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HIGHLIGHTS

� Our study, the first to expose a

cardiomyocyte-specific knockout of the

a1A-AR subtype to injury, shows that the

loss of cardiomyocyte a1A-ARs is associ-

ated with markedly increased mortality

after myocardial infarction.

� Cardiomyocyte a1A-ARs protect against

ischemic injury by constraining

necroptosis.

� In our single-center clinical study, the use

of a-blockers increased risk of mortality

after MI, the first demonstration that

these commonly used drugs may impact

survival in high-risk patients.
https://doi.org/10.1016/j.jacbts.2023.08.013

l Hill, North Carolina, USA; bUNC

rth Carolina, USA; cDepartment of

nt of Epidemiology, University of

r Animal MRI, University of North

t, North Carolina State University,

ia, USA; and the hDepartment of

elfare regulations of the authors’

ppropriate. For more information,

August 29, 2023.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jacbts.2023.08.013
https://www.jacc.org/author-center
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2023.08.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


R E V I A T I O N S

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 9 , N O . 1 , 2 0 2 4 Zhang et al
J A N U A R Y 2 0 2 4 : 7 8 – 9 6 Alpha-1A Adrenergic Receptors Limit Infarct-Associated Necroptosis

79
SUMMARY
AB B
AND ACRONYM S

a1A-AR = a-1A adrenergic

receptor

cmAKO = cardiomyocyte-

specific a-1A adrenergic

receptor knockout mouse

HF = heart failure

LCA = left coronary artery

LV = left ventricle

MI = myocardial infarction
Clinical studies have shown that a1-adrenergic receptor antagonists (a-blockers) are associated with increased

heart failure risk. The mechanism underlying that hazard and whether it arises from direct inhibition of cardi-

omyocyte a1-ARs or from systemic effects remain unclear. To address these issues, we created a mouse with

cardiomyocyte-specific deletion of the a1A-AR subtype and found that it experienced 70% mortality within

7 days of myocardial infarction driven, in part, by excessive activation of necroptosis. We also found that pa-

tients taking a-blockers at our center were at increased risk of death after myocardial infarction, providing

clinical correlation for our translational animal models. (J Am Coll Cardiol Basic Trans Science 2024;9:78–96)

© 2024 The Authors. 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.org/licenses/by-nc-nd/4.0/).

L = mixed lineage kinase

in-like protein
MLK

doma
RIP kinase = receptor-

interacting protein kinase

WT = wild type
D espite significant advances in clinical man-
agement, acute myocardial infarction (MI)
remains a leading source of morbidity and

mortality worldwide and the number of patients
who develop heart failure (HF) after MI is
increasing.1,2 Acute and subacute cardiomyocyte
death are central to the pathobiology of MI and collec-
tively determine the extent of post-infarct remodel-
ing and the likelihood of consequent HF.
Historically, cell death in the setting of MI has been
attributed largely to passive necrosis and apoptosis,
but there is increasing recognition that programmed
necrosis (necroptosis) contributes meaningfully to
post-infarct injury and remodeling.3

Activation of the sympathetic nervous system is
well-established as a critical component of the phys-
iological response to MI in both experimental animal
models and humans.4-6 Sympathetic nervous system
activation is mediated by increased levels of the cat-
echolamines norepinephrine (NE) and epinephrine
that regulate their critical functions through binding
to 2 major categories of adrenergic receptors (ARs) in
the heart, alpha1-adrenergic receptors (a1-ARs) and
beta-adrenergic receptor (b-ARs). Sustained hyper-
activation of b1-ARs is a toxic driving force contrib-
uting to excessive cardiomyocyte death after MI and
b-blockers have long been recognized as cornerstones
of medical therapy in the immediate post-MI period.7

The potential roles of cardiomyocyte a1-ARs in this
context have received considerably less attention,
but a growing body of experimental data indicates
that a1-ARs protect against myocardial ischemic
injury (reviewed in Jensen et al8 and O’Connell
et al9).

There are three subtypes of a1-ARs with distinct
tissue distribution and physiological function in the
heart. The a1A and a1B are the predominant a1-AR
subtypes in rodent and human myocardium,
whereas the a1D is found in coronary arterial smooth
muscle.10-13 Work published in the 1990s showed that
nonselective a1-AR activation conferred pro-
tection against ischemia-reperfusion injury
and limited post-infarct remodeling.14,15
Subsequent studies have identified a1A as the car-
dioprotective a1-AR subtype in the context of both
ischemic and nonischemic insults (reviewed in Zhang
et al).16 Overexpression of the a1A in mice and rats
limits infarct size and protects contractile function
after MI.17,18 Global a1A knockout mice exhibit exac-
erbated post-infarct remodeling and apoptosis
4 weeks after left coronary artery (LCA) ligation, but
the response to injury has not been studied in mice
with cardiomyocyte-specific a1A deletion.19

Here, we have used Cre-lox breeding to develop a
cardiomyocyte-specific a1A knockout (cmAKO) mouse
line, obviating valid concerns about potential physi-
ological confounding in global a1-AR loss-of-function
models. We find that cmAKO mice experience mark-
edly increased 1-week mortality after MI due to per-
manent LCA ligation, with evidence of exaggerated
ventricular remodeling by day 3. In vivo and in vitro
studies show enhanced activation of receptor-
interacting protein (RIP) kinase-dependent nec-
roptosis pathways in cmAKO mice, revealing a novel
mechanism for a1A-mediated cardioprotection. We
also show that male patients who were taking medi-
cations that block a1A-AR signaling at the time of
percutaneous coronary intervention (PCI) for MI
experienced a higher risk of mortality during a 5-year
follow-up period, providing clinical correlation for
our experimental findings.

METHODS

MICE. C57BL/6J and ROSAmT/mG (stock # 007676)
mice were purchased from Jackson lab. The cmAKO
mouse line was generated by breeding Myh6-Cre
(originally from the lab of E. Dale Abel at the Uni-
versity of Iowa and provided by Leslie Leinwand at
the University of Colorado) to Adra1a flox/flox mice

http://creativecommons.org/licenses/by-nc-nd/4.0/
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with loxP sites flanking the first coding exon (con-
structed in the Paul C. Simpson lab at the University
of California-San Francisco/San Francisco VA Medical
Center).20,21 All mice were backcrossed regularly and
maintained on a C57BL/6 genetic background.
Twelve- to 16-week-old males were used in all ex-
periments. Floxed mice (aMHC-Creneg/a1Afl/fl) were
used as wild-type (WT) controls for cmAKO mice.

