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Increased Heme Levels in the Heart Lead to Exacerbated Ischemic
Injury
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Background—Heme is an essential iron-containing molecule for cardiovascular physiology, but in excess it may increase oxidative
stress. Failing human hearts have increased heme levels, with upregulation of the rate-limiting enzyme in heme synthesis,
d-aminolevulinic acid synthase 2 (ALAS2), which is normally not expressed in cardiomyocytes. We hypothesized that increased
heme accumulation (through cardiac overexpression of ALAS2) leads to increased oxidative stress and cell death in the heart.

Methods and Results—We first showed that ALAS2 and heme levels are increased in the hearts of mice subjected to coronary
ligation. To determine the causative role of increased heme in the development of heart failure, we generated transgenic mice with
cardiac-specific overexpression of ALAS2. While ALAS2 transgenic mice have normal cardiac function at baseline, their hearts
display increased heme content, higher oxidative stress, exacerbated cell death, and worsened cardiac function after coronary
ligation compared to nontransgenic littermates. We confirmed in cultured cardiomyoblasts that the increased oxidative stress and
cell death observed with ALAS2 overexpression is mediated by increased heme accumulation. Furthermore, knockdown of ALAS2
in cultured cardiomyoblasts exposed to hypoxia reversed the increases in heme content and cell death. Administration of the
mitochondrial antioxidant MitoTempo to ALAS2-overexpressing cardiomyoblasts normalized the elevated oxidative stress and cell
death levels to baseline, indicating that the effects of increased ALAS2 and heme are through elevated mitochondrial oxidative
stress. The clinical relevance of these findings was supported by the finding of increased ALAS2 induction and heme accumulation
in failing human hearts from patients with ischemic cardiomyopathy compared to nonischemic cardiomyopathy.

Conclusions—Heme accumulation is detrimental to cardiac function under ischemic conditions, and reducing heme in the heart
may be a novel approach for protection against the development of heart failure. (/ Am Heart Assoc.2015;4:e002272 doi:
10.1161/JAHA.115.002272)
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he high incidence of heart failure in the developed world
makes it an important healthcare problem, and its
rapidly growing prevalence underpins its urgency.' Current
medical therapies, which are commonly aimed at suppressing
neurohormonal activation, are effective in managing heart
failure but offer no cure for the disease.? Therefore, novel
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approaches are needed to improve cardiac performance and
prevent the progressive cardiac dysfunction that character-
izes this disease. The failing heart undergoes significant
metabolic changes, and therefore modifying metabolic gene
expression could improve clinical outcomes in heart failure
patients.®>™

Recently, there has been significant interest in the role of
iron in heart failure. Iron is essential for the maintenance of
cellular viability and function through its roles in oxidative
phosphorylation, antioxidant enzyme activities, ribosome
biogenesis, and oxygen storage and delivery.® The majority
of iron in the heart exists in the forms of heme and iron—sulfur
(Fe/S) cluster proteins. While it has been suggested that
intravenous iron may provide clinical benefit in iron-deficient
patients with chronic systolic heart failure,” ' free iron is a
highly reactive metal that can catalyze the production of toxic
hydroxyl radicals from less reactive species, such as hydrogen
peroxide and superoxide anion, via the Fenton reaction.'’
Several lines of evidence suggest that cardiac dysfunction is a
prominent feature of iron-overload diseases. For example,
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hereditary hemochromatosis leads to the development of
cardiomyopathy, '? and patients with Friedrich’s ataxia develop
progressive and lethal cardiomyopathy that is characterized by
mitochondrial accumulation of iron and extensive oxidative
damage.'®'* Furthermore, cardiomyopathy in thalassemia
major patients with iron overload due to regular blood
transfusions is attributed to reactive oxygen species (ROS)
generation due to intracardiac iron accumulation.'> ' In
addition, mice with cardiac-specific overexpression of the alpha
subunit of the Gq protein develop cardiomyopathy and signif-
icant cardiac accumulation of iron.'® Finally, our lab has shown
that mice with genetic deletion of a mitochondrial iron export
protein display mitochondrial iron accumulation and cardiomy-
opathy.'? Therefore, maintenance of iron and iron-containing
compounds within the heart is critical for cardiac function.

Heme is an essential iron-containing metabolite for aerobic
organisms and serves as a prosthetic group for hemoproteins
involved in numerous cardiovascular processes, including
oxygen transport (hemoglobin), oxygen storage (myoglobin),
oxygen metabolism (oxidases), anti-oxidation (peroxidases,
catalases), electron transport (cytochromes), signaling (guany-
late cyclase), and enzyme catalysis (cyclo-oxygenase, nitric
oxide synthase).?°?% The function of heme-containing pro-
teins strongly depends on the ability of heme to coordinate an
iron atom inside its structure and facilitate reduction—
oxidation (redox) reactions.?* However, this biochemical
property of iron also enables free heme (heme not bound to
protein) to generate toxic hydroxyl radicals through the
Fenton reaction and cause cellular injury.' "2

Heme production begins in the mitochondria with the
condensation of glycine and succinyl coenzyme A to form
d-aminolevulinic acid (ALA) by the rate-limiting enzyme ALA
synthase (ALAS). Two isoforms of ALAS exist; ALAS1 is a
ubiquitously expressed housekeeping gene, while ALAS2 is
traditionally studied in the context of erythrocyte maturation,
where it is induced to stimulate hemoglobinization. The next 5
conversions are carried out in the cytosol. Finally, the
synthesis is completed in the mitochondria with the insertion
of an iron atom into protoporphyrin IX (PPIX) to form heme by
ferrochelatase.?® Mature heme can then be incorporated into
various mitochondrial proteins or exported into the cyto-
plasm.?”

Recently, a metabolomic analysis revealed that heme is
increased in the hearts of mice after permanent coronary
ligation, suggesting that myocardial accumulation of free
heme may play a role in hypoxic injury and the development
of heart failure.?® In addition, our lab has shown that both
cytosolic and mitochondrial heme levels are increased in
failing human hearts, with feedback inhibition of the heme
synthetic enzymes except for ALAS2.?’ Upregulation of
ALAS?2 in failing human hearts is significant because (1)
ALAS?2 is the rate-limiting enzyme in heme synthesis and

could account for the increased heme content in failing
hearts, and (2) ALAS2 expression was previously reported to
be restricted to the hematopoietic system.*® Unlike other
components of the heme synthesis pathway, ALAS2 is not
inhibited by high levels of heme and is positively regulated by
hypoxia.>' We have also previously shown that ALAS2
overexpression in cultured cardiomyoblasts leads to
increased heme content, representing the first heart-specific
function for this “noncardiac” isoform of ALAS.?? However, it
is not known whether the increased heme in heart failure is an
adaptive or maladaptive process.

