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Abstract

Cardiomyopathy deeply affects quality of life and mortality of patients with f-thalassemia or with transfusion-dependent
myelodysplastic syndromes. Recently, a link between Nrf2 activity and iron metabolism has been reported in liver iron-
overload murine models. Here, we studied C57B6 mice as healthy control and nuclear erythroid factor-2 knockout (Nrf2/)
male mice aged 4 and 12 months. Eleven-month-old wild-type and Nrf27/- mice were fed with either standard diet or a diet
containing 2.5% carbonyl-iron (iron overload [IO]) for 4 weeks. We show that Nrf27/- mice develop an age-dependent
cardiomyopathy, characterized by severe oxidation, degradation of SERCA2A and iron accumulation. This was associated
with local hepcidin expression and increased serum non-transferrin-bound iron, which promotes maladaptive cardiac
remodeling and interstitial fibrosis related to overactivation of the TGF-f pathway. When mice were exposed to 10 diet,
the absence of Nrf2 was paradoxically protective against further heart iron accumulation. Indeed, the combination of
prolonged oxidation and the burst induced by 10 diet resulted in activation of the unfolded protein response (UPR)
system, which in turn promotes hepcidin expression independently from heart iron accumulation. In the heart of Hbb®"¥/*
mice, a model of B-thalassemia intermedia, despite the activation of Nrf2 pathway, we found severe protein oxidation,
activation of UPR system and cardiac fibrosis independently from heart iron content. We describe the dual role of Nrf2
when aging is combined with 10 and its novel interrelation with UPR system to ensure cell survival. We open a new
perspective for early and intense treatment of cardiomyopathy in patients with f-thalassemia before the appearance of
heart iron accumulation.

Introduction

Cardiomyopathy deeply affects the quality of life and
mortality of patients with pg-thalassemia or with trans-
fusion-dependent myelodysplastic syndromes.® Al-
though iron is essential for cardiomyocyte function to
sustain aerobic activity, accumulation of iron leads to se-
vere oxidation and cardiomyocyte damage. When iron
levels exceed transferrin-binding capacity, the non-trans-
ferrin bound iron (NTBI) enters cells and negatively af-
fects the pro-anti-oxidant balance, playing a key role in
iron overload (I0) cardiomyopathy. Indeed, studies in pa-
tients with B-thalassemia have highlighted the correlation
between NTBI and heart disease,*® supporting the impor-
tant role of oxidative stress catalyzed by Fenton and
Haber-Weiss reactions in cardiovascular disease. [ron me-
tabolism is thinning regulated by the hepcidin (Hamp)/fer-

roportin (Fpn1) axis in close relationship with erythropoie-
sis.? Circulating hepcidin is mainly due to liver production,
whereas heart hepcidin expression seems to be more in-
volved in the local effect on heart iron homeostasis. In ad-
dition, different factors such as local hypoxia,
inflammation, or oxidation may affect heart hepcidin ex-
pression independently form iron accumulation.'0"

Nuclear erythroid factor-2 (Nrf2) is a fundamental tran-
scription factor involved in redox response. Indeed, Nrf2
modulates the expression of anti-inflammatory and cyto-
protective systems important to ensure cell survival in dif-
ferent tissues such as heart, brain, liver, or erythroblasts
against oxidation.®™ Loss of Nrf2 results in increased sus-
ceptibility to cardiovascular diseases induced by angio-
tensin Il or pressure overload or myocardial ischemic
reperfusion injury.®™ In cardiomyocytes, the biologic rel-
evance of Nrf2 is further supported by the cardiac pro-
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tective effects of either Nrf2 inducers or Nrf2 overactivation
in different models of cardiovascular disease.®" Recently,
a link between Nrf2 activity and iron metabolism has been
reported in liver 10 throughout the Bmp6 pathway and in 3-
thalassemic murine erythropoiesis.?®? Consistent with this
observation, severe oxidative stress such as in doxorubicin-
mediated cardiomyopathy, results in overactivation of Nrf2.
This upregulates on one hand heme oxygenase-1 (HO-1) ex-
pression that degrades heme and increase the pool of in-
tracellular iron and on the other hand anti-oxidant systems
such as Gpx to limit oxidative damage.*?223 Despite the
growing knowledge on Nrf2 in response to acute oxidative
stress in the heart, the role of Nrf2 bridging anti-oxidant
systems and iron homeostasis in specialized cells such as
cardiomyocytes exposed to prolonged oxidation due to
aging or 10 is still not understood.

Methods

Animal model and design of the study

C57BL/6J mice as wild-type controls (WT), Nrf2~- and
Hbb®™¥* mice on the same background of WT animals
were used. Four- and 12-month-old males were studied.
Eleven-month-old WT and Nrf2”/- mice were fed with
either standard diet (SD) or a diet containing 2.5% car-
bonyl-iron for 4 weeks.?* Mice were randomly assigned to
the different analysis. Whenever indicated, mice were
deeply anesthetized by oxygen and 5% isoflurane and
sacrificed by cervical dislocation. Blood and organs were
then collected. The Institutional Animal Experimental
Committee, University of Verona (CIRSAL) and the Italian
Ministry of Health approved the experimental protocol
(56DC9.12), following European directive 2010/63/EU and
the Federation for Laboratory Animal Science associ-
ations guidelines and recommendations.

