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provoked an acute inflammatory response
in the heart that was accompanied by
reversible changes in LV structure and
function, whereas a second injection of
1SO 7 days later had no effect on cardiac
myocyte cell death, inflammation, or
changes in LV structure and function,
demonstrating that prior ISO injury and
inflammation confers a cytoprotective
effect in the heart.

The cytoprotective effects of 1ISO-induced
injury were not secondary to decreased
B1-adrenergic responsiveness, were
maintained for 2 weeks, and were
partially diminished after 5 weeks
Depletion of cardiac macrophages
partially attenuated the cytoprotective
effects of 1SO-induced injury, suggesting
that preconditioning stimuli stimulate
macrophage populations to release
mediators that up-regulate
cytoprotective programs in the heart
following tissue injury.
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ABBREVIATIONS
AND ACRONYMS

DAMP = damage-associated
molecular patterns

dil = diluent

dil’"¢/dil = mice pretreated
with diluent on day —7 and
injected with diluent on day O

dil’"®/1SO = mice pretreated
with diluent on day —7 and
injected with isoproterenol on
day O

IL = interleukin
ISO = isoproterenol

ISOP"/dil = mice pretreated
with isoproterenol on day —7
and injected with diluent on
day O

ISOP"®/ISO = mice pretreated
with isoproterenol on day —7
and injected with isoproterenol
on day O

LV = left ventricle/ventricular

SUMMARY

org/licenses/by-nc-nd/4.0/).

he immune system is essential for
coordinating host responses to
environmental danger, most
notably through the detection and elimina-

tion of intruding pathogens. It is equally clear that

the coordinated recruitment of immune cells to
sites of tissue injury is a prerequisite for the initia-
tion of effective tissue repair responses, which are
essential for maintaining host homeostasis and

fitness.”* The ability of the host immune system

to simultaneously protect against both invading
pathogens and orchestrate tissue repair processes
is the result of evolutionary pressures that led to
the selection of a diverse family of germ line
encoded innate immune receptors, which recognize

shared molecular motifs that are common to both

invading pathogens

(referred to as pathogen-

associated molecular patterns) and to the molecular
signals released by dying or dead/necrotic cells
(referred to as damage-associated molecular pat-
terns [DAMPs]). Once activated, these innate im-

mune pattern

recognition receptors initiate a

sequence of highly optimized immune responses
that preserve host survival and maintain host
fitness."»

Whereas the release of DAMPs by dying and

necrotic myocytes and the ensuing innate immune
response following an initial episode of cardiac
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Whereas the innate immune response to an initial episode of cardiac injury has been studied extensively, the
response of the immune system to recurrent cardiac tissue injury is not well understood. Specifically, it is not
known whether the immune system adapts to the initial episode of cardiac injury and whether any adaptations
that occur lead to immune cell hypo-responsiveness or, alternatively, immune cell hyper-responsiveness. Here,
we studied the role of adrenergic-mediated stress using a simple model of reversible stress-induced cardio-
myopathy, and show that isoproterenol-induced tissue injury and inflammation are sufficient to protect the
heart from the myopathic effects of a subsequent exposure to isoproterenol. Remarkably, pharmacological
depletion of macrophages partially attenuated the isoproterenol-induced cytoprotective response,
suggesting that immune-mediated tissue repair mechanisms confer tolerance to subsequent tissue damage.
(J Am Coll Cardiol Basic Trans Science 2023;8:783-797) Published by Elsevier on behalf of the American College
of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

injury have been studied extensively (reviewed by
Frangogiannis,® Epelman et al,” and Swirski and
Nahrendorf®), the response of the immune system
to recurrent cardiac tissue injury is vastly under-
studied. For example, it is not known whether the
innate immune system adapts in response to tissue
injury by becoming more activated (ie, hyper-
responsive) or less activated (ie, hyporesponsive)
in the setting of recurrent myocardial injury.
Germane to this discussion, we and others have
shown that cytokines released by cardiac myocytes
and cardiac resident immune cells are sufficient to
cytoprotective in the heart
following the initial myocardial injury.°'* To un-
derstand whether the immune response to a single
episode of myocardial injury is adaptive or mal-
adaptive in the setting or recurrent tissue injury, we
studied the role of adrenergic-mediated stress using
a simple reversible stress-induced
cardiomyopathy. Here we show that isoproterenol
(ISO)-induced tissue injury and inflammation are
sufficient to protect the heart from the myopathic
effects of a subsequent exposure to ISO. We further
depletion of
macrophages partially attenuates the ISO-induced

confer responses

model of

demonstrate that pharmacological

cytoprotective response, suggesting that immune
mediated tissue repair mechanisms confer tolerance
to subsequent tissue damage.
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FIGURE 1 Characterization of 1SO-Induced Model of Preconditioning
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(A) Study protocol and time course of evaluations for isoproterenol (ISO)-induced preconditioning model. Mice were injected i.p. with I1SO (300 mg/kg) or an equal
volume of diluent (phosphate-buffered saline) on day —7. On day O (baseline), the mice receive a second i.p. injection with I1SO (300 mg/kg) or diluent, and are then
evaluated at baseline and days 1, 3, and 7 (arrows indicate the timing of evaluations). (B) Kaplan-Meier survival curves for diluent (dil)*"¢/dil, ISOP™/dil, dil’"¢/ISO, and
ISOP™/1SO mice (n = 11-16 per group). Analyzed by log-rank Mantel Cox test. (C) Serum troponin | levels at baseline, 1 hour, 1 day, and 7 days following ISO injection in
dilP™¢/1SO and ISOP™¢/ISO mice (n = 4-6 per group/time). (D) Heart weight-to-tibial length ratios on day 3 and 7 (data are normalized to the respective baseline values
[see Supplemental Figure 3]) (n = 8-14 hearts/group/time). (E) Representative photomicrographs of hematoxylin and eosin-stained hearts from dilP"¢/dil, ISOP™/dil,
dilP™®/ISO, and ISOP™/ISO mice at baseline, day 3, and day 7 (20 x magnification; scale bars = 50 pmol/L). (F) Inflammatory score index (see Methods section for details)
at baseline, day 3, and day 7 (n = 18-24 fields/group/time). Dashed line indicates a value of zero (no inflammation). (G) Flow cytometry analysis of CD45+ leukocytes

in the hearts of dilP"/dil, ISOP"¢/dil, dil°"¢/ISO, and ISOP"¢/ISO mice studied on days 3 and 7 (n = 8-14 hearts/group/time). For ease of comparison, the data are
expressed as the ratio of the number of cells relative to the respective number of cells in each group at baseline (see Supplemental Figure 3). Values above the
dashed horizontal line indicate an increase in cell number relative to baseline values. *P < 0.05; **P < 0.01; ***P < 0.001. Data show mean + SEM. C, D, F, and G
analyzed by 2-way analysis of variance with Dunnett's correction for multiple comparisons. Outliers were excluded.

