Similar compari-
son of the molecules with the greatest fold changes in
SHR (Table 5) revealed that none of the top 10 upregu-
lated molecules were altered in WKY while only three of

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 3. IPA highest ranked canonical pathways.

Ingenuity canonical pathways Analysis name Ratio P-value Molecules
(A) Significantly altered in WKY but not SHR
Nitric Oxide Signaling in the Cardiovascular System WKY 0.050 0.000 PRKAR2B,PLN,GUCY1A3,SLC7A1,ATP2A3
Nitric Oxide Signaling in the Cardiovascular System SHR 0.020 0.091 ITPR3,ATP2A2
IL-1 Signaling WKY 0.047 0.001 GNB1,FOS,JUN,PRKAR2B,ADCY6
IL-1 Signaling SHR 0.019 0.117 GNG11,GNB2
TGF-p Signaling WKY 0.045 0.003 FOS,JUN, TGFB3,SERPINE1
TGF-p Signaling SHR NA NA
Renin—Angiotensin Signaling WKY 0.040 0.001 FOS,JUN,PRKAR2B,ADCY6,AGT
Renin-Angiotensin Signaling SHR 0.016 0.154 ITPR3,AGTR1
(B) Significantly altered in SHR but not WKY
Mitochondrial Dysfunction SHR 0.040 0.000 NDUFS7,XDH,COX8A,COX7A2L,APP,
NDUFB2,NDUFB10
Mitochondrial Dysfunction WKY 0.017 0.079 NDUFS5,COX8A, TXNRD2
Insulin Receptor Signaling SHR 0.036 0.001 RPS6KB1,BAD,EIF2B3,GSK3B,PPP1CA
Insulin Receptor Signaling WKY 0.014 0.254 PRKAR2B,EIFAEBP1

ADCY6, adenylate cyclase 6; AGT, angiotensinogen; AGTR1, angiotensin Il receptor, type 1; APP, amyloid beta (A4) precursor protein;
ATP2A2, ATPase, Ca++ transporting, cardiac muscle, slow twitch 2; ATP2A3, ATPase, Ca++ transporting, ubiquitous; BAD, BCL2-associated
agonist of cell death; COX7A2L, cytochrome c¢ oxidase subunit Vlla polypeptide 2 like; COX8A, cytochrome c oxidase subunit Vlila; EIF2B3,
eukaryotic translation initiation factor 2B, subunit 3; EIF4EBP1, eukaryotic translation initiation factor 4E-binding protein 1; FOS, FBJ osteosar-
coma oncogene; GNB1, guanine nucleotide-binding protein (G protein), beta polypeptide 1; GNB2, guanine nucleotide-binding protein (G pro-
tein), beta polypeptide 2; GNG11, guanine nucleotide-binding protein (G protein), gamma 11; GSK3B, glycogen synthase kinase 3 beta;
GUCY1A3, guanylate cyclase 1, soluble, alpha 3; ITPR3, inositol 1,4,5-trisphosphate receptor, type 3; JUN, jun proto-oncogene; NDUFB10,
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10; NDUFB2, NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2; NDUFS5,
NADH dehydrogenase (ubiquinone) Fe-S protein 5; NDUFS7, NADH dehydrogenase (ubiquinone) Fe-S protein 7; PLN, phospholamban;
PPP1CA, protein phosphatase 1, catalytic subunit, alpha isozyme; PRKAR2B, protein kinase, cAMP dependent regulatory, type Il beta;
PRKAR2B, protein kinase, cAMP dependent regulatory, type Il beta; PRKAR2B, protein kinase, cCAMP dependent regulatory, type Il beta;
RPS6KB1, ribosomal protein S6 kinase, polypeptide 1; SERPINE1, serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type
1), member 1; SLC7A1, solute carrier family 7 (cationic amino acid transporter, y+ system), member 1; TGFB3, transforming growth factor,
beta 3; TXNRD2, thioredoxin reductase 2; XDH, xanthine dehydrogenase. IPA, Ingenuity® pathway analysis; WKY, Wistar Kyoto; SHR, sponta-
neously hypertensive rat; IL, interleukin; TGF, transforming growth factor.

the greatest downregulated molecules exhibited decreased

Threshold
o : expression in WKY collaterals (ECH1, enoyl CoA hydra-
:Itt:: g:'r:‘?oif::‘:::? iiiiil/ /f./ " tase 1, peroxisomal; ATP1A2; CST3, cystatin C). Growth
System : arrest and DNA-damage-inducible o (GADD450) was
: among the top 10 genes upregulated in SHR but not
Renin-Angiotensin /f/ ] WKY collaterals.
Signaling E
TGF-B Signaling /3/ J SR Differences between WKY and SHR control
: CZAWKY  arteries
0 1 2 3 Next, comparisons between SHR and WKY control arter-
—log(p-value) ies were made to determine if additional insight might be

Figure 3. Canonical pathways within IPA known to the authors to
have important roles in various types of arterial remodeling and
which exhibited significant alterations in WKY but not SHR included
signaling pathways associated with nitric oxide, the renin—
angiotensin system (RAS), and transforming growth factor-beta as
shown in this figure.

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

obtained to explain the fundamental difference in collat-
eral gene expression between these two rat strains. In
SHR control arteries, 175 molecules had altered expres-
sion relative to WKY controls (>1.25 fold change,
P <0.05). The IPA highest rated networks, cellular and
molecular biological functions, and molecules with great-
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Table 4. Molecules with greatest fold changes in collateral expression in WKY with comparison to SHR.

WKY fold change ~ WKY P-value  SHR fold change  SHR P-value  Symbol Entrez gene name
3.97 0.002 1.72 0.413 ESM1 Endothelial cell-specific molecule 1
2.84 0.012 —1.00 0.989 COL12A1  Collagen, type XII, alpha 1
2.65 0.010 1.22 0.505 SLC7A1 Solute carrier family 7 (cationic amino acid
transporter, y+ system), member 1
2.48 0.019 1.41 0.422 IL1B Interleukin 1, beta
2.42 0.035 1.70 0.174 DIO3 Deiodinase, iodothyronine, type Ill
2.37 0.010 —0.98 0.925 ACTA1 Actin, alpha 1, skeletal muscle
2.28 0.031 —1.01 0.984 CRYAB Crystallin, alpha B
2.25 0.002 —1.05 0.899 IDI1 Isopentenyl-diphosphate delta-isomerase 1
2.25 0.007 -1.79 0.123 TGFB3 Transforming growth factor, beta 3
2.19 0.041 1.31 0.419 CYP51A1  Cytochrome P450, family 51, subfamily A, polypeptide 1
—6.45 0.039 —1.27 0.595 AGT Angiotensinogen (serpin peptidase inhibitor,
clade A, member 8)
—4.08 0.016 -2.61 0.053 SULT1A1 Sulfotransferase family, cytosolic, 1A,
phenol-preferring, member 1
—3.44 0.048 —-1.32 0.243 TNXA Tenascin XA
—-2.93 0.049 —2.08 0.679 JUN Jun proto-oncogene
—2.86 0.000 —1.97 0.128 GSTT2 Glutathione S-transferase theta 2
—2.84 0.010 —2.21 0.034 ATP1A2 ATPase, Na+/K+ transporting, alpha 2 polypeptide
—-2.74 0.044 —1.65 0.113 EPHX1 Epoxide hydrolase 1, microsomal (xenobiotic)
—2.68 0.001 —2.32 0.623 FMOD Fibromodulin
—2.49 0.029 —1.86 0.182 EEF2K Eukaryotic elongation factor-2 kinase
—2.48 0.025 —0.68 0.831 CX3CL1 Chemokine (C-X3-C motif) ligand 1

IPA, Ingenuity® pathway analysis; WKY, Wistar Kyoto; SHR, spontaneously hypertensive rat.

Table 5. Molecules with greatest fold changes in collateral expression in SHR with comparison to WKY.