Echocardiography

Transthoracic echocardiography was performed with a
Vevo 2100 echocardiograph (Visual Sonics, Toronto, Ca-
nada) equipped with a 22-55 MHz transducer (MicroScan
Transducers, MS500D) as previously described.?

Heart molecular analysis

Heart iron concentration

Heart iron concentration (HIC) was evaluated in both
mouse strains. Details are reported in the Online Supple-
mentary Appendix.

Perls’ and Masson’ trichrome staining

Heart sections were stained with either Perls’ or Masson’
trichrome stain (N HT15, Sigma-Aldrich) according to the
manufacturer’s instructions. Images were digitally ac-
quired with an Echo Revolve RVL-100-G microscope. Col-
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lagen deposition was quantified by measuring the intensity
of red staining on heart sections via Image J software. The
cardiomyocyte area was quantified by averaging the area
of at least eight cardiomyocytes in a single heart section
via Echo Revolve software.

Immunohistochemistry for ferroportin

Heart sections were rehydrated and treated for 10 minutes
with 3% H,0, (Sigma Aldrich) to block endogenous peroxi-
dases as previously described.?® Details are reported in the
Online Supplementary Appendix.

RNA isolation, cDNA synthesis, and quantitative real-time
polymerase chain reaction

Total RNA was extracted from mouse tissues using Trizol
reagent (Life Technologies). cDNA synthesis from total RNA
(1 ug) was performed using SuperScript Il First Strand kits
(Life Technologies) as previously described.?” Details are
reported in the Online Supplementary Appendix.

Immunoblot analysis

Frozen heart and aorta from each studied group were
homogenized and lysed.?®-3° Details are reported in the On-
line Supplementary Appendix.

Heart zymogram for Mmp9 activity and heart caspase 3
activity

Details are reported in the Online Supplementary Appen-
dix.*

Aorta immuno-microscopic analysis of VCAM-1

Aorta was isolated from WT and Nrf2”/- mice, formalin-
fixed and frozen in OCT for immunofluorescence analysis
of vVCAM1, as previously described. Image acquisition was
performed using a Zeiss LSM 510 META confocal micro-
scope.?® Details are reported in the Online Supplementary
Appendix.

Non-transferrin bound iron measurement

NTBI measurement was conducted using the ultrafiltration
method: 90 pl of serum were incubated with 10 Ol of 800
mM nitrilotriacetic acid (NTA) containing 20 uM Fe (pH 7.0)
at 23°C for 30 minutes.?® Details are reported in the Online
Supplementary Appendix.

Plasma hepcidin measurement

Hepcidin levels were analyzed in mouse plasma using the
Hepcidin Murine Compete ELISA kit (Intrinsic Life
Sciences, La Jolla, United States), following the manufac-
turer instructions.*

Statistical analysis
Statistical significance of the differences in gene ex-
pression were determined using Student’s t-tests. Stat-
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istical significance of multiple comparisons were calcu-
lated using ANOVA, and post hoc correction was per-
formed using Tukey’s multiple comparison tests. A
two-sided P<0.05 was considered statistically significant.

Results

Nrf2/- mice develop an age-dependent cardiomyopathy
associated with severe oxidation and degradation of
SERCA2a

