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Autophagy Inhibition Enables Nrf2 to Exaggerate the
Progression of Diabetic Cardiomyopathy in Mice
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Nuclear factor-erythroid factor 2-related factor 2 (Nrf2)
may either ameliorate or worsen diabetic cardiomyopa-
thy. However, the underlying mechanisms are poorly
understood. Herein we report a novel mechanism of Nrf2-
mediated myocardial damage in type 1 diabetes (T1D).
Global Nrf2 knockout (Nrf2KO) hardly affected the onset
of cardiac dysfunction induced by T1D but slowed down
its progression in mice independent of sex. In addition,
Nrf2KO inhibited cardiac pathological remodeling, apo-
ptosis, and oxidative stress associated with both onset
and advancement of cardiac dysfunction in T1D. Such
Nrf2-mediated progression of diabetic cardiomyopathy
was confirmed by a cardiomyocyte-restricted (CR) Nrf2
transgenic approach in mice. Moreover, cardiac autoph-
agy inhibition via CR knockout of autophagy-related
5 gene (CR-Atg5KO) led to early onset and accelerated
development of cardiomyopathy in T1D, and CR-Atg5KO-
induced adverse phenotypes were rescued by additional
Nrf2KO. Mechanistically, chronic T1D leads to glucolipo-
toxicity inhibiting autolysosome efflux, which in turn inten-
sifies Nrf2-driven transcription to fuel lipid peroxidation
while inactivating Nrf2-mediated antioxidant defense
and impairing Nrf2-coordinated iron metabolism, thereby
leading to ferroptosis in cardiomyocytes. These results
demonstrate that diabetes over time causes autophagy
deficiency, which turns off Nrf2-mediated defense while
switching on an Nrf2-operated pathological program to-
ward ferroptosis in cardiomyocytes, thereby worsening
the progression of diabetic cardiomyopathy.

Diabetic cardiomyopathy is a clinical myocardial condition
distinguished by cardiac hypertrophy and fibrosis, as well

as an early onset of ventricular diastolic dysfunction and
late onset of ventricular systolic dysfunction, in the ab-
sence of changes in blood pressure and coronary disease
(1). The pathogenesis of diabetic cardiomyopathy is mul-
tifactorial and complicated, but oxidative stress, a result of
an imbalance between the production of reactive oxygen
species and the antioxidant capacity, has been widely ac-
cepted as a common mechanism leading to diabetic cardio-
myopathy (2,3). Extensive studies have revealed that an
effective therapy for diabetic cardiomyopathy requires ei-
ther specific targeting of the source of oxidative stress or
endogenous antioxidant defense system, rather than non-
selective scavenging of reactive oxygen species that may
compromise physiological redox signaling (2).

Nuclear factor-erythroid factor 2-related factor 2 (Nrf2),
a transcription factor, controls the basal and inducible
expression of >1,000 genes that can be grouped into
several categories including antioxidant genes, phase II
detoxifying enzymes, transcriptional factors, transporters,
scavenger receptors, proteasomal and autophagic degra-
dation, and metabolism (4). Thus, the functions of Nrf2
spread rather broadly from antioxidant defense to protein
quality control and metabolism regulation. Nevertheless,
Nrf2 has historically been considered as a master regulator
of antioxidant defense and has evolved into a promising
drug target for the treatment of human diseases associated
with oxidative stress, such as diabetic cardiomyopathy
(5). However, existing literatures regarding the role of
Nrf2 in diabetes per se and diabetes complications have
been very controversial. For example, genetic activation of
Nrf2 by globally hypomorphic knockdown of Kelch-like ECH-

associated protein 1 (Keapl), an endogenous inhibitor of
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Nrf2, suppresses the onset of diabetes in db/db mice (6)
while paradoxically worsening the insulin resistance and
glucose intolerance in ob/ob mice (7). In addition, knockout
(KO) of Nrf2 globally or specifically in adipocytes reduces
white adipose tissue mass but resulting in severe metabolic
syndrome with aggravated insulin resistance, hyperglycemia,
and hypertriglyceridemia in ob/ob mice (8). Moreover, either
a protective or detrimental role of Nrf2 in type 1 diabetes
(T1D)-induced nephropathy is documented by two indepen-
dent laboratories using the same global Nrf2 knockout
(Nrf2KO) approach in mice (9,10). Similarly, a cardiac pro-
tective role of Nrf2 is noticed in both type 1 and type
2 diabetic mice (11,12), whereas a detrimental axis of cardiac
Nrf2-CD36-lipotoxicity is also observed in type 1 diabetic
fibroblast growth factor 21 (Fgf21) KO mice (13). The precise
reasons underlying these discrepancies remain unknown.

Autophagy is an evolutionarily conserved pathway that
targets cytoplasmic contents to the lysosome for degra-
dation (14). Based on the means by which the target is
delivered into lysosomes for final degradation, autophagy
has been classified into three types: 1) macroautophagy, 2)
microautophagy, and 3) chaperone-mediated autophagy.
The macroautophagy (hereafter referred to as autophagy)
is the best characterized. Systemic autophagy inhibition
induces premature aging and shortens the life span whereas
cardiac-specific autophagy inhibition causes age-related car-
diomyopathy and death in nondiabetic settings (15). Both
type 1 and 2 diabetic settings in mice result in myocardial
autophagy inhibition (16-18). The cardiac autophagy inhibi-
tion in most type 2 diabetes models seems to be maladaptive;
however, the cardiac autophagy inhibition in type 1 diabetes
models appears to be either adaptive or maladaptive depend-
ing on the nature of diabetes settings (16,17). The exact role of
autophagy in diabetic cardiomyopathy particularly associated
with T1D remains to be addressed.