ADULT MOUSE VENTRICULAR MYOCYTE ISOLATION

AND CULTURE. Adult mouse ventricular myocytes
(AMVMs) were isolated as described previously.22 WT
and knockout (KO) mice had deep anesthesia with
isoflurane 3% in oxygen 0.5 to 1 L/min and intraper-
itoneal injection of heparin 0.5 mL 100 IU/mL in
phosphate-buffered saline (PBS) to prevent coagula-
tion of blood in the coronary arteries. The heart was
removed by cutting the transverse aorta between the
carotid arteries, and placed in a 60-mm dish at room
temperature containing 10 mL of perfusion buffer
(PB): Na-HEPES–buffered calcium-free solution
containing (mmol/L) NaCl 120.4, KCl 14.7, KH2PO4
0.6, Na2HPO4 0.6, MgSO4-7H2O 1.2, Na-HEPES 10,
NaHCO3 4.6, taurine 30, 2,3-butanedione monoxime
10, and glucose 5.5 (all from Sigma-Aldrich, except
Na-HEPES, which was from Gibco BRL). After thymus
and lungs were trimmed off, the heart was cannu-
lated rapidly onto a Langendorff perfusion apparatus
and perfused for 4 minutes at 3 mL/min to flush blood
from the vasculature. The heart was then digested for
2 minutes at 3 mL/min with PB supplemented with
collagenase II 2.4 mg/mL (Worthington Biochemical)
without additional calcium, then for 8 minutes at
3 mL/min with PB with collagenase with additional
CaCl2 40 mmol/L. A 50-mL digestion solution was
prepared fresh for each heart and added to the
reservoir just before digestion to prevent heat inac-
tivation of the enzyme. The digested heart was
transferred to a 60-mm dish containing 10 mL stop
buffer (PB with 12.5 mmol/L CaCl2 and calf serum 10%
to inactivate proteases [HyClone Defined Bovine Calf
Serum SH30073]). After atria and large vessels were
removed, ventricular tissue was disrupted and
dissociated by mincing into w10 to 15 small pieces
using fine tip forceps, then triturating sequentially
(w10 to 15 times each) through plastic pipettes with
3 mm, 2 mm, and 1 mm openings. After a 200 mL
aliquot was obtained to count cells, the whole cell
suspension was centrifuged for 2 minutes at 50g
(Eppendorf Centrifuge 5804), the supernatant was
removed, and the pellet was used in radio-
ligand binding.

RADIOLIGAND BINDING. Isolated AMVMs were
counted, pelleted, and suspended in Tris 50 mmol/L
pH 7.4 and EDTA 1 mmol/L. Cells were lysed using an
ultrasonicator #W-380 (Heat Systems Ultrasonics) set
at 50% duty cycle, output control 4 with 5x 5 second
burst on ice. Cell numbers were set to 225,000 myo-
cytes/mL. a1A-AR abundance was quantified by
competition for binding of 3H-prazosin (0.5 nmol/L)
with 22 concentrations (0.05 to 500 mmol/L) in
duplicate of 5-methylurapidil (#U101, Sigma-Aldrich),
an a1A-selective antagonist. Bound ligand was sepa-
rated from free ligand by filtration with ice-cold assay
buffer through glass fiber filters, rinsed 4 times with
4 mL cold assay buffer, dried, and counted.23 Total
receptor number and binding affinity (Kd) were
calculated by nonlinear regression with Graph-
Pad Prism.

QUANTITATIVE REVERSE TRANSCRIPTASE POLYMERASE

CHAIN REACTION. Total RNA was isolated from cells
and tissue (Qiagen RNeasy Plus mini kit #74134) and
analyzed using a NanoDrop (ThermoScientific). For
quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR), 1 mg of RNA was reverse tran-
scribed using High Capacity cDNA Reverse Tran-
scription Kit (Life Technologies #4368814). Two step
qRT-PCR reactions contained 2% of the cDNA prod-
uct. All reactions were performed in triplicate in a
Roche 480 Light Cycler. Relative quantitation of po-
lymerase chain reaction products used the DDCt
method relative to 2 validated reference genes (Tbp
and Polr2a). Similar efficiencies were confirmed for
all primers. All probes and primers were from Roche.
Primer sequences included the following:

Tbp F:ggcggtttggctaggttt; R:gggttatcttcacacaccatga;
UPL Probe # 107

Polr2a F:aatccgcatcatgaacagtg, R:tcatcatccattttatc-
cacca; UPL Probe # 69

Adra1a F: attgtggtgggatgcttcgtcct; R:
tgtttccggtggcttgaaattcgg; UPL Probe # 105

Adra1b F: ttcttcatcgctctcccact; R: gggttgagg-
cagctgttg; UPL Probe # 20

ECHOCARDIOGRAPHY. Transthoracic echocardiog-
raphy was performed on conscious, loosely restrained
mice in the McAllister Heart Institute Rodent Surgical
Core using a VisualSonics Vevo 2100 ultrasound
system (VisualSonics, Inc). Two-dimensional and M-
mode echocardiography were performed in the para-
sternal long-axis view at the level of the papillary
muscle. Left ventricular systolic function was
assessed by fractional shortening (%FS ¼ [(LVEDD �
LVESD)/LVEDD] � 100, where LVEDD is left ventric-
ular end-diastolic diameter and LVESD is left ven-
tricular end-systolic diameter). Reported values
represent the average of at least 5 cardiac cycles per
mouse. Sonographers and investigators were blinded
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to mouse treatment condition during image acquisi-
tion and analysis.

MOUSE MI MODEL. Mice were subjected to perma-
nent LCA ligation as previously described and
subsequently assessed for left ventricular (LV)
morphology and function.24 For LCA ligation as well
as cardiectomy, mice were anesthetized by inhalation
of isoflurane (2%). For postoperative analgesia, 5 mg
meloxicam/kg body weight was applied every 24
hours for the first 72 hours post-surgery. For the Nec-
1s (7-Cl-O-Nec-1, Sigma) studies, vehicle or Nec-1s
(1.65 mg/kg body weight) was given intravenously
10 minutes before LCA ligation, followed by daily
intravenous injections for 2 days.

IMMUNOSTAINING AND HISTOLOGICAL ANALYSIS.

To fix heart tissue for immunohistochemistry, mice
were heparinized and the heart was perfused with
10 mL of PBS followed by 20 mL of 4% para-
formaldehyde (PFA)–PBS through a 23-gauge butterfly
needle, then excised and placed in 4% PFA-PBS for 24
hours before transfer to 70% ethanol. Hearts were
sectioned and stained using standard methods in the
University of North Carolina Histology Research Core.
Slides were scanned using an Aperio ScanScope
(Aperio Technologies) and analyzed in Aperio
ImageScope software. For immunohistochemistry,
hearts were fixed overnight in 4% PFA-PBS, incu-
bated in 30% sucrose–PBS, and then frozen in OTC
medium (Tissue-Tek). Frozen sections (10 mm)
obtained with a Leica cryostat (Leica) were placed on
glass slides, dried at room temperature, and then
incubated with primary antibodies (c-caspase-3,
RIP kinase). After washing, sections were incubated
for 3 hours at room temperature with secondary
antibodies (1:1,000, Life Technologies). Terminal
deoxynucleotidyl transferase dUTP nick end
labeling staining used a horseradish peroxidase-
diaminobenzidine (HRP-DAB) kit from Abcam
(ab206386). Fluorescence was observed with a Zeiss
LSM710 confocal microscope.

HISTOPATHOLOGICAL MEASUREMENT OF INFARCT

SIZE. Infarct size was measured as previously
described and 6 to 8 mouse hearts in each group were
used for analysis.25 Briefly, each LV was sliced in the
transverse axis from the apex to the base using a
microtome at 5-mm thickness with an interval of
300 mm between each section. All sections were
mounted on glass slides and stained with hematoxy-
lin and eosin for further quantitative analysis. Slides
were scanned using an Aperio ScanScope (Aperio
Technologies) and analyzed in Aperio ImageScope
software. ImageJ software was used to measure areas
of affected (infarction and infiltration) and whole LV
myocardium. The affected area and the total area of
LV myocardium were traced manually in the digital
images by an investigator who was blinded to the
genotype of the sample, then measured automatically
by the computer. Infarct size as expressed as a per-
centage of total LV myocardial surface area was
calculated by dividing the sum of injured areas from
all sections by the sum of LV areas from all sections
(including those without infarct) and multiplying
by 100%.