In order to address the question whether Nrf2 might be
important to limit the risk of cardiovascular disease re-
lated to aging, we studied Nrf2”/- mice at 4 and 12 months
of age. Since Erkens et al. have previously reported a dia-
stolic dysfunction in 5-6-month-old Nrf27/- mice,* we
carried out echocardiography in 12-month-old Nrf2”/- mice
compared to WT animals. As shown in Figure 1A, Nrf2-/-
mice showed diastolic dysfunction as reversible restrict-
ive filling pattern grade 3, characterized by reduced MV
deceleration time, which was associated with increased
E/A and left ventricular dysfunction. This is consistent
with hypertrophic cardiac ultrasound pattern as also sup-
ported by increased in heart-to-body-weight ratio (Online
Supplementary Figure S1A) and the upregulation of atrial
natriuretic peptide (ANP), a marker of cardiac remodeling
and hypertrophy, in the heart of Nrf27/- mice when com-
pared to WT animals (Figure 1B).*** Noteworthy, increased
cell volume of cardiomyocytes was found in the heart of
12-months-old Nrf2/- mice, suggesting an attempt to
compensate for loss of cardiomyocyte function/damage
in aged Nrf2”/- mice (Online Supplementary Figure S1B).
The absence of Nrf2 resulted in increased heart protein
oxidations related to downregulation of Nrf2-dependent
cytoprotective systems important in cardiomyocyte ho-
meostasis such as catalase, SOD1 or Nqo1 (Figure 1C, D; On-
line Supplementary Figure S1C, D). In the heart of Nrf2-/-
mice, we also observed degradation of the sarcoplasmic
reticulum calcium ATPase cardiac isoform 2 (SERCA2a), a
calcium transport system important for myocardial per-
formance, in agreement with the severe and sustained
oxidation observed in mice genetically lacking Nfe2l2 (Fig-
ure 1E; SERCA2A proteolytic residues between 60-75 kDa;
Online Supplementary Figure S1E).*"%-%° Consistent with the
degradation of SERCA2a protein, we found a compensatory
upregulation of sodium calcium exchanger protein 1 (Ncx1)
expression as reported in other models of cardiomyo-
pathies (Online Supplementary Figure STF).*°* SERCA2A is
degraded by metalloproteinase (Mmps) that participates in
myocardial remodeling as collagenase.’?"4243 Here, we
found increased expression and activity of Mmp9 Nrf2-/-
mice when compared with WT animals (Figure 1F; Online
Supplementary Figure S2A). No major change in Mmp?2 ac-
tivity was observed. In addition, we found increased cas-
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pase 3 activity, a key molecular marker of apoptosis in the
heart of Nrf2”/- mice when compared to WT animals (Figure
1G). This was associated with age-dependent accumula-
tion of K48 polyubiquitin proteins, a key linkage signal for
degradation of dysfunctional proteins*-*" (Online Supple-
mentary Figure S2B). Indeed, upregulation of necrostatin-1
MRNA expression observed in the heart form Nrf2”/- mice
might be an attempt to control loss of cardiomyocytes in-
duced by chronic oxidation in the absence of Nrf2 (Online
Supplementary Figure S2C). Taken together, our data indi-
cate that Nrf2/- mice develop an age-dependent cardio-
myopathy characterized by severe and sustained oxidation,
resulting in activation of myocardial remodeling and pro-
apoptotic pathways.

Loss of Nrf2 is associated with chronic cardiac
inflammation and vascular dysfunction

The activation of Mmp9 led us to evaluate whether the
absence of Nrf2 might favor the activation of NF-kB p65,
a redox- and inflammatory-related transcription factor, as
a back-up mechanism to limit cardiomyocyte damage. In
the heart of Nrf2/- mice, we found activation of NF-kB p65
when compared to WT animals (Figure 2A; Online Supple-
mentary Figure S2D). This was associated with upregula-
tion of Il-1b expression in both 4- and 12-month-old Nrf2-/-
mice; whereas Il-6 expression was increased only iin the
heart of 4-months-old Nrf2- mice when compared to WT
animals (Online Supplementary Figure S2SE). In Nrf2/
mice, chronic cardiac inflammation was further supported
by upregulation of endothelin-1 (ET-1) expression, a potent
pro-inflammatory and vasoactive cytokine as well as of
ICAM-1 and VCAM-1, known markers of inflammatory vas-
culopathy (Figure 2B; Online Supplementary Figure S2F).
Similar data were also observed in isolated aorta of Nrf2-
- mice, indicating the presence of both local and systemic
vascular dysfunction in the absence of Nrf2 (Online Sup-
plementary Figure S3A). Collectively, our data indicate that
maladaptive inflammation characterizes the heart of Nrf2-
- mice, contributing to reduced cardiomyocyte performance
and promoting cardiac remodeling.

Heart iron accumulation characterizes cardiomyopathy
of Nrf2/- mice, leading to cardiac fibrosis

Since previous studies have linked Nrf2 function and iron
homeostasis, we asked whether iron accumulated in the
heart of Nrf2/- mice could trigger oxidative stress and in-
flammatory response. As shown in Figure 2C, we found
increased iron deposits in the heart of Nrf2/- mice when
compared to WT animals. This is in agreement with in-
creased NTBI that contributes to formation of ROS (Figure
2D). In Nrf27/- mice, heart expression of Hamp was signifi-
cantly lower than in WT animals (Figure 2E). Noteworthy,
we observed higher heart expression of Bmp2 mRNA in
both young and old Nrf2- mice than in WT animals (On-
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G = month-old Nrf27/- mice (n=4 for each group). GAPDH serves as protein loading
7,500 — control. One representative gel of 4 with similar results is shown. Densitometric
P > analysis of immunoblots is shown in Online Supplementary Figure S1D. (F) Gela-
58 7,000 tin zymography stained with Colloidal Coomassie in the heart of 12-month-old
o 3 - WT and Nrf2/- mice (n=3 for each group). Light bands represent Mmps activity.
§ S 1T One representative gel of 4 with similar results is shown. Densitometric analysis
§i s {: of the light bands corresponding to Mmp9 and Mmp2 activities is shown as bar
- graphs on the left. (G) Caspase 3 activity in the heart of 12-month-old WT (n=4)
6,000 | and Nrf27- mice (n=4). Data are shown as mean = SEM (n=4); *P<0.05 when

WT  Nrf2- compared to WT animals.