We have uncovered that Nrf2 mediates dichotomous
effects on the heart depending on the functional status of
myocardial autophagy in a nondiabetic setting of pressure
overload (19). Activation of Nrf2 is cardioprotective when
myocardial autophagy function is intact, but it becomes
detrimental when myocardial autophagy function is insuf-
ficient (19). Therefore, we questioned whether such an
Nrf2-mediated dichotomy could be extrapolated into the
pathogenesis of diabetic cardiomyopathy in which cardiac
autophagy gradually becomes compromised in chronic di-
abetes settings (16,17). In the current study, we demonstrate
that cardiac autophagy inhibition activates Nrf2-mediated
myocardial damage via a mechanism that enables Nrf2-
mediated ferroptosis in cardiomyocytes, thereby exagger-
ating the progression of cardiomyopathy associated with
T1D.

RESEARCH DESIGN AND METHODS

Animals

The breeding pairs of global Nrf2 heterozygote KO and floxed
autophagy-related 5 (Athﬂ/ﬂ) mice on a C57BL/6J genetic
background were purchased from RIKEN BioResource
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Research Center, Tsukuba, Ibraraki, Japan. The breeding
pairs of a transgenic mouse strain harboring a tamoxifen-
inducible Cre-fusion protein (MerCreMer) under the control
of cardiomyocyte-specific a-myosin heavy-chain promoter
(Myh6 or aMHC) on a C57BL/6J genetic background were
purchased from The Jackson Laboratory. Littermates of
wild-type (WT) and global Nrf2KO, MerCreMer control
(MerCreMer™), MerCreMer "::Nrf2KO, MerCreMer™::
(Athﬂ/ﬂ), and MerCreMer+::Atg5ﬂ/ﬂ::NerKO mice on
a C57BL/6J genetic background were generated as we
previously described (19). The induction of Cre-loxP re-
combination in mice was carried out via an optimized
tamoxifen treatment regimen, i.e., intraperitoneal (i.p.)
injection of tamoxifen at 20 mg/kg body weight (BW) daily
(20 mg/kg/day) for 21 days, which induces MerCreMer-
mediated ablation of Atg5 gene in cardiomyocytes of adult
mice without detectable toxic effects at the baseline (19).
Littermates of nontransgenic WT control (NG) and
cardiomyocyte-restricted (CR) Nrf2 transgenic (TG)
mice on a FVB/N genetic background were generated as we
previously described (20). All mice at age of 8 weeks, if not
specified, were used for experiments. All animals were
housed at the AAALAC-accredited animal facility of Uni-
versity of South Carolina School of Medicine. All ani-
mals were treated in compliance with the National
Institutes of Health Guideline for the Care and Use
of Laboratory Animals. The use of animals and all animal
procedures were approved by the Institutional Animal
Care and Use Committee at University of South Carolina.

T1D Model

T1D in mice was induced by five consecutive injections (i.p.)
of 50 mg/kg/day streptozotocin (STZ), the low-dose pro-
tocol that is recommended by the Animal Models of Diabetic
Complication Consortium (AMDCC) to minimize the off-
target effect of STZ (21). After STZ injection, BW and blood
glucose levels were monitored daily within the 1st week and
weekly from the 2nd week to the end of the 1st month and
then monthly from the 2nd month to the experimental end
points. Diabetes was diagnosed by three consecutive mea-
sures of nonfasting blood glucose level >16.4 mmol/L, and
the 7th day after STZ injection was considered as onset
(0 day) of diabetes. i.p. glucose tolerance test was performed
by measurement of blood glucose levels at 0, 15, 30, 120,
and 180 min after injection (i.p.) of 20% D-glucose in saline
at a dose of 2 g/kg in 14-h-fasted nonanesthetized mice.
Blood glucose levels were measured by Accu-Check Aviva
glucometers (Roche). Blood triglyceride and cholesterol
levels were measured with a cholesterol assay kit (cat. no.
ab65390; Abcam) and a triglyceride colorimetric assay kit
(cat. no. 10010303; Cayman Chemical).

Echocardiography

Echocardiography was performed on anesthetized mice
using the VisualSonics Vevo 2100 system (VisualSonics,
Inc.) equipped with a 30-MHz frequency linear transducer
as we previously described (19,20).
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Cardiac Autophagic Flux Assessment In Vivo
Autophagic flux was measured by the difference of microtubule-
associated proteins 1A/1B light chain 3 (LC3)-II protein
levels in the absence or presence of bafilomycin Al
(BafAl), an inhibitor of autophagosome fusion with lyso-
somes (19,22). Mice were injected (i.p.) with vehicle DMSO
control or BafAl at a dose of 6 pwmol/kg BW in DMSO for
30 min and then euthanized for the assessment of myo-
cardial LC3-II levels.

