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Abstract
Rationale—Monocytes recruited to ischemic myocardium originate from a reservoir in the
spleen, and the release from their splenic niche relies on angiotensin-II (Ang-II) signaling.

Objective—Since monocytes are centrally involved in tissue repair after ischemia, we here
hypothesized that early ACE inhibitor therapy impacts healing after myocardial infarction partly
via effects on monocyte traffic.

Methods and Results—In a mouse model of permanent coronary ligation, Enalapril arrested
the release of monocytes from the splenic reservoir and consequently reduced their recruitment
into the healing infarct by 45%, as quantified by flow cytometry of digested infarcts. Time-lapse
intravital microscopy revealed that Enalapril reduces monocyte motility in the spleen. In vitro
migration assays and Western blotting showed that this was caused by reduced signaling through
the Ang-II receptor subtype 1. We then studied the long-term consequences of blocked splenic
monocyte release in atherosclerotic apoE-/- mice, in which infarct healing is impaired due to
excessive inflammation in the cardiac wound. Enalapril improved histological healing biomarkers
and reduced inflammation in infarcts measured by fluorescence molecular tomography (FMT-CT)
of proteolytic activity. ACE inhibition improved MRI-derived ejection fraction by 14% on day 21,
despite initially comparable infarct size. In apoE-/- mice, ischemia reperfusion injury resulted in
larger infarct size, enhanced monocyte recruitment and was reversible by Enalapril treatment.
Splenectomy reproduced anti-inflammatory effects of Enalapril.

Conclusion—This study suggests that benefits of early ACE inhibition after MI can partially be
attributed to its potent anti-inflammatory impact on the splenic monocyte reservoir.
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ACE inhibitors, which lower systemic and tissue levels of angiotensin II (Ang-II) by
reducing cleavage of the C-terminal dipeptide from Ang-1, were developed as
antihypertensive agents. They have evolved into a mainstay of heart failure therapy; current
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guidelines recommend to start therapy early after MI 1, and are based on clinical trials
showing that ACE inhibition decreases mortality 2. Initially, these effects were attributed to
hemodynamic unloading of the left ventricle 3. Subsequently, it became clear that ACE
inhibitors also decrease hypertrophy and fibrosis through direct effects on heart tissue 4.
These well described effects reduce left ventricular remodeling following MI, and therapy is
therefore continued indefinitely.

The effect of ACE inhibitors on the monocyte response during the first week after MI is less
well understood. There is emerging evidence that Ang-II, which sharply increases in
circulation after myocardial infarction, is a pro-inflammatory peptide that closely interacts
with the immune system, including monocytes 4-7. Furthermore, Ang-II can modulate the
regional cytokine milieu8-11. It has recently been shown that 40-70% of monocytes acutely
recruited to the infarct originate from a splenic reservoir 6. In the steady state, monocytes
reside in clusters of ~50 cells in the subcapsular red pulp of the spleen. Upon interaction of
Ang-II with its cell surface receptor, Ang-II receptor subtype 1 (AT1R), splenic monocytes
increase their motility and intravasate into nearby splenic veins. In the mouse, this
“emergency reservoir” releases up to one million monocytes within 24 hours post MI 6,
which are subsequently recruited into the infarct mainly via interaction of the chemokine
MCP-1 with its cognate receptor CCR2 12. The cells then assume a central role in
orchestrating the healing wound 13-16. They promote removal of cell debris and extracellular
matrix through proteolysis and phagocytosis and regulate tissue repair by stimulating
angiogenesis and fibroblasts. However, an excessive inflammatory response is deleterious.
In atherosclerotic apoE-/- mice with coronary ligation, the co-existing systemic inflammation
associated with hyperlipidemia increases levels of circulating monocytes and their
recruitment to the infarct 17. Consequently, scar healing is compromised and development of
heart failure accentuated 17, 18. In patients, increased levels of blood monocytes during MI
also correlate with enhanced left ventricular dilation and adverse outcome 19-21.

Here we hypothesized that ACE inhibition reduces splenic release of monocytes, decreases
their recruitment into the infarct, curbs excessive infarct inflammation, and promotes
coordinated wound healing. We further propose that the effect of ACE inhibition on the
innate immune system presents a new mechanism that at least partially explains the
reduction of heart failure following MI.