Haematologica | 108 May 2023
1338



ARTICLE - UPR system counteract iron overload cardiomyopathy E. Federti et al.

line Supplementary Figure S3B). This might be part of Reduced heart expression of Hamp and of Hamp/HIC ratio
compensatory mechanisms antagonizing prohypertrophic were associated with accumulation of Fpn1 in the heart
and pro-apoptotic stimuli such as chronic cardiac oxida- of Nrf2/- mice compared to WT animals (Figure 2F; Online
tion and inflammation.*® Plasma hepcidin was similar in  Supplementary Figure S3D). This agrees with Fpn1 post-
both mouse strains (Online Supplementary Figure S3C). translational regulation by Hamp as previously observed
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Figure 2. In the heart, Nrf2-- mice display iron accumulation and redox related activation of activation of NF-kB p65, sustaining in-
flammatory vasculopathy. (A) Immunoblot analysis, using specific antibodies against phosphorylated (p)NF-kB p65, NF-kB p65 in
the heart of 12-month-old wild-type (WT) mice, 4- and 12-month-old Nrf2/- mice (n=4 for each group). GAPDH serves as protein
loading control. One representative gel of 4 with similar results is shown. Densitometric analysis of immunoblots is shown in Online
Supplementary Figure S2D. (B) Immunoblot analysis, using specific antibodies against ET-1, ICAM1 and VCAM1 in the heart of 12-
month-old WT mice, 4- and 12-month-old Nrf2/- mice (n=4 for each group). GAPDH serves as protein loading control. One repre-
sentative gel of 4 with similar results is shown. Densitometric analysis of immunoblots is shown in Online Supplementary Figure
S1F. (C) Perl’s staining in heart tissue sections of Nrf27/- and WT mice. A representative picture is shown. The quantification of the
% of stained tissue is shown on the right. (D) Non-trasferrin-bound iron (NTBI) measurement in the serum of WT and Nrf2”/- mice
(n=5 for each group). (E) Quantification of Hamp mRNA levels normalized to Gapdh in the heart of WT and Nrf2”- mice (n=3 for each
group). Data are means * standard deviation of 3 experiments (**P<0.001, Student’s t-test). (F) Representative images of FPN im-
munostaining on heart sections of WT and Nrf2- mice (scale bars: 370/100 um) and relative quantification expressed as percentage
positive tissue area (n=3 for each group).
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by Aschemeyer et al.*® Taken together these data support
the synergic effect of iron accumulation and defective
antioxidant systems in the development of age-depend-
ent cardiomyopathy in Nrf2~- mice.

Since Nrf2 has been reported to prevent maladaptive car-
diac remodeling and interstitial fibrosis,*** we evaluated
collagen deposition in the heart of Nrf2/- mice. As shown
in Figure 3A, collagen deposition was significantly higher
in the heart of Nrf2”/- mice than in WT animals. This was
associated with activation of TGF-p1 receptor, which plays
a crucial role in profibrotic pathway(s) and in extracellular
matrix accumulation (Figure 3B).52%% In addition, we found
increased expression of platelet-derived growth factor-B
(PDGF-B) and activation of its receptor (PDGFR-B) as well
as of fibroblast growth factor receptor (FGF-R), which are
all involved in matrix remodeling and profibrotic events in
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collaboration with TGF-B1 system (Figure 3B).545®
Collectively our data indicate that the absence of Nrf2
leads to age-dependent cardiomyopathy characterized by
chronic oxidation amplified by iron accumulation due to
abnormal local iron homeostasis. This results in cardiac
inflammation and fibrosis in Nrf2/- mice.

Nrf2-/- mice exposed to iron overload develop
compensatory cardiac hypertrophy independently from
iron accumulation