CARDIAC MAGNETIC RESONANCE IMAGING. Anes-
thesia was induced by using 3% isoflurane followed
by #2% isoflurane for maintenance as required.
Respiration rate was used to monitor depth of anes-
thesia and was maintained between 20 and 70
breaths/min. Body temperature was monitored and
controlled within the range of 37 � 2 �C. Cardiac
magnetic resonance imaging (MRI) gated to electro-
cardiogram was obtained in prone position using a 9
Tesla magnet equipped with a 370-mT/m gradient
system, a 38-mm birdcage quadrature coil, and
ParaVision 6.0 software. To assess cardiac function,
short-axis images were acquired with the
retrospectively-gated fast low angle shot sequence
with the following settings: 7-9 slices; field-of-view:
4.5 � 4.5 � 0.1 cm; image matrix size: 256 � 256;
repetitions: 100; flip angle: 15�; echo time: 2.05 ms;
repetition time: 8.91ms; number of reconstructed
frames: 8. A single person contoured the ventricles,
while a second person checked the quality of the
contouring. In case of disagreement, the contouring
was adjusted to achieve mutual agreement. End-
systolic volume (ESV) and end-diastolic volume
(EDV) cardiac phases were automatically determined
for quality check of the cardiac contouring. A
maximum mass difference of the left ventricle of 10%
was allowed between both cardiac phases. The heart
rate was extracted from the IntraGate sequence.
These parameters were used to calculate the stroke
volume (SV ¼ EDV � ESV), cardiac output (CO ¼ SV �
heart rate) and ejection fraction (EF ¼ SV/EDV � 100).
All measurements and calculations were made by
investigators blinded to genotype.

MECHANICAL TESTING OF VENTRICULAR MYOCARDIUM.

Mechanical testing was performed using a Biotester-
5000 biaxial test system (Cellscale) following a pre-
viously reported method.26 In brief, at day 3 post-MI,
male mice were sacrificed. The LV was separated from
the right ventricle and atria, and then cut in half
along the long axis, creating a “sheet” of ventricular
tissue. The isolated tissue was mounted biaxially on
the Biotester with the infarct centered, then stretched
according to manufacturer’s protocols.26 Deformation
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was measured by image tracking analysis. Stresses
and corresponding strains were fit to a 4-parameter
Fung-type model where the strain energy density
was calculated to yield the Cauchy stress. Tissue
stiffness was quantified as the slope of the Cauchy
stress–stretch ratio curve.

SERUM HMGB1 ENZYME-LINKED IMMUNOSORBENT

ASSAY. Blood was obtained from the inferior vena
cava at the time of sacrifice 3 days after LCA ligation.
Detection of serum high-mobility group box 1
(HMGB1) was performed using a commercially avail-
able kit (Novus Biologicals).

IMMUNOBLOTTING. After sacrifice, the heart was
quickly excised and sliced into 5 to 8 1.0-mm thick
sections perpendicular to the long axis of the ven-
tricular chambers. The infarct border zone was visu-
alized under a dissecting microscope and dissected
out. The border zone was defined as a rim of
approximately 2 mm of tissue bordering the infarc-
tion. Visually apparent scar tissue was excised and
discarded during the dissection process leaving only
viable myocardial tissue for immunoblotting and
further analysis. The tissue from the border zone was
immediately placed into a cryovial, snap-frozen in
liquid nitrogen, and stored at –80 �C. Samples were
not pooled and 20 mg frozen heart tissue was
used for immunoblotting of individual heart samples.
Tissue and cell lysates were produced in radio-
immunoprecipation assay buffer supplemented with
PhosSTOP (Roche Diagnostics) and protease inhibitor
cocktail (Roche Diagnostics). Subsequently, samples
were incubated in 4 � lithium dodecyl sulfate sample
buffer, including 2% b-mercaptoethanol, for
10minutes at 70 �C. Sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and immunoblot
analysis were performed using the 4% to 12%
Nupage gel system (Life Technology) after balancing
for protein content using a bicinchoninic acid assay.
Membranes were blocked in 5% milk-Tris-buffered
saline-Tween 20 and incubated in primary
antibody overnight at 4 �C and then secondary HRP-
conjugated antibodies for 1 hour at room tempera-
ture. Images were generated using Amersham
ECL Select Western Blotting Detection Reagent
(GE Healthcare Life Sciences) and the ChemiDoc
Imaging System (Biorad).

ANTIBODIES. Antibodies used included: PARP/
cleaved PARP Cell Signaling 9542, CAMKIId Abcam
#181052, pCAMKIId Abcam #ab32678, RIPK3 Cell
Signaling #95702, pRIPK3 Abcam #209384, RIP1
Cell Signaling #3493s, pRIP1 Cell Signaling #31122,
MLKL Millipore Sigma #MABC604, and pMLKL
Abcam #196436m.
NEONATAL RAT VENTRICULAR MYOCYTES. Female
Sprague-Dawley rats and newborn litters were ob-
tained from Charles River. Neonatal rat ventricular
myocytes (NRVMs) were isolated as previously
described.27 Experiments were performed after 36 to
72 hours of serum starvation in the presence of
insulin, transferrin, and bromodeoxyuridine.

LACTATE DEHYDROGENASE ASSAY. The superna-
tant from cultured NRVMs was collected to determine
the content of lactate dehydrogenase (LDH) via
cytotoxicity detection kit (Roche) following the
manufacturer’s instructions.

MITOCHONDRIAL MEMBRANE POTENTIAL ASSAY.

Mitochondrial membrane potential (DJm) in NRVMs
was measured by 5, 50, 6, 60-tetrachloro-1, 10, 3, 30-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
reduction. Cells were stained with JC-1 (Abcam) ac-
cording to the manufacturer’s protocol. In brief, after
appropriate treatment, serum-starved NRVMs were
exposed to JC-1 at 2 mM for 30minutes. Cells were
washed once with medium then analyzed by plate
reader (CLARIO star, BMG LABTECH). JC-1 green
fluorescence was excited at 488 nm and emission was
detected using a 530 � 40–nm filter. JC-1 red fluo-
rescence was excited at 488 nm and emission was
detected using a 613 � 20–nm filter. A shift in fluo-
rescence from red (JC-1 aggregates) to green (JC-1
monomers) indicates JC-1 dissociation from mito-
chondria into the cytosol, implying a reduction
of DJm.

RETROSPECTIVE COHORT CLINICAL STUDY. We
conducted a retrospective observational study using
clinical data from the Carolina Data Warehouse for
Health. The study population consisted of all patients
who were admitted to the UNC Healthcare system
with a primary diagnosis of acute myocardial infarc-
tion (International Classification of Diseases [ICD]–9
code: 410 or ICD-10 code I21) and underwent PCI be-
tween January 2014 and December 2018. Patients
were grouped according to whether they were dis-
charged from the hospital with a prescription for an
a-blocker. The prespecified primary outcome was
defined as all-cause mortality before the end of the
follow-up period (February 1, 2020).

