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KEY PO INT S

� Excess systemic heme
in mice with SCD
upregulates Hmox1 and
promotes cardiac
damage.

� Elevated Hmox1 in
mice with SCD
exacerbates iron
overload and induces
cardiac ferroptosis.

Sickle cell disease (SCD) is characterized by increased hemolysis, which results in
plasma heme overload and ultimately cardiovascular complications. Here, we hypoth-
esized that increased heme in SCD causes upregulation of heme oxygenase 1
(Hmox1), which consequently drives cardiomyopathy through ferroptosis, an iron-
dependent non-apoptotic form of cell death. First, we demonstrated that the
Townes SCD mice had higher levels of hemopexin-free heme in the serum and
increased cardiomyopathy, which was corrected by hemopexin supplementation.
Cardiomyopathy in SCD mice was associated with upregulation of cardiac Hmox1,
and inhibition or induction of Hmox1 improved or worsened cardiac damage, respec-
tively. Because free iron, a product of heme degradation through Hmox1, has been
implicated in toxicities including ferroptosis, we evaluated the downstream effects
of elevated heme in SCD. Consistent with Hmox1 upregulation and iron overload,

levels of lipid peroxidation and ferroptotic markers increased in SCD mice, which were corrected by hemopexin
administration. Moreover, ferroptosis inhibitors decreased cardiomyopathy, whereas a ferroptosis inducer era-
stin exacerbated cardiac damage in SCD and induced cardiac ferroptosis in nonsickling mice. Finally, inhibition
or induction of Hmox1 decreased or increased cardiac ferroptosis in SCD mice, respectively. Together, our
results identify ferroptosis as a key mechanism of cardiomyopathy in SCD.

Introduction
Erythroid disorders like sickle cell disease (SCD) are charac-
terized by excess heme because of increased hemolysis.1

Increased heme in hemolytic disorders has been linked to
inflammation and organ damage including cardiovascular
disorders.2,3 Heme is catabolized by heme oxygenase 1
(Hmox1) to release antioxidant metabolites: carbon monox-
ide and biliverdin.4 However, heme catabolism by Hmox1
also releases free iron, which has been associated with oxi-
dative stress and cardiac damage. Although Hmox1 was
thought to be a protective antioxidant enzyme, recent stud-
ies have demonstrated its role in promoting iron overload
in b-thalassemia5 and driving anthracycline cardiotoxicity.6

Ferroptosis is a regulated form of cell death that is charac-
terized by iron-dependent lipid peroxidation and is distinct
from other cell death processes like apoptosis.7 Although
ferroptosis was first studied in cancer cells, subsequent
studies have demonstrated its implications in several disor-
ders including ischemic stroke and cardiomyopathy.6-8 Rec-
ognizing the impact of ferroptosis on metabolism and
disease, we sought to examine the effects of excess heme
on cardiac ferroptosis in SCD.

Methods
Mice
All animal protocols were approved by the Institutional Animal
Care and Use Committees of Northeastern University, University
of Massachusetts Lowell, and Beth Israel Deaconess Medical
Center. We used the Townes mouse model of SCD, including
HbSS sickling mice (16-24 weeks old) and their age-matched
nonsickling HbAS littermates. Townes SCD transgenic mice that
express humanized sickle cell genes9 were purchased from Jack-
son Laboratories (Bar Harbor, ME; stock #013071). Genotypes of
homozygous sickling (HbSS) and heterozygous nonsickling
(HbAS) littermate controls were confirmed using polymerase
chain reaction (PCR). Animals were maintained on a 12:12-hour
light:dark cycle and had ad libitum access to water and facility
chow. Mice were euthanized at 16 to 24 weeks of age by isoflur-
ane overdose, followed by exsanguination and tissue collection.

In vivo drug administration
Deferoxamine (DFO, 100 mg/kg), ferrostatin-1 (Fer-1, 1 mg/kg),
erastin (20 mg/kg), hemin (25 mg/kg), or tin protoporphyrin-IX
(SnPP, 12 mg/kg) or corresponding vehicle (saline or 5%
dimethyl sulfoxide) was administered intraperitoneally to
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12-week-old HbSS and HbAS mice 3 times per week for 4 weeks.
Human hemopexin (Hx, 4 mg/kg in saline) was administered
intraperitoneally once a week for 4 weeks to 12-week-old HbSS
and HbAS mice.

