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Time course of cardiac inflammation during nitric oxide
synthase inhibition in SHR: impact of prior transient
ACE inhibition

Lauren A Biwer1, Karen M D’souza1, Ali Abidali1, Danni Tu1, Ashley L Siniard2, Matthew DeBoth2,
Matthew Huentelman2 and Taben M Hale1

We have previously demonstrated that angiotensin-converting enzyme (ACE) inhibition with enalapril produces persistent effects

that protect against future nitric oxide synthase (NOS) inhibitor (L-arginine methyl ester, L-NAME)-induced cardiac dysfunction

and outer wall collagen deposition in spontaneously hypertensive rats (SHR). In the present study, we dissect the cytokine/

chemokine release profile during NOS inhibition, its correlation to pathological cardiac remodeling and the impact of transient

ACE inhibition on these effects. Adult male SHR were treated with enalapril (E+L) or tap water (C+L) for 2 weeks followed by a

2-week washout period. Rats were then subjected to 0, 3, 7 or 10 days of L-NAME treatment. The temporal response to NOS

inhibition was evaluated by measuring arterial pressure, cardiac remodeling and cytokine/chemokine levels. L-NAME equivalently

increased blood pressure and myocardial and vascular injury in C+L and E+L rats. However, pulse pressure (PP) was only

transiently altered in C+L rats. The levels of several inflammatory mediators were increased during L-NAME treatment. However,

interleukin-6 (IL-6) and IL-10 and monocyte chemoattractant protein-1 were uniquely increased in C+L hearts; whereas IL-4 and

fractalkine were only elevated in E+L hearts. By days 7 and 10 of L-NAME treatment, there was a significant increase in the

cardiac density of macrophages and proliferating cells, respectively only in C+L rats. Although myocardial injury was similar in

both treatment groups, PP was not changed and there was a distinct cardiac chemokine/cytokine signature in rats previously

treated with enalapril that may be related to the lack of proliferative response and macrophage infiltration in these hearts.
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INTRODUCTION

Heart disease continues to be the leading cause of morbidity and
mortality in the United States.1 While overall survival from myocardial
infarction has improved, there has been an associated increase in the
number of individuals that progress to heart failure—a debilitating
and costly disease affecting 5.2 million Americans.1 Prolonged
inflammation following myocardial injury promotes continued tissue
destruction and cardiac remodeling that ultimately leads to declining
heart function.2,3 Angiotensin-converting enzyme (ACE) inhibitors
have been widely shown both clinically and experimentally to be
cardio-protective. Treatment with these agents results in a reduction in
blood pressure, an attenuation of pathological cardiac remodeling and
macrophage infiltration, as well as preserved or improved cardiac
function.4–7 These beneficial effects have largely been attributed to a
reduction in angiotensin II levels, as this peptide has been demon-
strated to activate inflammatory pathways, fibroblast proliferation and

extracellular matrix production—key processes involved in patholo-
gical myocardial remodeling.8,9

We recently demonstrated that prior transient ACE inhibition in
adult spontaneously hypertensive rats (SHR) produced persistent
changes in the heart that conferred protection against future nitric
oxide synthase (NOS) inhibitor-induced cardiac dysfunction10 and
fibrosis of the mid-outer myocardium.11 Associated with this
decreased fibrosis was a significant reduction in cellular proliferation
and macrophage infiltration throughout the left ventricles (LVs) of
those rats that were previously treated with an ACE inhibitor.11

Importantly, these ‘protected’ rats had ceased ACE inhibitor
treatment 2 weeks before the initiation of NOS inhibition.10,11

This suggested that a short-term ACE inhibitor treatment may
change the cardiac phenotype and the eventual response to tissue
injury—even after the activity of the renin angiotensin system had
been restored.
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NOS inhibition is widely used as an experimental tool to induce
hypertension and acute myocardial injury.11–18 In particular, treating
SHR with a relatively high dose of a non-selective NOS inhibitor
produces a marked elevation in mean arterial pressure (MAP) as well
as detrimental effects on the myocardium, including multifocal
necrosis, increases in pro-inflammatory mediators, inflammatory cell
infiltration and ultimately a fibrotic scar.11,12,14–16 Previous studies
have demonstrated an inflammatory response characterized by
increased monocyte chemoattractant protein-1 (MCP-1) levels and
infiltration of CD3-positive cells and macrophages within 7 days of
NOS inhibition, followed by further myocardial remodeling and
fibrosis.14,19–23 Given the fundamental role of inflammation in the
remodeling that underlies heart failure, understanding the early
processes regulating inflammatory cell recruitment and infiltration
will lay the groundwork for future therapeutic discovery. Moreover,
we hypothesize that our previously-described protection afforded by
prior ACE inhibition10,11 is related to differences in the inflammatory
response to myocardial injury. Thus, in the present study we
compared the temporal response to NOS inhibition with respect to
arterial pressure, cardiac hypertrophy, cardiac cytokine/chemokine
levels, cellular proliferation and macrophage density in rats that were
and were not previously treated with an ACE inhibitor.