Pathology and Histological and Biochemical Analyses
Gross pathologies, cardiac hypertrophy, fibrosis, apopto-
sis, oxidative stress, iron deposition, and myocardial pro-
tein and mRNA expression were assessed as we previously
described (19,20). Iron deposition was measured by Prus-
sian blue staining at an iron stain kit (cat. no. ab150674;
Abcam). For histological and immunochemical analyses,
hearts were cannulated via the left ventricle (LV) apex,
cleared by perfusion with saline (0.9% NaCl) at 90 mmHg,
arrested in diastole with 10% KCl (w/v in double-distilled
H,0), fixed by perfusion with 4% paraformaldehyde, and
embedded in paraffin. Paraffin sections were prepared
(5 wm) and stored at room temperature until staining.
Cardiomyocyte cross-sectional area and cardiac fibrosis,
apoptosis, oxidative stress, and iron deposition in LVs
were quantified. For Western blot and quantitative real-
time PCR (qPCR) analyses, hearts were cannulated via the
LV apex and cleared by perfusion with saline (0.9% NaCl) at
90 mmHg, and then the LVs were dissected, frozen, and
stored in liquid nitrogen. Total proteins or RNAs of LVs were
extracted for the assessments. The antibodies that were used
for immunochemical staining and Western blot analysis are
summarized in Supplementary Table 1. The primers for
gPCR are summarized in Supplementary Table 2.

Cell Culture, Autophagosome Flux and Autolysosome
Efflux Assessments, and Cytotoxicity Assay In Vitro
Rat H9C2 cells, a myoblast cell line derived from embry-
onic rat hearts that maintains some feature of cardiac
myocytes (cat. no. CRL-1466; ATCC), were cultured in
DMEM (1 g/L or 5.5 mmol/L glucose) supplemented
with 10% FBS under an atmosphere of 5% CO, and
95% O, at 37°C. Assessments of the impact of glucotox-
icity, lipotoxicity, and glucolipotoxicity on autophagosome
flux and autolysosome efflux; the effect of Atg5 knock-
down on glucotoxicity, lipotoxicity, and glucolipotoxicity;
and the effect of Nrf2 knockdown on ferroptosis in H9C2
cardiomyocyte-like cells were carried out as we previously
reported (19,22). Briefly, H9C2 cells at 95% confluent state
were subject to the following experiments: 1) Autophago-
some flux and autolysosome efflux. H9C2 cells were trans-
fected with mCherry-Gfp-Lc3 plasmids (123230; Addgene,
Cambridge, MA) with use of Lipofectamine 3000 reagent
(L30000015; Thermo Fisher Scientific) for 24 h and then
cultured for an additional 24 h in serum-free DMEM with
normal glucose (5.5 mmol/L), high glucose (35.5 mmol/L)
to mimic glucotoxicity, lipid palmitic acids (PAs) (500 pmol/
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L) overloading to mimic lipotoxicity, or high glucose with PA
overloading to mimic glucolipotoxicity until the assessment.
Mannitol (30 mmol/L + 5.5 mmol/L glucose) was used to
normalize the impact of osmotic effect of high-glucose
setting in the control groups. The cellular effects of BSA
per se was considered by addition of the same amount of
BSA in the control groups. BafAl (10 nmol/L) was also
added for 24 h to block autophagosomes fusion with
minimal affecting of lysosomal degradation of autolyso-
somes. 2) Atgd and Nrf2 knockdown. HIC2 cells were
transfected with small-interfering control (5'-CGUACGCG
GAAUACUUCGATT-3', Integrated DNA Technologies),
siAtgd (5'-GACGCUGGUAACUGACAAATT-3’, Integrated
DNA Technologies), and siNrf2 (no. 1, 5'-GCAUGUU
ACGUGAUGAGGA-3' [cat. no. s136129; Thermo Fisher
Scientific]; no. 2, 5'-CAAGAAGCCAGAUACAAA-3', IDT;
and no. 3, 5'-GCUGAACUCCUUAGACUCA-3' [cat. no.
s136127; Thermo Fisher Scientific]) RNAs. Cells were
treated with erastin or deferoxamine as indicated in
serum-free DMEM for 24 h. Cytotoxicity was assessed
by measuring LDH release and propidium iodide (PI)
(cat. no. AS-83215; AnaSpec, Inc.) staining.

Statistics

Data are shown as mean * SD. Differences between two
groups were evaluated for statistical significance using the
Student t test. When differences among more than three
groups were evaluated, results were compared by one-way
ANOVA with Bonferroni test for multiple comparisons.
Survival rates between experimental groups were analyzed
using Kaplan-Meier test. Differences were considered sig-
nificant at P < 0.05.

Data and Resource Availability
All data generated and analyzed during this study are in-
cluded in the published article and supplementary material.