Methods
A detailed method section is available online.

Animal models
Female C57BL/6J and apoE-/- mice were purchased from Jackson Labs. Cx3cr1gfp/+ mice
were obtained by breeding Cx3cr1gfp/gfp mice with C57BL/6J mice. Cx3cr1gfp/+ mice have
one Cx3cr1 allele replaced with cDNA encoding eGFP, and can be used to track monocytes
22. ApoE-/- mice had an average age of 45 weeks and were on a high-cholesterol diet. The
institutional animal welfare committee approved the research reported.

MI, ischemia reperfusion injury and splenectomy were performed as described online 6, 23.
Mice were treated with a dose of 100 mg/kg 24, 25 Enalapril daily for the acute studies
(sacrifice one day after MI) or 20 mg/kg Enalapril daily 26, 27 for the chronic studies.
Treatment was started two days before MI and continued for seven days thereafter. In
additional cohorts, we initiated Enalapril treatment one hour or twenty-four hours after
coronary ligation. Hydralazine was given at a dose of 15 mg/kg 28 daily. Treatment was
done by gastric gavage.
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Histology
Histology of spleens and hearts was assessed as described in the online methods.

Flow Cytometry
Mice were sacrificed on days 1, 2, 3 and 5 after MI and 1 day after ischemia reperfusion
injury for flow cytometry (n = 3 – 5 mice per group and time point). Spleens, hearts and
blood were prepared and analyzed for total organ monocyte numbers by multicolor flow
cytometry 18.

ELISA for serum Ang-II levels
Ang-II concentration in blood was determined with an Ang-II ELISA.

Intravital microscopy
Intravital microscopy of splenic monocytes was done in Cx3cr1gfp/+ mice. During isoflurane
anesthesia, the spleen was exteriorized and imaged with a prototypical intravital laser
scanning microscope (IV100, Olympus Corporation) 6, 29.

In vitro migration
Migration experiments using Ang-II as a chemoattractant were performed using sorted
monocytes from spleen. For the receptor blocking condition, cells were pretreated with the
AT1R antagonist losartan.

Western for Ang-II Type 1 (AT1R) receptor on splenic monocytes
Splenic monocytes were isolated by FACS and dimerization of the AT1 receptor was
assessed by Western blotting.

Quantitative PCR
Infarct tissue was examined for expression of markers of inflammatory monocytes (Ly-6C),
differentiated macrophages (CD68; Mac3), TNF-α, TGF-β, myeloperoxidase, and
appropriate controls (GAPDH). TGF-β mRNA was also measured in monocytes isolated
from the heart.

FMT-CT
On day 1 after MI we performed FMT-CT imaging 17, 30, 31 to interrogate the magnitude of
inflammation 24 hours after injection of 5 nmol of a pan-cathepsin protease sensor
(Prosense-680, PerkinElmer) in apoE-/- mice with and without Enalapril treatment and
apoE-/- mice that were splenectomized at the time of coronary ligation.

MRI
We performed in vivo MRI on day 21 after MI in apoE-/- mice with and without Enalapril
treatment and in apoE-/- mice that were splenectomized at the time of coronary ligation 23.

Ischemia reperfusion injury
Ischemia reperfusion injury (IRI) was studied in wild type mice, apoE-/- with and without
Enalapril treatment, and in apoE-/- that were splenectomized immediately prior to ischemia.
The area at risk was assessed using fluorescent microspheres, and the resulting infarct size
by triphenyltetrazolium chloride (TTC) staining.
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Blood pressure measurements
Blood pressure was monitored using the non-invasive tail cuff method 32.

Statistics
Results are expressed as mean ± SEM. Statistical comparisons between two groups were
evaluated by Student's t-test and corrected by ANOVA for multiple comparisons. A value of
p < 0.05 was considered to indicate statistical significance.