Since Lim et al. have previously reported liver iron ac-
cumulation in Nrf27/- mice exposed to iron overload diet
due to the perturbation of Hamp-Bmp6 pathway, 11-
month-old Nrf2~- mice were fed with either SD or IO diet
containing 2.5% carbonyl-iron for 4 weeks. In WT animals,
we observed in Nrf2 activation in the heart when compared
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Figure 3. Increased collagen deposition and activation of TGf-f3 dependent pathway characterizes cardiomyopathy of Nrf2-/-mice.
(A) Representative images of Picrosirius staining for collagen on heart sections of wild-type (WT) and Nrf2/- mice (scale bars: 200
um) and relative quantification expressed as percentage positive tissue area (n=3 for each group). (B, upper panel) Heart immu-
noprecipitation using specific anti-phosphotyrosine antibodies (IP: pY), revealed with specific anti-TGF receptor (Rec) antibody in
12-month-old WT mice, 4- and 12-month-old Nrf2/- mice (n=4 for each group). GAPDH in whole-cell lysate (WCL) is used as
loading control. One representative gel of 4 others with similar results is presented. Densitometric analysis of immunoblots is
shown on the right (DU: densitometric unit). Data are shown as mean + standard error of the mean (SEM) (n=3); *P<0.05 when
compared to WT mice. (B, lower panel) Immunoblot analysis, using specific antibodies against PDGF-B, phosphorylated (p-) PDGFR-
B, PDGFR-B, p-FGFR1 and FGFR in the heart of 12-month-old WT mice, 4- and 12-month-old Nrf27/- mice (n=4 for each group).
GAPDH serves as protein loading control. One representative gel of 4 with similar results is shown. Densitometric analysis of im-
munoblots is shown on the right. Data are shown as mean + SEM (n=4); *P<0.05 when compared to WT mice.
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to standard diet animals (Online Supplementary Figure
S4A). This was in parallel with a better survival rate com-
pared to Nrf27/- mice (Online Supplementary Figure S4B).
Nrf2-- mice developed cardiac hypertrophy in response to
IO compared to WT animals (Figure 4A; Online Supple-
mentary Figure S4C). This was associated with a further
increase of cardiomyocyte area, compensatory to myocyte
loss in 10 Nrf27/- mice (Figure 4B). In agreement, cardiac
troponin T gene expression was increased in 10 Nrf2/
mice compared to |10 WT animals (Online Supplementary
Figure S4D). Perls’ staining revealed heart iron accumula-
tion in WT animals, which was higher than in the heart of
Nrf2-/- mice exposed to 10 (Online Supplementary Figure
S5A). In agreement with previous report by Lim et al., liver
iron accumulation was more severe in Nrf2- mice than in
WT animals and Hamp and Bmp6 expression was down-
regulated (Online Supplementary Figure S5B, C). NTBI
levels were almost unaffected by IO in Nrf2/- mice, while
NTBI significantly increased in |10 WT mice compared to
standard diet WT animals (Online Supplementary Figure
S6A). Heart Hamp mRNA expression was higher in 10 Nrf2-/-
mice than in 10 WT animals (Figure 4C). Activation of both
NF-kBp65 and STAT3 in response to |0 was observed only
in the heart of WT animals (Online Supplementary Figure
S6B). In agreement, we found upregulation of heart /(-1b
and /-6 mRNA expression only in the heart of WT animals
and not in IO Nrf2”/- mice (Online Supplementary Figure
S6C). Noteworthy, Bmp2 and Bmp6 mRNA expression was
similar in both mouse strains exposed to 10 (Online Sup-
plementary Figure S6D). Previous reports have highlighted
the link between proteostasis, upregulation of UPR sys-
tem in response to endoplasmic reticulum (ER)-stress
and hepcidin expression.*®% As shown in Figure 4E and
Online Supplementary Figure S6E, 10 resulted in accumu-
lation of K48 polyubiquitin proteins in the heart from WT
animals compared to SD-treated animals, whereas no
change in the degree of K48 polyubiquitin protein ac-
cumulation was observed in Nrf2/- mice under |10 diet ver-
sus SD. We then sought to investigate the UPR system
focusing on the ATF6 branch based on previous reports
on diabetic cardiomyopathy.®°7%¢ We found increased ex-
pression of ATF6, as well as related GADD34 and CHOP in
the heart of |0 Nrf2”/- mice when compared to either SD
treated Nrf2/- mice or |0 WT animals (Figure 4F; Online
Supplementary Figure S6F). This was associated with the
increase of apoptotic markers beside CHOP such as cas-
pase-3 determined as both pro-caspase 3/caspase 3 ratio
and caspase 3 activity in the heart of IO Nrf2/- mice when
compared to |0 WT animals (Online Supplementary Figure
S7A). Heart expression of necrostatin-1 in the heart was
significantly lower in 10 Nrf2/- mice than in 10 WT animals,
suggesting an exhaustion of cardiomyocyte defense
mechanism towards a pro-apoptotic phenotype (Online
Supplementary Figure S7B).
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In addition, we observed a further increase of PDGF-B ex-
pression when compared to standard diet Nrf2/- animals
(Online Supplementary Figure S7C), suggesting a worsen-
ing of extracellular matrix remodeling in response to IO.
Collagen deposition show a trend of further increase in 10
Nrf2~- mice compared to 10 WT animals (Figure 4D; Online
Supplementary Figure S7D). This is of interest since ER
stress and activation of UPR pathways have been linked
to fibrotic organ remodeling.®*¢° No major change in heart
Fpn1 staining was observed in 10 Nrf2”/- mice compared
IO WT mice (Online Supplementary Figure S7E).

In order to understand the impact of 10 on vascular sys-
tem in Nrf27/- mice, we evaluated the effect of 10 on iso-
lated aorta of both mouse strains. We found further
upregulation of VCAM-1, as marker of inflammatory vas-
culopathy in 10 Nrf2/- mice when compared to |0 WT ani-
mals (Figure 4G; Online Supplementary Figure S8). 10
induced increased expression of ICAM-1 in isolated aorta
of WT mice compared to aorta from standard diet animals
(Online Supplementary Figure S8).