METHODS

Animals and treatments
Male SHR obtained from Charles River (Portage, MI, USA) were housed two
per cage with standard rat chow and water (ad libitum) and were allowed a
minimum of 48 h to acclimate before initiating the study. Rats were divided
into two treatment groups: Control+L-arginine methyl ester (L-NAME) (C+L,
n= 32) and Enalapril+L-NAME (E+L, n= 32). At 11 weeks of age, rats were
provided vehicle (regular drinking water) or enalapril (30mg kg− 1 per day, in
the drinking water) for 14 days, followed by a 14-day washout period. The
14-day washout period was based on our previous studies that showed a return
to a stable off-treatment blood pressure and restoration of the renin angiotensin
system.24,25 After the washout, C+L and E+L rats were administered the
non-selective NOS inhibitor Nω-Nitro-L-arginine methyl ester (L-NAME,
15mg kg− 1 per day, in the drinking water) for up to 10 days. Rats were
euthanized after 0 (n= 6 per treatment group), 3 (n= 10 per treatment group),
7 (n= 10 per treatment group) or 10 (n= 6 per treatment group) days of
L-NAME treatment. This protocol was based on our previous studies that
demonstrated persistent reductions in blood pressure and LV to body weight
ratios following cessation of ACE inhibitor treatment4 and protection against
L-NAME-induced cardiac fibrosis and dysfunction.10,11 The duration of
L-NAME treatment was based on previous studies, which showed inflammatory
responses that peaked within 1 week of NOS inhibition.14,16,19–23 All drugs were
dissolved in the drinking water and concentrations were adjusted as previously
described.10,11 At the end of the treatment period, the rats were anesthetized
and the hearts were excised, blotted dry and weighed. An equatorial cross-
section was immersion-fixed overnight (16–20 h) in HistoChoice tissue fixative
(Amresco, Solon, OH, USA). The right ventricle was trimmed away from the
remaining tissue and the LVs were snap frozen in liquid nitrogen. All
procedures were in accordance with Arizona State University and University
of Arizona institutional guidelines. All animals used in this study were cared for
in accordance to the recommendations in The Guide for the Care and Use of
Laboratory Animals, National Institute of Health, Publ. No. 85-23, 1986.

Arterial pressure
The impact of this treatment protocol on MAP was previously reported.10

In the present manuscript, we revisit that data set,10 which was obtained at the
same time as the time course analysis for inflammatory mediators. Arterial
pressure data presented herein focuses on systolic blood (SBP), diastolic blood
(DBP) and pulse pressures (PP); as SBP and PP have been demonstrated to be
clinically important predictors of heart failure,26,27 with the latter being
particularly important in coronary artery disease.28 Briefly, 9- to 10-week-old

male SHR (n= 9 per treatment group: C+L, E+L) were used for in vivo
radiotelemetric arterial pressure assessments. Radiotelemetry pressure
transducers (TA11PA-C40; Data Sciences International, St. Paul, MN, USA)
were implanted in the abdominal aorta as previously described.10,29 After a
1-week recovery period, baseline measurements were taken, and the treatment
protocol described above was initiated when rats were 11–12 weeks of age.

RNA sequencing
RNA was isolated from LV of control (C+L0) as well as SHR treated for
2 weeks with enalapril followed by a 2-week washout (E+L0). RNA sequencing
was performed using 1.0 μg of total RNA quantified via Nanodrop (Thermo
Scientific, Pittsburgh, PA, USA). A sequencing library was prepared with
Illumina’s Truseq RNA Sample Preparation Kit v2 (Illumina, San Diego, CA,
USA) following the manufacturer’s protocol. In brief, poly-A containing mRNA
molecules were purified using poly-T oligo attached magnetic beads. The
mRNA was then thermally fragmented and converted to double-stranded
cDNA. The cDNA fragments were end-repaired, a single ‘A’ nucleotide was
incorporated, sequencing adapters were ligated, and fragments were enriched
with 15 cycles of PCR. Final PCR-enriched fragments were validated on a 2100
Bioanalyzer (Agilent Technologies, Waldbronn, Germany) and quantified by
qPCR using Kapa’s Library Quantification Kit (Kapa Biosystems, Woburn,
MA, USA) on the 7900HT (Applied Biosystems, Foster City, CA, USA). The
final library was sequenced by 50 bp paired-end sequencing on a HiSeq2500
instrument (Illumina).