To further characterize the role of heme in the heart and to
determine whether an increase in the rate-limiting enzyme in
heme synthesis, ALAS2, is sufficient to induce cardiac injury,
we generated a cardiac-specific ALAS2-overexpressing trans-
genic (TG) mouse model and studied the effects of its
expression on cardiac function and heme homeostasis at
baseline and in heart failure. We show that while ALAS2 TG
mice have normal cardiac function at baseline, their hearts
display increased heme content, higher oxidative stress,
exacerbated cell death, and worsened cardiac function after
coronary ligation compared to control animals. The normal
cardiac function of TG mice at baseline can be attributed to a
compensatory increase in heme degradation via heme oxyge-
nase-1 (HO-1), which is attenuated in TG mice after coronary
ligation. We confirm that heme accumulation is responsible for
the increased levels of oxidative stress and cell death seen
with ALAS2 overexpression in cultured cardiomyoblasts.
Furthermore, knockdown of ALAS2 in cultured cardiomy-
oblasts exposed to hypoxia normalizes the increases in heme
content and cell death. We also show that human hearts from
patients with ischemic cardiomyopathy have increased ALAS2
levels and heme accumulation compared to patients with
nonischemic cardiomyopathy. Finally, administration of the
mitochondrial antioxidant MitoTempo to ALAS2-overexpress-
ing cardiomyoblasts returns the heightened levels of oxidative
stress and cell death to baseline, indicating that mitochondrial
oxidative stress mediates the detrimental effects of heme
accumulation due to increased ALAS2 expression.

Methods

Generation of ALAS2 TG Mice

Human ALAS2 cDNA was obtained from OpenBioSystems.
The coding sequence of ALAS2 cDNA was amplified using
polymerase chain reaction (PCR) with the addition of a 3’
FLAG tag. The PCR product was first cloned into pCR2.1 TOPO
vector (Invitrogen) and the sequence was verified by sequenc-
ing. The entire coding region was then excised by Sall and
Hindlll and subcloned into a transgenic plasmid containing the
o-myosin heavy chain (MHC) promoter and human growth
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hormone poly(A) sequence (provided by Dr Jeffrey Robbins;
Cincinnati Children’s Hospital, Cincinnati, OH). The plasmid
was purified using the Qiagen EndoFree Plasmid Maxi Kit. The
purified plasmid was digested with Notl (which flanks the
region containing the transgene), and the fragment was gel
isolated. The microinjections of the transgene were performed
by the Northwestern Transgenic and Targeted Mutagenesis
Core Facility, as described previously.®? Potential founder
mice (which grew from the injected zygotes) were screened
for insertion of the transgene by PCR analysis after DNA was
obtained from their tail tip. A stable TG line expressing a high
level of ALAS?2 in the heart with intact fertility was selected for
subsequent breeding. This founder mouse was backcrossed
to C57BL/6 mice. Tissue-specific expression patterns and the
level of expression were determined by Western blot analysis
and quantitative real-time polymerase chain reaction (qRT-
PCR). For all studies, age- and gender-matched littermates
were used as controls. A total of ~25 TG and 25 non-TG mice
were used for our studies.

Coronary Ligation

The surgical protocol was performed as previously
described.*? Briefly, mice were anesthetized with isoflurane
with induction at 3% and maintenance at 1.5% to 2%. The
animals were placed in a supine position and ECG leads were
attached. The body temperature was monitored using a rectal
probe and was maintained at 37°C with heating pads
throughout the experiment. A catheter was inserted into the
trachea and was then attached to the mouse ventilator via a
Y-shaped connector. The mice were ventilated at a tidal
volume of 200 pL and a rate of 105 breaths/min using a
rodent ventilator. The chest was then opened by an incision of
the left fourth intercostal space. The left anterior descending
artery was occluded with an 8-0 silk suture. Ischemia was
confirmed by pallor of the anterior wall of the left ventricle
and by ST-segment elevation and QRS widening on the ECG.
After confirmation of ligation, the chest was closed in layers.
The mice were kept warm with heating pads and on 100%
oxygen via nasal cannula. Animals were given buprenorphine
for postoperative pain. All animal procedures were followed in
accordance with institutional guidelines.

Echocardiography

Echocardiography was performed using a Vevo 770 High-
Resolution Imaging System. Animals were anesthetized
with isoflurane and placed in the supine position. The chests
were shaved, and the parasternal short- and long-axis views
were used to obtain 2-dimensional and M-mode images. At
least 10 independent cardiac cycles per each experiment
were obtained.

Histochemical Analysis

Heart tissue was excised, rinsed in phosphate-buffered saline
(PBS), and perfused with Hanks buffered saline solution using
a Langerdorff working heart perfusion system. Following
perfusion, tissue was fixed in 4% paraformaldehyde, embed-
ded in paraffin, and sectioned. To determine cardiac fiber
morphology, sections were stained with hematoxylin and
eosin according to standard protocols. Heart fibrosis was
assessed by Masson trichrome staining.

For assessment of area at risk (AAR), mice were subjected
to coronary ligation for 24 hours and anesthetized with an
intraperitoneal injection of avertin. The hearts were excised,
cannulated, and washed with PBS, followed by injection of
500 pL of 1% Evans blue into the right ventricle. Left ventricles
were excised and frozen at —20°C for 15 minutes to prevent
smearing of dye into unstained tissues, sectioned transversely
into 5 sections, and incubated in 10% neutral-buffered
formaldehyde for 24 hours. Sections were weighed and
photographed using a digital camera (Sony), then analyzed
using ImageJ (National Institutes of Health, Bethesda, MD).
Viable myocardium stained blue while AAR was unstained. The
size of AAR was determined by the following equations: weight
of AAR=(A1xW1)+(A2xW2)+(A3x W3)+(A4 x W4)+(A5x W5),
where A is the percent area of AAR by planimetry and
W is the weight of each section; AAR as a percentage of
left ventricle (LV)=[(weight of AAR)/(weight of LV)]x 100.