Results
ACE inhibition prevents the release of splenic monocytes in acute MI

Myocardial injury or administration of Ang-II results in increased motility of monocytes in
the spleen 6. We therefore investigated if lowering levels of Ang-II through ACE inhibition
impacts splenic monocytes. First, we assessed monocyte numbers in the spleen on day 1
after permanent coronary ligation with and without Enalapril treatment. The subcapsular
region is the site where monocytes are stored in the spleen 6. Immunoflurescence staining
for CD11b showed significant reduction of CD11b+ cells in the subcapsular region after MI.
Treatment with Enalapril completely abolished splenic loss of monocytes after MI
(p<0.0001; Figure 1A).

To quantify total monocyte numbers in the whole spleen, we used flow cytometry one day
after coronary ligation. MI induced massive release of monocytes from the spleen.
Monocyte numbers in spleens of mice with MI were reduced by 42% compared to spleens
from naive mice (Figure 1B, p = 0.01). In contrast, infarcted mice treated with Enalapril
showed practically no release of splenic monocytes (no MI, 1.24 × 106 monocytes per
spleen; MI plus Enalapril, 1.22 × 106 monocytes per spleen; p = n.s.; Figure 1B). The effect
was observed for both subsets, Ly6-Chigh as well as Ly6-Clow monocytes.

Next we investigated if the effect on splenic monocytes was related to vasodilatory
properties of ACE inhibitors. We confirmed that Enalapril significantly reduced Ang-II
serum levels in plasma (p < 0.05; Figure 1C). We then treated mice with the direct
vasodilator Hydralazine and chose a dose of 15mg/kg/day, which had previously been
shown to reduce systolic blood pressure to < 80 mmHg 28. Flow cytometric analysis of the
spleen showed that Hydralazine did not reduce the release of monocytes after MI (p = n.s.
versus untreated MI, Figure 1D). We thus concluded that monocyte retention in the spleen
by Enalapril is likely not related to its vasodilatory properties, since lowering of blood
pressure with a direct vasodilator did not reproduce its effect. Blood pressure data in various
cohorts are shown in Online Table I.

ACE inhibition reduces the motility of splenic monocytes
Next we aimed to investigate how ACE inhibition reduces monocyte release from the
spleen. We employed time-lapse intravital microscopy, a techique that allows to track
endogenous monocytes in the subcapsular red pulp of the spleen in live animals 6. We
investigated the spleens of Cx3cr1gfp/+ mice, in which one Cx3cr1 allele is replaced with
cDNA encoding eGFP. Thus, cells that express the fractalkine receptor are rendered GFP+
and can be followed with fluorescence imaging. Within the splenic capsule, 95% of the GFP
+ cell population consists of monocytes, macrophages and dendritic cells 6. The present
study confirmed that splenic monocytes increase motility after MI (4-fold increase, p < 0.01,
Figure 2A, Online Movie I). Previously, it was shown that this increase in motility leads to
intravasation into sinusoids and splenic veins and departure of the cells from the organ 6.
When treated with Enalapril, monocytes did not increase motility after MI (Figure 2A,
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Online Movie I). Splenic macrophages or dendritic cells showed very low displacement and
there was no difference between both groups, as expected (Figure 2A).

In vitro cell migration experiments corroborated the importance of Ang-II signaling for
monocyte motility. Ang-II induced rigorous migration of monocytes isolated from the
spleen; however, co-treatment with the AT1R antagonist Losartan reduced this effect
significantly (Figure 2B), suggesting that mobilization of splenic monocytes requires Ang-
II/AT1R signaling.

Next, we investigated dimeric forms of the AT1R on monocytes sorted from spleens by
Western blot. Ang-II/AT1R signaling requires dimerization and covalent cross-linking of the
receptor, an event that can be quantified by Western blot using reduced gels 6, 33. We found
that MI triggers AT1R dimerization in splenic monocytes. However, Enalapril reduced this
effect (Figure 2C). These data describe the mechanism how ACE inhibition blocks splenic
monocyte release: they indicate that ACE inhibition reduces Ang II/AT1R signaling in
monocytes, which directly affects monocyte motility, and thus departure from the splenic
reservoir.