Histology and immunohistochemistry
Fixed transverse sections of heart (2–3mm) were processed according to
routine histological procedures and embedded in paraffin (Formula R, Leica
Microsystems Surgipath, Buffalo Grove, IL, USA). Histology was examined in a
blinded manner in Hematoxylin and Eosin-stained sections (5 μm). To
correlate the degree of myocardial injury to macrophage infiltration and
cellular proliferation, we calculated the percent area of infarct per LV.
Using Image J (http://rsbweb.nih.gov/ij), each focus of infarction (based on
cardiomyocyte loss) was traced and area calculated. The sum of each area was
divided by the total cross-sectional area of the LV.
In separate sections, we evaluated macrophage (ED-1)30 density and

proliferating cells (proliferating cell nuclear antigen, PCNA). Following antigen
retrieval (ED-1: 0.1M citrate buffer at 96 °C, PCNA: 0.01M Tris-HCl pH 8.6
buffer in microwave pressure cooker) sections were blocked and exposed to
monoclonal mouse anti-rat ED-1 antibody (AbD Serotec, Raleigh, NC, USA) or
monoclonal mouse anti-PCNA (Dako, Carpinteria, CA, USA) overnight at
4 °C, followed by secondary antibody (Dako), then Streptavidin-HRP (Dako).
Positive cells were counted by a blind observer at × 200 magnification,
normalized for left ventricular cross-sectional area and data were expressed
as percent change from day 0 for each treatment group (that is, C+L, E+L).
Given their role in mediating fibrosis through cytokine release,31 mast cells
were labeled with toludene blue and counted in LV cross sections from C+L
and E+L rats following 0 or 10 days of L-NAME treatment. All histological and
immunohistological assessments were performed on the LV (n= 6-10 per
group).

Cytokine levels
A rat-specific cytokine array (QAR-Cyt-3, Ray Biotech, Norcross, GA, USA)
was performed, according to the manufacturer’s instructions. Briefly, the LV
(n= 4 per group) was pulverized in liquid nitrogen and protein was extracted.
Five hundred micrograms of protein was applied to the cytokine array slide to
assess levels of a variety of inflammatory mediators. Messenger RNA levels of
MCP-1 (Fwd: CAGGTCTCTGTCACGCTTCT, Rev: AGTATTCATGCAAGGG
AATAG) relative to β-actin (Fwd: GAAGCTGTGCTATGTTGCCCT, Rev: TTC
TGCATCCTGTCAGCAATG) were measured by quantitative real-time PCR.

Statistical analysis
All time course analyses were based on a two-way analysis of variance
(ANOVA) with a Bonferroni post-test (Graph Pad Prism Software, La Jolla,
CA, USA). The two-way ANOVA investigated the impact of duration of
L-NAME treatment (that is, time), prior drug treatment, and the interaction of
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these two variables on the result, while the Bonferroni post-test evaluated
whether there was a statistically significant difference as compared with
L-NAME day 0 within a given treatment group. A subsequent Bonferroni post
hoc test evaluated whether there were differences across treatment groups at a
given time point. MAP analyses assessing changes from baseline were based on
repeated measures two-way ANOVA, all other time course analyses were based
on regular, unmatched two-way ANOVA. Messenger RNA expression changes
were assessed using quantitative real-time PCR and analyzed using the delta
delta Ct method. Comparisons between slopes were based on an unpaired
Student’s T-test. Statistical analysis on PCR data was performed using a one
sample t-test (Graph Pad Prism Software). Data are expressed as mean± s.e.m.
and differences were deemed statistically significant with Po0.05.
With respect to RNA sequencing analysis, RNA-Seq reads were trimmed

with AlienTrimmer0.3.2 and mapped to the Rattus norvegicus genome (rn5)
with STAR (ver2.3.1z4). Reads mapping to genes were counted with feature-
Counts (ver1.4.4). Library-size normalization and differential expression
analysis were conducted in DESeq2 (ver1.6.3) from the Bioconductor suite of
packages for the R statistical programming environment. Statistically or
biologically significant genes were selected for plotting with ggplot2.

RESULTS

Persistent effects induced by prior ACE inhibition
We previously demonstrated in the rats from the present manuscript
that enalapril induced a significant reduction (−30%) in MAP during

treatment.10 Following cessation of treatment, pressure rose and
stabilized at a new baseline that was 16% below control levels before
initiation of L-NAME treatment.10 These same rats were re-analyzed to
evaluate the time course of L-NAME-induced changes in SBP, DBP
and PP (Figure 1, Table 1). As was previously described for MAP,10

ACE inhibition produced a reduction in SBP and DBP that persisted
even after cessation of treatment. In contrast to blood pressure levels
that re-established a new baseline within 1 week after stopping
treatment, PP rose much more slowly ultimately reaching a level that
was not significantly different from untreated rats (Figure 1, Table 1).
Body weight was not different between control SHR (319± 2.0 g)

and those previously treated with enalapril (319± 8.4 g) at baseline
(day 0 of L-NAME treatment), yet prior ACE inhibition resulted in a
persistent reduction in heart weight relative to body weight (Table 2).
We performed next-generation sequencing in order to determine
whether prior ACE inhibition had any persistent impact on compo-
nents of the intra-cardiac RAS. Two weeks after stopping enalapril
treatment there was no significant change in gene expression for any
of the major enzymes or receptors involved in local angiotensin II
production or action (Figure 2).