Lipid Peroxidation Assay

Malondialdehyde and 4-hydroxyalkenals concentrations were
determined spectrophotometrically using a commercially
available Lipid Peroxidation Microplate Assay Kit (Oxford
Biomedical Research). This assay is based on the reaction of a
chromogenic reagent, N-methyl-2-phenylindole, with malondi-
aldehyde and 4-hydroxyalkenals, yielding a stable chro-
mophore with maximal absorbance at 586 nm. Freshly
isolated and PBS-rinsed heart tissue (=10 mg) was used for
the assay.

Mitochondrial DNA Damage Assay

Genomic DNA was isolated from the cardiac AAR of mice
sacrificed 28 days after sham thoracotomy or myocardial
infarction using the GeneJet Genomic DNA Purification Kit
(Thermo Scientific). Primers were designed using Primer3
(version 0.4.0) software to target a 9-kb mitochondrial DNA
sequence (long fragment) and ~100 base sequence of the
mitochondrially encoded Cox2 gene (short fragment). DNA
levels were amplified separately on a 7500 Fast Real-Time
PCR system with PerfeCTa SYBR Green SuperMix (Quanta).
The PCR conditions for the different fragments were optimized
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to achieve similar amplification efficiencies, with product
specificity monitored by dissociation curve analysis. Relative
mitochondrial DNA levels of the long fragment were calcu-
lated by the comparative threshold cycle method and
normalized to the short fragment. Mitochondrial DNA lesion
rate is expressed as the inverse of the relative levels of long-
to-short mitochondrial DNA levels.

Human Samples

Nonfailing and failing human heart samples were obtained from
the Human Heart Tissue Collection at the Cleveland Clinic.
Failing human hearts consisted of ischemic and nonischemic
(dilated, postpartum) cardiomyopathy samples. A total of 4
nonfailing, 4 ischemic failing, and 8 nonischemic failing human
heart samples were used in the study. Informed consent was
obtained from all the transplant patients and from the families
of the organ donors before tissue collection. Protocols for
tissue procurement were approved by the Institutional Review
Board of the Cleveland Clinic (Cleveland, OH), which is
Association for the Accreditation of Human Research Protec-
tion Programs (AAHRPP) accredited, and subjects gave
informed consent.

Cell Culture

H9c¢2 cardiac myoblasts were purchased from ATCC and kept
in complete Dulbecco’s Modified Eagle Medium (ATCC,
Manassas, VA) supplemented with 10% fetal bovine serum
(Invitrogen, Grand Island, NY) and 1% penicillin—streptomycin.
For hypoxic experiments, cells were maintained in a hypoxic
chamber at 37°C and 5% carbon dioxide in the presence of 1%
oxygen for up to 4 days. Medium was replaced every 2 days,
and cells were collected under hypoxia before analysis. For
pharmacological treatments, cells were grown to 80% to 90%
confluence and incubated with indicated doses of hemin
(Sigma-Aldrich, St. Louis, MO) in complete medium for 6 hours,
ALA (Sigma) in complete medium for 8 hours, or 25 pumol/L
MitoTempo (Sigma) in serum-free media for 2 hours before
induction of cell death by H,0, or for the last 6 hours of
ALAS1/2 modulation before mitochondrial ROS quantification.

Knockdown and Overexpression of ALAS2

For knockdown experiments, ALAS2 or control nontargeting
siRNA (Dharmacon) were transfected into H9c2 cells using
Dharmafect | reagent (Thermo Scientific, Hanover Park, IL) for
48 hours according to the manufacturer’s protocol. For
hypoxia experiments, transfections were repeated every
48 hours to maintain low levels of ALAS2 expression
throughout the study. ALAS2 overexpression was achieved
through lentiviral transduction. Lentiviral particles coding for

ALAS2-GFP (green fluorescent protein) fusion protein or green
fluorescent protein-only control were transduced into H9c2
cells at equal multiplicities of infection for 48 hours. Overex-
pression of ALAS2 was confirmed by Western blot analysis.

Mitochondrial Fractionation

A Mitochondrial Isolation Kit for Tissue or Cultured Cells
(Pierce) was used to purify the mitochondrial fraction
according to the manufacturer’s protocol. To maintain the
integrity of the mitochondria, samples were kept on ice during
the isolation process. Following differential centrifugation at
4°C, the supernatant (cytosolic fraction) was collected, and
the remaining pellet containing the mitochondria-enriched
fraction was dissolved in 1% Triton X-100 (Sigma-Aldrich) in
Tris-buffered saline (Cellgro, Manassas, VA).

Nonheme Measurement

Mitochondrial and cytosolic fractions were isolated using the
Mitochondrial Isolation Kit for Tissue or Cultured Cells (Pierce)
as described above. Nonheme iron was quantified spec-
trophotometrically as the formation of the Fe(ll)-bathophenan-
throline disulfonate complex, as previously described.®*

Heme Measurement

For determination of total heme levels, ~5 mg of freshly frozen
tissue was homogenized in 1% Triton X-100 in Tris-buffered
saline and centrifuged at 5000g for 10 minutes to remove
debris. For determination of mitochondrial and cytosolic heme
levels, the mitochondrial fraction was isolated using the
Mitochondrial Isolation Kit for Tissue (Pierce) as described
above. Protein concentration of cytosolic or mitochondrial
lysate was quantified by bicinchoninic acid assay (Pierce), and
heme was quantified as previously described.>® Briefly, equal
amounts of protein were mixed with 2 mol/L oxalic acid and
heated to 95°C for 30 minutes to release iron from heme and
generate fluorescent PPIX. Samples were then centrifuged for
10 minutes at 1000g at 4°C to remove debris; the fluores-
cence of the supernatant was assessed at Ex 405 nm/Em
600 nm on a Spectra Max Gemini fluorescence microplate
reader and normalized to the protein concentration of each
sample. For determination of unsaturated PPIX levels, incuba-
tion and heating with oxalic acid steps were omitted. Instead,
samples were diluted in PBS, followed by fluorescence
measurement and normalization to protein content.

Quantitative Real-Time PCR

RNA was isolated with RNA STAT-60 (TEL-TEST, Inc, Friends-
wood, TX), reverse transcribed with gScript cDNA SuperMix
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(Quanta), and amplified on a 7500 Fast Real-Time PCR system
with PerfeCTa SYBR Green SuperMix (Quanta). Primers were
designed using Primer3 (version 0.4.0) software to target
sequences spanning an exon—intron—exon boundary, and their
specificity was confirmed by running a dissociation curve.
mRNA levels were calculated by the comparative threshold
cycle method and normalized to the B-actin and/or 18S
genes.