METHODS

MICE. Ten-week-old female C57BL/6J (WT; stock
number 000664) and Vert-X mice (C57BL/6J; B6(Cg)-
Il10"™t-1Karp/ 3. stock number 014530) were purchased
from The Jackson Laboratory. The mouse colonies
were maintained in a pathogen-free environment
at the Washington University School of Medicine
and were fed standard chow diet pellets and water
ad libitum.

STUDY APPROVAL. All experimental procedures
were performed in accordance with approved animal
protocols from the Institutional Animal Care and Use
Committee at Washington University School of Med-
icine. These investigations conform to the National

Institutes of Health Guide for the Care and Use of
Laboratory Animals.

1ISO-INDUCED PRECONDITIONING. The protocol for
the 1SO-induced preconditioning is illustrated
in Figure 1A. Mice were injected intraperitoneally
(i.p.) with 300 mg/kg of (-) isoproterenol hydrochlo-
ride (ISO) (Sigma-Aldrich). ISO was dissolved in
endotoxin-free phosphate-buffer saline (PBS) (Milli-
pore, 0.05 mg/uL) that was prepared on ice for im-
mediate use, as described.'> Control mice were
injected i.p. with an equal volume of endotoxin-free
PBS. ISO-pretreated (primed) and control mice were
allowed to recover for 7 days to permit resolution of
tissue injury and inflammation, and then they were
restimulated with a second dose of ISO (300 mg/kg,
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i.p.) or PBS and followed for an additional 7 days. The
heart and blood samples were harvested at baseline
(day 0), 1, 3, and 7 days (Figure 1A). Four groups of
mice were studied: mice pretreated with an i.p. in-
jection of diluent (dil) on day —7 and a second injec-
tion of diluent (dil**¢/dil) on day o (baseline); mice
pretreated with an i.p. injection of ISO (300 mg/kg) on
day —7 and diluent on day o (ISOP*¢/dil); mice pre-
treated with an i.p. injection of diluent on day —7 and
ISO (300 mg/kg) i.p. on day 0 (dil’*/ISO); and mice
pretreated with an i.p. injection of ISO (300 mg/kg) on
day —7 and ISO (300 mg/kg) i.p. on day 0 (ISOP™/ISO).

To determine whether the ISO-induced cytopro-
tective response was maintained over time, we
exposed ISO-pretreated mice to a second ISO injec-
tion 21 and 42 days after the initial ISO injection on
day —7. To remain consistent with the nomenclature
that was used to designate the timing of the studies in
the ISOP™/ISO mice, wherein the initial ISO injection
occurred on day —7 and baseline measurements were
performed on day 0, for the mice that were injected 21
and 42 days after their initial ISO injection on day -7,
their respective baseline measurements were per-
formed on weeks 2 (referred to as ISOP™/ISO*" mice)
and 5 (referred to as ISOP™/ISOSY mice). The heart
and blood samples were harvested at baseline and 1
and 3 days later.

SERUM TROPONIN | RELEASE. Serum troponin was
measured using the ARCHITECT i2000 analyzer
(Abbot Laboratories). Blood was collected by
mandibular bleeding in Becton Dickinson Microtainer
tubes at the time of terminal sacrifice. The serum was
diluted 1:4 in PBS (80 uL serum + 240 pL PBS).

EVANS BLUE DYE UPTAKE. As a second measure-
ment of cardiac myocyte injury, we measured
Evans blue dye uptake in the hearts of dil’*/ISO and
ISOP™/ISO hearts. Briefly, 5 uL/g body weight of Evans
Blue dye (Sigma) in PBS was injected i.p. on day 2
after ISO injection. Hearts were harvested 24 hours
after injection of Evans blue dye, and the inferoapical
region of the heart was excised and minced, weighed,
and incubated at 55 °C in 1 mL formamide for 2 hours,
as described by Heydemann et al.'® The amount of
Evans blue dye uptake in the samples was quantified
by determining the spectrophotometric absorbance
of the samples measured at 620 nm. Results are
reported as arbitrary OD units/mg tissue.

GRAVIMETRIC AND HISTOLOGICAL ANALYSIS. Mice
were sacrificed at baseline or at days 3 and 7 following
the second injection with ISO or diluent. Hearts were
removed and weighed to determine the heart weight/
tibia length ratio as described.'” Hearts were pro-
cessed, paraffin-embedded, and stained with
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hematoxylin and eosin, as described previously.'7:'

Myocardial inflammation was assessed in sections
stained with hematoxylin and eosin. The degree
of myocardial inflammation was scored semi-
quantitatively in the following manner: 0 = no infil-
trate; 1+ = infiltrates involving <25% of the
ventricular myocardium; 2+ = infiltrates involving
25% to 50% of the myocardium; 3+ = infiltrates
involving 50% to 75% of the myocardium; and
4+ = infiltrates involving 75% to 100% of the
myocardium, as described.'®

2-DIMENSIONAL ECHOCARDIOGRAPHIC STUDIES.
Image acquisition. Ultrasound examination of the
cardiovascular system was performed using a
speckle-based strain analysis implemented in the
Vevo 2100 system (VisualSonics), as described
previously."”

Imaging protocol. Mice were imaged by echocardi-
ography at baseline, 1 hour, 6 hours, and 7 days after
second ISO injection to evaluate LV regional and
global structure and function, as described.'® Avertin
(0.005 mL/g) was used for sedation for all imaging
studies.