Impact of NOS inhibition on arterial pressure and cardiac mass
L-NAME significantly increased SBP and DBP over the course of the
10-day treatment (Figure 1). The present analysis revealed that
although the two groups started at a different baseline (C+L0 vs.
E+L0), the percent increase in SBP and DBP due to L-NAME
administration was equivalent between treatment groups at days 3, 7
and 10 (Table 1). In contrast, PP was transiently increased on days 3
and 7 in C+L rats, but not changed in E+L (Figure 1, Table 1).
The impact of NOS inhibition on body weight and cardiac

hypertrophy was evaluated in C+L and E+L rats. Moreover L-NAME
did not significantly alter body weight over the course of 10 days
regardless of prior treatment (Table 2). The heart weight-to-body
weight ratio remained significantly lower in the E+L rats than age-
matched C+L rats throughout the study period (Table 2). L-NAME
treatment induced a significant increase in cardiac mass by day 10 in
the SHR that did not receive enalapril (C+L), whereas in SHR that
were previously treated (E+L), L-NAME induced an increase in cardiac
mass as early as day 3 that was sustained throughout the treatment
period (Table 2).

Histology
Hematoxylin and eosin staining was performed to evaluate the
extent of myocardial and coronary artery injury resulting from NOS
inhibition. Before starting L-NAME, the myocardium exhibited
normal histological features. The myocardium displayed 0–2 small
foci of cardiomyocyte loss or injury at days 0 and 3 of L-NAME
treatment. However, these areas increased in size and number over
7 and 10 days of L-NAME, regardless of pre-treatment (Table 2,
Figure 3). Similarly, L-NAME induced coronary artery injury. As early
as 3 days of NOS inhibition there was evidence of injury in at least one
large coronary artery in the majority of the LVs of C+L and E+L rats
(Figure 4). The injured vessels showed marked reduction in nuclear
staining in the medial wall and there was evidence of increased
cellularity surrounding the artery. The vascular damage progressed
over 7 and 10 days of L-NAME treatment (Figure 4) and the incidence
was not different between treatment groups.

Cytokine profiles
To measure the relative extent of inflammation following 0, 3, 7 and
10 days of L-NAME treatment, we measured several inflammatory
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Figure 1 Daily average SBP (a), DBP (b) and PP (c) throughout the
treatment period. Data represent average 24 h pressures± s.e.m.
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mediators in whole LV homogenate. While some mediators did not
show marked changes as a result of prior ACE inhibition, or during
NOS inhibition (for example, ICAM-1, TNF-α, TIMP-1, CNTF,
CINC-2, CINC-3, interleukin-alpha (IL-1α); data not shown), others
were found to transiently or progressively increase over the course of
the 10-day treatment. Many of these mediators showed different
profiles in the hearts from rats previously treated with enalapril. IL-1β
levels were found to be significantly influenced by duration of
L-NAME treatment; however, post-tests only revealed a statistically
significant increase at day 3 in both C+L and E+L LV (Po0.05)
(Figure 5a). IL-6 levels tended to increase in C+L LV and there was an
overall trend toward a drug effect (P= 0.086, Figure 5b). Although
granulocyte macrophage-colony stimulating factor (GM-CSF) was
elevated by fourfold as early as day 3 in C+L, the increase only
reached statistical significance at day 10 in both C+L and E+L hearts
(Figure 5c). Monocyte chemoattractant protein-1 (MCP-1) levels were
found to be elevated as early as 3 days and remained elevated at day 10
in the C+L LV (Figure 5d). The MCP-1 levels in the E+L LV were not
significantly increased over baseline at any time point. Quantitative
real-time PCR also revealed a trend toward increased mRNA expres-
sion of the gene encoding MCP-1 during L-NAME treatment in both
treatment groups, although this did not achieve statistical significance
(data not shown). Thymus chemokine-1 (TCK-1) was significantly
increased by day 3 in both C+L and E+L, and elevated again at day 10
in the E+L hearts (Figure 5e).
IL-10 levels were significantly increased at day 3 only in C+L LV

(Figure 6a), whereas IL-4 levels were significantly increased by day 10
only in the E+L LV (Figure 6b). Finally, fractalkine levels were found

to be significantly increased after 3 and 10 days of L-NAME in E+L LV
(Figure 6c).