Western Blot

Heart tissue was excised, rinsed in PBS, and perfused with
Hanks buffered saline solution using a Langerdorff heart
perfusion system. Approximately 10 mg of perfused tissue
was homogenized in RIPA buffer in the presence of Protease
Arrest protease inhibitors (G-Biosciences), centrifuged at
5000¢ for 15 minutes to remove debris, and protein concen-
tration of the supernatant determined by bicinchoninic acid
assay. Fifty to 100 pg of protein were loaded on sodium
dodecyl sulfate polyacrylamide gel electrophoresis gels and
transferred to nitrocellulose membranes (Invitrogen). The
membranes were probed with antibodies against HO-1
(Abcam, Cambridge, MA), ALAS1 (Abcam), ALAS2 (Abcam,
Novus Biologicals, Littleton, CO), and GAPDH (Santa Cruz,
Dallas, TX). Horseradish peroxidase—conjugated donkey anti-
rabbit and donkey anti-mouse were used as secondary
antibodies (Santa Cruz) and visualized by Pierce SuperSignal
Chemiluminescent substrates.

Mitochondrial ROS Quantification

MitoSox Red (Invitrogen) was used to assess mitochondrial
0,- production. Cells were visualized by microscopy and ROS
levels were quantified by Image) software. Multiple fields per
each sample were obtained and averaged. Nuclei were
counterstained with Hoescht 33342 dye (Invitrogen) and
subtracted from the total MitoSox fluorescence to exclude the
signal from localization of dye into the nucleus. An accurate
overlay between Hoescht and nuclear MitoSox dye was
achieved by adjusting the microscopy settings before data
collection.

Cell Death Analysis

Following ALAS1/2 overexpression or silencing, cell death
was induced with 200 umol/L H,0, in serum-free media for
6 hours. H9c2 cells were then resuspended in 1x annexin-
binding buffer, double-labeled with propidium iodine (Sigma-
Aldrich) and Alexa Fluor 350-conjugated Annexin V (Molecular
Probes, Eugene, OR), and analyzed by flow cytometry in a
LSRII flow cytometer (BD Biosciences, San Jose, CA). The data
are presented as the sum of apoptotic and necrotic cells

normalized to the control. Cultured cardiomyoblast viability
was also determined by propidium iodine and Hoescht double-
staining after H,0, treatment. Propidium iodine—positive
nuclei were counted under light microscopy and expressed
as percentage of the total number of cells, as determined by
the sum of propidium iodine and Hoescht-positive cells. For
determination of myocardial apoptosis, freshly isolated hearts
were perfused with PBS, embedded in Tissue-Tek O.C.T.
compound (Sakura Finetek, Torrance, CA), and gradually
frozen in liquid nitrogen. Frozen heart sections were perme-
abilized in 0.1% Triton X-100 in PBS containing 0.1% sodium
citrate for 2 minutes and washed, and the fluorescent
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) (Roche) mixture was added for 60 minutes at 37°C in
the dark, followed by counterstaining with Alexa Flour 568
phalloidin for 20 minutes and 4’,6-diamidino-2-phenylindole
(DAPI) for 10 minutes at room temperature. The number of
TUNEL-positive cardiomyocytes was randomly counted in
high-power fields on the left ventricular wall around the infarct
border zone. The percentage of TUNEL-positive cardiomy-
ocytes was calculated by dividing the number of TUNEL-
positive cardiomyocytes by the total number of nuclei.
Representative TUNEL and DAPI double-stained images are
presented in this study.

Statistical Analysis

Data are expressed as mean4SEM. Statistical significance
was assessed with the unpaired Student ¢ test or ANOVA with
Tukey’s post hoc test when appropriate. The 24, 48, 72, and
96-hour time-points in Figure 7A were each compared to the
0 hour time-point using the unpaired Student ¢ test. A P value
of <0.05 was considered statistically significant.

Results

Genetic Overexpression of ALAS2 in the Heart

While the expression of ALAS2 was previously thought to be
restricted to the hematopoietic system, we recently demon-
strated its expression in human failing hearts. However, it is
not clear whether this expression is a cause or a consequence
of heart failure.?” To further characterize the heart-specific
functions of this isoform of ALAS and to determine whether
the expression of this isoform is sufficient to increase cardiac
heme levels and induce cardiac injury, we generated
cardiomyocyte-specific ALAS2 TG mice by cloning the human
ALAS?2 coding sequence downstream of the a-MHC promoter.
A founder mouse was selected and backcrossed to C57/B6
mice. The presence of the transgene was confirmed at
the level of genomic DNA (Figure 1A), and its expression
was verified at the mRNA (Figure 1B) and protein levels
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Figure 1. Cardiac-specific ALAS2 overexpressing mice have normal cardiac function and heme levels at baseline. A, The TG ALAS2 allele is
detected in ALAS2 TG mice by DNA genotyping. B, TG human ALAS2 mRNA is expressed in the heart of ALAS2 TG mice as assessed by gRT-PCR
(n=5 to 6). C, ALAS2 protein is expressed specifically in the heart (and not other tissues) of ALAS2 TG mice as assessed by Western blot. D, EF
and (E) FS are similar in ALAS2 TG and NTG littermates at baseline as assessed by echocardiography (n=4). F, Whole cell heme levels in the
hearts of ALAS2 TG and NTG littermates are similar at baseline (n=6). G, The heme degradation enzyme, HO-1, is upregulated in ALAS2 TG mice
at the mRNA level compared to control littermates at baseline (n=4). Data are presented as mean+SEM. *P<0.05. ALAS2 indicates o-
aminolevulinic acid synthase 2; EF, ejection fraction; FS, fractional shortening; HO-1, heme oxygenase-1; NTG, nontransgenic; gRT-PCR,

quantitative real-time polymerase chain reaction; TG, transgenic.

(Figure 1C). To minimize detection of ALAS2 from the blood
present in the tissue, the hearts were perfused with Hanks
buffered saline solution using a Langerdorff heart perfusion
system prior to analysis. There was no significant change in
ALAS2 expression in other tissues (Figure 1C), and cardiac
ALAS1 levels were unchanged between ALAS2 TG and
nontransgenic (NTG) mice (Figure S1A).