Assessment of LV regional wall motion. LV
regional wall motion was assessed using a bull’s eye
plot that was configured to display 84 segments
(7 myocardial cross-sections x 12 radial sections
within each cross-section), where the inner ring rep-
resents the apex of the LV, the middle ring represents
the segments of the mid-LV, and the outer ring rep-
resents the basal segments of the LV, as described."
LV wall motion within each segment was assessed
visually as normal, hypokinetic, or akinetic, by an
experienced operator (A.K.) blinded to the experi-
mental protocol at the time of analysis. The sum of all
abnormal LV segments was determined as the
segmental wall motion score index (SWMSI), which
represents the sum of the abnormal segments of the
LV wall motion obtained from serial short-axis views
divided by the total number of segments of the LV
wall (values >1 indicate abnormal segmental wall
motion), as described.'®

ASSESSMENT OF LEFT VENTRICULAR CONTRACTILITY
BY LANGENDORFF PERFUSION. Hearts were isolated
7 days after the mice were pretreated with diluent
(dilP™) or ISO (ISOP™) and were perfused ex vivo at
a constant pressure of 70 mm Hg at 37 °C, using
a modified Krebs-Henseleit buffer (KHB) (Milli-
poreSigma), exactly as described.'® All hearts were
paced at 420 bpm with pacing electrodes placed on
the right atrium. After a 5-minute stabilization
period, the buffer was switched to KHB buffer sup-
plemented with 1 pmol/L ISO solution. Functional
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data were recorded at 1 kHz at baseline and after ISO
perfusion on a data acquisition system (PowerLab, AD
Instruments). LV-developed pressure was calculated
as the difference between peak systolic pressure and
LV end-diastolic pressure, and the resulting LV
functional recovery data were expressed as the per-
centage of LV-developed pressure at baseline.

FLOW CYTOMETRY. Isolation of leukocytes from
the heart. Single-cell suspensions of hearts were
prepared and generated immediately before analysis
by flow cytometry (FACS), exactly as previously
described.” Red blood cells were lysed using ACK
lysing buffer (Gibco) for 15 minutes on ice, and
the remaining cells were resuspended in 450 pL of
FACS buffer (PBS with 2% FBS and 2 mmol/L EDTA)
and stained with conjugated antibodies (see
Supplemental Table 1) for 30 minutes at 4 °C and
washed with FACS buffer before analysis. Data were
acquired using the Becton Dickinson LSRFortessa at
the Washington University Department of Pathology
Flow Cytometry and Sorting Core facility. Compen-
sation controls were generated using UltraComp
eBeads (Invitrogen) and verified on single-color
control samples obtained by staining primary sple-
nocytes. The gating strategy is summarized in
Supplemental Figure 1. Cell cytometric data were
analyzed by FlowJo software (Tree Star). Raw data are
expressed as the number of cells per mg of heart tis-
sue, and normalized data are expressed as the num-
ber of cells per mg of tissue at the time point of
interest divided by the average number of cells per
milligram of tissue for the respective baseline group.

MACROPHAGE DEPLETION. Macrophages
depleted in the hearts of ISO-preconditioned mice
using clodronate-containing liposomes (Liposoma

were

BV).?° Control mice were injected with an equal vol-
ume of PBS liposomes (Liposoma BV). In preliminary
control experiments, we determined that i.p.
clodronate (400 pL) reliably depleted tissue resident
cardiac macrophages within 3 days using 2 sequential
doses of clodronate liposomes given 2 days apart
(Supplemental Figure 2). Mice displaying abnormal
behavior, rapid weight loss, clots within the left
atrium, ischemic bowel or liver, or evidence for
paresis or ataxia after clodronate injection were
excluded from analysis.

STATISTICAL ANALYSIS. All data are presented as
mean + SEM. The Shapiro-Wilks test was applied to
all data to ensure normality before parametric
statistical testing. Statistical comparisons between 2
experimental groups were performed using 2-tailed
Student’s t test. Standard 1- or 2-way analysis of
variance with Dunnett’s (multiple comparisons to a
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control), Tukey’s (all pairwise comparisons), or
Sidak’s correction for multiple post hoc comparisons
were performed, where appropriate. Longitudinal
analyses were not applied as individual mice were not
always followed across multiple time points. The
Kaplan-Meier survival curves were compared by the
log-rank (Mantel-Cox) test. All data were analyzed
using GraphPad Prism version 9. A P value <0.05 was
considered statistically significant.

RESULTS

1ISO-MEDIATED PRECONDITIONING. We have shown
previously that a single intraperitoneal (i.p.) injection
of 300 mg of ISO induces a brisk inflammatory
response in the heart that is accompanied by LV
dysfunction and LV dilation that is completely
reversible following resolution of inflammation."” To
determine whether a brief episode of ISO-induced
tissue injury and inflammation confers cytopro-
tection in the heart, we restimulated mice with a
second injection of ISO (300 mg/kg, i.p.) 7 days after
the initial ISO injection, at a time when tissue injury
and inflammation were resolved, and there was
normalization of LV structure and function. Control
mice were injected i.p. with an equal volume of
diluent (PBS). As shown in Figure 1B, there were no
deaths in the dilP*¢/dil or ISOP™/dil mice. In contrast,
0.001)
decrease in survival in the dil’*¢/ISO treated mice,
consistent with our prior observations,” as well as
others.”””> However, the salient finding shown
by Figure 1B is that there were no deaths in the

there was a statistically significant (P =

ISOP™¢/ISO mice. Troponin I levels were increased
significantly (P = 0.001) as early as 1 hour after ISO
injection and remained significantly (P = 0.001)
elevated at 1 day following ISO injection in the dilP™¢/
ISO mice, whereas there was no significant (P = 0.99)
increase in troponin I levels at 1 hour or at 1 day
(P = 0.99) after ISO injection in the ISOP*¢/ISO mice.
Troponin I levels were not different from baseline
values on day 7 after ISO-injection in the dilP*¢/ISO
and ISOP™/ISO treatment groups, in accordance with
our prior observations in this experimental model."
As a second measurement of cardiac myocyte injury,
we measured Evans Blue dye uptake in the hearts
of dilpre/ISO and ISOP™/ISO mice. As shown in
Supplemental Figure 3C there was a significant
(P < 0.001) decrease in Evans blue dye uptake in the
hearts of the ISOP'™/ISO mice, consistent with the
decrease in troponin I release in the ISOP™/ISO mice
(Figure 1C). Consistent with the increase in ISO-
induced myocyte injury in the dil’*®/ISO mice, we
observed a significant (P = 0.001) increase in the ratio
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of heart weight-to-tibia length on the third day after
ISO injection (relative to baseline), which returned to
near baseline levels by day 7 (P = 0.040) (Figure 1D).
In contrast, there were no significant changes in the
heart weight-to-tibia length ratios on day 3 or day 7 in
the ISOP™/ISO mice.