Immunohistochemistry
NOS inhibition significantly increased the number of proliferating
cells at day 10 (day 7: ~ 3-fold, P40.05; day 10: ~ 5-fold, Po0.05) in
the LV of C+L rats as compared with baseline (C+L0). In contrast, in
the LV of E+L SHR there was no significant change in the number of
proliferating cells with respect to baseline (E+L0), at any of the time
points studied (Figure 7). The number of proliferating cells was
significantly correlated with the overall area of infarct only in C+L LVs
(R2: C+L 0.35, Po0.05; E+L 0.046, P40.05; Figure 7). In addition,
the number of proliferating cells was found to be significantly
correlated with the concentration of MCP-1 in C+L (R2: 0.37,
Po0.05), but not E+L (R2: 0.019, P40.05) LVs (data not shown).
When compared with baseline, macrophage density showed a

significant increase by day 7 (5-fold, Po0.05) of NOS inhibition that
was maintained at day 10 (3.6-fold, Po0.05) in C+L LV (Figure 8).
In contrast, there was no significant change in macrophage density in
the LV of E+L SHR (Figure 8). The area of infarct was found to
significantly correlate with the number of macrophages in the LV of
both C+L (R2: 0.92, Po0.05) and E+L (R2: 0.43, Po0.05) rats.
However, the slopes of the regression lines were significantly different
(C+L: 1.1 × 10− 3± 5.3 × 10− 5 vs. E+L 2.0 × 10− 3± 3.6× 10− 4,
Po0.05) indicating that for a given area of infarct, there were
significantly fewer macrophages infiltrating the E+L hearts
(Figure 8). Mast cell numbers were not different as a result of prior

Table 1 Impact of prior enalapril treatment and L-NAME on systolic blood pressure (SBP), diastolic blood pressure (DBP) and pulse pressure

(PP)

SBP SBP % change from day 0 DBP DBP % change from day 0 Pulse pressure PP % change from day 0

C+L0 172±3.1 — 123±3.4 — 49±5.3 —

C+L3 216±5.6* 26±2.5 156±6.2* 27±3.2 60±6.0* 26±4.2

C+L7 210±8.9* 22±3.9 155±7.8* 26±4.6 55±6.1* 12±3.3

C+L10 226±7.3* 31±3.7 176±8.6* 43±5.6 49±5.6 7±2.8

E+L0 145±3.0‡ — 103±3.6‡ — 41±4.6 —

E+L3 177±4.4†‡ 22±1.8 133±3.6†‡ 29±2.3 44±5.4 6±6.0‡

E+L7 171±5.8†‡ 18±2.8 129±4.7†‡ 25±5.2 42±4.5 3±4.8

E+L10 193±7.5†‡ 33±3.8 149±5.2†‡ 46±6.6 44±5.4 8±5.8

Abbreviations: ANOVA, analysis of variance; L-NAME, L-arginine methyl ester.
Values are presented as mean± s.e.m. SBP: two-way ANOVA: pre-treatment Po0.05, time Po0.05, interaction P=0.23; DBP: two-way ANOVA: pre-treatment Po0.05, time Po0.05, interaction
P=0.66. PP: two-way ANOVA: time Po0.05, interaction Po0.05. Bonferroni post-test following repeated measures two-way ANOVA: *Po0.05 vs. C+L0, †Po0.05 vs. E+L0, ‡Po0.05 vs. age
matched C+L.

Table 2 Impact of prior enalapril and L-NAME treatment on body weight (BW), heart weight (HW) and heart weight-to-body weight ratio (HW/

BW)

BW (g) HW (g) HW/BW (g kg−1) Infarct/LV (%)

C+L0 319±2.0 1.08±0.012 3.37±0.025 0.33±0.209

C+L3 329±2.9 1.12±0.015 3.39±0.047 0.40±0.146

C+L7 333±6.0 1.13±0.015 3.40±0.038 5.66±2.492

C+L10 314±5.7 1.17±0.027* 3.73±0.106* 2.64±1.742

E+L0 319±8.4 0.93±0.021‡ 2.93±0.031‡ 0.11±0.047

E+L3 326±8.4 1.03±0.020†‡ 3.15±0.051†‡ 0.16±0.104

E+L7 328±5.6 1.03±0.017†‡ 3.14±0.033†‡ 5.88±3.124

E+L10 333±8.2 1.10±0.023† 3.29±0.050†‡ 0.71±0.387

Abbreviations: ANOVA, analysis of variance; L-NAME, L-arginine methyl ester; LV, left ventricle.
Values are presented as mean± s.e.m. Bonferroni post-test following two-way ANOVA: *Po0.05 vs. C+L0, †Po0.05 vs. E+L0, ‡Po0.05 vs. age-matched C+L. HW/BW: two-way ANOVA: pre-
treatment Po0.05, time Po0.05, interaction P=0.10. Infarct/LV: two-way ANOVA: time Po0.05.
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ACE inhibition or NOS inhibition (C+L0: 102± 11.0, C+L10:
105± 25.9, E+L0: 102± 10.4, E+L10: 109± 8.3).