Blocking of the splenic monocyte release diminishes recruitment to the infarct
Reduced mobilization of splenic monocytes by Enalpril should decrease accumulation of
these cells in ischemic myocardium. Flow cytometry confirmed a marked reduction in the
number of monocytes accumulating in the infarct on day 1, 3 and 5 after permanent
coronary ligation (Figure 3A). The inflammatory response on day 1 after MI is dominated
by Ly-6Chigh monocytes 18. Accordingly, the impact of Enalapril was more profound on this
subset (Figure 3A). However, Ly-6Clow monocyte numbers were also reduced in the heart,
especially at later time points (Figure 3A). Immunoreactive staining for CD11b and MAC-3
confirmed that Enalapril reduced the number of myeloid cells in one-day old infarcts (Figure
3B). The number of CD11b+ cells per high power field was reduced from 52 ± 4 to 31 ± 4
(p < 0.01), and the area positive for MAC-3 from 5.8 ± 0.7 to 3.5 ± 0.4% (p < 0.01).

Since some patients will not be on ACE inhibitor therapy prior to their first MI, we next
tested the effects of Enalapril 1 hour or 24 hours after coronary ligation. This experiment
models the situation of a first MI, when treatment is started early after ischemia. The impact
of ACE inhibition on monocyte flux was preserved, but somewhat attenuated when started
with a 24 hour delay, probably because there was a period of uninhibited monocyte release
after MI (Online Figure I).

Quantitative PCR of infarct tissue showed that Enalapril profoundly reduced expression of
TGF-β, myeloperoxidase, and TNF-α (Figure 4). MAC-3, CD68, and Ly-6C, which are
genes primarily expressed by inflammatory monocytes and macrophages, were also reduced
(Figure 4). Further, we assessed the mRNA level of TGF-β in monocytes that were isolated
by flow activated cell sorting and found levels that were 4.3-fold higher than in infarct tissue
(p < 0.01 versus infarct tissue). Thus, we concluded that monocytes may be a source of
TGF-β after MI.

ACE inhibition reduces inflammation in infarcts of apoE-/- mice
We next tested whether inhibiting the mobilization of the splenic monocyte reservoir affects
cardiac wound healing. We chose to investigate infarct healing in apoE-/- mice, because their
heightened systemic inflammation, specifically the increased availability of monocytes in
circulation, may resemble patients with atherosclerosis better 17. This model is particularly
helpful when innate immune responses to ischemia and tissue repair are studied 34. Flow
cytometric analysis of apoE-/- mice on day 1 after permanent coronary ligation showed that
Enalapril prevented the release of splenic monocytes and reduced blood monocytosis
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(Figure 5). Notably, monocyte numbers in the infarct were reduced to levels seen in wild
type mice (wild type, 0.42 × 106 ± 0.1 × 106; apoE-/-, 1.23 × 106 ± 0.1 × 106; apoE-/-

Enalapril, 0.35 × 106 ± 0.1 × 106). The treatment reduced the number of both, Ly-6Chigh and
Ly-6Clow monocytes (Figure 5B).

Wound healing was then assessed by histology on day 4, 7 and 10 after coronary ligation.
Immunoreactive staining of the infarcted tissue from apoE-/- mice showed that Enalapril
supported the resolution of inflammation, as numbers of inflammatory cells, including
monocytes, neutrophils and macrophages were reduced (Figure 6). We had previously found
that the infarcts of apoE-/- mice contain more microvessels and less collagen, likely due to
increased delivery of pro-angiogenic factors and proteases by monocytes 18. This was
reversed in the current study: Enalapril decreased the number of neovessels and augmented
collagen content in the border zone (Figure 6). Thus, reduction of inflammation by Enalapril
improved infarct healing in apoE-/- mice.