SHR fold change SHRP-value WKY fold change WKY P-value Symbol Entrez gene name
3.40 0.049 1.38 0.822 CYP4A14 Cytochrome P450, family 4, subfamily a, polypeptide 14
1.91 0.011 1.10 0.650 AKAP11 A kinase (PRKA) anchor protein 11
1.91 0.034 1.16 0.773 GADD45A  Growth arrest and DNA-damage-inducible, alpha
1.89 0.047 1.72 0.172 EIF2B3 Eukaryotic translation initiation factor 2B, subunit
3 gamma, 58 kDa
1.80 0.048 —-1.14 0.773 NAPA N-ethylmaleimide-sensitive factor attachment protein, alpha
1.73 0.030 1.57 0.164 LOC686240 Similar to NMDA receptor regulated 1-like
1.72 0.015 1.05 0.833 MRPL24 Mitochondrial ribosomal protein L24
1.71 0.018 -0.95 0.888 ACSL4 Acyl-CoA synthetase long-chain family member 4
1.68 0.037 1.05 0.876 GSK3B Glycogen synthase kinase 3 beta
1.68 0.018 —1.03 0.878 GFM1 G elongation factor, mitochondrial 1
—2.93 0.006 —1.58 0.638 THY1 Thy-1 cell surface antigen
—-2.41 0.017 -2.23 0.018 ECH1 Enoyl CoA hydratase 1, peroxisomal
—2.31 0.015 —1.11 0.750 HSD3B7 Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and
steroid delta-isomerase 7
-2.21 0.034 —2.84 0.010 ATP1A2 ATPase, Na+/K+ transporting, alpha 2 polypeptide
—2.06 0.047 —1.14 0.658 IRF3 Interferon regulatory factor 3
—-1.99 0.006 —1.07 0.768 PTPRA Protein tyrosine phosphatase, receptor type, A
—1.88 0.010 1.09 0.679 SLC6A6 Solute carrier family 6 (neurotransmitter transporter,
taurine), member 6
-1.86 0.005 —-1.13 0.214 ITGA7 Integrin, alpha 7
—1.83 0.038 —1.98 0.000 CST3 Cystatin C
—1.83 0.015 —1.54 0.055 IVD Isovaleryl-CoA dehydrogenase

IPA, Ingenuity® pathway analysis; WKY, Wistar Kyoto; SHR, spontaneously hypertensive rat.
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est fold changes are reported in Table 6. Cell growth, cell
cycle, cell proliferation, and gene expression were biologi-
cal processes included within the highest rated gene net-
works and molecular and cellular functions (Table 6A
and B). Molecules with the greatest upregulation in SHR
relative to WKY were CD74 (HLA class II histocompati-
bility antigen gamma chain) and HLA-DR (IK cytokine,
downregulator of HLA II) (Table 6C). CX3CL1 was the
molecule with the greatest downregulation. Six of the 10
molecules with the greatest degree of downregulation in

Molecular Basis for Impaired Collateral Growth

response 1), and EGR2 (early growth response 2). In
addition to these molecules with the greatest fold changes,
several other molecules of potential significance in terms
of impacting flow-mediated outward remodeling also
exhibited altered expression. As can be seen in the online
database, these include CYBA (cytochrome b-245, alpha
polypeptide or p22phox), an NAD(P)H oxidase compo-
nent, and NFkB1 (nuclear factor of kappa light polypep-
tide gene enhancer in B cells 1) which gives rise to p105
and the DNA-binding component of NFkB, p50. CYBA

SHR control arteries were molecules involved in tran- expression was increased 3.2x (P =0.027) in SHR;
scriptional regulation, including JUN, EGRI1 (early growth ~ NFxB1 was downregulated 1.95x (P = 0.044).
Table 6. Summary of IPA analysis for SHR versus WKY control arteries.
(A) Highest ranked networks
Network ID Associated network functions Score
1 Cell Death, Gene Expression, Cellular Growth and Proliferation 35
2 Antigen Presentation, Cell-To-Cell Signaling and Interaction, Hematological 29
System Development and Function
3 Inflammatory Response, Cell Death, Cell-To-Cell Signaling and Interaction 26
PostTranslational Modification, Protein Folding, Protein Degradation 26
5 Protein Synthesis, Cell Cycle, RNA PostTranscriptional Modification 24
(B) Top biological functions: molecular and cellular functions
Name P-value # Molecules
Cell Cycle 2.29E-06-2.05E-02 19
Cell Death 2.29E-06-1.88E-02 30
Cellular Development 2.29E-06-1.99E-02 26
Gene Expression 1.90E-05-2.11E-02 28
Cellular Growth and Proliferation 4.75E-05-1.99E-02 34

(C) Molecules with greatest fold changes in SHR vs. WKY control arteries

Fold change P-value Symbol Entrez gene name

12.34 0.006 CD74 CD74 molecule, major histocompatibility complex, class Il invariant chain

12.27 0.002 HLA-DRA IK cytokine, downregulator of HLA I

12.15 0.033 APOD Apolipoprotein D
5.94 0.004 FCGR2A Fc fragment of IgG, low affinity lla, receptor (CD32)
5.36 0.003 MAF V-maf musculoaponeurotic fibrosarcoma oncogene homolog (avian)
5.33 0.007 THBS4 Thrombospondin 4
4.94 0.028 DMBT1 Deleted in malignant brain tumors 1
477 0.002 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2
4.45 0.012 FMO1 Flavin-containing monooxygenase 1
4.45 0.029 LYz Lysozyme

—11.24 0.031 CX3CL1 Chemokine (C-X3-C motif) ligand 1

—9.87 0.009 NR4A3 Nuclear receptor subfamily 4, group A, member 3

—6.59 0.007 VCAM1 Vascular cell adhesion molecule 1

—5.47 0.002 KLF6 Kruppel-like factor 6

—5.37 0.024 DRD1 Dopamine receptor D1

—-5.17 0.023 JUN Jun proto-oncogene

—4.08 0.001 IRF1 Interferon regulatory factor 1

—4.05 0.012 EGR1 Early growth response 1

—3.97 0.001 DUSP1 Dual specificity phosphatase 1

—-3.70 0.002 EGR2 Early growth response 2

IPA, Ingenuity® pathway analysis; WKY, Wistar Kyoto; SHR, spontaneously hypertensive rat.

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.
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Transcription factor binding sites

The IPA analyses described above implicated potential
differences in transcription factor expression and tran-
scriptional regulation between SHR and WKY in collateral
and control arteries. Therefore, Motif Modeler (Liu et al.
2006) was used to identify predicted transcription factor
binding sites based on the molecules whose gene expres-
sion was altered in the collateral arteries. Potential bind-
ing sites were found for 19 potential transcription factors
in WKY and SHR. Remarkably, there was no overlap in
the predicted transcription factors between WKY and
SHR (Table 7). Several of the identified binding sites in
WKY collaterals were for transcription factors known to

J. L. Unthank et al.

be sensitive to mechanical stimulation (shear stress and/
or circumferential wall stress) or redox status, including
at least three known to be influenced by both mechanical
stimuli and reactive oxygen or nitrogen species (NFxB
[Allen and Tresini 2000; Davis et al. 2004; Lan et al.
1994], AP-1[activator protein 1] [Lan et al. 1994; Allen
and Tresini 2000], and NF-E2 [nuclear factor, erythroid
derived 2] [Dai et al. 2007; Warabi et al. 2007]).

Assessment of the potential functional
significance of microarray results

A pathway list was created in IPA which included mole-
cules selected from those with the greatest fold changes

Table 7. Number of altered genes with predicted transcription factor binding sites in WKY and SHR.

(A) Altered in WKY

(B) Altered in SHR

Transcription factor WKY # SHR # Transcription factor WKY # SHR #
GATA-1 24 0 AML-1a 0 54
Zicl 24 0 AML1 0 54
PR 23 0 Pax-2 0 24
NF-E2 22 0 IRF-1 0 20
AP-1 22 0 MyoD 0 19
STAT3 22 0 PPARa:RXR-o 0 19
NF-kappaB (p65) 21 0 NERF1a 0 18
Ik-1 20 0 Myogenin 0 18
Zic2 20 0 E2A 0 18
GR 20 0 TATA 0 17
PBX 19 0 E12 0 17
YY1 18 0 SMAD-4 0 17
CDP 13 0 PEBP 0 15
SOX-9 13 0 SF-1 0 14
Crx 13 0 T3R 0 14
ELF-1 13 0 ERR alpha 0 13
HNF4, COUP 12 0 MEISTA:HOXA9 0 12
SREBP-1 1 0 CDP CR1 0 11
OCT1 7 0 Zic3 0 11