We performed tissue immunohistochemistry
and FACS on dilP™¢/dil, dilP*¢/ISO, ISOP™¢/dil, and
ISOP™/ISO mouse hearts to assess whether ISO pre-
conditioning had an effect on the myocardial in-
flammatory response to tissue injury. Figure 1E
displays representative hematoxylin and eosin
staining of leukocyte infiltrates at baseline, day 3, and
day 7 after diluent or ISO treatment, whereas the re-
sults of group data are summarized in Figure 1F. There
were no significant inflammatory infiltrates in the
dilPr¢/dil, dilP™¢/1SO, ISOP'¢/dil, and ISOP*¢/ISO mouse
hearts at baseline, whereas there was a significant
(P = 0.001) increase in the inflammatory infiltrates on
day 3 in the dil®*¢/ISO mouse hearts that returned to
baseline levels by day 7 (P = 0.34 compared with
baseline). Importantly, when compared with baseline
levels, there was no increase in the inflammatory
infiltrate score above baseline values on day 3
(P = 0.34) or day 7 (P = 0.76) in the ISOP™/ISO mouse
hearts. Consistent with these findings, FACS
(Figure 1G) showed that relative to dil®*¢/dil control
mice, the number of CD45+ leukocytes in the dilP*®/
ISO mouse hearts increased significantly
from baseline values on day 3 after ISO-injection
(P = 0.0001), whereas there was no significant in-
crease in the relative number of myocardial leukocytes
on day 3 (P = 0.15) or day 7 (P = 0.90) in the ISOP™/ISO
mouse hearts relative to ISOP™/dil control subjects.
Although the number of the CD45+ leukocytes
decreased toward baseline values in the dil’*¢/ISO
mouse hearts by day 7, they remained significantly
elevated (P = 0.001) when compared with baseline
values in the dil’*¢/dil mouse hearts (Figure 1G).

CHARACTERIZATION OF THE MYOCARDIAL IMMUNE
CELL PROFILE FOLLOWING ISO PRETREATMENT.
We next examined immune cell subsets in the dil?™¢/
ISO and ISOP*¢/ISO mouse hearts 3 and 7 days after
ISO injection. DilP™¢/dil and ISOP™/dil mice, studied at
comparable time points, served as the appropriate
control groups. The gating strategy for the FACS an-
alyses is provided in Supplemental Figure 1. To
facilitate comparisons among the different groups of
mice at the different time points, the FACS analyses
for the different immune cell subsets are expressed as
the fold-change in the number of cells relative to the
number of cells at baseline (see Supplemental
Figure 4 for absolute cell numbers at baseline).
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The relative number of Ly6G" neutrophils,
Ly6C"8hCD64'°% monocytes, and CD64+Ly6C°"
macrophages increased significantly on days 3
(P = 0.001) and 7 (P = 0.018 to P = 0.001) after ISO
injection in the dil’’¢/ISO mouse hearts relative to
dilP™¢/dil control mouse hearts, whereas the number
of CD8+ T lymphocytes was increased significantly
(P =0.001) on day 7 (Figure 2). In sharp contrast, there
was no significant increase in the number of Ly6G"
neutrophils, Ly6C™8"CD64°¥ monocytes, and
CD64+Ly6C'°" macrophages in the ISOP™/ISO mouse
hearts relative to the ISOP™/dil control mouse hearts
at any time point examined. Relative to the ISOP™/dil
treated mouse hearts, there was a significant increase
in the CD4+ T cells (P = 0.026) and CD8+ (P = 0.001)
on day 3 and a significant decrease in the number of
CD19+ B lymphocytes (P = 0.019) on day 7. Viewed
together, these findings suggest that prior ISO-
induced tissue injury and inflammation allows the
heart to adapt (ie, become hyporesponsive) to a sec-
ond exposure to ISO, with attenuated cardiac myo-
cyte cell death and a dampened inflammatory
response to tissue injury.

FUNCTIONAL SIGNIFICANCE OF ISO-INDUCED
PRECONDITIONING. We have shown that a single
dose of ISO provokes transient LV dilation, LV
dysfunction, and LV regional wall motion abnormal-
ities that are linked temporally with the onset and
resolution of tissue inflammation."> To explore
whether ISO preconditioning prevented ISO-induced
abnormalities in LV structure and function, we
performed 2-dimensional (2D) echocardiography in
dilP™¢/1SO and ISOP™/ISO mouse hearts at baseline and
at 1 hour, 6 hours, and 7 days after a repeat ISO in-
jection. Figure 3A shows representative 2D echocar-
diographic images of the LV long-axes obtained at
baseline and 1 hour, 6 hours, and 7 days after ISO
injection (see also Videos 1 and 2), whereas the group
data for these respective time points are summarized
in Figures 3B to 3D. Consistent with our prior obser-
vations in this model,” ISO injection in dilP*¢/ISO
mice resulted in a transient significant increase in
left ventricular end-diastolic volume (LVEDV) at 1
(P = 0.001) and 6 hours (P = 0.024), with a return to
baseline values by day 7. The left ventricular ejection
fraction (LVEF) was significantly (P = 0.001)
decreased 1-hour post-ISO injection in the dil?*¢/ISO
mice, but returned to baseline values by 6 hours.
Remarkably, ISO injection had no effect on LVEDV or
LVEF in the ISOP™/ISO mice at any of the time points
that were assessed. To determine whether ISO pre-
conditioning also protected against the development
of regional wall motion abnormalities, we performed
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FIGURE 2 Immunophenotyping of CD45+ Cells in the Heart Following ISO Preconditioning
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mean + SEM. Analyzed by 2-way analysis of variance with Dunnett's correction for multiple comparisons. ns = not significant; other abbreviations as in Figure 1.

a semiquantitative analysis of LV segmental wall
motion after ISO injection. Figures 3D to 3F show that
injection of ISO in the dil’**/ISO mice provoked
segmental wall motion abnormalities in the mid to
apical inferior LV wall segments that were detectable
as early as 1 hour after ISO injection, consistent with
our prior observations.” Although segmental wall
motion abnormalities were still detectable in the mid
to apical inferior wall of LV segments 6 hours after
ISO injection in the dil’*¢/ISO mice, the SWMSI was
not significantly (P = 0.24) different from baseline
values. There were 3 inferoapical hypokinetic seg-
ments detected at baseline in 1 of the 6 ISO-pretreated
mice, consistent with prior ISO-induced tissue injury.
However, the important finding shown by Figures 3D
to 3F is that there was no significant increase in
the SWMSI in the ISOP™/ISO mice from baseline at 1
(P = 0.052) or 6 hours (P = 0.38), or 7 days after the
second ISO-injection.