ALAS2 TG Mice Have Normal Cardiac Function
and Heme Levels at Baseline

We first assessed cardiac function in ALAS2 TG and NTG
littermates at baseline using echocardiography. ALAS2 TG
mice displayed similar ejection fraction and fractional short-
ening compared to NTG mice (Figure 1D and 1E), suggesting

that cardiac-specific ALAS2 overexpression does not alter
cardiac function at baseline. There were also no changes in
the whole cell (Figure 1F), cytosolic (Figure S1B), or mito-
chondrial (Figure S1C) levels of heme in hearts from ALAS2
TG and NTG mice. Other than ALAS2, there was no change in
the enzymes of heme synthesis in ALAS2 TG and control mice
(Figure S1D). However, the mRNA (Figure 1G) and protein
levels (Figure S1E) of HO-1, the heme-inducible enzyme that
catalyzes the degradation of heme, were significantly upreg-
ulated in the hearts of ALAS2 TG compared to NTG mice at
baseline. Cardiac mRNA expression of the constitutive
isoform HO-2 was unchanged between ALAS2 TG and NTG
mice (Figure S1D). These findings suggest that while ALAS2
overexpression may cause increased heme production, it also
leads to a compensatory increase in HO-1 expression, which
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collectively lead to normalized heme levels in the heart and
normal cardiac function of ALAS2 TG mice at baseline.

ALAS2 TG Mice Have Reduced Cardiac Function
After Coronary Ligation

Since we previously reported that ALAS2 expression is
increased in failing human hearts, we subjected ALAS2 TG
and NTG mice to permanent coronary ligation of the left
anterior descending artery to induce heart failure.?® While
AAR was similar for ALAS2 TG and NTG mice 24 hours after
coronary ligation (Figure S2A), ALAS2 TG mice had signifi-
cantly reduced cardiac function 28 days after coronary
ligation, as assessed by ejection fraction and fractional
shortening, compared to NTG mice (Figure 2A through 2C).

Murine heart rates were similar among the groups (Fig-
ure S2B). Twenty-eight days after coronary ligation, ALAS2 TG
mice also demonstrated increased heart weight to tibia length
ratio (Figure 2D) and increased lung weight to tibia length
ratio (Figure S2C), compared to control mice, which are
consistent with more severe heart failure. These data suggest
that overexpression of ALAS2 in the heart results in a more
prominent reduction in cardiac contractility as compared to
control animals in response to coronary ligation.

Consistent with exacerbated ischemic injury, histological
examination of ALAS2 TG mice revealed increased cardiac
fibrosis after 28 days of coronary ligation compared to control
mice (Figure 3A and 3B). While the hearts of ALAS2 TG mice
displayed normal cellular architecture based on hematoxylin
and eosin staining after sham operation (Figure S3A), they

>
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Figure 2. ALAS2 TG mice have worsened cardiac function following coronary ligation. A, Representative M-mode echocardiographic images of
ALAS2 NTG and TG mice are shown 28 days after sham thoracotomy or permanent coronary ligation (Ml). B, EF and (C) FS are worsened in
ALAS2 TG mice 28 days after Ml compared to NTG littermates (n=4 to 5). D, HW to TL ratio is increased in ALAS2 TG mice 28 days after MI
compared to NTG littermates (n=5 to 6). Data are presented as mean+SEM. *P<0.05. ALAS2 indicates 6-aminolevulinic acid synthase 2; EF,
ejection fraction; FS, fractional shortening; HW, heart weight; MI, myocardial infarction; NTG, nontransgenic; TG, transgenic; TL, tibia length.
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Figure 3. ALAS2 TG hearts display exacerbated structural abnormalities following coronary ligation. A, Representative images of cellular
fibrosis in the hearts of ALAS2 NTG and TG mice are shown 28 days after sham thoracotomy or Ml using Masson’s trichrome staining. Scale bar
represents 4000 pmol/L. B, Cellular fibrosis is increased in the hearts of ALAS2 TG mice 28 days after Ml using Masson’s trichrome staining
compared to NTG littermates (n=4 to 5). Cellular fibrosis was quantified by dividing the arc length of the fibrotic scar over the heart
circumference. C, Lipid peroxidation products, MDA and HAE, are increased in the hearts of ALAS2 TG mice after Ml compared to NTG
littermates (n=4 to 6). D, Representative images of cell death in the hearts of ALAS2 NTG and TG mice are shown 48 hours following sham
thoracotomy or MI using TUNEL staining. Scale bar represents 50 umol/L. Apoptotic cells are marked with an arrowhead. E, Cell death is
increased in the hearts of ALAS2 TG mice after Ml using TUNEL staining compared to NTG littermates (n=3 to 4, 3 fields per sample). Cell death
was quantified by dividing the apoptotic cells over the total number of nuclei. F, Mitochondrial DNA lesion rate is increased in ALAS2 TG mice
28 days after Ml compared to NTG littermates (n=3). Data are presented as mean+SEM. *P<0.05. ALAS2 indicates &-aminolevulinic acid
synthase 2; a.u., arbitrary units; HAE, 4-hydroxyalkenals; MDA, malondialdehyde; MI, myocardial infarction; NTG, nontransgenic; TG, transgenic;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

showed increased levels of lipid peroxidation products
(Figure 3C) 28 days after coronary ligation and increased
number of TUNEL-positive nuclei (Figure 3D and 3E) in the
infarct border zone after coronary ligation compared to
control mice. Mitochondrial DNA lesion rate, a marker of
mitochondrial oxidative stress, was also increased in the AAR
of ALAS2 TG hearts 28 days after coronary ligation compared
to control mice (Figure 3F). Taken together, these results
suggest that overexpression of ALAS2 in the heart leads to
increased oxidative stress, exacerbated cell death, and
worsened cardiac function in response to coronary ligation
compared to control animals.