STATISTICS. Baseline and clinical characteristics are
presented for the clinical study population as the
mean � SD for continuous variables or count (per-
centage) for categorical variables. A Kaplan-Meier
analysis was used to compare the unadjusted risk of
death between groups using the log-rank test. A
multivariable Cox proportional hazards model was
used to estimate the adjusted HR and 95% CI. Models
were adjusted for demographic or clinical values that
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were significantly different between groups at base-
line (age, sex, history of heart failure, history of hy-
pertension). All analyses on clinical data were
performed using R Statistical Software (R 3.3.0þ,
RStudio 2023.06.0þ421).

STATISTICS (MOUSE STUDIES). The values of each
parameter within a group are expressed as the mean
� SEM. Comparisons were performed using analysis
of variance followed by Tukey post hoc tests (3 or
more groups) or by Student t tests (2 groups) using
GraphPad Prism 9. A P < 0.05 was considered statis-
tically significant.

STUDY APPROVAL. Animal care and experimental
protocols were approved by the University of North
Carolina at Chapel Hill Institutional Animal Care and
Use Committee and complied with Guide for the Care
and the use of Laboratory Animals (National Research
Council Committee for the Update of the Guide for
the Care and Use of Laboratory Animals, 2011). The
retrospective cohort clinical study was approved by
the UNC Institutional Review Board (Institutional
Review Board 19-3324). Written informed consent
was obtained from all subjects before data collection.

RESULTS

GENERATION OF MICE WITH SPECIFIC DELETION OF

THE a1A-AR IN CARDIOMYOCYTES. To examine the
functions of cardiomyocyte a1A-ARs, we created the
cmAKO mouse line. We initially bred mice with Cre
recombinase under the control of a truncated Myh6
promoter with mice carrying the ROSAmT/mG Cre-
reporter allele.20 This approach allowed us to
confirm Cre expression (green fluorescent protein
[GFPþ]) within the ventricle of Myh6-Cre/ROSAmT/mG

mice but the absence of Cre expression (red fluores-
cent protein [RFPþ]) in noncardiac tissues such as
brain, kidney, and spleen (Figure 1A). We used a
mouse line with low levels of Cre expression shown to
be nontoxic (generated by E. Dale Abel and gener-
ously shared by Leslie Leinwand) rather than the
more commonly used Myh6-Cre mice with higher and
potentially deleterious levels of Cre expression.21,28

To generate the cmAKO mice, we bred the Myh6-Cre
mice with a mouse line harboring loxP sites flanking
the first coding exon in Adra1a (the gene encoding the
a1A-AR). To confirm cardiac-specific deletion of the
a1A-AR in our cmAKO mice, we isolated RNA from
heart as well as brain, kidney, and spleen. Using qRT-
PCR, we determined that cmAKO mice exhibited a
>90% reduction in a1A-AR mRNA in the heart, but
preserved a1A-AR expression in all other tissues
examined (Figure 1B). Expression of the a1B-AR
(Adra1b) in the LV was unaffected by the Cre-lox
recombination event (Figure 1C). We then assayed
for a1A-AR protein levels in isolated AMVMs from WT
and cmAKO mice using competition radioligand
binding with the a1A-selective antagonist 5-
methylurapidil, as there are no reliable a1A-AR anti-
bodies.29 The binding curve for WT (Crenegative)
AMVMs fit to a 2-site model, consistent with the
presence of a1A (high affinity) and a1B-ARs (low af-
finity), whereas cmAKO AMVMs fit to a 1-site model,
consistent with the presence of only the a1B-AR
subtype (Figure 1D).

ABSENCE OF CARDIOMYOCYTE a1A-ARs DOES NOT

ALTER BASELINE CARDIAC MASS OR FUNCTION.

Next, we examined the baseline cardiac function of
our cmAKO mice and their littermates. As shown in
Table 1, the absence of cardiomyocyte a1A did not
affect either body weight or heart weight. Heart
weight indexed to tibia length was identical in
cmAKO mice and their littermates (Figure 1E),
consistent with published phenotypes for global a1A-
KO and a1A transgenic mice. Using conscious echo-
cardiography to further characterize the cardiac
structure and function of the cmAKO mice, we found
that fractional shortening was 52% � 8% in WT and
52% � 9% in cmAKO mice (Table 1, Figure 1F).
Collectively, these findings strongly suggest that the
physiological cardiac hypertrophy induced by
nonselective a1-AR agonists is mediated by the a1B
subtype.9 They also indicate that, although
enhancing a1A activity preserves contractile function
in the setting of injury, its presence is not required to
maintain normal basal contractile function.8

CARDIOMYOCYTE a1A-ARs PROTECT AGAINST

EARLY INJURY IN A PERMANENT LCA LIGATION

MODEL. After verification and basal characterization
of our cmAKO and WT mice, we sought to test
whether the absence of cardiomyocyte a1A-ARs
affected the response to injury in an experimental
model of MI. Towards this end, male cmAKO mice and
their littermates were subjected to a well-established
LCA ligation model. Of 15 WT and 17 cmAKO mice that
underwent surgery, only 2 WT mice died between
postoperative day 3 and day 10; however, 11 cmAKO
mice died during this period. At 14 days post-
infarction, survival in WT mice was 86.7% whereas
survival in cmAKO mice was 35.3% (P ¼ 0.002 by
log-rank method) (Figure 2A). Given the striking dif-
ference in mortality, a subgroup of dead mice was
subjected to necropsy with histological examination.
We found evidence of LV rupture in 6 of 9 cmAKO
mice, which was confirmed using published validated
criteria showing coagulated blood in the chest cavity
with disruption of the ventricle on gross examination



FIGURE 1 Validation of Mice Lacking Cardiomyocyte a1A-ARs

Mice were sacrificed at 12 to 16 weeks of age. (A) Representative images of heart, brain, and kidney in Myh6-Cre/ROSAmT/mG mice. Green fluorescence indicates the

presence of Myh6-Cre expression (Crepos) whereas red fluorescence indicates the absence of Myh6-cre expression (Creneg). (B) mRNA expression for the a1A-AR

(Adra1a) on tissues from wild-type (WT; Myh6-Creneg/a1A-ARfl/fl) and cardiomyocyte-specific alpha 1A knockout (cmAKO) littermates. (C) mRNA expression of a1A-AR

and a1B-AR (Adra1b) in left ventricles of WT and cmAKO mice. (D) Competition radioligand binding in isolated adult mouse ventricular myocytes (n ¼ 3 hearts per

group) using the a1A antagonist 5 methyl-urapidil. (E) Heart weight indexed to tibia length. (F) Fractional shortening, as measured by conscious echocardiography. All

comparisons used unpaired Student t tests. a1A-AR ¼ alpha 1A adrenergic receptor; Actb ¼ beta-actin; NS ¼ not significant; Tbp ¼ TATA binding protein.
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(Supplemental Figure 1A).30 Hematoxylin and eosin
staining identified extensive coagulative necrosis and
peri-infarct hemorrhage, providing histopathological
context and pathobiological basis for ventricular
rupture (Supplemental Figure 1B). Considering the
excessive mortality by day 5, we turned our attention
thereafter to an earlier timepoint, conducting all
subsequent analyses at day 3 post-ligation. Using
established protocols for measuring infarct area, we
found that cmAKO mice sustained 50% larger infarcts
than WT mice (22% � 2% LV mass vs 34% � 3% LV
mass, P ¼ 0.015) by post-MI day 3 (Figure 2B).25

Changes in ventricular muscle tensile strength
precede the onset of ventricular rupture in
experimental acute MI.31 We used a Biotester-5000
biaxial mechanical test system to determine
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TABLE 1 Basal Cardiac Parameters in WT and cmAKO Mice (n ¼ 6

Per Group)

WT cmAKO

HW, mg 153 � 13 157 � 9

BW, g 25.8 � 2.1 25.9 � 1.7

TL, mm 16.7 � 0.7 17.2 � 0.6

HW/BW, mg/g 5.9 � 0.8 6.1 � 0.4

HW/TL, mg/mm 9.1 � 0.7 9.1 � 0.5

Heart rate, beats/min 694 � 37 634 � 77

LV mass, mg 113 � 5 103 � 18

EF, % 83.4 � 6.7 83.9 � 8.5

FS, % 51.7 � 8.0 52.4 � 9.3

Values are mean � SEM. An unpaired Student t test compared the 2 groups in each
instance. No statistical differences between the 2 groups were found for any
variables.