Serum heme measurement
Blood was collected from the submandibular vein and centri-
fuged at 1200 g for 12 minutes to obtain serum. Serum heme
levels were measured using a commercially available assay kit
(KA1617; Abnova) as per manufacturer’s instructions.10

Serum hemopexin measurement
Serum Hx was measured using a commercially available
enzyme-linked immunosorbent assay (ELISA; Aviva Systems Biol-
ogy, OKIA00097) as per manufacturer’s instructions.11

Real-time qPCR
RNA was extracted from cardiac tissue using TRI reagent
(Sigma-Aldrich). Single strand complementary DNA was synthe-
sized using Maxima First Strand cDNA Synthesis Kit. Quantita-
tive PCR (qPCR) was performed in QuantStudio 3 (Applied
Biosystems) using the iTaq Universal SYBR Green Supermix (Bio-
Rad). Relative messenger RNA (mRNA) levels were normalized
to b-actin using the 2-DDCTmethod and expressed as relative
fold change as compared to HbAS mice or saline-treated HbAS
mice. The primers used for real-time qPCR were: ANP, forward
GAACCTGCTAGACCACCT, reverse CCTAGTCCACTCTGG
GCT12; BNP, forward AAGCTGCTGGAGCTGATAAGA, reverse
GTTACAGCCCAAACGACTGAC13; Ptgs2, forward CTGCGCCT
TTTCAAGGATGG, reverse GGGGATACACCTCTCCACCA6;
and Gpx4, forward TCTGTGTAAATGGGGACGATGC, reverse
TCTCTATCACCTGGGGCTCCTC.14

Serum CK-MB measurement
Serum creatinine kinase MB (CK-MB) was measured by ELISA
using a commercial assay kit (MBS705293; MyBioSource) as per
manufacturer’s instructions.15

Determination of lipid peroxidation
Lipid peroxidation in heart tissues was measured using OxiSelect
MDA Adduct competitive ELISA (Cell Biolabs) according to the
manufacturer’s protocol.16

Western blot analysis
Protein was extracted from cardiac tissue using RIPA and sepa-
rated using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis. The proteins were transferred to a PVDF membrane.
Membranes were incubated overnight at 4�C with primary anti-
bodies (Hmox1, Abcam ab13248, 1:1000; ALAS1, Abcam
ab84962, 1:500; caspase-3, Abcam ab13847, 1:2000; Bax, Cell
Signaling Technologies #2772, 1:1000; Bcl-2, Cell Signaling
Technologies #3498, 1:1000; and tubulin, Abcam ab4074,
1:2000).

Statistical analyses
Data were presented as mean 6 standard error of the mean.
Groups were compared using the Student t test for 2-group
comparison or 1-way analysis of variance (ANOVA) with Tukey’s
honestly significant difference (HSD) post hoc test for compari-
son among 3 to 6 groups. Differences with P , .05 were consid-
ered significant.

Results and Discussion
Similar to patients with SCD, HbSS mice displayed increased
serum heme levels (Figure 1A) and depleted Hx (Figure 1B), the
heme scavenger protein,17,18 which resulted in increased non-
Hx bound (free) heme levels (Figure 1C). Considering the associ-
ation between serum heme and cardiac inflammation and
hypertrophy,19 we determined if excess heme promotes cardio-
myopathy in SCD. HbSS mice displayed increased heart weight
(supplemental Figure 1A available on the Blood Web site) and
cardiac expression of the hypertrophic markers atrial and brain
natriuretic peptide (ANP and BNP; Figure 1D) and serum
CK-MB (Figure 1E). In patients with SCD, heart disease manifests
as hypertrophic cardiomyopathy with preserved systolic func-
tion.20 Similarly, echocardiography revealed that HbSS mice
developed left ventricular hypertrophy (supplemental Figure 1B).
Interestingly, exogenous Hx administration restored serum
heme levels and corrected cardiac damage in HbSS mice, while
demonstrating no effects in HbAS mice (Figure 1F,G; supple-
mental Figures 1D and 2G). These results indicate that cardio-
myopathy in SCD is driven by excess heme, which is reversed
by Hx administration.

We then sought to explore the mechanisms of heme-mediated
cardiomyopathy in SCD. Although Hx prevents heme uptake
into cardiac cells,3 other cardiac heme importers like Flvcr2
could take up free heme,21 and consequently result in Hmox1
induction.4 Cardiac Hmox1 was upregulated in HbSS mice (Fig-
ure 1H). Consequently, cardiac non-heme iron, a breakdown
product of heme by Hmox1, was higher in HbSS mice (supple-
mental Figure 1F), although cardiac heme levels were
unchanged (supplemental Figure 1E). Although these results dif-
fer from patients with SCD who do not display cardiac iron load-
ing,22 it should be noted that T2*, the most common technique
to determine cardiac iron in humans, only measures iron bound
to proteins like hemosiderin or ferritin, and not other redox-
active forms of iron (eg, labile or free iron).23 Additionally, there
was no change in cardiac heme synthesis, determined by amino-
levulinic acid synthase 1, in HbSS mice (supplemental Figure
1G), suggesting that Hmox1 upregulation could primarily occur
due to increased heme uptake from circulation rather than car-
diac heme.3 Notably, Hx administration corrected cardiac
Hmox1 upregulation and iron loading (Figure 1I; supplemental
Figure 1H), supporting the idea that cardiac Hmox1 is regulated
by systemic heme status.