ALAS2 TG Mice Have Increased Heme Levels
After Coronary Ligation

We next asked whether cardiac-specific ALAS2 overexpres-
sion leads to an exaggerated response to ischemic injury
through increased heme production and subsequent free
heme accumulation in the heart. Heme levels were unchanged
in the cytosolic and mitochondrial fractions from ALAS2 TG
and control murine hearts 28 days after sham thoracotomy
(Figure 4A and 4B). This observation is consistent with the
normal cardiac function and heme levels of ALAS2 TG mice at
baseline, suggesting that compensatory mechanisms are
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Figure 4. ALAS2 TG hearts display increased heme following coronary ligation. A, Cytosolic and (B) mitochondrial heme levels are increased in
the hearts of ALAS2 TG mice 28 days after Ml compared to NTG littermates (n=4 to 6). C, Cytosolic and (D) mitochondrial nonheme iron levels
are similar in the hearts of ALAS2 NTG and TG mice 28 days after Ml (n=5 to 6). Data are presented as mean+SEM. *P<0.05. ALAS? indicates
d-aminolevulinic acid synthase 2; MI, myocardial infarction; NTG, nontransgenic; TG, transgenic.

intact in unstressed ALAS2 TG mice to maintain appropriate
levels of cardiac heme.

However, NTG murine hearts displayed significantly
increased cytosolic and mitochondrial heme levels 28 days
after coronary ligation compared to sham thoracotomy, and
cytosolic and mitochondrial heme levels were further signifi-
cantly increased in infarcted hearts from ALAS2 TG mice
compared to control infarcted hearts (Figure 4A and 4B). To
rule out the accumulation of unsaturated PPIX (the last
synthetic intermediate in the heme synthesis pathway) con-
tributing to the increased heme content in the above assays, we
also measured iron-free PPIX and found no significant differ-
ence among the groups in both mitochondrial and cytosolic
fractions (Figure S4A). Therefore, hearts overexpressing ALAS2
have physiologically appropriate heme levels at baseline, but
exacerbated increases in mitochondrial and cytosolic heme
levels after coronary ligation compared to NTG infarcted hearts.

Because the production of heme requires iron, we also
measured the levels of nonheme iron in the hearts of ALAS2

TG and NTG mice to rule out the possibility of altered cellular
iron homeostasis. As expected, there were no changes in the
cytosolic or mitochondrial levels of nonheme iron in hearts
from ALAS2 TG and NTG mice after coronary ligation or sham
thoracotomy (Figure 4C and 4D), suggesting that delivery of
iron to the cytoplasm and mitochondria are intact in ALAS2
TG mice.

We then assessed the expression of genes directly involved
in the synthesis of heme in ALAS2 TG and control mice after
coronary ligation or sham thoracotomy. Consistent with the
induction of ALAS2 expression in human failing hearts,?’
endogenous murine ALAS2 mRNA (Figure 5A) and protein
levels (Figure 5C) were significantly induced in infarcted hearts
from control mice compared to sham-operated hearts. These
observations are also consistent with previous in vitro reports of
ALAS? induction in the setting of hypoxia.?®"'

Other than ALAS2, there was no change in the enzymes of
heme synthesis in ALAS2 TG and control mice after coronary
ligation or sham thoracotomy (Figure S5A). In fact, several
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Figure 5. ALASZ2 is upregulated in hearts after coronary ligation, and the increase in HO-1 after coronary ligation is attenuated in the hearts of
ALAS2 TG mice. A, ALAS2 mRNA expression is induced in the hearts of ALAS2 NTG mice 28 days after Ml compared to sham thoracotomy
(n=5). B, The inducible heme degradation enzyme HO-1 is increased at the mRNA level in ALAS2 NTG mice 28 days after Ml compared to sham
thoracotomy, but reduced in ALAS2 TG mice after Ml compared to sham thoracotomy. The mRNA expression of constitutively active HO-2 is
similar among ALAS2 NTG and TG mice after sham thoracotomy or Ml (n=5). C, Representative protein levels of ALAS2 and HO-1 in hearts of
ALAS2 NTG and TG mice 28 days after Ml or sham thoracotomy (n=3). D, Dose-curve of hemin treatment in H9c2 cardiac myoblasts
demonstrates initial induction of HO-1 mRNA expression, but downregulation with escalating doses of hemin (n=6). Error bars are present but
too small to be visualized for some doses. Data are presented as mean+SEM. *P<0.05. ALAS2 indicates d-aminolevulinic acid synthase 2; HO-1,

heme oxygenase-1; MI, myocardial infarction; NTG, nontransgenic; TG, transgenic.

heme synthetic genes showed a downregulated trend in
infarcted ALAS2 TG and NTG hearts, suggesting feedback
inhibition on the heme synthesis pathway by high levels of
heme, as previously reported.>® Combined, these results
suggest that ALAS2 induction due to hypoxic myocardium
may be responsible for the increased heme levels seen in the
infarcted hearts of both ALAS2 TG and control mice.

HO-1 Expression is Upregulated in ALAS2 TG
Hearts at Baseline, but Attenuated After Coronary
Ligation

In addition to heme synthetic genes, we also examined the
expression of genes involved in the degradation of heme in

ALAS2 TG and control mice after coronary ligation or sham
thoracotomy. These studies were performed to determine
whether coronary ligation is associated with different degrees
of heme degradation in the hearts of ALAS2 TG and NTG mice.
Consistent with previous observations in failing human hearts
and animal models of heart failure, the expression of HO-1
was increased in NTG hearts after coronary ligation (Fig-
ure 5B).%” 73 However, HO-1 mRNA (Figure 5B) and protein
levels (Figure 5C) were reduced in ALAS2 TG mice after
coronary ligation compared to sham thoracotomy. As ALAS2
TG mice have significantly higher heme levels after coronary
ligation compared to NTG mice, our finding suggests that very
high levels of heme in the heart may downregulate cardiac
HO-1 expression. To confirm this hypothesis, we performed a
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dose-curve of hemin and measured its effects on HO-1
expression in H9¢2 cardiomyoblasts. While induction of HO-1
expression peaked at =125 umol/L hemin, higher concen-
trations of hemin dramatically reduced HO-1 mRNA expres-
sion levels (Figure 5D). Similar results were obtained using a
dose-curve of aminolevulinic acid (ALA), the direct product of
the ALAS2 reaction (Figure S5B). Thus, further induction of
ALAS2 by hypoxia in the ALAS2 TG mice after coronary
ligation leads to excess heme production and accumulation,
reducing HO-1 expression and contributing to the reduced
cardiac function of these mice.

Modulation of ALAS2 In Vitro Alters Heme and
Cell Death Levels

The studies thus far suggest that increased ALAS2 is
associated with increased ROS, cell death, and heme.
However, it is not clear whether this increase in ROS and
cell death with ALAS?2 overexpression is due to elevated heme
production. To confirm that the deleterious effects of ALAS2
on the heart are through upregulation of heme synthesis, we
conducted mechanistic in vitro studies in H9c2 cardiomy-
oblasts using both ALAS2 overexpression and knockdown
approaches.