BW ¼ body weight; cmAKO ¼ cardiomyocyte-specific alpha 1A knockout;
EF ¼ ejection fraction by echocardiogram; FS ¼ fraction shortening by echocar-
diogram; HW ¼ heart weight; LV ¼ left ventricle; TL ¼ tibia length; WT ¼ wild
type.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 9 , N O . 1 , 2 0 2 4 Zhang et al
J A N U A R Y 2 0 2 4 : 7 8 – 9 6 Alpha-1A Adrenergic Receptors Limit Infarct-Associated Necroptosis

85
whether mechanical properties differed in WT and
cmAKO ventricles 3 days after MI, before the onset of
cardiac rupture. To validate this system, we initially
compared infarcted myocardium with myocardium
from sham-operated animals and found that infarcted
tissue showed an exponential stress-strain
curve, consistent with previous reports.32 We then
compared the mechanical properties of sham-
operated and infarcted WT and cmAKO mouse ven-
tricles and found that the estimated biaxial tensile
stretch (as in Ma et al)33 was >70% higher in cmAKO
mice (190 � 34 vs 111 � 42 kPa/% strain changes,
P ¼ 0.004) (Figure 2C, Supplemental Figure 2). These
data suggested that the absence of cardiomyocyte
a1A-ARs compromises the biomechanical adaption of
the LV to experimental MI, potentially rendering the
ventricle more susceptible to cardiac rupture.34

We then sought to determine whether this signifi-
cant mechanical alteration at day 3 post-infarction
was accompanied by other physiological indicators
of injury. To determine whether infarct size corre-
lated with circulating markers of cardiomyocyte
death, we assayed serum HMGB1. HMGB1 is released
by cells undergoing necrotic cell death and is recog-
nized as a sensitive biomarker that correlates to the
extent of cardiomyocyte death in patients with MI.35

On day 3 after LCA ligation, serum HMGB1 from
cmAKO mice was 58% higher than in WT controls (387
� 56 pg/mL vs 244 � 25 pg/mL, P ¼ 0.028) (Figure 2D).
Using a small-animal 9-T magnet for cardiac MRI, we
then compared cardiac morphology and contractile
function of WT and cmAKO mice 3 days after LCA
ligation. Contractile function in cmAKO mice was
significantly worse than in WT after infarction (26% �
3% vs 34% � 3%, P ¼ 0.037) (Figure 2E) with evidence
of marked dyskinesis of the infarcted area (Video 1).
LV mass indexed to body weight was 18% � 3% lower
in cmAKO than WT mice, consistent with greater cell
death (Figure 2E).

Collectively these findings show that the absence
of cardiomyocyte a1A-ARs is associated with a pro-
nounced susceptibility to myocardial injury and
death after experimental MI.

DEFICIENCY OF CARDIOMYOCYTE a1A-ARs RESULTS IN

ACTIVATION OF RIP KINASES AND EXAGGERATED CELL

DEATH. Our histopathological (Figure 2B) and serum
biomarker (Figure 2D) data indicated that infarct-
associated necrotic cell death was exacerbated by
the absence of the cardiomyocyte a1A-AR. Although
cellular necrosis historically has been regarded as a
passive process, emerging evidence has shown clearly
that programmed necrosis, or necroptosis, plays a
critical role in numerous disease states including
MI.36,37 Necroptosis is initiated by binding of a ligand,
often but not always a member of the tumor necrosis
factor-a superfamily, to a cardiomyocyte death
receptor. Death receptor activation promotes the
assembly of the necrosome that includes the RIP ki-
nases RIP1 and RIP3 and the terminal effector mixed
lineage kinase domain-like protein (MLKL) leading to
translocation of MLKL to the plasma membrane and
necrosis. This signaling machinery is distinct from
apoptotic signaling and activation typically requires
intrinsic inhibition of apoptosis (reviewed in Del
Re et al36).

To probe the contributions of necroptosis and
apoptosis to the dramatic cmAKO phenotype and to
define whether cardiomyocyte a1A-ARs differentially
constrained necroptosis and apoptosis in the setting
of MI, we immunoblotted for canonical mediators of
each process in WT and cmAKO mice 3 days after LCA
ligation. RIP1 and RIP3 expression were 2-fold higher
in the border zone of infarcted cmAKO hearts
compared to infarcted WT controls (Figure 3A),
consistent with activation of the necrosome. In
contrast, the expression level of cleaved caspase-3
(c-Casp-3) and cleaved PARP was no different be-
tween the 2 groups (Figure 3A, Supplemental
Figure 3). We then asked whether the terminal nec-
roptosis effector MLKL was differentially upregulated
in the infarct border zone of cmAKO mouse hearts.
Immunofluorescent staining revealed that MLKL was
almost entirely absent in the myocardium of sham-
operated control animals (Figure 3B). In contrast, the
border zone of infarcted animals contained markedly
higher expression of MLKL within cardiomyocytes, as
defined using wheat germ agglutinin. Qualitative
evaluation suggested that cmAKO hearts contained
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FIGURE 2 Disruption of the Cardiomyocyte a1A-AR Decreases Survival and Exacerbates Cardiac Dysfunction After Experimental Myocardial Infarction

Male WT and cmAKO mice underwent permanent ligation of the left coronary artery to create a myocardial infarction. (A) Kaplan-Meier survival plot (log-rank test).

(B) Infarct area calculated from summed slices in Image J. (C) Left ventricular (LV) mechanical properties as measured by a Biotester-5,000 biaxial mechanical test

apparatus. (D) Enzyme-linked immunosorbent assay compared serum abundance of high mobility group box 1 (HMGB1) in WT and cmAKO mice after infarction.

(E) Cardiac magnetic resonance imaging (MRI) quantified LV contractile function and structure, as indicated by ejection fraction and LV mass indexed to body weight

(BW). Comparisons in B through E used unpaired Student t tests.
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more MLKL than WT (Myh6-Creneg/Adra1afl/fl). Nu-
clear staining with DAPI identified robust infiltration
of leukocytes consistent with the immune response
that is activated by necrotic loss of cardiomyocyte
membrane integrity. We then immunoblotted for
MLKL to quantify its abundance in the border zone.
We found that MLKL, relative to total protein,
increased almost 8-fold in cmAKO animals but was
not significantly changed in WT animals (Figure 3C).
Taken together, these results suggest that RIP1/3
mediated cardiomyocyte necroptosis, but not
apoptosis, was exaggerated in mice lacking car-
diomyocyte a1A-ARs after experimental MI.
A SELECTIVE a1A-AR AGONIST PROTECTS AGAINST

RIP KINASE–MEDIATED CARDIOMYOCYTE DEATH IN

VITRO. To expand upon our in vivo findings showing
that the absence of cardiomyocyte a1A-ARs was
associated with enhanced cell death and RIP kinase



FIGURE 3 Mediators of Necroptosis, But Not Apoptosis, Are Upregulated to a Greater Extent in cmAKO Than WT Mice After Myocardial Infarction

Tissue was excised from the border zone of the LV infarct 3 days after left coronary artery ligation. (A) Immunoblotting for mediators of necroptosis (receptor interactor

proteins [RIPs] 1 and 3) and apoptosis (c-PARP and cleaved caspase 3 [c-Casp3]) with representative image and summary densitometry. (B) Immunofluorescence for

the necroptosis effector mixed lineage kinase domain–like (MLKL) protein. (C) Immunoblotting for MLKL with representative images and summary densitometry

summary densitometry (relative to total membrane protein, Supplemental Figure 4B). Comparisons between 2 groups (A and B) used unpaired Student t tests.