Symbol of transcription factor or regulatory-binding site followed by full name and the TFBS accession number in brackets. AML1,acute mye-
loid leukemia 1 (also known as runt-related transcription factor 1, Runx1) [M0O0751]; AML-1a, acute myeloid leukemia 1a, transcription factor
encoded by AML1T [M00271]; AP-1, activator protein 1 [M00174, M00188, M00925, M00926]; CDP, CCAAT displacement protein/Cut
homeobox [M00095]; CDP CR1, Cut repeat 1 of CDP [M00104]; Crx, cone-rod homeobox [M00623]; E12, E box protein E12 [M00693], E2A,
E2A immunoglobulin enhancer-binding factors E12/E47 (also known as TCF3, transcription factor 3 [M00973], ELF-1, E74-Like Factor 1 (Ets
Domain Transcription Factor) [M00746]; ERR alpha, estrogen-related receptor, alpha [M00511]; GATA-1, GATA-binding protein 1 [M00127];
GR, Glucocorticoid receptor (also known as nuclear receptor subfamily 3, group C, member 1, NR3c1) [M00955]; HNF4, hepatocyte nuclear
factor 4, alpha [M00967]; k-1, IKZF1-IKAROS family zinc finger 1 [M00086]; IRF-1, interferon regulatory factor 1 [M00062]; MEISTA:HOXA9,
homeobox A9 [M00420]; MyoD, myogenic differentiation 1 [M00001, M00184]; myogenin [M00712]; NF-E2, nuclear factor, erythroid derived
2 [M00037]; NERF1a, E74-like factor 2 (ets domain transcription factor) [M00531]; NF-kappaB (p65), nuclear factor of kappa light polypeptide
gene enhancer in B cells [M00052]; OCT1, organic cation transporter 1, POU class 2 homeobox 1 [M00135]; Pax-2, paired box 2 [M00486];
PBX, pre-B-cell leukemia homeobox 1 [M00998]; PEBP, phosphatidylethanolamine-binding protein 1 [M00984]; PPARw, peroxisome prolifera-
tor-activated receptor alpha [M00518]; SF-1, splicing factor 1 [M00727]; SMAD-4, SMAD family member 4 [M00733]; SOX-9, SRY (sex deter-
mining region Y)-box 9 [M00410]; SREBP-1, Sterol regulatory element-binding transcription factor 1 [M00220]; T3R, Thyroid hormone
receptors [M00963]; TATA, TATA box [M00216]; YY1, YY1 transcription factor [MOO059]; Zic1, Zic family member 1 [M00448]; Zic2, Zic fam-
ily member 2 [M00449]; Zic3, Zic family member 3 [M00450]. WKY, Wistar Kyoto; SHR, spontaneously hypertensive rat.
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Figure 4. IPA constructed network of key molecules selected from those with the greatest fold changes (Esm1, CX3CL1, CD74, HLA-DR,
TGFB3, ILB1, GADD45«, SLC7A1), members of highest scored Canonical pathways (eNOS, SLC7A1, AGT, AT1R, TGFf3), and the NAD(P)H
oxidase component, CYBA. Altered regulation of several of these molecules was confirmed by RT-PCR (Table 8). IPA generated connections

between the molecules and overlaid specific functions.

Table 8. Comparison of microarray and RT-PCR analyses for selected genes important in arterial remodeling.

Microarray RT-PCR
WKY SHR WKY SHR
(A) Control artery relative expression
Cyba 393 + 167 1104 + 169° 0.928 £ 0.095 2.140 + 0.495F
(B) Collateral/control ratio
Agt 0.159 + 0.106* 0.674 + 0.415 0.401 4+ 0.088* 0.563 + 0.288
AGTR1b 0.463 £ 0.208 0.482 £ 0.198* 3.018 + 0.703%* 0.425 + 0.156"
CX3CL1 0.564 + 0.376* 0.645 + 0.394 0.533 + 0.102* 0.479 £ 0.062*
ESM1 3.99 + 1.298* 1.81 + 0.545 4.758 £+ 1.159* 2.169 £ 0.356*

Data are given as relative expression for cyba in control arteries and for collateral/control ratios for the remaining molecules. Results between
Mircoarray and RT-PCR were similar except for AGTR1b in WKY where expression was increased rather than decreased, (N > 4; *, 1, i:
P < 0.05 Collateral vs. Control, SHR vs. WKY, gRT-PCR vs. Microarray). Cyba, cytochrome b-245, alpha polypeptide, p22-phox; Agt, angioten-

sinogen; AGTR1b, angiotensin Il receptor, type 1b; CX3CL1, chemokine
WKY, Wistar Kyoto; SHR, spontaneously hypertensive rat.

(ESM1, endothelial specific molecule 1; CX3CLI1; CD74;
HLA-DR; TGFf3; ILS1; GADD45x; SLC7Al), members
of the highest ranked Canonical pathways (eNOS, endo-
thelial nitric oxide synthase; SLC7A1; AGT, angiotensino-

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

(C-X3-C motif) ligand 1; ESM1, endothelial cell-specific molecule 1.

gen; AGTRIb, TGFf3), and the NAD(P)H oxidase
component, CYBA. The interconnecting pathway and bio-
logical functions generated by IPA from this list are
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Figure 5. Nuclear localization of NF-xB during successful and impaired collateral growth. (A) Representative images showing NF-xB
immunoreactivity (brown) in collateral arteries 3 days after arterial ligation in WKY, SHR, and apocynin pretreated SHR (SHR+Apo). Nuclear
localization is apparent especially within the intima of WKY and SHR+Apo, as indicated by arrows, but not in SHR. (B) Analysis of the
percentage of cells with immunoreactivity in each wall layer indicates a statistical increase in all wall layers of collaterals from WKY and
SHR+Apo relative to same animal controls, (n > 3, *P < 0.001). (C) Inhibition of p65 expression suppressed collateral growth. Paired
comparisons of control and collateral arteries before and 7 days after arterial ligation demonstrated significant collateral enlargement in WKY
administered a control nonsense siRNA (*P < 0.001, n = 4) but not in WKY pretreated with SiRNA to p65 (P < 0.001 vs. nonsense siRNA
collateral, n = 3). No effect of p65 siRNA was observed on the diameters of control arteries.

shown in Figure 4. Altered regulation of several of these
was confirmed by RT-PCR (Table 8).

NFkB was central to the generated pathway and linked
to the major functions of gene expression, cell growth and
proliferation, and cell cycling. It was included within the
list of transcription factors with predicted binding sites in
genes altered in WKY but not SHR collaterals that were
sensitive to both mechanical stimuli and redox status. To
assess its potential role, NFkB immunoreactivity and
nuclear localization were assessed in control and collateral

2013 | Vol. 1 | Iss. 2 | e00005
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arteries in SHR and WKY rats. Representative arterial
cross-sections are shown in Figure 5A. While there was a
remarkable increase in the percent of nuclei with immu-
noreactivity in the intima, media, and adventitia of WKY
collaterals relative to same animal control arteries, no such
increase was observed in the SHR collaterals (Fig. 5B). As
changes in redox status have been reported to both acti-
vate and inhibit NFkB (Allen and Tresini 2000; Grumbach
et al. 2005), additional SHR rats were treated with the
antioxidant apocynin which restores a normal redox status

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 6. Potential role of the AGTR1 in collateral growth. (A) Representative images showing AGTR1 immunoreactivity (brown) in WKY and
SHR control and collateral arteries 3 days after arterial ligation. Relative to same animal controls, a remarkable increase is observed in all wall
layers of the WKY but not SHR collateral. (B) Analysis of the percentage of cells with immunoreactivity in each wall layer indicates a statistical
increase in all wall layers of the WKY collateral and a decrease in the adventitia of the SHR collateral compared to same animal control artery
(n =3, *P < 0.05). C. Effect of AGTR1 blockade by losartan on collateral diameter enlargement in WKY. Paired comparisons of control and
collateral arteries before and 7 days after arterial ligation demonstrated significant collateral enlargement in WKY-untreated animals

(*P < 0.001) but not in WKY pretreated with losartan (P = 0.215), which prevents collateral growth in WKY. No effect of losartan was
observed on the diameters of control arteries, consequently the open bars are not apparent on the graph (n = 5). The combined data suggest
that the upregulation and activation of the AGTR1 is not only correlated with, but is also required for collateral growth in the young

normotensive WKY.

in SHR mesenteric arteries (Zhou et al. 2008). When arte-
rial ligation was performed in these animals, nuclear local-
ization occurred within the collaterals similar to that
observed within the WKY rats (Fig. 5A and B). To further
assess the role for NFkB in collateral growth, we assessed
the effect of inhibiting p65 expression with siRNA. The
results demonstrated that WKY receiving p65 siRNA had
significantly suppressed collateral growth compared with
rats receiving a control (nonsense) siRNA (Fig. 5C).

One deviation of the RT-PCR results from the micro-
array analysis was the increased rather than decreased
expression of the AGTR1b in WKY. Because of the poten-
tially important role of the RAS and especially AGTR1 in
arterial remodeling, additional studies were performed to
assess the role of the AGTR1 in collateral growth. Immu-
nostaining for the AGTR1 showed a remarkable increase
throughout the arterial wall of WKY but not SHR collat-

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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erals (Fig. 6A and B). A functional role for the AGTRI in
successful collateral growth was assessed in additional
experiments in which a group of WKY received losartan
to suppress AGTRI activation. These results demonstrated
that collateral diameter enlargement was prevented by
pretreatment with losartan (Fig. 6C). This observation is
consistent with a requirement for increased AGTRI1
expression/activation and thus RAS-dependent signaling
in successful collateral growth.