RESULTS

A Mediator Role of Cardiac Nrf2 in the Progression of
Cardiomyopathy Associated With T1D

To characterize the role of Nrf2 in diabetic cardiomyop-
athy, we carried out a time course study with the end
points of 0, 1, 3, 6, and 9 months after onset of STZ-
induced diabetes using adult male and female WT and
Nrf2KO mice. We found that 1) diabetes-associated death
was increased in Nrf2KO mice compared with WT mice,
whereas the increase in fasting glucose level and diabetes-
associated decrease in BW were improved by Nrf2KO in
both male (Fig. 1A and Supplementary Fig. 1) and female
(Supplementary Fig. 2) mice, and 2) Nrf2KO did not affect
the onset of cardiac dysfunction at 6 months but slowed
down the progression of cardiac dysfunction at 9 months
in both male (Fig. 1C) and female (Supplementary Fig. 9)
mice. In addition, myocardial hypertrophy, cell death, fi-
brosis, and oxidative stress at middle (6 months) and later
(9 months) stages, but not at early stages (0-3 months), of
diabetes were attenuated by Nrf2KO in both male (Fig. 2
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Figure 1—The impact of global KO of Nrf2 on survival rate and cardiac function in mice with STZ-induced diabetes. T1D in littermates of adult
male WT and Nrf2KO mice on a C57BL/6J genetic background was induced by i.p. injection of STZ for 9 months (Mon) as described in
RESEARCH DESIGN AND METHODS. A: Kaplan-Meier analysis of survival rate. Veh, vehicle treated. B: Representative immunoblots of myocardial
Nrf2. WT, Nrf2*/*; Nrf2KO, Nrf2~/~. C: Cardiac function. Left panel shows a time course study of FS (%) in fold changes. Right panel shows
arbitrary FS (%) and ejection fraction (EF) (%) at 9 months. #P < 0.05 between indicated groups; *P < 0.05 vs. WT STZ groups at 9 months.
Animal numbers for each group (A-C) are indicated in Supplementary Fig. 1A.

and Supplementary Figs. 3-8) and female (Supplementary
Figs. 10-15) mice. Of note, there was physiological cardiac
growth in these mice from age 2 months to age 11 months
and BW of Nrf2KO mice was slightly lower than that of
their WT littermates at the basal condition (Supplementary
Figs. 1B, 2B, and 16). To avoid potential effects of these
interferences on experimental results over a time period
of 9 months, we compared the fold changes of frac-
tional shorting (ES) (%), BW, and heart weight-to-tibia
length ratios in this time course study. Taken together,
these results reveal that Nrf2 provides a general pro-
tection against T1D onset and its associated death;
however, it does not prevent or delay the development
of cardiomyopathy associated with T1D; instead, it
may facilitate its progression independent of sex differ-
ences. At the molecular level, Nrf2 may activate a mech-
anism that enhances oxidative stress in the diabetic
heart, thereby promoting the progression of diabetic
cardiomyopathy.

Cardiac Autophagy Inhibition Is Maladaptive in T1D

To date, the dynamics of myocardial autophagy inhibition
in T1D have not been well characterized, while the critical
cause and precise role of myocardial autophagy inhibition
in cardiomyopathy associated with T1D remain unclear

(16,17). Therefore, we performed a time course study of
myocardial autophagic flux, a more accurate parameter
reflecting autophagy functional status, during a chronic
setting of STZ-induced T1D in mice, and then determined
the impact of hyperglycemia and/or lipid overloading on
autophagic flux in vitro, which mimics glucotoxicity, lipo-
toxicity, and glucolipotoxicity, respectively (23). Moreover,
we examined the impact of myocardial autophagy inhibi-
tion induced via CR knockout of autophagy-related 5 gene
(CR-AtgSKO) on T1D-induced cardiomyopathy in adult
mice.

We found that cardiac autophagic flux is intact at 3
months but is dramatically suppressed at 6 months after
onset of diabetes (Fig. 3A) associated with intensified
increases in triglycerides and cholesterol (Supplementary
Table 3) as observed in C57BL/6J mice (23), indicating
a contributory role of hyperlipidemia in inhibiting myocar-
dial autophagy in T1D. On the other hand, we established
an experimental system for quantifying autophagosome
flux and autolysosome efflux in HIC2 cardiomyocyte-like
cells expressing the mCherry-Gfp-Lc3 reporter (Fig. 3B) as
we previously described (22). The green fluorescent signal of
GFP is quenched by the low pH inside the lysosome, whereas
red fluorescent signal of mCherry exhibits more stable
fluorescence in the acidic compartment of cells. As a result,
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Figure 2—The impact of global KO of Nrf2 on cardiac remodeling, apoptosis, and oxidative stress in mice with STZ-induced diabetes. T1D in
littermates of adult male WT and Nrf2KO mice on a C57BL/6J genetic background was induced by i.p. injection of STZ for 9 months (Mon) as
described in RESEARCH DESIGN AND METHODS. A: Heart weight (HW)-to-tibia length ratio in fold changes. The values of vehicle-treated groups are
set as onefold. #P < 0.05 between indicated groups; *P < 0.05 vs. WT STZ group at 9 months. Animal numbers for each group are indicated in
Supplementary Fig. 1A. B: Cardiomyocyte sizes. C: Cardiac fibrosis (%). D: Cardiac apoptosis. E and F: Cardiac oxidative stress assessed by
quantifying the percentage of 4HNE-positive areas and 80HdG-positive stained nuclei, respectively. LV tissue sections of the WT and
Nrf2KO mice were used for the assessments from B to F. B—-F: Animal numbers for each group are 3-5. B-F: #P < 0.05 between indicated

groups. *P < 0.05 vs. WT STZ groups at the same end points.