To modulate the levels of heme, we performed siRNA-
mediated ALAS1 knockdown (to reduce endogenous heme
levels), and/or lentivirus-driven overexpression of ALAS2 (to
induce heme production through this isoform) in H9c2 cells
(Figure 6A). ALAS1 was chosen to downregulate heme levels
because it is endogenously expressed in the heart and
serves as the major ALAS isoform responsible for baseline
cardiac heme production. As expected, whole cell heme
content was elevated in ALAS2-overexpressing cells, reduced
in ALAS1 knockdown cells, and returned to baseline levels in
cells with both ALAS2 overexpression and ALAS1 knock-
down (Figure 6B), with similar changes observed in cytosolic
and mitochondrial fractions (Figure S6A and S6B). No
change in cytosolic or mitochondrial nonheme iron was
observed among the overexpression and knockdown groups
(Figure S6C and SéD). After induction of cell death by H,0,
treatment, cell viability was reduced in ALAS2-overexpress-
ing cells, and this was reversed by concurrent downregula-
tion of ALAS1, as assessed by flow cytometry (Figure 6C).
Similar results were obtained using fluorescence microscopy
after staining for propidium iodide—positive nuclei (Fig-
ure 6D). No significant reduction in cell death was observed
with ALAS1 knockdown at baseline, possibly because basal
heme levels are required to produce essential hemoproteins
for cellular viability.

In addition to ALAS2 overexpression, we also assessed the
effects of ALAS2 knockdown on cardiac heme levels and
viability. Since ALAS2 is not normally expressed in the heart,

we conducted in vitro studies to knockdown ALAS2 under a
condition that is associated with ALAS2 induction (ie,
hypoxia), followed by ALAS2 downregulation (Figure 7A).
Effective knockdown of hypoxia-induced ALAS2 by ALAS2
siRNA was confirmed by RT-PCR (Figure S7A). Cells were then
harvested for gene expression and heme measurements, or
treated with H,0, to induce cell death. H9¢2 cells incubated
in hypoxia displayed increased ALAS2 expression, heme
content (Figure 7B), and cell death (Figure 7C). Knockdown of
ALAS2 under hypoxic conditions reduced heme levels to
baseline (Figure 7B) and protected the cardiomyocytes
against cell death (Figure 7C). Thus, our results demonstrate
a causative role for ALAS2 in promoting cardiomyocyte death
through increased heme content.

Although we have previously shown ALAS2 induction and
heme accumulation in failing human hearts, the hearts came
from a heterogeneous patient population. To determine
whether chronic ischemia is involved in ALAS2 induction in
human hearts, we measured ALAS2 levels in failing human
hearts, from patients with ischemic cardiomyopathy and
nonischemic cardiomyopathy, and nonfailing hearts. ALAS2
mRNA (Figure S7B) and protein (Figure 7A) levels were
significantly increased in failing hearts from patients with
ischemic cardiomyopathy compared to nonischemic car-
diomyopathy. Consistent with increased ALAS2 levels,
cytosolic (Figure 7B) and mitochondrial (Figure 7C) heme
levels were significantly increased in failing hearts from
patients with ischemic cardiomyopathy compared to nonis-
chemic cardiomyopathy. Therefore, cardiac ALAS2 expres-
sion is positively regulated by hypoxia treatment in vitro,
coronary ligation in vivo, and chronic ischemia in failing
human hearts.

MitoTempo Reduces ALAS2-Induced
Mitochondrial Oxidative Stress and Cell Death In
Vitro

Since heme is predominantly produced in the mitochondria,
we next studied whether ALAS2 overexpression contributes to
oxidative stress through increased mitochondrial ROS. We
first measured mitochondrial ROS levels using MitoSox
staining in the setting of ALAS2 overexpression and/or
ALAS1 knockdown in H9c2 cardiac myoblasts. Mitochondrial
ROS levels were elevated in ALAS2-overexpressing cells, and
this was reversed by concurrent ALAS1 downregulation
(Figure 8A), confirming the role of heme in ALAS2-mediated
mitochondrial ROS production. Addition of a mitochondrial
superoxide scavenger, MitoTempo, reversed both mitochon-
drial ROS production (Figure 8B) and cell death (Figure 8C) in
ALAS2-overexpressing H9c2 cells, as assessed by MitoSox
and propidium iodide staining, respectively. These results
suggest that mitochondrial oxidative stress plays a key role in
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Figure 6. Modulation of ALASZ in vitro alters cell death through increased heme. A, Representative protein lentiviral overexpression of ALAS2
and silencing RNA (siRNA) downregulation of ALAS1 in H9c2 cells (n=2). B, Cellular heme content in H9c2 cells is increased with ALAS2
overexpression, reduced with ALAS1 downregulation, and returns to baseline levels with concurrent ALAS2 overexpression and ALAST
downregulation (n=4 to 6). H,0,-induced cell death is increased in H9c2 cells with ALAS2 overexpression, and returns to baseline levels with
concurrent ALAS2 overexpression and ALAS1 downregulation, as assessed by (C) PI/Annexin V double-labeling (n=5 to 8) and (D) Pl-positive
nuclei (n=3, 3 fields per sample). Data are presented as mean+SEM. *P<0.05. ALAS?2 indicates 6-aminolevulinic acid synthase 2; lenti, lentiviral

overexpression; Pl, propidium iodine.

heme-induced cardiomyocyte death by ALAS2 overexpres-
sion.