Discussion

To our knowledge, this is the first microarray study to
compare primary collateral arteries from animals with
and without known cardiovascular risk factors. Compari-
sons between the normotensive WKY and the SHR (1)
demonstrate profound differences in the overall collateral
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gene expression, (2) suggest redox-dependent transcrip-
tional regulation as a fundamental underlying cause, and
(3) identify important biological functions and molecular
pathways that may mediate the impaired remodeling of
collateral arteries in the presence of cardiovascular risk
factors. Advantages and limitations of the model and
approach and the potential significance of these observa-
tions are considered below.

Advantages and limitations of the model
and approach

In the present study, we focused on differences in gene
expression between mesenteric collateral arteries in WKY
which exhibit significant growth and in SHR collaterals
which do not enlarge (Tuttle et al. 2002b; Miller et al.
2007a). The SHR strain was selected because it has multi-
ple vascular risk factors including essential hypertension,
metabolic abnormalities, and abnormal redox status
(Okamoto and Aoki 1963; Potenza et al. 2005; Zhou et al.
2008) and is documented to have impaired compensation
to arterial occlusion in the peripheral circulation includ-
ing the mesentery and hindlimb (Nelissen-Vrancken et al.
1992, 1993; Scheidegger et al. 1997; Emanueli et al. 2001,
2002; Tamarat et al. 2002; Tuttle et al. 2002b; Srivastava
et al. 2003; Iaccarino et al. 2005; Miller et al. 2007a; You
et al. 2008; Matsumura et al. 2009). We chose to use the
mesenteric model of collateral growth because it has a
simple, well-defined collateral pathway that facilitates
identification and isolation of the primary collaterals and
controls. In addition, vessels from one rat contain suffi-
cient DNA for microarray analysis with amplification. To
our knowledge, these are the model and strain combina-
tions that are best characterized in terms of collateral
artery blood flow, wall shear rate, and periarterial NO
and H,O, concentrations (Unthank et al. 1996a,b; Tuttle
et al. 2001, 2002b; Zhou et al. 2008). Blood flow and wall
shear rate increase in collaterals of both strains to approx-
imately the same degree (Tuttle et al. 2002b). While both
flow-mediated collateral growth and NO production are
fully suppressed in the SHR mesenteric arteries, both are
completely restored by antioxidants (Tuttle et al. 2002b;
Miller et al. 2007a; Zhou et al. 2008).

In contrast, in more complex tissues there are multiple
potential collaterals which experience unknown hemody-
namic and redox changes and enlarge to different degrees,
or even regress (Longland 1953; Herzog et al. 2002; Dist-
asi et al. 2009). In addition, collateral vessels in other
organs are embedded within the parenchymal tissue and
it can be difficult to both identify and isolate them. While
it is possible that responses in mesenteric arteries may
not represent completely what occurs in other organs,
flow-mediated remodeling is a universal phenomenon
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within the arterial tree (reviewed by Unthank et al.
[2011]) and available studies indicate similarities in cellu-
lar proliferation, matrix activation, and gene expression
and impairment by risk factors associated with oxidative
stress (Masuda et al. 1989; Unthank et al. 1996a,b; Miyas-
hiro et al. 1997; Tuttle et al. 2001, 2002b; Sho et al. 2002,
2003; Xu et al. 2002; Haas et al. 2007).

Differences between strains in mechanical stimuli
associated with blood flow and pressure would certainly
influence gene expression in control arteries as well as
flow-mediated collateral growth and gene expression.
However, we have previously observed the increases in
collateral flow and wall shear rate in this model to be sim-
ilar between these two strains (Tuttle et al. 2002b). We
have also demonstrated that the impairment of collateral
growth in the SHR is independent of hypertension; the
effect of agents on reversal of collateral growth impair-
ment in SHR is more dependent upon antioxidant than
antihypertensive properties (Miller et al. 2007a). Thus, we
do not consider differences in pressure or collateral blood
flow to be the primary cause of impaired collateral growth
or abnormal gene expression in the SHR.

It is important to note that flow-mediated remodeling
is mediated by multiple, complex mechanisms and the
specific mechanisms responsible for impairment of flow-
mediated remodeling may differ depending upon specific
risk factors present (Kinnaird et al. 2008) and genetic
background (Hochberg et al. 2002; Sheridan et al. 2007;
Ceyhan et al. 2012). In this regard, while the WKY is typ-
ically used as the normotensive control for the SHR,
genetic differences exist between these two inbred strains.
Consequently, differences in collateral growth capacity
and gene expression could result from the genetic differ-
ences between these strains. Thus, these results in SHR
may not be representative for other conditions or rat
strains including other models of hypertension. However,
aging results in a similar impairment of flow-mediated
remodeling (Miyashiro et al. 1997; Tuttle et al. 2002a)
where a fundamentally different expression pattern in col-
laterals is observed at the protein level (Tuttle et al.
2002a). Thus, our current and previous (Tuttle et al.
2002a) studies suggest that abnormal transcriptional or
translational mechanisms are involved in the impairment
of collateral growth that may be associated with risk
factors that include hypertension and aging.

Interpretation of microarray analysis of heterogeneous
tissues can be difficult and has significant limitations.
Expression changes which occur in one cell type may not be
apparent if similar changes do not occur in other cell types
or may be masked by changes in the opposite direction.
Assessment of potential networks and pathways and inter-
connections can lead to incorrect conclusions because
expression changes may be occurring in different cells. Also,
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differences in the baseline state can confound conclusions.
In the current study, the samples were a heterogeneous
mixture of the various cells normally present in the arterial
wall. It is likely that differences in relative proportions
existed between control arteries of WKY and SHR.
However, our within-subject design comparing same
animal collaterals to controls provided some control for
such baseline genetic differences in the control arteries. Our
network analyses are presented primarily to emphasize the
overall difference in the gene expression patterns and indi-
cate potential significance. The pathways are presented as
areas where further investigation is warranted. Indeed,
previous microarray studies in a similar tissue type (Dai
and Faber 2010) and even more diverse tissues/organs (Lee
et al. 2004; Packham et al. 2009) have demonstrated the
ability of heterogeneous tissues to identify specific
molecules, functional groups, and pathways which mediate
collateral growth.

Fundamental difference in gene expression
patterns

Potential cause of impaired collateral growth

The enlargement of preexisting arteries which form alter-
native or collateral perfusion pathways and experience
increased blood flow and shear stress after arterial occlu-
sion is a complex process involving many coordinated
cellular and molecular processes (Wahlberg 2003; Simons
2005). Changes in gene and protein expression of mole-
cules regulating cell cycling, growth, development, and
migration are associated with successful collateral growth
(Lee et al. 2004; Dai and Faber 2010). Dai and Faber
demonstrated that hindlimb collaterals from eNOS null
mice exhibited reduced collateral growth and cellular pro-
liferation and reduced expression of the majority of the
upregulated cell cycle genes (Dai and Faber 2010). Our
data in SHR with abnormal mesenteric NO regulation
(Zhou et al. 2008) and impaired collateral growth (Tuttle
et al. 2002b) are consistent with this observation, but
indicate a potentially more global and fundamental differ-
ence in gene expression. While a similar number of genes
had altered expression in collaterals of WKY and SHR,
there was very little similarity or overlap in the specific
genes altered (Fig. 2, Tables 4 and 5). This impacted not
only groups of genes associated with cell cycling and pro-
liferation but essentially every network, cellular, and
molecular function, and canonical pathway examined
(Fig. 2, Tables 1-3). Such global differences in gene
expression are consistent with our previous proteomic
study in aged rats (Tuttle et al. 2002a) and suggest that
collateral growth impairment results from an abnormality
in a fundamental process or regulatory mechanism that
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occurs at a level between signal transduction and gene
transcription.