Comparisons between 4 groups (C) used a 2-way analysis of variance with a Tukey post-test. KO ¼ knockout; PARP ¼ poly ADP-ribose polymerase;

GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase; other abbreviations as in Figures 1 and 2.
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upregulation, we used a well-established in vitro
model of ischemia induced by exposing primary
NRVMs to oxygen and glucose deprivation (OGD).38

As indicated in Figure 4A, 24 hours of OGD resulted
in significant cell injury as determined by LDH release
when compared to standard culture conditions (34%
� 5% vs 3% � 1% of positive control, P < 0.0001). Cell
death was mitigated by selective a1A activation
(A61603, 100 nM) or by nonselective a1-AR activation
with the combination of NE (100 nM) and the b-AR
antagonist (b-blocker) propranolol (1 mM). Next, we
examined whether a1A-AR activation would protect
against mitochondrial injury, as RIP3 activation pro-
motes mitochondrial permeability transition pore
opening and resultant loss of DJm.39 Using the
mitochondrial membrane permeant dye JC-1 (red
aggregate with intact DJm, green monomer with
compromised DJm) we found that 6 hours of OGD
exposure led to a profound loss of DJm that was
partially rescued by coadministration of A61603
(205% � 44% vs 107% � 37% aggregate/monomer,
P ¼ 0.005) (Figure 4B).

To define further the importance of RIP kinases
and necroptosis in our model systems, we used
necrostatin-1stable (Nec-1s), a highly selective inhib-
itor of RIPK1.40 RIPK1 inhibitors, including Nec-1s
have been shown to limit necrotic cell death due to
ischemia in the heart and other organs and have been
proposed as novel therapies for multiple disease
processes mediated by ischemia.41-43 Here we
exposed NRVMs to OGD in the presence or absence of
the a1A agonist A61603 (A6) or Nec-1s 50 mM
(Figures 4C to 4E). A61603 and Nec-1s both decreased
OGD-induced RIP1 by 50% and combination treat-
ment further blunted RIP1 expression. Both A61603
and Nec-1s decreased RIP3 expression by 60% to 70%,
but no additive effect was observed. Neither a1A
activation nor RIP1 inhibition affected expression of
the apoptosis mediators c-Casp-3 or cleaved PARP
(Figure 4C). A61603 and Nec-1s both independently
mitigated NRVM death (Figure 4D) and protected
NRVM DJm (Figure 4E), but no additive effect of a1A
activation and RIPK1 inhibition was observed for
these endpoints. A61603 did not affect expression of
RIP1 or RIP3 in normoxic NRVMs (Supplemental
Figure 4C).

Collectively, these findings show that pharmaco-
logic activation of a1A-AR protects against ischemia-
induced RIP kinase activation and necroptotic cell
death. The absence of synergistic benefit from
concomitant a1A activation and RIP inhibition
raises the possibility that abrogation of necroptosis
may contribute significantly to a1A-mediated
cytoprotection. These in vitro results using NRVMs
exposed to OGD are consistent with the findings from
our LCA ligation model, suggesting that in vivo RIP
kinase pathway activation likely results from car-
diomyocyte necroptosis that is enhanced in the
absence of the a1A-AR.

TREATMENT WITH THE RIP1 KINASE INHIBITOR

NEC-1S MITIGATES INJURY IN cmAKO MICE AFTER

LCA LIGATION. Our in vitro studies using NRVMs
suggested that mitigation of necroptosis contributes
to the cytoprotective effects of an a1A-AR agonist in
the setting of ischemia. As an extension of these
findings, we then sought to test whether inhibition of
necroptosis in vivo could blunt the exaggerated
response to injury in cmAKO mice using our experi-
mental MI model.

To address this question, WT and cmAKO mice
were administered Nec-1s (1.65 mg/kg body weight) or
vehicle intravenously 10 minutes before LCA ligation,
followed by daily intravenous injection for 2 days
before sacrifice on day 3. Infarct size on day 3 was no
different in the cmAKO (20% � 2% LV surface area)
than the WT mice (16% � 2%), a contrast to the sig-
nificant difference between genotypes in the absence
of Nec-1s (WT 34% � 8% vs cmAKO 22% � 6%,
P ¼ 0.015) (Figure 2B, Figure 5A, Supplemental
Figure 5). Serum levels of the necrotic cell death
marker HMGB1 were markedly higher in cmAKO than
WT mice after infarct, but Nec-1s treatment abrogated
that difference (Figure 5B). These findings suggested
that necroptotic cell death accounted for the differ-
ence in HMGB1 release in WT and cmAKO mice and
that HMGB1 may be a reliable biomarker for nec-
roptosis post-MI. Consistent with findings from our
previous experiments (Figure 4A), RIP1 (1.6-fold) and
RIP3 (2-fold) were activated to a greater extent in the
infarct border zones of cmAKO than WT mice
(Figure 5C). Nec-1s treatment blunted RIP1 and RIP3 in
all mice and abrogated the difference between the
genotypes (Figure 5C).

Taken together, these findings suggest that RIP1
kinase–mediated necroptosis contributes signifi-
cantly to enhanced susceptibility to ischemic injury
in the absence of cardiomyocyte a1A-ARs.

ALPHA BLOCKER EXPOSURE INCREASES MORTALITY

AFTER MI IN MEN. Next, we sought to determine
whether the loss of a1-AR function also confers worse
post-infarct outcomes in humans. Antagonists of a1-
ARs (a-blockers) were developed to treat hyperten-
sion but currently are used most frequently to treat
lower urinary tract symptoms due to benign prostatic
hyperplasia in older men. Previous studies have
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FIGURE 4 Pharmacologic Activation of a1A-ARs Protects Neonatal Rat Ventricular Myocytes From Experimental Ischemia

Ischemia was simulated in neonatal rat ventricular myocytes (NRVMs) using oxygen glucose deprivation (OGD) for 24 hours in vehicle control

(VC) with or without the a1A-AR agonist A61603 100 nM or the nonselective AR agonist norepinephrine (NE, 1 mM) with the b-AR antagonist

propranolol (Prop, 1 mM), or the RIP1 kinase antagonist Nec-1s 50 mM. (A) Lactate dehydrogenase (LDH) measured cell death relative to

positive control. (B) The mitochondrial membrane permeant dye JC-1 measured mitochondrial membrane potential (DJm) where red in-

dicates intact DJm and green indicates compromised DJm. (C) Cell lysates from OGD-exposed NRVMs in the presence or absence of