DISCUSSION

This is the first study to perform a temporal analysis of multiple
cytokine and chemokine profiles in the LVs of NOS inhibitor-treated
rats. The present study demonstrates that prior ACE inhibition
induces persistent changes that impact the PP and cardiac inflamma-
tory and remodeling responses to the first 10 days of NOS inhibition.
Despite equivalent impact on arterial pressure, cardiac hypertrophy,
coronary artery and myocardial wall injury in response to L-NAME,
cardiac cell proliferation and macrophage density were unchanged in
rats previously treated with enalapril. That is, for an equivalent
degree of injury, there was a markedly reduced inflammatory and
proliferative response to NOS inhibition in the hearts of rats that
underwent prior, transient ACE inhibition.
In the present study, and consistent with previous studies14 we

demonstrate that within 3 days of L-NAME treatment there is a
significant increase in blood pressure, evidence of coronary artery
injury and increases in pro-inflammatory cytokines and chemokines.
MCP-1 and GM-CSF are known to be involved in macrophage
recruitment and activation.32–38 Regulating cardiac macrophage
infiltration and function has been identified as an important target
for heart disease treatment.7,39–41 When inflammatory macrophages
persist at sites of injury, they promote ongoing tissue destruction
resulting from prolonged cytokine secretion and production of
proteases, growth factors and superoxide.2,3 In the myocardium, this
vicious cycle leads to fibroblast proliferation, infarct expansion and
excessive fibrosis. In the present study, we found that in the C+L rats,
the macrophage-recruiting chemokine MCP-1 was increased ninefold
at day 3, before significant cardiomyocyte loss and macrophage
infiltration at day 7. GM-CSF also tended to be elevated at these
early time points. Levels of MCP-1, GM-CSF, macrophage density and
cellular proliferation remained significantly elevated (↑12-fold,
↑6-fold, ↑4-fold and ↑5-fold vs. baseline, respectively) after 10 days
of NOS inhibition in this treatment group. In contrast, there was no
significant change in MCP-1 levels, macrophage accumulation or

proliferating cells in hearts from rats previously treated with an ACE
inhibitor. Moreover, in the LVs of E+L rats, there were significantly
fewer macrophages per given area of infarct, as compared with C+L.
In addition, MCP-1 levels significantly correlated with the number of
proliferating cells only in the C+L hearts. MCP-1 has been shown to
induce proliferation of several cell types including VSMC and
fibroblasts, although whether this is due to direct or indirect actions
of this chemokine remains equivocal.16,42–44 Furthermore, Anti-
MCP-1 therapy has been shown to decrease cardiac cell proliferation
during NOS inhibition16 and aortic constriction.44 In the present
study, although the extent of injury did not differ between groups, the
macrophage and proliferative response to injury did. It may be that the
attenuation of macrophage infiltration and cellular proliferation is
related to the lack of increase in the macrophage-recruiting chemokine
MCP-1 in these hearts. However, the correlation between MCP-1 and
cell proliferation in the C+L, but not E+L hearts potentially suggests a
phenotypic difference in the cardiac cells from the two treatment
groups. Specifically, the cellular response to injury with respect to
chemokine production, subsequent macrophage infiltration, and
cellular proliferation was altered in rats previously treated with
enalapril. It should be noted however that the E+L hearts did exhibit
a significant increase in GM-CSF at day 10, however, this was not
associated with any change in cardiac MCP-1 or macrophage levels. In
addition, we have previously found in older rats undergoing a similar
treatment protocol that there was no significant increase in macro-
phage density over baseline in E+L rats even after 14 days of L-NAME
(unpublished observations).
Other pro-inflammatory cytokines were also found to be increased

within 3 days of L-NAME treatment. Specifically, IL-1β and IL-6 have
an early and critical role in the inflammatory response to tissue injury
by inducing cytokines and chemokines to facilitate inflammatory cell
infiltration.45–47 While Il-1β was increased in both treatment groups,
Il-6 tended to be uniquely increased in the C+L hearts. TCK-1, a
variant of CXCL7 that has been shown to be involved in neutrophil
activation and the vascular repair response to injury, was transiently
increased in both treatment groups.48

0 3 7 10

C+L

E+L

Duration of L-NAME Treatment (days)

Figure 4 Histological examination of coronary arteries from rats treated with L-NAME (C+L) (a–d) or enalapril followed by L-NAME (E+L) (e–h) for 0, 3, 7 and
10 days. Vessels displayed normal histological features in both C+L and E+L at day 0. In both treatment groups, there was evidence of injury as early as day
3 that was characterized by loss of nuclear staining in the medial wall and increased cellular infiltrate surrounding the vessel (b, f, insets). This damage
progressed in arteries from both treatment groups over the course of 10 days. Representative sections stained with Hematoxylin and Eosin, ×200
magnification, insets: ×400 magnification. A full color version of this figure is available at Hypertension Research journal online.
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Several cytokines and chemokines have also been associated with
resolving inflammation and facilitating repair processes.49,50 For
example, fractalkine, IL-4 and IL-10 have been shown to be involved
in the recruitment and activation of the so-called ‘reparative’ subset of
macrophages.37,51 This monocyte subset functions in part to activate
fibroblasts to promote collagen deposition and scar formation.51