Potentially important molecules and canonical
pathways

The comparison of global gene expression changes between
WKY and SHR control and collateral arteries reveals many
differences that may be of importance in advancing our
understanding of the promotion and impairment of flow-
mediated outward remodeling. It is not possible to discuss
all of these within the scope of this paper. Altered molecules
that may influence vascular growth, cell proliferation, and
inflammation include CX3CL1 (fractalkine, neurotactin)
(Green et al. 2006; Ryu et al. 2008; Borghese and Clanchy
2011), ESM1 (endocan) (Bechard et al. 2001; Béchard et al.
2001; Aitkenhead et al. 2002; Sarrazin et al. 2006; Rennel
et al. 2007), CD74, HLA-DR (Schirmer et al. 2009; Borgh-
ese and Clanchy 2011; Fan et al. 2011), and GADD45A
(Zhan et al. 1994; Bruemmer et al. 2005). Potentially rele-
vant canonical pathways include mitochondrial dysfunc-
tion and signaling pathways involving nitric oxide (NO),
TGEFp, and the renin—angiotensin system. Mitochondrial
dysfunction may occur in the SHR (Graham et al. 2009; Pi-
otrkowski et al. 2009) and has been linked to impaired vas-
cular compensation for repetitive ischemia and reperfusion
in the heart of obese Zucker rats (Pung et al. 2012). While
the specific enzymatic and cellular sources of NO remain
controversial (Dai and Faber 2010; Troidl et al. 2010), the
majority of available evidence supports a substantial role
for NO in flow-mediated remodeling and collateral growth.
Abnormal NO signaling is observed (Maffei et al. 2002;
Zhou et al. 2008), and flow-mediated, NO dilation is
impaired (Qui et al. 1994; Matrougui et al. 1997) in SHR
mesenteric arteries. Consistent with these observations, our
work has shown that in vivo NO production is not
increased with flow in SHR mesenteric arteries but that
basal NO levels are greatly elevated by abnormally high
concentrations of hydrogen peroxide (Zhou et al. 2008).
The latter observation is consistent with reports of
increased eNOS activity and/or elevated NO production in
SHR (Kelm et al. 1995; Nava et al. 1995, 1998; Qiu et al.
1998; Briones et al. 2000; Maffei et al. 2002). While eNOS
and iNOS expression and inhibition have been the primary
end points evaluated in NO-dependent collateral growth,
the abnormal regulation discussed above and the altered
expression of multiple molecules within the cardiovascular
NO signaling pathway of WKY (Fig. 3) suggest that a more
comprehensive analysis is needed to understand the role of
this important signaling pathway in collateral growth.

The renin—angiotensin system may be involved in both
the promotion and impairment of vascular compensation
to arterial occlusion (Silvestre et al. 2002; Tamarat et al.
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2002) but its specific role in the outward remodeling of
collateral arteries has not been examined. Our observa-
tions of AGT downregulation (Tables 4 and 8), differential
regulation of the AGTRI1 in WKY and SHR collaterals
(Table 8, Fig. 5), and prevention of collateral growth by
losartan in the WKY (Fig. 6) suggest an important but
potentially complex role for this important signaling path-
way. The AGTR1 may be activated by increased stretch or
distension (Yasuda et al. 2008) such as would occur with
the dilation of collateral arteries. AGTR1 expression can
be downregulated by NO (Ichiki et al. 1998) which is ele-
vated in the SHR mesenteric arteries (Maffei et al. 2002;
Zhou et al. 2008). Interestingly, AGTR1 expression is also
elevated selectively during pregnancy in the uterine arter-
ies which experience elevated blood flow (Bird et al. 1997)
and recent clinical studies support the potential signifi-
cance of this important signaling system in collateral
growth (Ahimastos et al. 2006; Ceyhan et al. 2012).

Potential abnormalities in transcriptional
regulation

Among the molecules with the greatest fold changes in
SHR control arteries were a number of downregulated
molecules that are involved in transcriptional control
(Table 6C). Identification of predicted transcription factor
binding sites within the genes with altered collateral
expression also demonstrated a fundamental difference
between WKY and SHR (Table 7). Lists of both downreg-
ulated transcription regulators in SHR control arteries
(Table 6C) and transcription factors with predicted bind-
ing sites in molecules altered in WKY but not SHR collat-
erals (Table 7) included transcription factors known to be
influenced by both mechanical forces and redox status.
Redox status can have a profound effect on transcription
factor regulation and gene expression as reviewed by
Allen and Tresini (Allen and Tresini 2000) and the SHR
mesenteric arteries are characterized by an abnormal
redox state with significant elevation in both NO and
H,O, (Maffei et al. 2002; Zhou et al. 2008). NFxB is
stimulated by shear stress in endothelial cells, may have a
requisite role in flow-mediated outward remodeling, and
is sensitive to oxidative and nitrosative stress (Lan et al.
1994; Khachigian et al. 1995; Flescher et al. 1998; Du
et al. 1999; Grumbach et al. 2005; Castier et al. 2009;
Chen et al. 2010). Our data demonstrated NFkB nuclear
translocation in WKY and apocynin-treated SHR collater-
als which enlarge successfully, but not in collaterals of
untreated SHR characterized by impaired collateral
growth (Fig. 5). We also demonstrated a functional
requirement for NFkB in successful collateral growth
(Fig. 5C). Our studies have shown that apocynin restores
a normal redox status (Zhou et al. 2008), NFkB nuclear
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translocation (Fig. 5), and collateral growth capacity in
the SHR (Miller et al. 2007a). The specific mechanisms
responsible for the inhibition of NFxB nuclear transloca-
tion in response to elevated shear stress in the SHR war-
rant more investigation and may involve NO-dependent
mechanisms such as p50 nitrosylation (Matthews et al.
1996; Grumbach et al. 2005), downregulation of NFxBI
and therefore p50, or inhibition by elevated H,0, as
observed in human T cells (Flescher et al. 1998) at con-
centrations similar to those we have measured in the SHR
mesenteric arteries (Zhou et al. 2008). Such inhibition of
activation and/or decreased expression of NFkB compo-
nents could mediate, at least in part, the abnormal
expression pattern we observed in SHR collaterals in this
study as well as the impairment of outward remodeling
and cellular proliferation (Tuttle et al. 2002b). Regardless
of the specific molecules involved, the present data sup-
port the hypothesis that chronic redox changes in the vas-
culature alter the transcriptional regulation that occurs in
response to mechanical stimuli such as shear stress in col-
lateral arteries subsequent to arterial occlusion.

Conclusion and Clinical Significance

As reviewed by Ziegler et al. (2010), clinical observations
indicate a remarkable capacity for vascular compensation
to peripheral arterial occlusion which is profoundly com-
promised in the presence of vascular disease risk factors.
The flow-mediated dilation and enlargement of preexist-
ing small arteries provide the primary compensation to
focal arterial occlusion in rodent and human limbs
(reviewed by Ziegler et al. [2010]). The enlargement of
these vessels is impaired in the presence of vascular risk
factors, but the specific mechanisms responsible are
unknown and represent important targets for novel ther-
apies. Such therapies to promote vascular growth and
function are needed to prevent the progression of
peripheral arterial disease (Gornik 2009). Significant evi-
dence has accumulated that oxidative stress and a proin-
flammatory state are associated with impaired flow-
mediated remodeling and collateral growth in animals
and humans (Vita et al. 2008; Ziegler et al. 2010) and
that antioxidant therapy reverses this impairment. Our
results support the hypothesis that abnormal transcrip-
tion factor activation and gene expression mediate, at
least in part, the impairment of collateral growth in the
SHR. Based upon our recent observations of abnormal
H,0, and NO in SHR and aged collaterals (Zhou et al.
2008, 2009), and the abnormal collateral gene (current
study) and protein (Tuttle et al. 2002a) expression, we
further hypothesize that redox status modulates shear-
mediated gene expression in collateral arteries. Thus,
therapies to correct an imbalance between reactive nitro-
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gen and oxygen species in the presence of vascular dis-
ease risk factors could be important either as primary or
adjuvant treatment to enhance collateral development.

Acknowledgment

The microarray studies were carried out using the facili-
ties of the Center for Medical Genomics at Indiana Uni-
versity School of Medicine. We appreciate the
consultation provided by Dr. Howard Edenberg and tech-
nical assistance from Ron Jerome in the Center for Medi-
cal Genomics as well as the assistance of Chirayu
Goswami in the Center for Computational Biology and
Bioinformatics related to the analysis with Motif Modeler.
We also thank Randall G. Bills and Mary Jo Wenning for
their expert technical assistance with the collateral growth
models. This work was supported by National Heart,
Lung, and Blood Institute Grants ROIHL-42898 and
RO1HL092012-S1, and a pilot grant from the Indiana
Center for Vascular Biology and Medicine, funded by the
Cryptic Mason Cardiovascular Research Fund. The Center
for Medical Genomics is supported in part by grants from
the Indiana 21st Century Research and Technology Fund
and the Indiana Genomics Initiative (supported in part
by the Lilly Endowment, Inc.). MRD is supported by
Award Number T32DK007519 from the National Institute
of Diabetes And Digestive And Kidney Diseases.

Author Contributions

Conception and experimental design: J. L. U, J. N. M., S.
J. M. Conducted various experiments and data collection:
J.L. U, J.N. M, C. A. L, M. R. D, S. J. M. Data analy-
sis and interpretation: J. L. U, J. N. M., C. A. L., L. L,,
M. R. D., S. J. M. Preparation of data for presentation:
J.L. U, C. A. L, M. R. D, S. J. M. Preparation of manu-
script draft: J. L. U, S. J. M., C. A. L., M. R. D. Critical
review and revision and final approval of manuscript:
JLL.U,].NNM,C. A. L, L L,M.R.D,S.]. M.