autolysosomes are marked by red fluorescence alone,
whereas autophagosomes are labeled with yellow fluores-
cence (red and green fluorescence). In a setting of 24 h
culture in serum-free normal-glucose DMEM, the constitu-
tive (basal) autophagy in H9C2 cells was characterized by
a preponderance of autolysosomes (punctate dots red only)
and a few autophagosomes (yellow punctate dots) (Fig. 3B),
indicating a status in which most of the synthesized auto-
phagosomes are constantly fused with lysosomes to form
autolysosomes for autolysosomal degradation. Thus, we
controlled the autophagy status with an optimized dose
of a lysosome inhibitor, BafAl (10 nmol/L) to differentiate
the amount of autophagosomes to be fused with lysosomes,
i.e., autophagosome flux (BafAl-induced accumulation of

autophagosomes), as well as the amount of autophagosomes
fused with lysosomes to be degraded, i.e., autolysosomal
degradation or autolysosome efflux (BafAl-induced down-
regulation of autolysosomes) (22). Accordingly, we found
that palmitate overloading, but not high glucose (typical
images not shown), suppresses autophagy characterized by
impaired autolysosomal efflux in H9C2 cells, and the lipid
overload-induced autophagy inhibition is worsened in
a high-glucose milieu (Fig. 3B). In addition, it is palmitate
overload but not high glucose that inhibits autophagic flux
(LC3-II accumulation induced by chloroquine, another ly-
sosome inhibitor), and such lipid overload-induced inhibi-
tion of autophagic flux is enhanced by a high-glucose milieu
(Supplementary Figs. 17 and 18) as previously reported
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Figure 3—The impact of T1D on myocardial autophagy in mice. A: The impact of T1D on cardiac autophagic flux in mice. T1D in adult male
mice on a FVB/N genetic background was induced by i.p. injection of STZ for 6 months (Mon), and myocardial autophagic flux was assessed
at indicated time points as described in RESEARCH DESIGN AND METHODS. A: Myocardial autophagy flux. The left panel shows the representative
immunobilots, and the right panel shows the quantified results (n = 4). LVs of these mice were used for the assessment. B: The impact of
diabetes settings on autophagy in H9C2 cardiomyocyte-like cells. HOC2 cells transfected with mCherry-Gfp-Lc3 reporter plasmids were
treated with or without BafA1 (10 nmol/L) for 24 h under the culture conditions as described in RESEARCH DESIGN AND METHODS. AL,
autolysosomes; AP, autophagosomes; HG, high glucose; HL, high lipid PA loading; ns, nonsignificant. *P < 0.05 between indicated groups.

(24). These results reveal that lipotoxicity or glucolipotox-
icity, but not glucotoxicity alone, induces autophagy inhibi-
tion, and glucolipotoxicity is the most potent inducing factor
of autophagy inhibition in cardiomyocytes. Given that intra-
myocardial lipid deposition is correlated with hyperlipidemia
and it is aggravated over time in T1D (23), it is conceivable
that both intramyocardial lipid overload and hyperglycemia,
but not hyperglycemia alone, cause cardiac autophagy inhi-
bition in T1D over time, indicating chronic glucolipotoxicity-
induced myocardial autophagy inhibition in T1D.

Next, we examined the impact of CR-Atg5KO on car-
diomyopathy associated with STZ-induced T1D in adult
mice. To minimize the potential impact of tamoxifen-
induced Cre expression per se on cardiac remodeling, we

used Cre mice as the control (Ctl) as previously reported
(19). We found that CR-AtgSKO had negligible impact on
STZ-induced diabetes per se, which was evidenced by the
comparable BW decreases, fasting blood glucose levels, and
glucose tolerance in Ctl and CR-AtgSKO mice (Supplemen-
tary Fig. 19). However, CR-AtgSKO caused early onset of
cardiac dysfunction and promoted its progression over
time (Fig. 4A and C). CR-Atg5KO also significantly exac-
erbated diabetes-induced cardiac pathologies including car-
diac fibrosis, hypertrophy, cell death, and oxidative stress
(Fig. 4B and C and Supplementary Fig. 20). In addition,
knockdown of Atg5 enhanced HIC2 cell death in a normal- or
high-glucose milieu but not in a lipid-overloading or lipid-
overloading with high-glucose milieu (Fig. 4D), indicating
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Figure 4—The role of cardiac autophagy in murine cardiomyopathy-associated STZ-induced diabetes. A-C: The impact of CR-Atg5KO on
T1D-induced cardiomyopathy in mice. T1D in littermates of adult female MerCreMer™ Ctl and MerCreMer*::Ath”/fI (CR-Atg5K0O) mice on
a C57BL/6J genetic background after tamoxifen induction was induced by i.p. injection of STZ for 6 months (Mon), and T1D-induced
cardiomyopathy was assessed as described in RESEARCH DESIGN AND METHODS. A: Cardiac function. B: Cardiac remodeling, apoptosis, and
oxidative stress. Cardiomyocyte sizes and cardiac fibrosis, apoptosis, and oxidative stress were assessed in LVs of 6-month diabetic
MerCreMer™ Ctl and MerCreMer ™ ::Atg5"" (CR-Atg5KO) mice after tamoxifen induction (n = 3-6). C: Tamoxifen-induced CR-Atg5 KO is
confirmed by Western blot analysis using whole heart tissue lysates at each experimental end point. Animal numbers of each group in A are
shown in Supplementary Fig. 19A. Animal numbers of each group in B are indicated in the parenthesis. *P < 0.05 between indicated groups.
D: The impact of Atg5 knockdown on cell death in HO9C2 cardiomyocyte-like cells under diabetes conditions. The set of experiments (n = 6)
was carried out as described in RESEARCH DESIGN AND METHODS. #P < 0.05 between indicated groups. G, glucose; HG, high glucose to induce
glucotoxicity; HGL, high glucose plus high lipid (PAs) loading to induce glucolipotoxicity; HL, high lipid (PAs) loading to induce lipotoxicity; L,
lipid; NG, normal glucose.