Fractalkine levels appeared to be increased overall in both treatment
groups, however, they were only statistically significantly elevated in
the E+L hearts. Further study will be required to evaluate the impact
of these elevated fractalkine levels. IL-4 and IL-10 are typically
considered as anti-inflammatory mediators based on their ability to
inhibit secretion of pro-inflammatory cytokines and promote tissue
repair involving collagen deposition and fibrosis.49,50 IL-4 was
increased only in the E+L hearts in the present study at a time point
that correlates with the increased level of GM-CSF in this group. IL-10
has also been shown to inhibit macrophage infiltration following

myocardial infarction in rats.52 While the levels of IL-10 were found to
be statistically significantly elevated at day 3 of NOS inhibition in C+L
hearts, this was clearly not sufficient to inhibit the subsequent
macrophage infiltration in these rats. Given the multiple effects
described for each mediator, it may be more important to evaluate
the net impact of a collection of cytokines, rather than each in
isolation. That is, identifying inflammatory and anti-inflammatory
signatures may be a more appropriate strategy for investigating the
potential for disease progression.
The mechanisms by which prior ACE inhibition provides sustained

cardiac protection against a future insult remain to be fully deter-
mined. Given the extensive impact of this antihypertensive treatment,
there are likely multiple factors that contribute to these effects. For
example, before L-NAME treatment, E+L rats were operating at a
more advantageous baseline level of left ventricular mass and arterial
pressure. We have previously determined that these effects persist for
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Figure 5 Left ventricular levels of (a) IL-1β (two-way: time Po0.05), (b) IL-6 (two-way: pre-treatment P=0.086), (c) MCP-1 (two-way: time Po0.05),
(d) GM-CSF (two-way: time Po0.05) and (e) TCK-1 (two-way: time Po0.05, drug Po0.05) protein after 0, 3, 7 and 10 days of L-NAME treatment in
previously untreated (C+L: white bars) and previously enalapril-treated (E+L: black bars) rats. Mean± s.e.m., Bonferroni post-test following two-way ANOVA:
*Po0.05 vs. C+L0, †Po0.05 vs. E+L0.
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up to 20 weeks off-treatment despite restoration of the renin
angiotensin system.25 Moreover, we showed using a crossover kidney
transplant study design that ACE inhibitor-induced changes in
structurally-based renal vascular resistance were the likely mechanism
underlying this persistent reduction in arterial pressure.25 In the
present study, despite different baselines with respect to arterial
pressure and LV mass in C+L0 and E+L0 rats, L-NAME treatment
resulted in a similar incidence of vascular and myocardial injury, as
well as equivalent increases in pressure and cardiac hypertrophy
relative to the respective baseline. In fact, the impact on cardiac mass
was realized 7 days earlier in the E+L hearts. This is perhaps not
surprising given that we previously showed that the sustained
reduction in left ventricular hypertrophy was blood pressure
dependent.25 Although the relative increase in blood pressure was
equivalent, it is possible that the lower absolute level of arterial
pressure in E+L rats is in part responsible for the attenuated
inflammatory response to injury in the present study. However, others
have shown that preventing L-NAME-induced hypertension does not

impact MCP-1 production or macrophage infiltration in response to
NOS inhibition.53 Nonetheless, it is noteworthy that in the present
study many of the cytokine levels tended to decrease at day
7—particularly in the E+L rats. Arterial pressure dips between days
3 and 8 of L-NAME treatment, reaching a nadir on days 5 and 6.10