Conflict of Interest

None declared.

References

Ahimastos, A. A., A. Lawler, C. M. Reid, P. A. Blombery, and
B. A. Kingwell. 2006. Brief communication: ramipril
markedly improves walking ability in patients with
peripheral arterial disease: a randomized trial. Ann. Intern.
Med. 144:660-664.

Aitkenhead, M., S. J. Wang, M. N. Nakatsu, J. Mestas,

C. Heard, and C. C. Hughes. 2002. Identification of

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Molecular Basis for Impaired Collateral Growth

endothelial cell genes expressed in an in vitro model of
angiogenesis: induction of ESM-1, (beta)ig-h3, and NrCAM.
Microvasc. Res. 63:159-171.

Allen, R. G., and M. Tresini. 2000. Oxidative stress and gene
regulation. Free Radic. Biol. Med. 28:463—499.

Bechard, D., A. Scherpereel, H. Hammad, T. Gentina,

A. Tsicopoulos, M. Aumercier, et al. 2001. Human
endothelial-cell specific molecule-1 binds directly to the
integrin CD11a/CD18 (LFA-1) and blocks binding to
intercellular adhesion molecule-1. J. Immunol. 167:3099—
3106.

Béchard, D., T. Gentina, M. Delehedde, A. Scherpereel,

M. Lyon, M. Aumercier, et al. 2001. Endocan is a novel
chondroitin sulfate/dermatan sulfate proteoglycan that
promotes hepatocyte growth factor/scatter factor mitogenic
activity. J. Biol. Chem. 276:48341-48349.

Bird, I. M., J. Zheng, J. M. Cale, and R. R. Magness. 1997.
Pregnancy induces an increase in angiotensin II type-1
receptor expression in uterine but not systemic artery
endothelium. Endocrinology 138:490-498.

Borghese, F., and F. I. Clanchy. 2011. CD74: an emerging
opportunity as a therapeutic target in cancer and
autoimmune disease. Expert Opin. Ther. Targets 15:237—
251.

Briones, A. M., M. J. Alonso, J. Marin, G. Balfagén, and
M. Salaices. 2000. Influence of hypertension on nitric oxide
synthase expression and vascular effects of
lipopolysaccharide in rat mesenteric arteries.

Br. J. Pharmacol. 131:185-194.

Bruemmer, D., F. Blaschke, and R. E. Law. 2005. New targets
for PPAR[gamma] in the vessel wall: implications for
restenosis. Int. J. Obes. Relat. Metab. Disord. 29:526-S30.

Castier, Y., B. Ramkhelawon, S. Riou, A. Tedgui, and
S. Lehoux. 2009. Role of NF-kappaB in flow-induced
vascular remodeling. Antioxid. Redox Signal. 11:1641-1649.

Ceyhan, K., H. Kadi, A. Celik, T. Burucu, F. Koc, E. Sogut,
et al. 2012. Angiotensin-converting enzyme DD
polymorphism is associated with poor coronary
collateral circulation in patients with coronary artery
disease. J. Investig. Med. 60:49-55.

Chen, Z., J. Rubin, and E. Tzima. 2010. Role of PECAM-1 in
arteriogenesis and specification of preexisting collaterals.
Circ. Res. 107:1355-1363.

Dai, X., and J. E. Faber. 2010. Endothelial nitric oxide synthase
deficiency causes collateral vessel rarefaction and impairs
activation of a cell cycle gene network during arteriogenesis.
Circ. Res. 106:1870-1881.

Dai, G., S. Vaughn, Y. Zhang, E. T. Wang, G. Garcia-Cardena,
and M. A. Gimbrone. 2007. Biomechanical forces in
atherosclerosis-resistant vascular regions regulate endothelial
redox balance via phosphoinositol 3-kinase/Akt-dependent
activation of Nrf2. Circ. Res. 101:723-733.

Davis, M. E., I. M. Grumbach, T. Fukai, A. Cutchins, and
D. G. Harrison. 2004. Shear stress regulates endothelial

2013 | Vol. 1 | Iss. 2 | e00005
Page 17



Molecular Basis for Impaired Collateral Growth

nitric-oxide synthase promoter activity through nuclear
factor kB binding. J. Biol. Chem. 279:163-168.

Distasi, M. R., J. Case, M. A. Ziegler, M. C. Dinauer,

M. C. Yoder, L. S. Haneline, et al. 2009. Suppressed
hindlimb perfusion in Rac2-/- and Nox2-/- mice does not
result from impaired collateral growth. Am. J. Physiol.
Heart Circ. Physiol. 296:H877-H886.

Du, X., K. Stocklauser-Farber, and P. Rosen. 1999. Generation
of reactive oxygen intermediates, activation of NF-kappaB,
and induction of apoptosis in human endothelial cells by
glucose: role of nitric oxide synthase? Free Radic. Biol. Med.
27:752-763.

Emanueli, C., M. B. Salis, T. Stacca, L. Gaspa, J. Chao,

L. Chao, et al. 2001. Rescue of impaired angiogenesis in
spontaneously hypertensive rats by intramuscular human
tissue kallikrein gene transfer. Hypertension 38:
136-141.

Emanueli, C., M. B. Salis, T. Stacca, A. Pinna, L. Gaspa,

A. Spano, et al. 2002. Ramipril improves hemodynamic
recovery but not microvascular response to ischemia in

spontaneously hypertensive rats. Am. J. Hypertens. 15:410—415.

Fan, H., P. Hall, L. L. Santos, J. L. Gregory, G. Fingerle-
Rowson, R. Bucala, et al. 2011. Macrophage migration
inhibitory factor and CD74 regulate macrophage
chemotactic responses via MAPK and Rho GTPase.

J. Immunol. 186:4915-4924.

Flescher, E., H. Tripoli, K. Salnikow, and F. J. Burns. 1998.
Oxidative stress suppresses transcription factor activities
in stimulated lymphocytes. Clin. Exp. Immunol.
112:242-247.

Gornik, H. L. 2009. Rethinking the morbidity of peripheral
arterial disease and the “normal” ankle-brachial index.

J. Am. Coll. Cardiol. 53:1063-1064.

Graham, D., N. N. Huynh, C. A. Hamilton, E. Beattie,

R. A.J. Smith, H. M. Cochemé, et al. 2009. Mitochondria-
targeted antioxidant MitoQ10 improves endothelial function

and attenuates cardiac hypertrophy. Hypertension 54:322-328.

Green, S. R., K. H. Han, Y. Chen, F. Almazan, I. F. Charo,
Y. I. Miller, et al. 2006. The CC chemokine MCP-1
stimulates surface expression of CX3CR1 and enhances the
adhesion of monocytes to fractalkine/CX3CL1 via p38
MAPK. J. Immunol. 176:7412-7420.

Grumbach, I. M., W. Chen, S. A. Mertens, and
D. G. Harrison. 2005. A negative feedback mechanism
involving nitric oxide and nuclear factor kappa-B modulates
endothelial nitric oxide synthase transcription. J. Mol. Cell.
Cardiol. 39:595-603.

Haas, T. L., J. L. Doyle, M. R. Distasi, L. E. Norton,
K. M. Sheridan, and J. L. Unthank. 2007. Involvement of
MMPs in the outward remodeling of collateral mesenteric
arteries. Am. J. Physiol. Heart Circ. Physiol. 293:
H2429-H2437.

Herzog, S., H. Sager, E. Khmelevski, A. Deylig, and W. D. Ito.
2002. Collateral arteries grow from preexisting anastomoses

2013 | Vol. 1 | Iss. 2 | e00005
Page 18

J. L. Unthank et al.

in the rat hindlimb. Am. J. Physiol. Heart Circ. Physiol. 283:
H2012-H2020.

Hirsch, A. T., Z. J. Haskal, N. R. Hertzer, C. W. Bakal,

M. A. Creager, J. L. Halperin, et al. 2006. ACC/AHA
Guidelines for the Management of Patients with Peripheral
Arterial Disease (lower extremity, renal, mesenteric, and
abdominal aortic): a collaborative report from the American
Associations for Vascular Surgery/Society for Vascular
Surgery, Society for Cardiovascular Angiography and
Interventions, Society for Vascular Medicine and Biology,
Society of Interventional Radiology, and the ACC/AHA Task
Force on Practice Guidelines (writing committee to develop
guidelines for the management of patients with peripheral
arterial disease)-summary of recommendations. J. Vasc.
Interv. Radiol. 17:1383-1397.

Hochberg, 1., A. Roguin, E. Nikolsky, P. V. Chanderashekhar,
S. Cohen, and A. P. Levy. 2002. Haptoglobin phenotype and
coronary artery collaterals in diabetic patients.
Atherosclerosis 161:441-446.