Early ACE inhibitor treatment reduces protease activity and improves LV remodeling in
apoE-/- mice with MI

We next evaluated the effects of improved healing in Enalapril-treated mice on left
ventricular remodeling. Infarct size and proteolytic activity were measured by FMT-CT 17

on day 1 after MI, followed by MRI on day 21 to evaluate left ventricular anatomy and
function. A group of apoE-/- mice received 20 mg/kg Enalapril (see flow chart in Figure 7)
and was compared to untreated apoE-/- mice. Importantly, treatment was terminated on day
7 to study ACE inhibitor effects during the early healing phase after MI. CT imaging found
that infarct size 35 on day 1 was similar between study groups. To assess infarct
inflammation in vivo, we quantitated proteolytic activity in infarcts using an activatable
fluorescent protease sensor and FMT-CT 17, 30. Regions of interest were identified in the
FMT data set based on anatomical information provided by fusion with CT images. In line
with flow cytometric results showing lower monocyte numbers, Enalapril reduced
proteolytic activity in the infarct (Figure 7, p < 0.05). Enalapril therapy was discontinued on
day 7, when inflammation in murine infarcts subsides and actions of the ACE inhibitor on
the remote myocardium would predominate. Mice were then followed up on day 21 after MI
by MRI volumetry. Untreated mice showed substantial left ventricular remodeling and a
reduced ejection fraction. However, MRI parameters improved in the Enalapril treated
cohort. These mice had higher ejection fractions and smaller end-diastolic volumes (Figure
7, p < 0.05). Increased scar thickness (Figure 7, p < 0.05) indicated that the treatment had
influenced infarct healing, as infarct expansion and thinning is a hallmark of impaired
healing 15. Left ventricular mass was also reduced (Figure 7).

When Enalapril treatment was started one hour after coronary ligation, the strong anti-
inflammtory effects seen by FMT-CT were preserved (protease sensor activation: MI 67.6 ±
17.0 pmol, MI Enalapril 26.2 ± 8.2 pmol, p < 0.05). In the same mice, MRI derived ejection
fraction on day 21 was higher when compared to untreated mice (control MI, 34±4%, MI
Enalapril 43±2%, p < 0.05).

Early ACE inhibitor treatment has beneficial effects on left ventricular hemodynamics, and
reduces local ACE activity in the heart. We wanted to explore to what extent the impact on
the monocyte flux contributes to the overall benefits of Enalapril. We thus neutralized the
splenic monocyte reservoir by surgical removal of the spleen at the time of coronary
ligation. As in Enalapril treated mice, this results in a reduced availability of splenic
monocytes, but leaves non-spleen targets of Enalapril untouched. Hence, this cohort models
the isolated splenic effect of ACE inhibition. FMT-CT showed a similar reduction of
protease activity in the infarct of apoE-/- mice by Enalapril and splenectomy (Figure 7, p <
0.05). This is in line with the notion that both procedures reduce the recruitment of
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monocytes into the infarct, cells that are the major source of proteases in MI 31. In apoE-/-

mice, splenectomy had a beneficial effect on left ventricular remodeling, albeit to a lesser
degree than treatment with Enalapril (Figure 7, p < 0.05). Compared to untreated apoE-/-

mice, the EF was improved by 9% in splenectomized mice, and by 16% in mice treated with
Enalapril. Similar trends were observed for the end-diastolic volume, left ventricular mass
and scar thickness, all measured by MRI (Figure 7).

Ischemia reperfusion injury is increased in apoE-/- mice and ameliorated by Enalapril as
well as splenectomy

Most patients with acute MI reach the hospital in time for reperfusion therapy. We therefore
investigated the role of monocytes in ischemia reperfusion injury. During thirty-five minutes
of ischemia, mice were injected with fluorescent microspheres to delineate the area at risk.
Twenty-four hours after reperfusion, infarct size was determined by TTC staining, and area
at risk by fluorescence imaging of myocardial rings (Figure 8A). Compared to wild type
mice, the infarct/area at risk ratio was profoundly increased in apoE-/- mice (Figure 8B), and
this was paralleled by an increased number of monocytes recruited to the injured
myocardium (Figure 8C, D). Treatment with Enalapril and surgical removal of the splenic
monocyte reservoir reduced the infarct/area at risk ratio in a similar fashion. Likewise, the
number of monocytes recruited to the heart was reduced in parallel by Enalapril treatment
and splenectomy (Figure 8C, D). Analysis of spleens revealed that Enalapril inhibited the
release of the splenic monocyte reservoir following ischemia reperfusion injury (Figure 8E).