A61603 or Nec-1s for 6h were immunoblotted. Image J measured relative densitometry. (D) LDH release measured OGD-exposed NRVM

death after 6 hours in the presence or absence of A61603 or Nec-1s. (E) JC-1 measured NRVM DJm in the presence or absence of A61603 or

Nec-1s for 6 hours. *P < 0.05. **P < 0.01. ***P < 0.001 by analysis of variance with Tukey post-test. N > 3 technical replicates per

experiment. Abbreviations as in Figures 1 and 3.
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FIGURE 5 Treatment With the RIP1 Kinase Inhibitor Nec-1s Mitigates the Exaggerated Response to Injury in cmAKO Mice Subjected to

Left Coronary Artery Ligation

Male WT and cmAKO mice were injected intravenously with Nec-1s (1.65 mg/kg body weight) or vehicle 10 minutes before left coronary artery

ligation, followed by daily intravenous injection for 2 days before sacrifice on day 3. (A) Infarct area was calculated histologically. (B) Serum

level of HMGB1, a measure of necrotic cell death was measured using an enzyme-linked immunosorbent assay. (C) Lysates were prepared from

the infarct border zones of all mice and immunoblotted for mediators of necroptosis (RIP1 and RIP3 kinases) and apoptosis (c-Casp-3 and

c-PARP). Summary densitometry was calculated in Image J. *P < 0.05. **P < 0.01. ***P < 0.001 by analysis of variance (ANOVA) with

Tukey post-test. Comparisons between 2 groups (A) used unpaired Student t tests. Comparisons between 4 groups (B and C) used a 2-way

ANOVA with a Tukey post-test. Abbreviations as in Figures 1 to 4.
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identified an association between a-blocker use and
incident HF, but the effect of a-blockers on outcomes
after MI has never been studied.44,45 We conducted a
retrospective observational study using clinical data
from the UNC Hospitals PCI Registry within the Car-
olina Data Warehouse for Health. We initially identi-
fied all patients (n ¼ 12,055) who were admitted to the
UNC Healthcare system with a primary diagnosis of
acute MI (ICD-9: 410 or ICD-10: I21) and underwent
PCI between January 2014 and December 2018
(Figure 6A). From this population, we merged in-
stances with identical medical record numbers (the
same patient admitted to the hospital multiple times)
and filtered out patients younger than 60 years and
women, as a-blockers rarely are prescribed to either
group. The prespecified primary outcome was defined
as all-cause mortality before the end of the follow-up
period (February 1, 2020).

This selection algorithm identified 127 male pa-
tients taking a-blockers and 2,775 male patients not



FIGURE 6 Use of a-Blockers Increased All-Cause Mortality Among Male Patients Who Were Admitted to UNC Hospitals for Acute

Myocardial Infarction

(A) Patient selection algorithm for the retrospective observational study. (B) Kaplan-Meier survival log-rank analysis with HR for death

adjusted for age, hypertension, and heart failure. PCI ¼ percutaneous coronary intervention; UNC ¼ University of North Carolina.
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taking a-blockers at the time of their MI. The a-
blocker (þ) patients were older than the a-blocker (–)
patients, but otherwise were clinically and demo-
graphically similar (Table 2). Our analysis found that
the crude all-cause mortality rate at 3 years post-MI
follow-up was higher in a-blocker (þ) patients (19.7%
vs 12.5%, P ¼ 0.019). Applying a Cox proportional
hazards regression model with adjustment for age,
history of hypertension and history of HF, we found
that the HR for death in the a-blocker (þ) post-MI
male patients was 1.51 (95% CI: 1.01-2.26; P ¼ 0.046)
(Figure 6B). A Schoenfeld individual test was per-
formed and confirmed that our dataset fits the pro-
portional hazard assumption.

DISCUSSION

In this study we show that mice with cardiomyocyte-
restricted deletion of the a1A-AR exhibit a signifi-
cantly elevated risk of death within the first 5 days



TABLE 2 Clinical and Demographic Characteristics of Male Patients $60 years of Age Who Underwent Percutaneous Coronary Intervention

(PCI) After Admission to UNC Hospital for Acute Myocardial Infarction

a-Blocker Use

P Value
Yes

(n ¼ 127)
No

(n ¼ 2,775)
Overall

(n ¼ 2,902)

Male 127 (100) 2,775 (100) 2,902 (100)

Age at PCI, y 73.0 � 7.87 70.7 � 7.11 70.8 � 7.16 0.002

Race 0.39

AA 11 (8.7) 313 (11.3) 324 (11.2)

White 108 (85.0) 2,330 (84.0) 2,438 (84.0)

Other 8 (6.3) 132 (4.8) 140 (4.8)

Smoking 25 (19.7) 623 (22.5) 648 (22.3) 0.46

Chronic lung disease 19 (15.0) 378 (13.6) 397 (13.7) 0.67

Cerebrovascular disease 26 (20.5) 468 (16.9) 494 (17.0) 0.30

Diabetes 55 (43.3) 1,167 (42.1) 1222 (42.1) 0.80

HTN 115 (90.6) 2,416 (87.1) 2,531 (87.2) 0.27

HLD 104 (81.9) 2,342 (84.4) 2,446 (84.3) 0.39

LVEF, % 0.10

0-50 24 (18.9) 556 (20.0) 580 (20.0)

50þ 57 (44.9) 1,452 (52.3) 1,509 (52.0)

GFR, mL/min 0.33

<60 46 (36.2) 832 (30.0) 878 (30.3)

>60 76 (59.8) 1,828 (65.9) 1,904 (65.6)

Values are n (%) or mean � SD. An unpaired Student t test compared the 2 groups in each instance.

AA ¼ African American; PCI ¼ percutaneous coronary intervention; GFR ¼ glomerular filtration rate; HTN ¼ hypertension; HLD ¼ hyperlipidemia; LVEF ¼ left ventricular
ejection fraction.
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after experimental MI. These new cmAKO mice
developed larger infarcts with exaggerated ventricu-
lar remodeling and contractile dysfunction within
3 days post-infarct compared to WT controls. In vitro
studies corroborated these findings, showing that
a1A-AR activation limits cell death in the setting of
ischemic injury. These striking findings prompted us
to perform in vivo and in vitro studies which collec-
tively suggested that constraint of necroptosis
contributes to cardioprotection by cardiomyocyte
a1A-ARs. A retrospective observational clinical study
at our institution indicated that the use of medica-
tions that block a1-ARs was associated with increased
risk of mortality after MI in men, offering a potential
clinical parallel for our experimental findings.

To the best of our knowledge, our study is the first
to show an essential protective role for endogenous
cardiomyocyte a1A-ARs in response to injury using a
cardiomyocyte-specific loss-of-function model. Mice
with 66-fold overexpression of rat Adra1a have
improved survival and contractile function 15 weeks
after LCA ligation.17 Transgenic overexpression (15- to
40-fold) of the a1A-AR in rat cardiomyocytes confers
enhanced protection in the second window of
ischemic preconditioning and is associated with
decreased ventricular remodeling and enhanced
angiogenesis 4 to 6 weeks after MI.18,46 Global a1A-AR
KO mice have increased mortality and enhanced
ventricular remodeling 4 weeks after MI.19 Here we
created a cardiomyocyte-specific a1A-AR KO mouse
line to avoid the potentially confounding effects of
either supraphysiological protein abundance in
the heart or systemic effects from global deletion of
a widely expressed receptor. Our cmAKO mice
have normal basal cardiac structure and function
(Figure 1, Table 1), similar to both the global a1A-KO
mice and to a recently published line with inducible
cardiomyocyte-specific a1A-AR deletion.19,47

Although deletion of cardiomyocyte a1A-ARs does
not alter basal phenotype appreciably, it does confer
significantly enhanced susceptibility to injury, as
evidenced by 50% mortality within 5 days of MI in
this study.