Taccarino, G., M. Ciccarelli, D. Sorriento, G. Galasso,

A. Campanile, G. Santulli, et al. 2005. Ischemic
neoangiogenesis enhanced by beta2-adrenergic receptor
overexpression: a novel role for the endothelial adrenergic
system. Circ. Res. 97:1182-1189.

Ichiki, T., M. Usui, M. Kato, Y. Funakoshi, K. Ito, K. Egashira,
et al. 1998. Downregulation of angiotensin II type 1 receptor
gene transcription by nitric oxide. Hypertension 31:342—346.

Kelm, M., M. Feelisch, T. Krebber, A. Deuflen, W. Motz,
and B. E. Strauer. 1995. Role of nitric oxide in the
regulation of coronary vascular tone in hearts from
hypertensive rats. Maintenance of nitric oxide-forming
capacity and increased basal production of nitric oxide.
Hypertension 25:186—-193.

Khachigian, L. M., N. Resnick, M. A. Gimbrone Jr, and
T. Collins. 1995. Nuclear factor- K B interacts functionally
with the platelet-derived growth factor B-chain shear-stress
response element in vascular endothelial cells exposed to
fluid shear stress. J. Clin. Invest. 96:1169—1175.

Kinnaird, T., E. Stabile, S. Zbinden, M.-S. Burnett, and
S. E. Epstein. 2008. Cardiovascular risk factors impair
native collateral development and may impair efficacy
of therapeutic interventions. Cardiovasc. Res. 78:257-264.

Lan, Q. X,, K. O. Mercurius, and P. F. Davies. 1994.
Stimulation of transcription factors NFxB and AP1 in
endothelial cells subjected to shear stress. Biochem. Biophys.
Res. Commun. 201:950-956.

Lee, C. W, E. Stabile, T. Kinnaird, M. Shou, J. M. Devaney,
S. E. Epstein, et al. 2004. Temporal patterns of gene
expression after acute hindlimb ischemia in mice: insights
into the genomic program for collateral vessel development.
J. Am. Coll. Cardiol. 43:474-482.

Liu, Y., M. W. Taylor, and H. J. Edenberg. 2006. Model-based
identification of cis-acting elements from microarray data.
Genomics 88:452—461.

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



J. L. Unthank et al.

Longland, C. J. 1953. The collateral circulation of the limb.
Ann. R. Coll. Surg. Engl. 13:161-176.

Maffei, A., R. Poulet, C. Vecchione, S. Colella, L. Fratta,

G. Frati, et al. 2002. Increased basal nitric oxide release
despite enhanced free radical production in hypertension.
J. Hypertens. 20:1135-1142.

Masuda, H., K. Kawamura, K. Tohda, T. Shozawa,

M. Sageshima, and A. Kamiya. 1989. Increase in endothelial
cell density before artery enlargement in flow-loaded canine
carotid artery. Atherosclerosis 9:812-823.

Matrougui, K., J. Maclouf, B. I. Levy, and D. Henrion. 1997.
Impaired nitric oxide- and prostaglandin-mediated
responses to flow in resistance arteries of hypertensive rats.
Hypertension 30:942-947.

Matsumura, M., N. Fukuda, N. Kobayashi, H. Umezawa,

A. Takasaka, T. Matsumoto, et al. 2009. Effects of
atorvastatin on angiogenesis in hindlimb ischemia and
endothelial progenitor cell formation in rats. J. Atheroscler.
Thromb. 16:319-326.

Matthews, J. R., C. H. Botting, M. Panico, H. R. Morris, and
R. T. Hay. 1996. Inhibition of NF-xB DNA binding by
nitric oxide. Nucleic Acids Res. 24:2236-2242.

McClintick, J. N., R. E. Jerome, C. R. Nicholson, D. W. Crabb,
and H. J. Edenberg. 2003. Reproducibility of oligonucleotide
arrays using small samples. BMC Genomics 4:4.

Miller, S. J., L. E. Norton, M. P. Murphy, M. C. Dalsing,
and J. L. Unthank. 2007a. The role of the renin-
angiotensin system and oxidative stress in spontaneously
hypertensive rat (SHR) mesenteric collateral growth
impairment.

Am. J. Physiol. Heart Circ. Physiol. 292:H2523-H2531.

Miller, S. J., W. C. Watson, K. A. Kerr, C. A. Labarrere,

N. X. Chen, M. A. Deeg, et al. 2007b. Development of
progressive aortic vasculopathy in a rat model of aging.
Am. J. Physiol. Heart Circ. Physiol. 293:H2634-H2643.

Miyashiro, J. K., V. Poppa, and B. C. Berk. 1997. Flow-
induced vascular remodeling in the rat carotid artery
diminishes with age. Circ. Res. 81:311-319.

Modlinger, P., T. Chabrashvili, P. S. Gill, M. Mendonca,

D. G. Harrison, K. K. Griendling, et al. 2006. RNA silencing
in vivo reveals role of p22phox in rat angiotensin slow
pressor response. Hypertension 47:238-244.

Nava, E., G. Noll, and T. F. Liischer. 1995. Increased activity
of constitutive nitric oxide synthase in cardiac endothelium
in spontaneous hypertension. Circulation 91:2310-2313.

Nava, E., A. L. Farre, C. Moreno, S. Casado, P. Moreau,

F. Cosentino, et al. 1998. Alterations to the nitric oxide
pathway in the spontaneously hypertensive rat. J. Hypertens.
16:609-615.

Nelissen-Vrancken, H. J., P. J. Leenders, H. A. Struijker
Boudier, and J. F. Smits. 1992. Increased responsiveness of
the vascular bed to angiotensin I, angiotensin II and
phenylephrine in acute and chronic ischemic hindlimbs in
rats. J. Vasc. Res. 29:359-366.

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Molecular Basis for Impaired Collateral Growth

Nelissen-Vrancken, H. J., H. A. Boudier, M. J. Daemen, and
J. F. Smits. 1993. Antihypertensive therapy and adaptive
mechanisms in peripheral ischemia. Hypertension
22:780-788.

Okamoto, K., and K. Aoki. 1963. Development of a strain of
spontaneously hypertensive rats. Jpn. Circ. J. 27:282-293.

Packham, I. M., C. Gray, P. R. Heath, P. G. Hellewell,

P. W. Ingham, D. C. Crossman, et al. 2009. Microarray
profiling reveals CXCR4a is downregulated by blood flow in
vivo and mediates collateral formation in zebrafish embryos.
Physiol. Genomics 38:319-327.

Palm, F., M. L. Onozato, Z. Luo, and C. S. Wilcox. 2007.
Dimethylarginine dimethylaminohydrolase (DDAH):
expression, regulation, and function in the cardiovascular
and renal systems. Am. J. Physiol. Heart Circ. Physiol. 293:
H3227-H3245.

Piotrkowski, B., O. R. Koch, E. M. V. De Cavanagh, and
C. G. Fraga. 2009. Cardiac mitochondrial function and
tissue remodelling are improved by a non-antihypertensive
dose of enalapril in spontaneously hypertensive rats. Free
Radic. Res. 43:390-399.

Potenza, M. A,, F. L. Marasciulo, D. M. Chieppa,

G. S. Brigiani, G. Formoso, M. J. Quon, et al. 2005. Insulin
resistance in spontaneously hypertensive rats is associated
with endothelial dysfunction characterized by imbalance
between NO and ET-1 production. Am. J. Physiol. Heart
Circ. Physiol. 289:H813-H822.

Prior, B. M., P. G. Lloyd, J. Ren, H. Li, H. T. Yang,

M. H. Laughlin, et al. 2004. Time course of changes in
collateral blood flow and isolated vessel size and gene
expression after femoral artery occlusion in rats.

Am. J. Physiol. Heart Circ. Physiol. 287:H2434-H2447.

Pung, Y. F,, P. Rocic, M. P. Murphy, R. A. J. Smith,

J. Hafemeister, V. Ohanyan, et al. 2012. Resolution of
mitochondrial oxidative stress rescues coronary collateral
growth in Zucker obese fatty rats. Arterioscler. Thromb.
Vasc. Biol. 32:325-334.

Qiu, H. Y., D. Henrion, J. Benessiano, C. Heymes,

B. Tournier, and B. L. Levy. 1998. Decreased flow-induced
dilation and increased production of cGMP in
spontaneously hypertensive rats. Hypertension 32:
1098-1103.

Qui, H. Y., D. Henrion, and B. I. Levy. 1994. Alterations in
flow-dependent vasomotor tone in spontaneously
hypertensive rats. Hypertension 24:474—479.

Rennel, E., S. Mellberg, A. Dimberg, L. Petersson, J. Botling,
A. Ameur, et al. 2007. Endocan is a VEGF-A and PI3K
regulated gene with increased expression in human renal
cancer. Exp. Cell Res. 313:1285-1294.