Next, we altered Hmox1 activity using a known inducer hemin
or an inhibitor SnPP, respectively (supplemental Figure 1I).
Hemin depleted serum Hx (supplemental Figure 1K) and
increased non-Hx bound heme levels (supplemental Figure 1L)
in HbAS mice. Also, hemin increased cardiac Hmox1 (Figure 1J)
and non-heme iron (supplemental Figure 1N) and induced car-
diac damage in HbAS mice and exacerbated cardiomyopathy in
HbSS mice (Figure 1K; supplemental Figures 1M and 2G). Con-
versely, SnPP corrected cardiac damage in HbSS mice, although
modest cardiac iron deficiency was observed in HbAS mice (Fig-
ure 1J,K; supplemental Figures 1M and 2G). These results iden-
tify Hmox1 as a key player in promoting cardiomyopathy in SCD
and suggest that modulation of Hmox1 alters the susceptibility
to cardiomyopathy. Future studies using SCD 3 cardiac-specific
Hmox1-knockout or overexpression models will delineate the
roles of systemic and cardiac Hmox1 in SCD cardiomyopathy.
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Figure 1.
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Although Hmox1 may play a protective role in vascular func-
tion,24,25 accumulating evidence suggests the role of Hmox1 in
ferroptosis, an iron-dependent cell death.6,26,27 Thus, we

examined the downstream effects of elevated cardiac Hmox1 in
SCD. Consistent with ferroptotic damage, we found increased
levels of malondialdehyde (MDA), a lipid peroxidation marker,

Figure 1. Excess heme leads to cardiomyopathy in mouse model of sickle cell disease through Hmox1 upregulation. (A-E,H) Sickling (HbSS) mice and nonsickling
(HbAS) littermates (males and females, 16-24 weeks old) fed facility chow were euthanized to collect tissues. (A) Serum heme and (B) hemopexin (Hx) levels were deter-
mined by colorimetric analysis and ELISA, respectively. (C) Serum heme was normalized to hemopexin to determine relative amounts of Hx-free heme. (D) Relative
mRNA expression was determined using qPCR in cardiac tissue and normalized to b-actin. (E) Serum creatine kinase-MB (CK-MB) levels were measured by ELISA. (F-G,
I) HbAS and HbSS mice were injected with human Hx (4 mg/kg) once a week for 4 weeks. (F) Serum heme levels were determined by colorimetric analysis. (G) Relative
mRNA expression was determined using qPCR in cardiac tissue and normalized to b-actin. (H-I) Relative protein expression of Hmox1 was determined using cardiac tis-
sue and normalized to a-tubulin. Discontinuities between nonadjacent lanes of the same membrane were indicated by a solid line. (J-K) HbAS and HbSS mice were
injected with hemin (25 mg/kg) or SnPP (12 mg/kg) intraperitoneally 3 times per week for 4 weeks, and cardiac Hmox1 expression was determined using western blot
analysis. Discontinuities between nonadjacent lanes of the same membrane are indicated by a solid line. (K) Relative mRNA expression in cardiac tissue was determined
by qPCR and normalized to b-actin. Results are representative of n 5 7-11 per group. Data are expressed as mean 6 standard error of the mean. Statistical significance
was assessed using the (A-E, H) Student t test for 2-group comparison or (F-G, I-K) 1-way ANOVA followed by Tukey HSD post hoc test for comparison among 3 to 6
groups. *P , .05 vs HbAS mice of the same treatment. #P , .05 vs vehicle-treated mice of the same genotype.
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Figure 2. Upregulated Hmox1 promotes cardiac ferroptosis in mice with sickle cell disease. (A-B) HbAS and HbSS mice were injected with human Hx (4 mg/kg) once
a week for 4 weeks. (A) Lipid peroxidation was assessed as levels of malondialdehyde (MDA) by ELISA. (B) Relative mRNA expression of ferroptotic markers was determined
using qPCR and normalized to b-actin. (C-E) HbAS and HbSS mice were injected with ferroptosis inhibitors (ferrostatin-1 [Fer-1; 1 mg/kg] or deferoxamine [DFO; 100 mg/
kg]) or ferroptosis inducer (erastin; 20 mg/kg) intraperitoneally 3 times per week for 4 weeks. (C) Lipid peroxidation was assessed as levels of MDA. Relative expression of
(D) ferroptotic and (E) hypertrophic markers were determined using qPCR and normalized to b-actin. (F-G) HbAS and HbSS mice were injected with hemin (25 mg/kg) or
SnPP (12 mg/kg) intraperitoneally 3 times per week for 4 weeks. (F) Lipid peroxidation was assessed as MDA levels. (G) Ferroptotic markers were determined by qPCR and
normalized to b-actin. Results are representative of n5 7-8 per group. Data are expressed as mean6 standard error of the mean. Statistical significance was assessed using
1-way ANOVA followed by Tukey HSD post hoc test. *P, .05 vs HbAS mice of the same treatment. #P, .05 vs vehicle-treated mice of the same genotype.
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and Ptgs2 (a ferroptotic marker) in HbSS hearts (supplemental
Figure 2A,B). The antioxidant enzyme Gpx4 was unchanged
(supplemental Figure 2B), which is consistent with a previous
finding in iron-induced ferroptosis.28 Iron overload could upre-
gulate Slc7a11, a cysteine-glutamate antiporter,29 which may
explain unchanged Gpx4 levels. This suggests that iron overload
ferroptosis is distinct from erastin (system Xc