Here we, by necessity, have focused our mecha-
nistic analyses on an earlier time point given the
excessive mortality within 5 days post-MI due pri-
marily to cardiac rupture (66.7%, n ¼ 6 of 9) as
confirmed by standardized methodology.30 Our
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observations from biaxial tensile tests confirmed that
disruption of cardiomyocyte a1A-ARs leads to mal-
adaptive biomechanical properties in the infarct and
peri-infarct zones predisposing to ventricular
rupture. Although the propensity for post-MI cardiac
rupture likely is multifactorial, extensive necrotic
loss of cardiomyocytes primes the myocardium to
rupture via proinflammatory responses and dynamic
changes in the extracellular matrix.48-50 Historically,
necrosis has been considered an “unregulated” and
passive form of cell death. However, studies per-
formed over the past 2 decades have unequivocally
characterized necroptosis as a regulated form of
cellular necrosis that plays critical roles in multiple
types of cardiac pathology, including myocardial
ischemia and infarction.36,39,51-53

The early post-infarct period is characterized by
elevated levels of endogenous catecholamines that
activate ARs on cardiomyocytes.54 High concentra-
tions of the b-AR agonist isoproterenol (85 mg/kg
subcutaneous) induce cardiomyocyte necrosis with
induction of RIP1 and RIP3 in mice, suggesting that
b-AR hyperactivation may promote necroptosis to
contribute to the pathobiology of MI.55 Regulation of
necroptosis by a1-ARs has not been studied previ-
ously. Here, we report that endogenous a1A-ARs
protect cardiomyocytes after MI in part by con-
straining RIP kinase–MLKL–mediated necroptosis,
but not apoptosis. Our findings would appear to be
inconsistent with a previously published study
showing enhanced myocardial apoptosis after exper-
imental MI in global a1A-AR KO mice.19 However,
there are several important differences in the design
of these studies that may explain the apparent dis-
crepancies. Yeh et al19 analyzed the infarcted heart
4 weeks after LCA ligation, whereas here we per-
formed most of our studies in mice 3 days after liga-
tion. This temporal difference may be important
given that the predominant modes of cell death vary
with time after infarction.56 In addition, Yeh et al19

assayed cell death from remote non-infarcted
myocardium, whereas we exclusively used tissues
from the peri-infarct border zone. Lastly, it is entirely
plausible that their findings were influenced by sys-
temic loss of a1A-ARs, whereas we used a
cardiomyocyte-specific KO mouse model. Although
the global a1A-KO animals are a more faithful genetic
representation of the potential systemic effects of
a-blockers in humans, we created and used the
cmAKO mice to focus specifically on events mediated
directly by a1A-ARs in the heart.
Our study is also the first to report on enhanced
risk of mortality in patients taking a-blockers,
although other studies have identified an association
between a-blockers and incident HF. In the landmark
ALLHAT (Antihypertensive and Lipid Lowering
treatment to prevent Heart Attack Trial), subjects
receiving doxazosin had a 2-fold higher risk of
developing HF than patients taking chlorthalidone.44

Partly as a result of this finding, nonselective
a-blockers no longer are considered first-line therapy
for hypertension. However, a-blockers remain the
most prescribed medication for managing symptom-
atic benign prostatic hyperplasia (BPH), which affects
more than 70% of U.S. males 60 years of age or
older.57 In fact, the Medical Expenditure Panel Survey
(Agency for Health Care Research and Quality) esti-
mates that more than 5 million patients were pre-
scribed the a1A-AR selective antagonist tamsulosin in
the United States in 2019. A recent population-based
study from Canada found that men receiving
a-blockers for BPH had an increased risk of devel-
oping HF (HR: 1.22; 95% CI: 1.18-1.26) when compared
to men with BPH who were not on medical therapy.45

Neither of the previous studies reported increased
mortality related to a-blockers as we do, although we
studied a particularly high-risk population in post-MI
patients.
STUDY LIMITATIONS. The complex pathobiology of
MI is both spatially and temporally heterogeneous.
We chose, by necessity, to focus our analyses on
selected post-infarct time points and were pains-
taking in our efforts to study infarct border zone, but
we cannot exclude the possibility that the a1A-AR
regulates distinct processes at other times or in
different myocardial locations after infarct. It is
possible that alternative mechanisms other than
necroptosis may contribute to the cardioprotective
effects of cardiomyocyte a1A-ARs. For example, rats
with cardiomyocyte-specific a1A-AR overexpression
exhibited attenuated post-infarct remodeling char-
acterized in part by enhanced formation of coronary
collaterals mediated by vascular endothelial growth
factor A.18 We also cannot exclude the possibility that
developmental effects contributed to the exaggerated
susceptibility to injury in our cmAKO mice. In this
regard, it would be interesting to study the response
in a conditional knock down model such as the one
recently created by Kaidonis et al47, which also could
allow for explication of the role of a1A-ARs in the
more remote post-infarct period. Finally, our clinical
study is relatively small and drawn from a single



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Chronic stimulation of b-ARs contributes significantly

to the pathobiology of HF through extensively expli-

cated pathways. In contrast, an emerging literature

indicates that a1A-ARs protect the heart by mitigating

the toxic effects of chronic b-AR activation. The

mechanisms underlying this cardioprotective benefit

remain poorly defined. Defining these mechanisms

more clearly could have significant clinical impact, as

a1-AR antagonists (a-blockers) are associated with

increased risk for developing HF.

TRANSLATIONAL OUTLOOK: Here we couple

translational studies of MI in a new cardiomyocyte-

specific a1A-AR KO mouse with a clinical study of

patients taking a-blockers at the time of MI. We

identify constraint of programmed cardiomyocyte

necrosis (necroptosis) as a novel mechanism of a1A-

AR cardioprotection in mice. We also find that pa-

tients taking an a-blocker at the time of MI experi-

enced increased mortality during a follow-up period

of over 5 years at our center, the first demonstration

that a-blockers may affect survival in high-risk pa-

tients. These clinical findings suggest caution in the

use of a-blockers in patients with ischemic heart dis-

ease and our preclinical studies indicate that this po-

tential hazard arises from blocking adaptive signaling

through a1A-ARs in cardiomyocytes. Future preclini-

cal studies will explore other potential cardioprotec-

tive functions for a1A-ARs; future clinical studies will

determine whether a-blockers confer increased risk

after MI in larger multicenter datasets.
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medical center. It will be important to determine
whether the increased risk of post-MI mortality can
be replicated in larger datasets of patients receiving
a-blockers.

CONCLUSIONS

Our study significantly advances our understanding
of the mechanisms underlying the cardioprotective
effects of the a1A-AR, identifying a previously un-
recognized mechanistic connection with necroptosis.
The marked susceptibility to injury of our novel
cardiomyocyte-specific a1A-AR KO mouse suggests
that enhanced cardiovascular risk in patients taking
a-blockers may arise directly from inhibition of
adaptive functions of cardiomyocyte a1A-ARs rather
than systemic effects.
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