Ryu, J., C.-W. Lee, K.-H. Hong, J.-A. Shin, S.-H. Lim,

C.-S. Park, et al. 2008. Activation of fractalkine/CX3CR1 by
vascular endothelial cells induces angiogenesis through
VEGEF-A/KDR and reverses hindlimb ischaemia. Cardiovasc.
Res. 78:333-340.

2013 | Vol. 1 | Iss. 2 | e00005
Page 19



Molecular Basis for Impaired Collateral Growth

Sarrazin, S., E. Adam, M. Lyon, F. Depontieu, V. Motte,

C. Landolfi, et al. 2006. Endocan or endothelial cell specific
molecule-1 (ESM-1): a potential novel endothelial cell
marker and a new target for cancer therapy. Biochim.
Biophys. Acta 1765:25-37.

Scheidegger, K. J., M. H. Nelissen-Vrancken, P. J. Leenders,
M. J. Daemen, J. F. Smits, and J. M. Wood. 1997.
Structural adaptation to ischemia in skeletal muscle: effects
of blockers of the renin-angiotensin system. J. Hypertens.
15:1455-1462.

Schirmer, S. H., N. van Royen, P. D. Moerland,

J. O. Fledderus, J. P. Henriques, R. J. van der Schaaf, et al.
2009. Local cytokine concentrations and oxygen pressure are
related to maturation of the collateral circulation in
humans. J. Am. Coll. Cardiol. 53:2141-2147.

Sheridan, K. M., M. J. Ferguson, M. R. Distasi,

F. A. Witzmann, M. C. Dalsing, S. J. Miller, et al. 2007.
Impact of genetic background and aging on mesenteric
collateral growth capacity in Fischer 344, Brown Norway,
and Fischer 344 x Brown Norway hybrid rats.

Am. J. Physiol. Heart Circ. Physiol. 293:H3498-H3505.

Sho, E., M. Sho, T. M. Singh, H. Nanjo, M. Komatsu,

C. Xu, et al. 2002. Arterial enlargement in response to
high flow requires early expression of matrix
metalloproteinases to degrade extracellular matrix. Exp.
Mol. Pathol. 73:142-153.

Sho, E., M. Komatsu, M. Sho, H. Nanjo, T. M. Singh, C. Xu,
et al. 2003. High flow drives vascular endothelial cell
proliferation during flow-induced arterial remodeling
associated with the expression of vascular endothelial
growth factor. Exp. Mol. Pathol. 75:1-11.

Silvestre, J. S., R. Tamarat, T. Senbonmatsu, T. Icchiki,

T. Ebrahimian, M. Iglarz, et al. 2002. Antiangiogenic effect
of angiotensin II type 2 receptor in ischemia-induced
angiogenesis in mice hindlimb. Circ. Res. 90:1072-1079.

Simons, M. 2005. Angiogenesis: where do we stand now?
Circulation 111:1556-1566.

Srivastava, S., R. L. Terjung, and H. T. Yang. 2003. Basic
fibroblast growth factor increases collateral blood flow in
spontaneously hypertensive rats. Am. J. Physiol. Heart Circ.
Physiol. 285:H1190-H1197.

Storey, J. D., and R. Tibshirani. 2003. Statistical significance
for genomewide studies. Proc. Natl Acad. Sci. USA
100:9440-9445.

Tamarat, R., J. S. Silvestre, N. Kubis, J. Benessiano, M. Duriez,
M. deGasparo, et al. 2002. Endothelial nitric oxide synthase
lies downstream from angiotensin ii-induced angiogenesis in
ischemic hindlimb. Hypertension 39:830-835.

Troidl, K., S. Tribulova, W. J. Cai, I. Ruding, H. Apfelbeck,
W. Schierling, et al. 2010. Effects of endogenous nitric oxide
and of DETA NONOate in arteriogenesis. J. Cardiovasc.
Pharmacol. 55:153-160.

Tuttle, J. L., K. W. Condict, A. S. Bhuller, R. D. Nachreiner,
B. A. Connors, B. P. Herring, et al. 2001. Shear-level

2013 | Vol. 1 | Iss. 2 | e00005
Page 20

J. L. Unthank et al.

influences resistance artery remodeling: wall dimensions, cell
density, and eNOS expression. Am. J. Physiol. Heart Circ.
Physiol. 281:H1380-H1389.

Tuttle, J. L., T. L. Hahn, B. M. Sanders, F. A. Witzmann,

S. J. Miller, M. C. Dalsing, et al. 2002a. Impaired collateral
development in mature rats. Am. J. Physiol. Heart Circ.
Physiol. 283:H146-H155.

Tuttle, J. L., B. M. Sanders, H. M. Burkhart, S. W. Fath,

B. P. Herring, M. C. Dalsing, et al. 2002b. Impaired
collateral artery development in spontaneously hypertensive
rats. Microcirculation 9:343-351.

Unthank, J. L., S. W. Fath, H. M. Burkhart, S. Miller, and
M. C. Dalsing. 1996a. Wall remodeling during luminal
expansion of mesenteric arterial collaterals in the rat. Circ.
Res. 79:1015-1023.

Unthank, J. L., T. L. Haas, and S. J. Miller. 2011. Impact of
shear level and cardiovascular risk factors on
bioavailable nitric oxide and outward vascular remodeling in
mesenteric arteries. Pp. 89-119 in E. Deindl and
W. Schaper, eds. Arteriogenesis-molecular regulation,
pathophysiology, and therapeutics. Shaker Verlag
Publishing, Aachen, Germany.

Unthank, J. L., J. C. Nixon, H. M. Burkhart, S. W. Fath, and
M. C. Dalsing. 1996b. Early collateral and microvascular
adaptations to intestinal artery occlusion in the rat.

Am. J. Physiol. Heart Circ. Physiol. 271:H914-H923.

Vita, J. A., M. Holbrook, J. Palmisano, S. M. Shenouda,

W. B. Chung, N. M. Hamburg, et al. 2008. Flow-induced
arterial remodeling relates to endothelial function in the
human forearm. Circulation 117:3126-3133.

Wahlberg, E. 2003. Angiogenesis and arteriogenesis in limb
ischemia. J. Vasc. Surg. 38:198-203.

Warabi, E., W. Takabe, T. Minami, K. Inoue, K. Itoh,

M. Yamamoto, et al. 2007. Shear stress stabilizes NF-E2-
related factor 2 and induces antioxidant genes in endothelial
cells: role of reactive oxygen/nitrogen species. Free Radic.
Biol. Med. 42:260-269.

Xu, C., S. Lee, C. Shu, H. Masuda, and C. Zarins. 2002.
Expression of TGF-betal and beta3 but not apoptosis
factors relates to flow-induced aortic enlargement. BMC
Cardiovasc. Disord. 2:11.

Yasuda, N, S.-i. Miura, H. Akazawa, T. Tanaka, Y. Qin,

Y. Kiya, et al. 2008. Conformational switch of angiotensin II
type 1 receptor underlying mechanical stress-induced
activation. EMBO Rep. 9:179-186.

You, D., C. Cochain, C. Loinard, J. Vilar, B. Mees, M.
Duriez, et al. 2008. Hypertension impairs postnatal
vasculogenesis: role of antihypertensive agents.
Hypertension 51:1537—-1544.

Zhan, Q., K. A. Lord, 1. Alamo, M. C. Hollander, F. Carrier,
D. Ron, et al. 1994. The gadd and MyD genes define a
novel set of mammalian genes encoding acidic proteins that
synergistically suppress cell growth. Mol. Cell. Biol. 14:2361—
2371.

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



J. L. Unthank et al.

Zhou, X., H. G. Bohlen, S. J. Miller, and J. L. Unthank. 2008.
NAD(P)H oxidase-derived peroxide mediates elevated basal
and impaired flow-induced NO production in SHR
mesenteric arteries in vivo. Am. J. Physiol. Heart Circ.
Physiol. 295:H1008-H1016.

Zhou, X., H. G. Bohlen, J. L. Unthank, and S. J. Miller.
2009. Abnormal nitric oxide production in aged rat

© 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Molecular Basis for Impaired Collateral Growth

mesenteric arteries is mediated by NAD(P)H oxidase-
derived peroxide. Am. J. Physiol. Heart Circ. Physiol. 297:
H2227-H2233.

Ziegler, M. A., M. R. Distasi, R. G. Bills, S. J. Miller,
M. Alloosh, M. P. Murphy, et al. 2010. Marvels, mysteries,
and misconceptions of vascular compensation to peripheral
artery occlusion. Microcirculation 17:3-20.

2013 | Vol. 1 | Iss. 2 | e00005
Page 21