Discussion
In 2010, an estimated 785,000 Americans will have a new acute coronary syndrome, one
every 25 seconds 36. Most of these patients will receive ACE inhibitor therapy within 24
hours. Here we identified a new mechanism that contributes to the beneficial effects of early
ACE inhibitor therapy after myocardial infarction. In mice with coronary ligation, Enalapril
decreased Ang-II/AT1R signaling on monocytes in the spleen, and thus inhibited their
massive mobilization from the splenic reservoir. Preventing the release of splenic monocytes
subsequently controlled their recruitment in infarcts, and short-term treatment during the
wound healing phase after MI had a profound long-term impact on LV remodeling.

Coronary ligation in apoE-/- mice allows the study of MI in the context of pre-existing
chronic inflammation 17. In these mice, hyperlipidemia induces a progressive increase of the
monocyte pool 37. The cells are recruited into the vessel wall, a process that is now well
understood to drive atherosclerotic lesion formation and progression 38, 39. We chose this
model because it likely reproduces innate immune processes during infarct repair in man
with higher fidelity than a model of coronary ligation in otherwise ‘healthy’ wild type mice
34, as patients experience infarcts due to thrombotic complication of an atherosclerotic
plaque. The pre-existing heightened immune activity and the increased levels of blood
monocytes at the time of MI result in enhanced recruitment of monocytes into the infarct 17.
Blood monocytosis by itself (i.e., in the absence of atherosclerosis or hypercholesterolemia,
but induced by LPS injections) causes excessive monocyte recruitment in infarcts, impaired
infarct healing and accelerated left ventricular dilation 17. Of note, a parallel relationship of
increased blood monocyte levels and left ventricular remodeling was recently described in
patients after MI 21. In the current study, Enalapril substantially reduced the mobilization of
monocytes from the spleen and lowered their numbers in blood and infarct of wild type as
well as apoE-/- mice. Therefore, the anti-inflammatory properties of ACE inhibition may
mitigate the accentuated immune activity in patients with acute coronary syndromes and
thus partly contribute to improving their prognosis 19-21.
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Histological assessment of Enalapril-treated apoE–/– mice after MI showed faster resolution
of inflammation, and normalization of wound healing parameters such as number of
neovessels and collagen content in the border zone. Direct action of Ang-II on fibroblasts
promotes collagen synthesis and ACE inhibition reduces collagen content in the remote zone
40, 41 and scar 42. In the current study, we found increased collagen content in the scar of
treated apoE-/- mice. Because Enalapril drastically reduced numbers of inflammatory
monocytes and protease activity, it likely changed the balance of matrix breakdown and
synthesis 43. Increased scar thickness measured by MRI indicates that improved healing
reduced infarct expansion, which then resulted in attenuated left ventricular remodeling and
higher ejection fraction in Enalapril treated mice. Anatomic and functional MR data
measured 3 weeks after MI were improved although therapy was limited to the first week,
suggesting that treatment during the early period of infarct healing garners long-term
benefits. ACE inhibition has also been shown to modulate inflammatory cytokine
expression, for instance TNF-α or TGF-β 8, which may influence left ventricular remodeling
and heart failure. Since these regulators of innate immunity 14 are found in monocytes, it is
likely that the effects of ACE inhibition on monocyte traffic, at least partially, contribute to a
change in the regional cytokine milieu. This is supported by the 4.3-fold higher TGF-β
mRNA levels in monocytes when compared to infarct tissue levels.

Similar as in previous reports which showed increased recruitment of monocytes to the
infarct after permanent coronary artery occlusion in apoE-/- mice with atherosclerosis and
blood monocytosis 17, we found that monocyte recruitment is more than doubled after
ischemia reperfusion injury in these mice. The majority of recruited cells belonged to the
inflammatory Ly-6Chigh subset, which carry high payloads of potentially harmful
inflammatory mediators. When compared to wild type, the infarct size was increased in
apoE-/- mice. Treatment with Enalapril as well as splenectomy reversed the number of
recruited monocytes and the quantity of infarcted tissue to levels seen in wild type mice. The
lower number of monocytes in heart tissue was due to inhibited splenic release following
ACE inhibitor treatment. These findings position monocytes as therapeutic targets in
ischemia reperfusion injury, and confirm that ACE inhibitors reduce infarct size 44-46 in a
model that accounts for the heightened activity of the immune system in atherosclerosis 38.