that autophagy inhibition is a contributory mechanism of
lipotoxicity and/or glucolipotoxicity in cardiomyocytes. To
this end, these results demonstrate that T1D over time
induces glucolipotoxicity-dependent cardiac cell death via
myocardial autophagy inhibition, thereby contributing to
the pathogenesis of diabetic cardiomyopathy.

Cardiac Autophagy Inhibition Is Critical for Driving
Nrf2-Mediated Myocardial Damage in T1D

Given that 1) Nrf2-mediated cardiac dysfunction was not
observed at 3 months when myocardial autophagy is intact

but appeared at 6 months when myocardial autophagy is
inhibited in T1D (Figs. 1C, 34, and 44), 2) cardiac autoph-
agy inhibition exaggerated the progression of diabetic
cardiomyopathy (Fig. 4A-C), and 3) cardiac autophagy
inhibition turned on Nrf2-mediated myocardial damage
in the pressure-overloaded heart (19), we questioned
whether cardiac autophagy inhibition is critical for driving
Nrf2-mediated myocardial damage, thus promoting the
progression of cardiomyopathy associated with T1D. Ac-
cordingly, we determined whether CR-Atg5KO activates
Nrf2-mediated progression of cardiomyopathy associated
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with STZ-induced T1D in adult mice. Since there is a clear
progression of diabetic cardiomyopathy from 6 to 9
months after onset of diabetes induced by STZ in adult
mice (Figs. 1 and 2), we chose 9 months after onset of
diabetes as the end point for this set of experiments. As
observed at 6 months after onset of diabetes (Fig. 44-C),
CR-AtgS5KO enhanced diabetes-induced cardiac patholog-
ical remodeling and dysfunction (Fig. 5). As expected, these
adverse phenotypes were significantly attenuated by ad-
ditional Nrf2KO (Fig. 5). CR-AtgSKO did not affect the
status of diabetes per se (data not shown). These results
indicate an axis of autophagy inhibition-Nrf2 activation-
cardiac damage and dysfunction in T1D.

Chronic T1D Induces Ferroptosis via Activating Nrf2 in
Cardiomyocytes

A recent study documented that Nrf2 may play a mediator
role in doxorubicin-induced ferroptosis, an iron-dependent
form of regulated cell death that occurs through the lethal
accumulation of lipid peroxides, in cardiomyocytes via
upregulating heme oxygenase-1 (Ho-1) (25). Another report
showed that myocardial ischemia/reperfusion injury ena-
bles cardiac myocytes to die of ferroptosis in a setting of
T1D (26). Accordingly, we determined whether Nrf2 medi-
ates myocardial ferroptosis in T1D induced by STZ in adult
mice. Cardiac iron deposition was significantly increased
at 9 months after onset of diabetes, and diabetes-induced
iron deposition was enhanced by CR-AtgSKO; however,
both increases were rescued by Nrf2KO (Fig. 6A and B).
Considering that diabetes-induced changes of myocardial
4-hydroxy-2-nonenal (4HNE), a biomarker of lipid perox-
idation for ferroptosis, exhibited a similar pattern in these
mice (Figs. 2E and 50C), it is likely that Nrf2 promotes
cardiomyocyte ferroptosis via enhancing iron deposition
and lipid peroxidation in T1D. Indeed, knockdown of
Nrf2 selectively suppressed glucolipotoxicity, while ferrop-
tosis inhibitor ferrostatin-1 (Fer-1) and iron chelator
deferoxamine inhibited glucolipotoxicity in HI9C2 cells
(Fig. 6C-E), suggesting that glucolipotoxicity occurring
at the late stage of T1D drives Nrf2-mediated ferroptosis
in cardiomyocytes. To this end, our results suggest an axis
of chronic T1D-autophagy inhibition-Nrf2 activation—
ferroptosis in cardiomyocytes.