ASSESSMENT OF LEFT VENTRICULAR CONTRACTILITY
BY LANGENDORFF PERFUSION. To explore the possi-
bility that ISO-induced desensitization of myocardial
B,-adrenergic receptors could explain the decreased
troponin I levels observed in the ISOP'¢/ISO mice, we

isolated mouse hearts 7 days after the mice were
pretreated with diluent (dil’™) or ISO (ISOP'®). LV
contractility was assessed ex vivo in a Langendorff
apparatus by measuring the change in LV developed
pressure during KHB buffer perfusion and after
switching the perfusate to KHB supplemented with
1 pumol/L isoproterenol. As shown in Supplemental
Figure 5, the change in LV developed pressure in
the isoproterenol perfused dil’™ and ISOP'® mouse
hearts was not significantly (P 0.93) different,
suggesting that that ISO pretreatment did not blunt
B;-adrenergic responsivity in the ISOP™/ISO hearts.

MAINTENANCE OF ISO-INDUCED PRECONDITIONING.
To gain a broader understanding of whether the ISO-
induced cytoprotective response was maintained
over time, we restimulated ISO-pretreated mice with
a second ISO injection at weeks 2 (ISOP*¢/1SO?%) and 5
(ISOP™¢/1ISO°W), and then repeated assessments of
tissue injury, myocardial inflammation, and LV
structure and function on the seventh day after the
second ISO injection (see Figure 4A for outline of
experimental protocol). Intriguingly, there was no
increase in troponin I levels 1 day after ISO injection
in the ISOP™/ISO?Y mice (Figure 4B). In contrast, there
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FIGURE 3 Left Ventricular Structure, Function, and Regional Wall Motion in Model of 1SO-Preconditioning Model
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(A) Representative left ventricular long-axis 2-dimensional echocardiographic images at midsystole from dil®"/ISO (top) and ISOP™/ISO (bottom) mouse groups at
baseline (day —1), 1 hour after 1SO injection (day 0), 6 hours after ISO injection (day 0), and day 7 (see also Videos 1 and 2). Superimposed green lines represent
speckle-tracking analysis of endocardial and epicardial contours; radially oriented vectors represent the direction and amplitude of segmental myocardial deformation.
(B) Left ventricular end-diastolic volume (EDV), (C) left ventricular ejection fraction (EF), and (D) global segmental wall motion score index (SWMSI). € composite
bulls eye plot of LV regional wall motion with 7 myocardial cross-sections (each containing 12 radial segments) from base to apex. (F) LV regional segmental wall
motion within radial segments at baseline, 1 hour, 6 hours, and 7 days after I1SO injection in dil®"¢/ISO and ISOP™/ISO mice (n = 5-7 mice/group/time). The global SWMSI
was determined as the average of 84 regional LV segments, where 1 = normal wall thickening, 2 = hypokinesis, and 3 = akinesis. *P < 0.05, **P < 0.01, ***P < 0.001.
Data show mean + SEM. Analyzed by 2-way analysis of variance with Dunnett's correction for multiple comparisons. Abbreviations as in Figures 1 and 2.

was a small but significant (P = 0.001) increase in
troponin I release the ISOP™/ISOSY mice,
suggesting a partial loss of cardioprotection at
5 weeks. Of note, the release of troponin I from the
ISOP™/ISO®Y mouse hearts was 100-fold less
relative to the troponin I release in the dil**¢/ISO
mice (Figure 1C) studied at a comparable time point
after ISO injection, suggesting that there was not a
complete loss of the cytoprotection in the ISOP™/
ISO*W mice. There was no difference in the heart-
weight-to-tibia length ratios in the ISOP™®/ISO*W
and ISOP™/ISO®W mouse hearts (Figure 4C). FACS
(Figure 1D) analyses revealed that relative to base-
line values, the number of CD45+ leukocytes was
numerically but not significantly increased from
baseline values in the ISOP™/ISO?Y (P = 0.14) or
ISOP™/ISOW (P = 0.71) mouse hearts.

We next examined immune cell subsets in the
ISOP™/ISO?W and ISOP™/ISO®W mouse hearts at

in

~

baseline and 3 days after the second ISO injection.
Figures 4E to 4J show that relative to baseline values,
there was no increase in the number of LY6G+ neu-
trophils (P 0.20), Ly6CM8'CD64!°% monocytes
(P = 0.47), CD64+LY6C'°" macrophages (P = 0.28),
CD4+ T cells (P = 0.69), or CD8+ T cells (P = 0.50) in
the hearts of the ISOP*®/ISO*" mice on day 3 after ISO
injection. Compared with the findings in the ISOP™¢/
ISO?W mice, there was a significant increase in the
number of LY6G+ neutrophils (P 0.020) and
CD64+LY6C'Y macrophages (P = 0.001) and a sig-
nificant decrease in the number of CD19+ B lympho-
cytes (P = 0.001) in the ISOP™/ISO*W mouse hearts on
day 3 after ISO injection relative to baseline values.
Viewed together, these data suggest that the cyto-
protection conferred by ISO preconditioning was

persistent through 2 weeks, whereas there was a loss
of some, but not all, aspects of the cytoprotective
response by 5 weeks, as evidenced by the small
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FIGURE 4 Maintenance of I1SO-Induced Preconditioning
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(A) Study protocol. Mice were pretreated with ISO or diluent on day —7 and then given a second injection of ISO at 2 weeks (1IS0P"/ISO?") or 5 weeks (I50°"¢/ISO°Y).
(B) Serum troponin levels, (C) heart weight-to-tibia length ratio, (D) CD45+ leukocytes, (E) Ly6G+ neutrophils, (F) Ly6C"9"CD64'°" monocytes, (G) CD64+Ly6C'°"
macrophages, (H) CD 19+ B lymphocytes, (I) CD4+ T lymphocytes, and (J) CD8+ T lymphocytes in 1ISOP™/ISO?" mice at baseline (2 weeks) and day 1 after ISO injection,
and 150P™/1SO°" mice at baseline (5 weeks) and day 1 after 1SO injection (n = 6-10 hearts/group/time). *P < 0.05, **P < 0.01, ***P < 0.001. Data show mean + SEM.
Analyzed by 2-way analysis of variance with Tukey's correction for multiple comparisons. BL = baseline; D = day; other abbreviations as in Figures 1 and 2.

increase in troponin release and the increase in
Ly6G+ neutrophils and CD64+ macrophages in the
ISOP™/1SOW mouse hearts.