ACE inhibitor therapy has many reported targets, including beneficial systemic
hemodynamic effects and decrease of Ang-II tissue levels 4. To study the relative
contribution of splenic effects, we removed the splenic monocyte reservoir surgically in
apoE-/- mice. Infarct protease activity was reduced to the same extent by splenectomy and
Enalapril, which suggests dominance of the splenic effects in the acute anti-inflammatory
properties of Enalapril. Ejection fraction on day 21 post MI was improved partially when
compared to Enalapril treatment (9 versus 16% improvement over untreated mice with MI).
It is important to stress that these beneficial effects of splenectomy were observed in apoE-/-

mice, which recruit too many monocytes to the healing infarct 17. In healthy individuals, the
existence of a rapidly deployable reservoir of myeloid cells is likely an evolutionary
advantage as it allows the immune system to respond to injury quickly. The spleen may have
many favorable effects for wound healing, and health in general. This is highlighted by a
study of veterans that lost their spleen due to a World War II injury and consequently had an
increased cardiovascular mortality 47. Also, the wholesale removal of the organ may
compromise other, not yet known protective functions in infarct healing.

Current guidelines of the American College of Cardiology (ACC) and the American Heart
Association (AHA) recommend that oral ACE inhibitor therapy should be started within the
first 24 hours of suspected acute myocardial infarction in patients without contraindications.
If the observations of this study translate into humans, the treatment would also curb
inflammation in patients with a raised level of immune activity due to co-existing
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atherosclerotic disease. The data presented here provide additional mechanistic insight into
the mortality reduction by early ACE inhibitor treatment found in clinical studies (HEART
48, SMILE 49), and suggest that systemic or local infarct inflammation may be an important
therapeutic target for guiding therapy in individual patients. The level of inflammation in the
infarct could be monitored by monocyte/macrophage imaging. To this end, the phagocytic
or inflammatory properties of myeloid cells could be harnessed for MR imaging 50, 51.
Alternatively, as done in this study, a key monocyte function could serve as an imaging
biomarker. We used fluorescence molecular tomography to quantify protease-dependent
activation of an optical beacon in the myocardium, which can be accomplished with nuclear
imaging in patients 52. While these technologies are not yet translated into clinical care, the
level of circulating monocytes may offer an approximation for the number of cells in the
infarct. However, this association needs to be confirmed in patients.

In conclusion, we show that ACE inhibitor treatment has a profound impact on the innate
immune response after MI, and that this newly discovered mechanism contributes
substantially to the benefits of early ACE inhibitor therapy after MI. The inhibition of
monocyte mobilization from their splenic reservoir represents a powerful anti-inflammatory
action which may have therapeutic implications beyond treatment of hypertension and heart
failure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

ACEi Angiotensin Converting Enzyme Inhibitor

Ang-II angiotensin II

AT1R Ang-II type 1 receptor

IVM Intravital Microscopy

IRI Ischemia reperfusion injury

FMT-CT Fluorescence Molecular Tomography in conjunction with Xray Computed
Tomography

MRI Magnetic Resonance Imaging

SPX Splenectomy
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Figure 1. ACE inhibition abolishes the release of splenic monocytes in acute MI
A. Splenic sections stained with CD11b-specific antibodies (red) and 4′,6′-diamidino-2-
phenylindole (DAPI) (blue) showing the subcapsular red pulp. Right panel shows
enumeration of CD11b+ cells in the subcapsular red pulp.
B. Flow cytometric analysis of spleens. Rectangle indicates monocyte gate, Lin: lineage
markers. Bars are divided to display contribution of monocyte subsets (upper part / lighter
color encodes Ly-6Chigh monocytes, whereas the lower / darker part shows Ly-6Clow

monocytes).
C. Serum levels of Angiotensin II measured by ELISA.
D. Total number of monocytes in the spleen in control mice (no MI) or 1 day after MI with
and without Hydralazine (HYDR) treatment, a direct vasodilator. Mean ± SEM; * p < 0.05.
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Figure 2. ACE inhibition curtails motility and release of splenic monocytes through reduced
Ang-II/AT1R signalling
A. Intravital microscopy of GFP+ cells in the spleen subcapsular red pulp of Cx3cr1gfp/+