2 inhibitor)-medi-
ated ferroptosis.29 Moreover, Hx administration prevented lipid
peroxidation and ferroptosis in HbSS mice (Figure 2A,B), sug-
gesting that attenuation of systemic heme overload decreases
cardiac ferroptosis in SCD.

To explore the contribution of ferroptosis toward cardiomy-
opathy in SCD, we used 2 small molecule ferroptosis inhibi-
tors: an iron chelator DFO and a lipid radical scavenger Fer-1
as well as a ferroptosis inducer erastin (supplemental Figure
2C). Inhibition of ferroptosis corrected cardiac damage,
whereas erastin exacerbated cardiac ferroptosis in HbSS mice
(Figure 2C-E; supplemental Figure 2D,E,G). In HbAS mice,
DFO decreased cardiac iron, but increased cardiac damage
(supplemental Figure 2D,E,G; Figure 2E). However, no differ-
ences in any ferroptotic markers were observed (Figure
2C,D), suggesting that iron deficiency could cause cardiomy-
opathy by mechanisms independent of ferroptosis. Con-
versely, Fer-1 treatment did not change any of the
parameters measured in HbAS mice (Figure 2C-E; supple-
mental Figure 2D,E,G). Finally, erastin decreased levels of
Gpx4 (Figure 2D) and promoted ferroptosis (Figure 2C,D) and
cardiac damage (Figure 2E; supplemental Figure 2E,G) in
HbAS mice without influencing cardiac iron levels (supple-
mental Figure 2D). To determine if cardiomyopathy in SCD
could result from cell death mechanisms like apoptosis, we
measured caspase-3 and its cleaved form as well as Bax and
Bcl-2 and found no differences (supplemental Figure 2F),
which was confirmed by TUNEL staining (data not shown).
Because myocardial apoptosis is associated with aging,30 it
remains to be determined if SCD represents a risk for age-
dependent cardiac apoptosis. Finally, we examined if modu-
lation of Hmox1 alters cardiac ferroptosis in SCD. Ferroptotic
damage in HbSS mice was corrected by SnPP and exacer-
bated by hemin (Figure 2F,G). Additionally, hemin administra-
tion induced lipid peroxidation and ferroptosis in HbAS mice
(Figure 2F,G). Combined, our data confirm that heme-
induced Hmox1 drives cardiomyopathy through ferroptosis,
and that inhibition or induction of ferroptosis can ameliorate
or exacerbate SCD-associated cardiomyopathy, respectively.

Together, our study demonstrates that excess systemic heme in
SCD upregulates Hmox1, which promotes cardiac ferroptosis
(supplemental Figure 2H). Further studies are required to

evaluate if other hemolytic products, like hemoglobin, can con-
tribute to cardiovascular events in SCD through other pathways
such as scavenging nitric oxide.31 Alternatively, increased reticu-
locytes in SCD, associated with iron-loaded mitochondria and
reactive oxygen species,32 may be responsible for cardiomyopa-
thy by inducing a pro-inflammatory state.33 Our findings provide
the molecular basis for cardiac ferroptosis in SCD and help to
identify therapeutic strategies to alleviate SCD-associated
cardiomyopathy.
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