This occurs in both treatment groups and the mechanism for this
tri-phasic blood pressure response is not known. PP has also been
positively associated with acute coronary heart disease28 and may
represent another potential reason for the differential impact of
cardiac inflammation in C+L and E+L rats. This parameter was not
different at baseline between treatment groups; however, the rise in
systolic pressure during NOS inhibition was faster than the rise in
diastolic pressure in C+L rats resulting in a transient increase in PP at
time points that correlated with cytokine and chemokine increases
(day 3) and macrophage infiltration (day 7) in the C+L treatment
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Figure 7 Representative images (×200 magnification) of LV from C+L10
(a) and E+L10 (b) rats immunolabeled for PCNA and counterstained with
hematoxylin and eosin. Brown indicates positive staining and arrows point to
representative positive cells. (c) Quantification of immunohistochemistry,
data presented as the average percent increase in labeled cellsmm−2 from
day 0 of L-NAME treatment± s.e.m. Two-way ANOVA: time Po0.05,
interaction Po0.05, Bonferroni post-test following two-way ANOVA:
*Po0.05 vs. C+L0, ‡Po0.05 vs. C+L day 10. (d) Number of PCNA-positive
cells plotted against area of infarct in each LV. Slope of C+L line is
significantly non-zero (Po0.05). A full color version of this figure is available
at Hypertension Research journal online.
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group. A third potential mechanism for the beneficial effects following
transient ACE inhibition may be a persistent alteration in the RAS.
Indeed, RAS inhibition has been shown to prevent L-NAME-induced
hypertension,23,54,55 increases in cardiac23 and renal56 macrophage
infiltration and MCP-1 levels. While our previous study25 showed that
there was not a sustained RAS inhibition following cessation of
enalapril, the present study investigated the long-term impact on the
cardiac-specific RAS. The present findings demonstrate that the
sustained cardio-protection is not related to an alteration in expression
of cardiac enzymes involved in angiotensin II production or of
angiotensin receptors. Taken together with the abovementioned
published studies,23,54–56 the present findings suggest that ongoing
RAS inhibition is necessary to prevent the hypertensive, but not the
inflammatory response to L-NAME. However, although not

statistically significant, there was a trend toward an increase in the
expression of the Mas receptor. Activation of this receptor by Ang(1–
7) has been previously demonstrated to be cardio-protective57,58 and
this tendency toward increased expression may potentially mediate, at
least in
part the beneficial effects observed in the present study. Finally,
enalapril-induced changes in cardiac cells may underlie the long-term
protection against pathological cardiac remodeling. For example, ACE
inhibitor treatment has been shown to induce apoptosis in 30% of left
ventricular fibroblasts.59,60 It may be that there is a sub-population of
fibroblasts that is hyperproliferative and promotes excessive fibrosis
and inflammation. Prior ACE inhibitor treatment may have either
deleted this particular subset of fibroblasts via apoptosis, or induced
epigenetic changes that ultimately alter the fibroblast response to
L-NAME treatment. This is a particularly intriguing hypothesis given
that cardiac fibroblasts have emerged as important mediators of the
inflammatory response following ischemic injury.61–63

Despite improved treatments and diagnostic tools, heart disease
remains the leading cause of morbidity and mortality in the United
States.1 Our present and previous findings10,11 suggest that the heart of
a hypertensive rat with a predisposition to damage can be modified
such that the response to a pathogenic stimulus is reduced. Although E
+L rats were operating at a lower blood pressure and reduced left
ventricular mass, L-NAME induced myocardial infarction and cor-
onary artery injury to a similar extent in both treatment groups.
Importantly, in response to this injury there was no change in the
number of proliferating cells, and the number of macrophages
infiltrating per unit area of infarct was lower in E+L when compared
with C+L hearts. The protection observed in the hearts of SHR
previously treated with the ACE inhibitor likely involves a complex
network of cytokines; however, differential regulation of MCP-1 has
emerged as a predominate candidate. The relatively short duration of
the washout period is a limitation of the present study. Future
investigations involving longer off-treatment periods are an important
future direction that will ultimately determine whether there is
potential for long-term clinical benefit to transient ACE inhibition.
While it remains to be determined how long the cardio-protection
lasts, Ishiguro et al64,65 have shown that transient RAS inhibition
protects against L-NAME-induced renal injury and diabetic nephro-
pathy for at least 6–7 weeks off-treatment. In addition, we have
previously demonstrated that the persistent reduction in arterial
pressure and left ventricular hypertrophy persisted for more than
20 weeks after cessation of a 2-week ACE inhibitor treatment. Future
work emanating from these studies will reveal a greater understanding
of the inflammatory processes involved in macrophage recruitment
and in pathological cardiac remodeling. Moreover, determining the
mechanisms by which prior ACE inhibition produce cardiac protec-
tion may lead to novel strategies for heart failure treatment and
prevention.
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Figure 8 Representative images (×200 magnification) of ED-1 positive
macrophages in the LVs of C+L10 (a) and E+L10 (b). Brown indicates
positive staining and arrows point to representative positive cells.
(c) Quantification of immunohistochemistry, data presented as the average
percent increase in labeled cellsmm−2 from day 0 of L-NAME treatment
± s.e.m. Two-way ANOVA: interaction Po0.05, Bonferroni post-test following
two-way ANOVA: *Po0.05 vs. C+L0, ‡Po0.05 vs. C+L day 7. (d) Number
of PCNA-positive cells plotted against area of infarct in each LV. Slope of
both C+L and E+L lines is significantly non-zero (Po0.05). Slope of E+L
line is significantly greater than C+L slope (Po0.05). A full color version of
this figure is available at Hypertension Research journal online.
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