Taken together these data indicate that in 10 Nrf2”/- mice
the upregulation of Hamp is independent from Bmp6 ex-
pression, but related to prolonged unmitigated ER stress,
highlighting the peculiarity of the heart versus liver
setting.?® Thus, the absence of Nrf2 promotes cardiac hy-
pertrophy as an attempt to compensate cardiomyocyte
death in the presence of progressive exhaustion of adap-
tive mechanisms against chronic oxidation.

Chronic cardiac oxidation and inflammation leads to
age-dependent hypertrophic cardiomyopathy in murine
f-thalassemia

Hypertrophic cardiomyopathy is a severe invalidating
complication of patients with g-thalassemia.*¢62 Recent
studies in patients with p-thalassemia have shown that
left ventricular diastolic dysfunction might appear early in
the absence of magnetic resonance iron heart accumula-
tion, suggesting a biocomplexity of the pathogenesis of
cardiomyopathy in p-thalassemia happening behind the
heart accumulation of iron.*¢" As shown in Figure 5A, 12-
month-old p-thalassemic (Hbb®™**) mice develop a left
ventricle hypertrophy, associated with increased cardio-
myocyte areas (Figure 5B) and heart expression of atrial
natriuretic peptide (ANP) (Online Supplementary Figure
S9A). This together with increased caspase 3 activity in
the heart support the reduction of cardiomyocyte per-
formance associated with cardiomyocyte death in Hobt/*
when compared to WT animals (Online Supplementary
Figure S9B). Although heart iron levels by Perls’ staining
were similar in Hbb®™¥* and WT animals, NTBI was signifi-
cantly higher in Hob®™** than in WT mice (Figure 5C; Online
Supplementary Figure S9C). Heart Hamp expression was
significantly reduced in Hbb®™¥* mice compared to WT ani-
mals (Online Supplementary Figure S10A). Noteworthy,
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the protein loading control. Quantification of band area was per-
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ure S6E. (F) Immunoblot analysis, using specific antibodies against
ATF6, GADD34 and CHOP in the heart of WT and Nrf2”/- mice exposed
to SD or 10 diet (I0: 2.5% carbonyl-iron for 4 weeks) (n=4 for each
group). GAPDH serves as protein loading control. One representative
gel from 4 with similar results is shown. Densitometric analysis of
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Figure 5. In murine -thalassemia, cardiomyopathy is related to severe oxidation, overwhelming cytoprotective mechanisms with
degradation of SERCA2A and accumulation of polyubiquinated proteins independently from heart iron accumulation. (A) Left ventricle
weight/body weight ratio (LVW/BW) and left ventricle posterior wall thickness in diastole (LVPWTd) and systole (LVPWTs) of 12-month-
old wild-type (WT) (n=4) and Hbb™%*, a model of B-thalassemia (n=6) mice. *P<0.05 and **P<0.01 by non-parametric Mann Whitney
test. (B) Quantification of the average cardiomyocyte area in WT and Hbb™** mice (n=3 for each group); representative images of FPN
immunostaining on heart sections of WT and Hbb™** mice (scale bars: 370/200 um). (C) Non-transferrin bound iron (NTBI) measure-
ment in the serum of WT and Hbb™*** mice (n=3 for each group). (D, upper panel) Immunoblot analysis, using specific antibodies
against phosphorylated p-Nrf2, and Nrf2, in the heart of 12-month-old WT and Hbb™** mice (n=4 for each group). GAPDH serves as
protein loading control. One representative gel of 3 with similar results is shown. Densitometric analysis of immunoblots is shown
in Online Supplementary Figure S10C. (D, lower panel) Immunoblot analysis, using specific antibodies against HO-1 and SOD 1 in the
heart of 12-month-old WT and Hbb®"*¥* mice (n=4 for each group). GAPDH serves as protein loading control. One representative gel
of 3 with similar results is shown. Densitometric analysis of immunoblots is shown in Online Supplementary Figure S10C. (E) Immu-
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group). GAPDH serves as protein loading control. One representative gel of 3 with similar results is shown. Densitometric analysis of
immunoblots is shown in Online Supplementary Figure S10D. (F) Western blot (Wb) analysis of ubiquitinated proteins (K48) in the
heart of 12-month-old WT and Hbb™** mice (n=4 for each group). GAPDH is the protein loading control. Quantification of band area
was performed by densitometry and is shown in Online Supplementary Figure ST0E. (G) Immunoblot analysis, using specific antibodies
against ATF6, GADD34 and CHOP in the heart of 12-month-old WT and Hbb*** mice (n=4 for each group). GAPDH serves as protein
loading control. One representative gel of 3 with similar results is shown. Densitometric analysis of immunoblots is shown in Online
Supplementary Figure S10F.
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Bmp6 expression was significantly higher in the heart of
Hbbt* mice than in WT animals (Online Supplementary
Figure S10A). No major change in the heart Bmp2 ex-
pression was observed between the two mouse strains
(Online Supplementary Figure S10A). This agrees with
Bmp6 participating in compensatory mechanisms against
severe oxidation and stimulating cardiomyocyte hyper-
trophy more than in iron homeostasis.®® Indeed, heart pro-
tein oxidation was increased in Hbb™¥* when compared
to WT animals (Online Supplementary Figure S10B). This is
in agreement with activation of Nrf2- and Nrf2-related
cytoprotective systems such as HO-1 and SOD-1 in the
heart of Hbb®™** mice compared to WT animals (Figure 5D;
Online Supplementary Figure S710C). In addition, in the
heart of Hbb®™** mice, chronic oxidation promoted (i)
degradation of SERCA2a (Figure 5E; Online Supplementary
Figure S10D); and accumulation of K48 polyubiquitin pro-
teins (Figure 5F; Online Supplementary Figure S11A); and
upregulation of ATF6 (Figure 5G; Online Supplementary
Figure S71B), resulting in increased expression of pro-
apoptotic protein GADD34 (Figure 5G; Online Supplemen-
tary Figure S11G). The synergic effect of chronic cardiac
oxidation, activation of the UPR system and inflammation
promoted (i) activation of TGF-3 receptor (Figure 6A; On-
line Supplementary Figure S71C); (ii) increase expression
of PDGF-B and activation of PDGF-receptor and FGF-re-
ceptor (Figure 6B; Online Supplementary Figure S11D),
ending in heart collagen deposition in Hbb™** mice (Figure
6C). Collectively, our data indicate that p-thalassemic-re-
lated cardiomyopathy is promoted by the combination of
different factors having oxidation as an early and central
event in diastolic dysfunction and cardiac fibrosis that
might be worsened by cardiac iron accumulation as ob-
served in patients with p-thalassemia.