To further confirm the Nrf2-mediated ferroptosis in
cardiomyocytes, we characterized the role of Nrf2 in fer-
roptosis in cultured H9C2 cells, which was induced by
erastin, an inhibitor of system x. , that prevents cystine
import and depletes glutathione, leading to inactivation of
glutathione peroxidase 4 (GPX4), a crucial suppressor of
lipid peroxidation-dependent ferroptosis (27). A dose-
response study revealed that erastin at 5 pmol/L kills ~50%
of the cells within 24 h, which is inhibited by ferroptosis
inhibitor Fer-1 (Supplementary Fig. 21A), demonstrating
erastin-induced ferroptosis in HIC2 cells. In agreement
with previous studies, erastin upregulated the expression
of ferroptosis biomarkers prostaglandin E synthase 2
(Ptgs2)/cyclooxygenase 2 (Cox2) and glutathione-specific
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v-glutamylcyclotransferase 1 (Chacl) and downregulated
expression of Gpx4 (27,28) while inducing accumulation
of free iron as evidenced by upregulated gene expression
of hepcidin antimicrobial peptide 1 (Hamp1l), a free iron
loading marker, transferrin receptor 1 (TfR1) for iron
uptake protein, and ferritin H (FtH) and ferritin light chain
1 (Ftll) for iron storage in cardiomyocytes (29,30) (Sup-
plementary Fig. 21B). In addition, erastin upregulated gene
expression of acyl-CoA synthetase long-chain family 4
(Acsl4) coding ACSL4, which is required for lipid peroxida-
tion to induce ferroptotic cell death in a setting of GPX4
inhibition (31) while downregulating the expression of
ferroptosis suppressor protein 1 (Fspl), also known as
apoptosis-inducing factor mitochondria 2 (Aifm?2) coding
ESP1, a glutathione-independent inhibitor of ferroptosis,
that functions as an oxidoreductase to reduce coenzyme
Q10 for halting the propagation of lipid peroxides (32,33)
(Supplementary Fig. 21B). Moreover, it upregulated the
expression of Nrf2 as well as its target genes including
antioxidant NAD(P)H quinone dehydrogenase 1 (Nqol),
Cd36 and angiotensinogen (Agt) (10,13,34), and Kruppel-
like factor (KIf)9 (35) (Supplementary Fig. 21B). These
results demonstrate that erastin induces ferroptosis via
inactivating GPX4 and downregulating FSP1 while upregu-
lating ACSL4 (Supplementary Fig. 21C) associated with Nrf2
activation in H9C2 cells. Next, we determined the effect of
Nrf2 knockdown on ferroptosis in HI9C2 cells. Knockdown
of Nrf2 slightly increased cell death (Fig. 7A and B) under
the culture condition with normal glucose level, which
maintains autophagy integrity (Fig. 3B and Supplementary
Figs. 17 and 18), indicating a cytoprotective role of Nrf2 in
cardiomyocytes with normal autophagy function. However,
knockdown of Nrf2 strongly attenuated ferroptosis induced
by erastin and oncogenic-RAS-selective lethal 3 (RSL3),
a small molecule that acts as a GPX4 inhibitor to induce
ferroptosis (36) (Fig. 7A and B), demonstrating Nrf2-
mediated ferroptosis in a setting of GPX4 inactivation. Also,
the inactivation of Nrf2 via knockdown of Nrf2 suppressed
both basal and erastin-induced expression of Acsl4 but
reversed erastin-induced repression of Fspl expression
while upregulating its basal expression (Fig. 7C). These
results uncover that Nrf2 drives Acsl4 expression while
repressing Fspl in cardiomyocytes, which may be inten-
sified in a setting of GPX4 inactivation leading to ferrop-
tosis. Of interest, erastin inhibited autophagic flux (Fig. 7D
and E), suggesting a contribution of autophagy inhibition
in Nrf2-mediated ferroptosis in cardiomyocytes.

Taken together, our findings indicate that T1D-induced
autophagy inhibition may activate Nrf2-mediated ferrop-
tosis in cardiomyocytes, thereby contributing to the pro-
gression of diabetic cardiomyopathy.

Nrf2-Driven Defense Is Compromised While Nrf2-
Operated Pathological Signaling Is Activated in
Autophagy-Impaired Diabetic Hearts

To determine whether the observed phenotypes associated
with Nrf2KO in T1D are caused by noncardiac effects of
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Figure 5—The impact of Nrf2KO on CR-Atg5KO-exaggerated cardiomyopathy associated with STZ-induced diabetes in mice. T1D in
littermates of adult female MerCreMer* Ctl and MerCreMer " ::Atg5"" (CR-Atg5KO) mice on a C57BL/6J genetic background after tamoxifen
induction was induced by i.p. injection of STZ for 9 months, and T1D-induced cardiomyopathy was assessed as described in RESEARCH DESIGN
AND METHODS. A: Cardiac function. *P < 0.05 vs. vehicle (Veh) Ctl in the same groups; #P < 0.05 between indicated groups. B: Tamoxifen-
induced CR-Atg5KO is confirmed by Western blot analysis with use of whole LV tissue lysates at the experimental end point. C: Cardiac
remodeling, apoptosis, and oxidative stress. Cardiomyocyte sizes and cardiac fibrosis, apoptosis, and oxidative stress were assessed in LVs

of MerCreMer* Ctl, MerCreMer* ::Atg5™" (Atg5K0), and MerCreMer*:

:Atg5fl/fl::Nrf2KO (Duo-KO) mice after tamoxifen induction at 9 months

after onset of diabetes. Animal numbers of each group are shown in the inserted table. *P < 0.05 between indicated groups.