mice. Example from a control mouse (no MI, upper left panel): cells expressing the
fractalkine receptor are GFP+ (green), vessels are shown in red as highlighted by a
fluorescent blood pool agent. Tracks are shown for monocytes in spleens of mice 1 day after
coronary ligation (upper middle and right panel). Average displacement over time of all
GFP+ splenic monocytes is shown on lower left (mean ± SEM, * p < 0.01). Displacement
over time of single splenic monocytes is shown in lower middle panel and splenic
macrophages or DCs on the right.
B. In vitro migration of splenic monocytes without the presence of Ang II (control), in
response to Ang II and after treatment with AT1R blocker Losartan.
C. Western blot analysis of the AT1R on splenic monocytes in the steady state (no MI), and
1 day after MI with or without Enalapril. GAPDH was used as loading control.
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Figure 3. Reduction of infarct inflammation by Enalapril
A. Flow cytometric analysis of hearts after MI: dot plots from untreated animals (top row)
and Enalapril treated animals (lower row) and the according enumeration (bottom) on days
1, 3 and 5 after coronary ligation. Bars are divided to display contribution of monocyte
subsets (upper part / lighter color encodes Ly-6Chigh monocytes, whereas the lower / darker
part shows Ly-6Clow monocytes). Mean ± SEM; * p < 0.05.
B. Immunohistochemistry for CD11b+ cells in a one day old infarct.
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Figure 4. Enalapril reduces expression of inflammatory genes in the infarct
Quantitative PCR from infarct tissue on day 1 after MI showing relative expression of
MAC-3, CD68, Ly-6C, MPO, TNF-α and TGF-β. Mean ± SEM; * p < 0.05.
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Figure 5. Impact of Enalapril on monocyte flux in apoE-/- mice
A. Representative flow cytometry dot plots of infarct tissue from apoE-/- mice 1 day after
MI. The gate shows CD11b positive lineage negative monocytes and macrophages. Lin:
Lineage markers.
B. Quantitation of monocytes and their subsets by flow cytometry in heart, spleen and blood
of apoE-/- mice 1 day after MI. Mean ± SEM; * p < 0.05.
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Figure 6. Impact of Enalapril on infarct healing in apoE-/- mice
A. Representative microscopy images of respective stains on day 7.
B. Quantitation on day 4, 7 and 10 after permanent coronary ligation. ApoE: apoE-/- mice,
HPF: high power field. Mean ± SEM; * p < 0.05.
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Figure 7. Enalapril reduces early protease activity and subsequently LV remodeling in apoE-/-

mice with MI
Top: Flow chart illustrating the set up of the study.
Left: FMT-CT 1 day after MI. Arrows denote apical infarct signal. Additional activation of
the protease sensor is seen in the vicinity of the decending aorta and may be due to
inflammatory atherosclerotic lesions. Infarct size was measured by contrast-enhanced CT.
Middle and right panels: Cardiac MRI, LA: long axis, SA: short axis view. ACEi: Enalapril
treatment, SPX: splenectomy. Mean ± SEM; * p < 0.05.
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Figure 8. Ischemia reperfusion injury is enhanced in apoE-/- mice with inflammatory
atherosclerosis, and attenuated by Enalapril and splenectomy
A: Fluorescence reflectance images display the area at risk, which is void of microspheres
injected during ischemia. Lower panel shows TTC staining of the same myocardial short
axis slice.
B: Quantification of ischemia reperfusion injury as a percentage of the area at risk. Mean ±
SEM; * p < 0.05 versus all other groups.
C: Representative flow cytometry dot plots of heart tissue from apoE-/- mice 1 day after
ischemia. The gate shows CD11b positive lineage negative monocytes and macrophages.
D: Quantification of CD11b positive lineage negative monocytes/macrophages. * p < 0.05
versus all other groups.
E: Flow cytometric quantification of splenic monocytes 24 hours after ischemia in apoE-/-

mice with and without Enalapril treatment (ACEi). Mean ± SEM; * p < 0.05.
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