To establish whether the partial loss of car-
dioprotection in the ISOP*¢/ISO*" mouse hearts was
accompanied by a concomitant loss of myocardial
homeostasis, we assessed LV structure and function
in the ISOP™/ISO°W mice after the second ISO injec-
tion. DilP*¢/ISO*™ mouse hearts served as the control
group for this analysis. Figure 5 shows there was a
significant increase in LVEDV (P = 0.001) and
LVESV (P = 0.001) and a significant decrease in LVEF
(P = 0.001) in the dilP*¢/ISO5" mouse hearts at 1 hour,
consistent with our findings in the dil’?"¢/ISO mouse
hearts (Figure 2). However, the important finding
shown by Figure 5 is that there was a numerically
small but not statistically significant increase in

LVEDV (P = 0.090) and LVESV (P = 0.16) and no
change in LVEF (P = 0.96) in the ISOP™/ISO*W mouse
hearts at 1 hour after ISO injection. When we exam-
ined LV regional wall motion abnormalities in the
dilP*/1S0%Wand ISOP™/ISO°W hearts, we observed a
significant increase in the SWMSI index in the dilP™¢/
ISO°W mice at 1 hour, confirming our prior findings
(Figure 3). A total of 1 of 6 of the ISOP™/ISO°Y mice
had baseline regional wall motion abnormalities in
2 segments, consistent with prior ISO-induced
myocardial injury. Importantly, however, relative to
baseline values there was no significant (P = 0.49)
increase in the SWMSI index in the ISOP™/ISO°W
group 1 hour after ISO injection. Collectively, these
data indicate that despite partial loss of cytopro-
tection, the effects conferred by ISO preconditioning
were sufficient to preserve myocardial homeostasis,
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FIGURE 5 Left Ventricular Structure, Function, and Regional Wall Motion in dil’"®/ISO°" and 1SOP"/ISO°" Mouse Hearts
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insofar as LV structure and function were not signif-
icantly different from baseline in the ISOP™/ISO°W
mouse hearts.

To explore the possibility that the diminished
response to the second injection of ISO in the ISO-
Pre/ISOSY mice was age-related rather than second-
ary to ISO-mediated preconditioning, we pretreated
16-week-old mice with ISO or diluent on day —7 and
then evaluated the response to a second ISO injec-
tion 1 week later. As shown in Supplemental
Figure 6, the qualitative and quantitative inflam-
matory response in the 16-week-old dil**¢/ISO
overlapped the magnitude of the inflammatory
response in 10-week-old mice on day 3 after ISO
injection (Figure 3), indicating that the cytopro-
tective responses observed in the ISOP™/ISO°W were
not secondary to age-related decreased responsive-
ness in the 16-week-old mice.

ISO-INDUCED UP-REGULATION OF LEUKOCYTE
INTERLEUKIN-10. Prior studies have shown that

the sympathetic nervous system can suppress

inflammation through engagement and activation of
beta-adrenergic receptors residing on immune cells,
leading to increased secretion of interleukin (IL)-10,
with a concomitant decrease in the release of IL-12,
tumor necrosis factor, and other proinflammatory
cytokines.”®> To determine whether the ISO-induced
cardioprotection was secondary, at least in part, to
up-regulation of IL-10 in myocardial immune cells,
we performed a FACs analysis of leukocytes har-
vested from the hearts of female IL-10 Vert-X mice at
baseline and 2 and 7 days after ISO injection (the
gating strategies for these studies in shown in
Supplemental Figure 7). When compared with
baseline values there was a numerically small, sta-
tistically significant increase in the number of IL-10+
CD45+ leukocytes (P = 0.001), CD64+ macrophages
(P = 0.001), CD4+ T cells (P = 0.006), or CD 8+ T cells
(P = 0.009) in the hearts of the ISOP'® mouse hearts on
day 7 when compared with the respective number of
cells enumerated at baseline (Supplemental Figure 8).
Although these changes were statistically significant,
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the percentage of IL-10+ cells within each immune
cell subset was small, and therefore was unlikely to
be important biologically.

MACROPHAGE DEPLETION ATTENUATES ISO-INDUCED
PRECONDITIONING. We have shown that ISO-induced
tissue injury provokes the expansion of LYVE1-—
macrophages that had increased expression of gene
modules that are enriched for genes involved in
increased efferocytosis and antigen presentation,"
which are essential for effective myocardial repair in
the neonatal and adult heart.?*2° When we examined
gene lists that were related to negative regulation of
an inflammatory response (GO term: 0050728), there
were several gene clusters that were enriched for
genes that negatively regulate innate inflammatory
responses (Supplemental Figure 9C, Supplemental
File). We identified 4 different subclusters of
cells within the pool of LYVE1- macrophages
(Supplemental Figure 10A), and noted the emergence
of a new sub cluster of ApoE* MS4A7" macrophages
(subcluster 2) on day 7 that exhibited increased
expression of gene ontogenies that were associated
with suppression of innate immune responses and
T-cell activation on day 7 after ISO injury
(Supplemental Figure 10G). Further studies will be
required to determine whether the pool of ApoE"
MS4A7" macrophages play an important role in
mediating cytoprotective effects after tissue injury.
To explore the possibility that tissue-resident
macrophages were responsible, at least in part, for
the ISO-induced cytoprotection, we depleted macro-
phages using clodronate liposomes. Mice treated with
an equal volume of liposome encapsulated aqueous
PBS served as the appropriate control subjects. In
preliminary control studies, we determined that i.p.
clodronate liposomes (400 pL) reliably depleted tis-
sue resident cardiac macrophages within 3 days after
giving 2 sequential doses 2 days apart (Supplemental
Figure 2). For the macrophage depletion studies pre-
sented herein, mice were pretreated with ISO or
diluent on day —12 (see Figure 6A for protocol), and
then were injected with clodronate liposomes (400
uL) or PBS liposomes (400 uL) on days —5 and day -3,
followed by a second i.p. injection of ISO or diluent on
day 0. As shown in Figure 6B, there was a significant
(P = 0.015) increase in lethality in ISOP™¢/ISO mice
treated with clodronate liposomes, whereas there was
no increase in lethality in the ISOP™/ISO mice treated
with PBS liposomes. Importantly, there was no in-
crease in lethality in the ISOP'®/dil clodronate lipo-
some treated mice, suggesting that the second
exposure to ISO was causing the increase in lethality