Discussion

Although heme is involved in a remarkable array of diverse
cardiovascular processes, free heme is also a source of
oxidative stress and cellular damage.*® We have previously
reported that failing human hearts have increased heme
content and ALAS2 levels, a rate-limiting enzyme in heme
synthesis whose expression was thought to be restricted to
hematopoietic cells.?’ In this study, we show that coronary
ligation results in ALAS2 induction and heme accumulation
in murine hearts. Furthermore, the hearts of cardiac-specific
ALAS2-overexpressing mice display increased cytosolic and

mitochondrial heme accumulation, higher oxidative stress,
exacerbated cell death, and worsened cardiomyopathy after
coronary ligation compared to control mice. We also
demonstrated in vitro that ALAS2 is induced by hypoxia in
cultured cardiomyoblasts, which results in increased heme
and cell death, and that these effects are reversed with
ALAS?2 knockdown. Additionally, we show that failing human
hearts from patients with ischemic cardiomyopathy have
increased ALAS2 levels and heme accumulation compared to
patients with nonischemic cardiomyopathy. Finally, mecha-
nistic studies show that ALAS2 overexpression in cultured
cardiomyoblasts results in mitochondrial oxidative stress and
cell death through increased heme accumulation, and that
levels of mitochondrial oxidative stress and cell death in
ALAS2-overexpressing cells are returned to baseline by
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Figure 7. Knockdown of hypoxia-induced ALAS?2 in vitro reverses the increases in heme and cell death. A, ALAS2 mRNA expression is induced
in H9c2 cardiac myoblasts subjected to hypoxia (n=4). B, Cellular heme content is increased in H9c2 cardiac myoblasts after 72 hours in
hypoxia compared to normoxia, and returns to baseline levels with ALAS2 siRNA treatment (n=5 to 6). C, H,0,-induced cell death is increased in
H9c2 cells following 72 hours in hypoxia, and is reduced with ALAS2 silencing RNA (siRNA) treatment, as assessed by Pl-positive nuclei (n=3, 3
fields per sample). D, ALAS2 protein is induced in failing human hearts, particularly in patients with ischemic cardiomyopathy (ICM) (n=4 to 5).
Densitometry analysis is provided below the Western blot. E, Cytosolic and (F) mitochondrial heme levels are increased in failing human hearts,
particularly in patients with ICM (n=4 to 8). Data are presented as mean+SEM. *P<0.05. ALAS?2 indicates 6-aminolevulinic acid synthase 2; ICM,
ischemic cardiomyopathy; NF, non-failing hearts; P, propidium iodine.

administering the mitochondrial antioxidant MitoTempo (Fig- resulting in incomplete heme degradation and the accumu-
ure 8D). lation of cytotoxic free heme, which may cause cardiac
It has been reported that low-dose hemin treatment can be damage.
cardioprotective via induction of HO-1, which degrades heme Despite tight control of iron homeostasis in living organ-
into the antioxidant biliverdin and the anti-inflammatory isms, free heme (heme not bound to protein) may accumulate
carbon monoxide.>” % Indeed, our ALAS2 TG mouse model due to increased heme production, excess hemolysis,
at baseline demonstrates normal cardiac function and main- elevated hemoprotein degradation, compromised integration
tains heme at physiologically appropriate levels by balancing of heme into hemoproteins, or impaired heme degradation.41
increased heme production due to ALAS2 overexpression with Free heme is a major source of redox-active iron, which
upregulation of heme degradation by HO-1. However, we causes cellular damage by catalyzing the Fenton reaction to
show that upregulation of ALAS2 expression by hypoxia leads produce toxic free hydroxyl radicals from hydrogen perox-
to significantly increased heme accumulation, due to insuffi- ide."" Heme-driven production of ROS leads to cellular
cient compensatory upregulation of heme degradation by HO- dysfunction by damaging lipid membranes, proteins, and
1. Thus, excess heme production may oversaturate HO-1, nucleic acids.*>** To confirm that the deleterious effects of
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ALAS2 expression on cardiomyocyte viability are through
excess heme production, we performed studies in cultured
cardiomyoblasts using 2 approaches: (1) ALAS2 knockdown
and (2) ALAS2 overexpression with ALAS1 knockdown. We
show that ALAS2 knockdown can reverse the increase in
heme content and cell death associated with hypoxia.
Furthermore, ALAS2 overexpression leads to increased
oxidative stress and cell death through increased heme
content, as normalization of cellular heme levels in ALAS2
overexpressing cells through concurrent downregulation of
ALAS1 reduced levels of heme, oxidative stress, and cell
death to baseline. These results suggest that ALAS2 expres-
sion in cultured cardiomyoblasts leads to increased oxidative
stress and cell death through heme accumulation.

Although ALAS2 is not normally expressed in the heart,
there are physiological conditions that lead to its cardiac
induction and effects on the heart. Mutations in ALAS2 are
most commonly associated with X-linked sideroblastic ane-
mia;*>**¢ however, multiple case reports of iron overload
cardiomyopathy are also associated with mutations in the
ALAS2 gene.*”*® Here, we show that ALAS2 is induced in failing
human hearts, particularly in patients with ischemic cardiomy-
opathy. Therefore, we hypothesize that chronic ischemia is
involved in the mechanism of cardiac ALAS2 induction.
Ischemia is common to failing hearts and our results suggest
that, similar to erythroid cells, cardiac ALAS2 expression is
positively regulated by hypoxia treatment in vitro, coronary
ligation in vivo, and chronic ischemia in failing human hearts.
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The treatment of iron deficiency in patients with heart
failure has generated significant interest in the past few years.
Four randomized controlled trials have suggested symp-
tomatic benefit in treating iron-deficient heart failure patients
with intravenous iron.” ' However, the role of iron and iron-
containing proteins in patients with heart failure and ischemic
heart disease under normal serum iron levels is not known.
Our results suggest that elevated levels of the iron-containing
molecule heme lead to increased cardiac damage after
ischemia. Thus, our results do not contrast these clinical
trials but rather implicate a potential role for reducing heme
levels in patients with ischemic heart disease and normal iron
levels.

In summary, our results identify ALAS2 induction and heme
accumulation as novel features of failing murine hearts after
coronary ligation and failing human hearts, particularly in
patients with ischemic cardiomyopathy. Furthermore, we
show that induction of ALAS2 by hypoxia in cultured
cardiomyoblasts leads to increased heme accumulation and
reduced cell viability, and that these effects are reversed with
ALAS2 knockdown. Additionally, we show that ALAS2 over-
expression in cultured cardiomyoblasts leads to increased
mitochondrial oxidative stress and cell death through heme
accumulation, and that these effects can be reversed by
administration of a mitochondrial antioxidant. Finally, the
hearts of cardiac-specific ALAS2 overexpressing mice sub-
jected to coronary ligation display increased heme accumu-
lation, heightened oxidative stress, exacerbated cell death,
and worsened cardiac function compared to control mice.
These results identify heme accumulation as a novel
biomarker and therapeutic target in failing hearts, whose
levels may be reduced by suppressing cardiac ALAS2
expression.
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