Discussion

Here, we show the dual effect of Nrf2 in cardiomyopathy
related to sustained and prolonged oxidation as observed
in aging or in iron overload models.

We show that mice genetically lacking Nfe2(2 are highly
sensitive to age-induced oxidation, which is associated
with heart iron accumulation. In aged Nrf2”/- mice, the
downregulation of cardiac hepcidin expression agrees with
the lower expression of Bmp6 compared to WT animals.
In old Nrf2~- mice, the detrimental effect of prolonged oxi-
dative stress leads to maladaptive response, resulting in
reduced cardiomyocyte performance, degradation of the
key cell Ca?* modulator, SERCA2a, and accumulation of
K48 polyubiquitinated proteins.®* The proteotoxic stress
promotes cardiac fibrosis throughout the activation of the
TGF-p1 pathway. This highlights the key role of Nrf2 func-
tion against age-related cardiomyopathy and gives further
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importance to the cumulative effects of pro-oxidant fac-
tors such as age, diabetes or inflammatory vasculopathy
on the pathogenesis of hypertrophic cardiomyopathy.®s¢¢
When 10 was used as additional stress to aging, the ab-
sence of Nrf2 resulted in cardiac hypertrophy as an at-
tempt to compensate for the loss of cardiomyocytes
linked to the detrimental effect of accumulation of K48
polyubiquitinated proteins. This disrupts ER homeostasis,
resulting in ER stress and leading to the activation of the
UPR system. Whenever the stress is sustained or pro-
longed, the activation of UPR might not be sufficient to
limit/resolve the stress, ending in activation of the pro-
apoptotic pathway.**¢” Among the three branches of the
UPR system, the ATF6/CHOP and the CHOP-activating
GADD34 pathways have been described to play a crucial
role in ischemic/reperfusion myocardial injury or in car-
diac hypertrophy or in heart disease related to dia-
betes.38%6" Indeed, we found overactivation of ATF in 10
Nrf2/- mice but not in IO WT animals,®"®® resulting in up-
regulation of CHOP which in turn induces the expression
of DNA damage-inducible proteins such as GADD34. These
factors collectively sustain pro-apoptotic pathways such
as caspase 3 signaling. As part of the ER stress response,
we observed local upregulation of hepcidin, which pro-
tects the heart of further iron accumulation. This con-
clusion is supported by a previous report linking Hamp
expression to ER stress and the activation of UPR system.%®
Indeed, in Nrf2”/- mice exposed to 10, we found increased
Hamp expression independently from Bmp2-6, whose ex-
pression is similar to that observed in IO WT animals.
Since cardiomyopathy negatively impacts the quality of
life of patients with transfusion-dependent and trans-
fusion-independent p-thalassemia, we evaluated cardio-
myopathy in aged Hbb™** mice. Although we did not find
significant heart iron accumulation, we observed in-
creased NTBI and severe cardiac protein oxidation, which
was associated with activation of Nrf2 and upregulation
of related antioxidant and cytoprotective systems. In
Hbb*%¥* mice, the prolonged cardiac oxidation resulted in
increased expression as well as degradation of SERCA?2a.
This might contribute to impaired myocardial relaxation
associated with left ventricular hypertrophy in Hbbth¥*
mice.** Noteworthy, upregulation of ATF6 in response to
ER stress might contribute to upregulation of SERCA2a
observed in the heart of Hbb™%¥* mice as an adaptive
mechanism against the impairment of cardiomyocyte per-
formance. In Hbb™¥* mice, the unbalance between pro-
longed oxidation and cytoprotective systems even in the
absence of heart iron accumulation is associated with
cardiomyopathy characterized by proteotoxic stress and
activation of the UPR system.®® This latter has been de-
scribed to contribute to the activation of the TGF-p1 pro-fi-
brotic pathway in lung fibrosis.®®*™ Here, we found the
activation of the TGF-p1 system associated with collagen
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deposition in the heart of both Nrf27/- and Hbb*** mice. In dysfunction such as p-blockers, ACE-inhibitors and aldos-
the setting of patients with transfusion-dependent or -in- terone antagonists are beneficial.