Tiwary et al
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in the ISOP™/ISO mice. Consistent with the increased
lethality in the clodronate liposome-treated ISOP™/
ISO mice, we also observed a significant increase
(P = 0.002) in troponin I levels on day 1 (Figure 6C)
and a significant (P = 0.012) increase in Evans Blue
dye uptake in the heart (Supplemental Figure 3D) in
the clodronate liposome-treated ISOP'¢/ISO mice,
whereas there was no detectable release of troponin
in the PBS liposome-treated ISOP*¢/ISO mice.

With the exception of macrophages, which were
significantly depleted by the clodronate liposomes,
the numbers of immune cells in the other subsets
were not affected by treatment with clodronate when
compared with the numbers in PBS liposome-treated
control mouse hearts (Figure 6, Supplemental
Figure 11). The kinetics of the ISO-induced myocar-
dial inflammatory response on day 3 were not
different between PBS liposome and clodronate-
treated dilP*¢/ISO mouse hearts with respect to the
timing of influx of LY6G+ neutrophils, CD4+ and
CD8+ T lymphocytes, and CD19+ B cells (Figures 6,
Supplemental Figure 11), and were similar to the ki-
netics observed in the dil’*¢/ISO hearts (Figure 3),
suggesting that the PBS and clodronate liposomes did
not influence the immune response to tissue injury.
As expected, there was a significant (P = 0.001) 8-fold
decrease in CD64+ macrophages on day 3 in the
clodronate-treated dil’*®/ISO mouse hearts relative to
PBS liposome-treated dil?"®/ISO mouse
(Figure 6E), consistent with the known effects of
clodronate in depleting tissue resident macrophages.
2D echocardiographic assessment of LV function
showed that LV regional wall motion abnormalities
were significantly (P = 0.004) increased 1 hour after
ISO injection in the clodronate treated ISOP'¢/ISO
hearts, whereas there was no significant (P = 0.99)
change in the SWMSI in the PBS liposome-treated
ISOP™¢/ISO hearts (Figures 6F to 6H). Because treat-
ment with clodronate liposomes had a significant ef-
fect on hemodynamics in the clodronate-treated

hearts

ISOP™¢/ISO mice,”” we did not perform 2D echocar-
diographic measurements of LV systolic function in
these mice. Viewed together, these data suggest
that clodronate liposome depletion of cardiac
macrophages results in a partial attenuation of the
ISO-induced cytoprotective response.

DISCUSSION

The ability of cardiac muscle to protect itself against
injury has been termed cardioprotection.?® The sem-
inal studies by Murry, Jennings, and Reimer?®
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FIGURE 6 Effect of Macrophage Depletion on ISO-Induced Preconditioning
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buffered saline liposomes baseline; other abbreviations as in Figures 1 to 3.

revealed that brief episodes of repetitive ischemia
protected the heart against a subsequent bout of
prolonged ischemia, whereas ensuing studies
demonstrated that a variety of diverse stimuli are
sufficient to activate signaling pathways that protect
the heart against a future ischemic event (reviewed
by Jovanovic?® and Tsai et al*°). Here, we extend and
expand upon the paradigm of preconditioning by
demonstrating that ISO-induced tissue injury and
inflammation protects the heart from the myopathic
effects of a subsequent exposure to ISO, including
decreased ISO-induced cardiac myocyte cell death

(Figure 1), reduced inflammation (Figures 1 and 2),
preserved LV structure and function (Figure 3), and
increased survival (Figure 1). The ISO-induced pre-
conditioning was not secondary to desensitization of
myocardial B;-adrenergic receptors, insofar as prior
exposure to ISO did not blunt the inotropic effects of
ISO on LV contractility (Supplemental Figure 5). The
cytoprotective responses conferred by ISO-induced
preconditioning were durable and were maintained
through 2 weeks, whereas there was a loss of some,
but not all aspects of the cytoprotective response by
5 weeks, as evidenced by the small increase in
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troponin release and the increase in Ly6G+ neutro-
phils and CD64+ macrophages in the hearts of mice
that were re-exposed to ISO (Figure 4), as well as the
development of increased LV regional wall motion
abnormalities (Figure 5). However, despite the partial
loss of cytoprotection at 5 weeks, the salutary effects
conferred by ISO-induced preconditioning were still
sufficient to preserve overall myocardial homeosta-
sis, insofar as a second exposure to ISO did not pro-
voke significant LV dysfunction and LV dilation
(Figure 5).

Given the prominent role of the immune system in
resolving inflammation and restoring myocardial ho-
meostasis following tissue injury,?>>*2® we first
asked whether 1SO-induced up-regulation of IL-10+
in immune cells infiltrating the heart after tissue
injury contributed to the diminished inflammatory
response after the second ISO injection. However,
analysis of the immune cell subsets in the hearts of
Vert-X IL-10 gene reporter mice on day 7 after ISO
injury revealed that although there was a numerically
small and statistically significant increase in IL-10+
CD45+ cells, CD64+ macrophages, CD4+ and CD8+
T cells in the heart after ISO injection, the relative
number of IL-10+ cells within each immune cell
subset was <14%, and was therefore unlikely to fully
explain the effects of ISO-induced preconditioning
(Supplemental Figure 8). Previously we demon-
strated that ISO-induced tissue injury resulted in the
expansion of clusters of LYVE1- macrophages, IFN-
inducible macrophages and dendritic cells in the
heart (Supplemental Figures 9A to 9B)."> To explore
the possibility that ISO-induced expansion of
immune cell clusters may have contributed to ISO-
induced preconditioning, we used clodronate lipo-
somes to deplete tissue resident macrophages prior to
the second ISO injection. Remarkably, clodronate
liposome depletion of tissue resident macrophages
resulted in a partial loss of cytoprotection, with
increased ISO-induced cardiac myocyte cell death
(Figure 6C), increased LV regional wall motion ab-
normalities (Figures 6F to 6H), and increased ISO-
induced lethality (Figure 6B). Viewed together, these
latter data suggest that prior tissue injury stimulate
myocardial macrophage populations to release me-
diators that up-regulate cytoprotective programs in
the heart following issue injury.

DISEASE TOLERANCE IN THE HEART. The observa-
tion that ischemic tissue injury up-regulates portfo-
lios of cytoprotective signal transduction cascades,
genes, and proteins that precondition the heart to
better withstand a second ischemic injury has
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focused downstream research efforts in the field on
identifying preconditioning stimuli that can be
leveraged therapeutically to reduce ischemic injury in
the clinical setting.>°>* At the time of this writing,
this therapeutic approach has not translated into
improved outcomes when tested in clinical trials.?">*
A broader teleological of pre-

conditioning suggests that this phenomenon is anal-

consideration

ogous to the concept of disease tolerance, which is
essential for the immune responses in plants,>* in-
sects,?® and mammals, including humans.>3%37 Dis-
ease tolerance refers to the activation of a repertoire
of biological mechanisms that limit the severity of
infectious diseases by protecting the host from the
direct tissue damage that is caused directly by the
invading pathogen and by minimizing the collateral
tissue damage that occurs indirectly secondary to the
activation of the innate and adaptive immune sys-
tems that are activated in order to destroy the

1,5,38,39 tolerance is

invading pathogen. Disease
distinct from disease resistance, which is a host de-
fense strategy that limits disease severity by reducing
pathogen load through the activation of the innate
and adaptive immune systems that either destroy or
neutralize the invading pathogen.>*°

At present, little is known about the full spectrum
of tolerance mechanisms. Moreover, these concepts
have, to date, focused almost exclusively on under-
standing the immune response to pathogen-
associated molecular patterns that are associated
with various infectious,>3%3° and have not as yet
been extended to the much broader consideration of
how the immune response to DAMPs released by dead
or dying cells may confer cytoprotective responses
that decrease/minimize direct and indirect immune-
mediated collateral tissue damage in the setting of
recurrent tissue injury. The results of the present
study suggest that ISO-induced tissue injury and the
subsequent immune response to that tissue injury
reduce the susceptibility of the heart to subsequent
tissue damage from a second exposure to ISO, by
limiting myocyte cell death and by preserving
myocardial homeostasis and LV function. The obser-
vation that clodronate liposome depletion of tissue
resident macrophages attenuates ISO-induced cyto-
protective response suggests that biological signals
emanating from tissue resident innate immune cells
confer cytoprotective responses in the heart. One of
the limitations of our approach with clodronate is that
it does not allow us to dissect out the individual
contributions that can be ascribed to tissue resident
and bone marrow-derived macrophages and dendritic
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cells, because all of the cell populations are depleted
with clodronate liposomes. With that said, it is likely
that there is considerable redundancy of the biolog-
ical functions of tissue-resident and bone marrow-
derived macrophage function in the setting of acute
tissue injury. And, indeed, we noted that there was
up-regulation of gene clusters that suppress inflam-
mation in multiple macrophage populations after ISO
injury (Supplemental Figure 9C). Prior studies from
this and other laboratories have shown that cytokines
that are known to be released by macrophages and
dendritic cells are sufficient to up-regulate cytopro-
tective responses in the heart.'®>'®4#> With that said,
it is likely that disease tolerance in the heart will not
be restricted to a single cytokine, single signaling
pathway, or a single mechanism, given the impor-
tance of preserving tissue homeostasis in response to
the multitude of different forms of environmental
injury and hemodynamic stresses that the heart en-
counters. Moreover, the current study did not address
whether the ISO-induced cytoprotective effects are
secondary to the release of cytokines/chemokines by
macrophages, or by direct interactions between
macrophages and cardiac myocytes. Additional
studies will be necessary to address this important
question.

CONCLUSIONS

This study shows that ISO-induced tissue injury and
inflammation protects the heart from the myopathic
effects of a subsequent exposure to ISO. The obser-
vation that the ISO-induced cytoprotective responses
were partially attenuated by depleting macrophages
and dendritic cells suggests that components of the
innate immune response play an important role in
reducing the susceptibility of the heart to subsequent
tissue damage from a second exposure to ISO, and
raise the intriguing possibility that immune-mediated
tissue repair mechanisms may confer tolerance to
tissue damage regardless of the cause of tissue dam-
age. Although speculative, this may provide a po-
tential explanation for why cytoprotective responses
in the heart and other organs (eg, liver and kidney)
are up-regulated following physical injury (eg,
ischemia), environmental injury (eg, hypothermia),
as well as by various toxic molecules (eg, reactive
oxygen species).?®3° Finally, the results of this study
suggest that future efforts in the field of pre-
conditioning may benefit from focusing more on the
specific mechanisms that allow the immune system to
restore tissue homeostasis while minimizing the
collateral tissue damage from an exuberant immune
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response, as opposed to continued attempts to iden-
tifying specific new preconditioning stimuli.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Despite the increasing recognition that the immune
system resolves inflammation and restores myocardial
homeostasis following tissue injury, very little is
known with respect to the role the immune system
plays in recurrent myocardial injury. The present study
highlights the cytoprotective role of the immune
system in cardiac preconditioning following tissue
injury, and discusses these findings in light of the
emerging concept of immune disease tolerance.

TRANSLATIONAL OUTLOOK: The observation
that ischemic tissue injury up-regulates portfolios of
cytoprotective signal transduction cascades, genes,
and proteins that precondition the heart to better
withstand a second ischemic injury has focused
downstream research efforts in the field on identi-
fying preconditioning stimuli that can be leveraged
therapeutically to reduce ischemic injury in the clinical
setting. However, at the time of this writing clinical
trials that have used this therapeutic approach have
not translated into improved outcomes. The results of
the present study show that prior isoproterenol-
induced tissue injury and the resulting inflammatory
response protect the heart against recurrent
isoproterenol-induced tissue injury, which extends
and expands upon the paradigm of preconditioning by
highlighting the importance of the immune response
to this process. The results of this study suggest that
future efforts in the field of preconditioning may
benefit from focusing more on the specific mecha-
nisms that allow the immune system to restore tissue
homeostasis, as opposed to continued attempts to
identifying specific new preconditioning stimuli.
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