dependent p-thalassemia even in the absence of cardiac In conclusion, our data highlight the dual role of Nrf2 as
iron deposition, early treatment with agents used in the redox-related transcriptional factor, which is also inter-
management of heart failure characterized by SERCA2a related with the UPR system to ensure cell survival. The

A B c WT Hbb3th+

> WT  Hbpat+ Wb
o 3 PDGFB ™™™ s ~ 24kDa
o | TGF-BRec B B - 64 kDa

P-PDGFRE = SR ~ 190kDa
-
@) . ~
s ‘ GAPDH | W W ~ 37 kDa PDGFRB WS s ~ 190 kDa

P-FGFR1 . W~ 140 kDa

FGFR1 e S ~ 140 kDa
GAPDH s W ~ 37 kDa
WT  Hbb3th+
D
Heart II ‘\
hepcidin
UPR system \
A
il
sl U
> ER stress

.,.,o
P)
J -

Collagen deposition

degradation

4 _ *

@ ®

(0]
5 < # < 3-
(0]
3
(7]
A 2

'_
~Na @ o
SERCA2A TGF-b1 W& =
) 3
o
X

Collagen
deposition WT  Hbb3th/+

Figure 6. Activation of the TGF-f pathways and modulation of extracellular matrix remodeling factors characterize cardiomyo-
pathy of -thalassemic mice. (A) Heart immunoprecipitation using specific anti-phosphotyrosine antibodies (IP: pY), revealed
with specific anti-TGF Receptor (Rec) antibody of 12-month-old WT and Hbbth3’* mice (n=4 for each group). GAPDH in whole-
cell lysate (WCL) is used as loading control. One representative gel of 3 others with similar results is presented. Densitometric
analysis of immunoblots is shown in Online Supplementary Figure S10G. (B) Immunoblot analysis, using specific antibodies
against PDGF-B, phosphorylated (p-)PDGFR-B, PDGFR-B, p-FGFR1 and FGFR in the heart of 12-month-old WT and Hbbth3’* mice
(n=4 for each group). GAPDH serves as protein loading control. One representative gel of 3 with similar results is shown. Den-
sitometric analysis of immunoblots is shown in Online Supplementary Figure S10H. (C) Representative images of Picrosirius
staining for collagen on heart sections of WT and Hbbth3’* mice (scale bars: 200 um) and relative quantification expressed as
percentage positive tissue area (n=3 for each group). (D) Schematic diagram of the dual role of Nrf2 in the development of age-
dependent cardiomyopathy in the presence of iron overload diet. Nrf2 being a redox-related transcriptional factor it protects
against age-dependent oxidation. The absence of Nrf2 (Nrf2/- mice) results in an age-dependent cardiomyopathy, associated
with severe oxidation (ROS: reactive oxygen species) and iron accumulation combined with increased non-transferrin bound
iron (NTBI). These events favor (i) degradation of the sarcoplasmic reticulum calcium ATPase cardiac isoform 2 (SERCA2a), a
calcium transport system important for myocardial performance; (ii) accumulation of polyubiquinated proteins and (iii) activation
of transforming growth factor (TGF)-p pathways, promoting collagen deposition and cardiac fibrosis. In mice exposed to iron
(Fe) overload diet, the absence of Nrf2 is paradoxically protective. Indeed, the sustained endoplasmic reticulum (ER) stress
promotes overactivation of unfolded protein response (UPR) system. This results in upregulation of heart hepcidin, turning iron
to accumulate in liver where the abnormality of Bmp2-6 pathway results in local impairment of Hamp synthesis.
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novel evidence linking overactivation of the UPR system
with hypertrophic cardiomyopathy in both |10 Nrf2/- and
Hbbt™* mice, opens a new perspective on cardiomyopathy
in patients with p-thalassemia before the appearance of
heart iron accumulation.
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