Nrf2 or potential compensatory responses due to global
Nrf2KO, we studied the impact of CR-Nrf2 overexpression
on the cardiomyopathy associated with STZ-induced T1D
using littermates of NG and TG mice on a FVB/N genetic
background. STZ-induced hyperglycemia was comparable
in wild-type FVB/N and C57BL/6J mice (Supplementary
Figs. 1C and 22B). Diabetes-induced cardiac dysfunction of
NG mice appeared at 5 months (Fig. 84 and Supplemen-
tary Fig. 22D), which is similar to wild-type mice on
a C57BL/6J genetic background (Fig. 1C). Diabetes-induced
cardiomyocyte hypertrophy and death in NG mice (Sup-
plementary Fig. 22E-G) were comparable with those in
wild-type C57BL/6J mice (Fig. 2). However, diabetes-
induced cardiac fibrosis and oxidative DNA damage (8-

hydroxy-2'-deoxyguanosine [BOHdG] staining), but not
lipid peroxidation (4HNE staining) (Fig. 8B), were less in
NG mice (Supplementary Fig. 22F-H) compared with
wild-type C57BL/6J mice (Fig. 2). These results reveal that
the genetic background has a marginal effect on hyper-
glycemia per se and diabetes-induced cardiac dysfunction
but affects the pathogenesis of cardiac remodeling in T1D.
Nevertheless, the common pathways toward cardiomyop-
athy in type 1 diabetes-independent genetic backgrounds
may include lipid peroxidation and cell death in cardio-
myocytes. Accordingly, we further observed that CR-Nrf2
overexpression had minimal impact on diabetes per se
(Supplementary Fig. 22A and B) and the onset of cardiac
dysfunction at 5 months but worsened cardiac dysfunction
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Figure 6—A potential axis of autophagy inhibition-Nrf2 activation-ferroptosis in cardiomyocytes induced by T1D. A: The impact of Nrf2KO
on murine myocardial iron deposition in T1D. Iron deposition in LVs of adult male WT and Nrf2KO mice at 9 months after onset of T1D in Fig. 1
(n = 4) was quantified as described in RESEARCH DESIGN AND METHODS. B: The impact of Nrf2KO on CR-Atg5KO-exacerbated murine myocardial
iron deposition in T1D. Iron deposition in LVs of adult female MerCreMer™ Ctl, CR-Atg5K0, and CR-Atg5KO and Nrf2KO (Duo-KO) mice at
9 months after onset of T1D in Fig. 5 (n = 3) was quantified as described in RESEARCH DESIGN AND METHODS. C: Efficiency of siNrf2 in knocking
down Nrf2 in H9C2 cardiomyocyte-like cells. Upper panel shows the representative immunoblotting of Nrf2. Lower panel shows gPCR
analysis of Nrf2 mRNA expression (n = 4). *P < 0.05 vs. siCtl (siRNA Ctl). Accordingly, siNrf2-2 was selected for the experiment of D. D: The
effect of Nrf2 knockdown on H9C2 cell death in diabetes settings (n = 6). E: High-glucose and lipid milieu-induced ferroptosis in H9C2 cells
(n = 4). DFOA, deferoxamine; HG, high glucose; HGL, high glucose plus high lipid (PAs) loading to induce glucolipotoxicity; HL, high PA
loading. All experimental procedures are described in RESEARCH DESIGN AND METHODS. P < 0.05 vs. Ctl in the same groups; #P < 0.05 between
indicated groups.

at 7 months associated with increased death rate (Fig. 84 be beneficial; instead, it could be detrimental to the di-

and Supplementary Fig. 22C and D). Diabetes-induced
cardiac fibrosis, oxidative stress, and apoptosis, but not
cardiomyocyte hypertrophy, were enhanced by CR-Nrf2
overexpression (Supplementary Fig. 22E-H). Notably, en-
hanced oxidative stress appears to be the most obvious
impact of CR-Nrf2 overexpression on the diabetic heart.
These results reveal that activation of cardiac Nrf2 may not

abetic heart via a mechanism to increase cardiac oxidative
stress, thereby contributing to the progression of diabetic
cardiomyopathy. To further dissect the relationship be-
tween cardiac autophagy inhibition and Nrf2 adverse acti-
vation in T1D-induced cardiomyopathy, we determined the
effect of CR-Nrf2 overexpression on the dynamics of myo-
cardial autophagy inhibition and downregulation of
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Figure 7—Nrf2-mediated ferroptosis in H9C2 cardiomyocyte-like cells. A and B: The effect of Nrf2 knockdown on ferroptosis in H9C2
cardiomyocyte-like cells. HIC2 cells transfected with siCtl and siNrf2 RNAs as described in Fig. 6C were treated with or without erastin
(5 pmol/L) and RSL3 (5 wmol/L) as indicated in serum-free DMEM for 24 h and then subjected to cytotoxicity assay as described in RESEARCH
DESIGN AND METHODS. n = 4. *P < 0.05 vs. vehicle-treated groups; #P < 0.05 between indicated groups. C: The effect of Nrf2 knockdown on
mRNA expression of Nrf2, Ngo1, Fsp1, and Acsl4 in a setting of GPX4 inactivation in HOC2 cardiomyocyte-like cells. H9C2 cells transfected
with siCtl and siNrf2 RNAs as described in Fig. 6D were treated with or without erastin (5 umol/L) as indicated in serum-free DMEM for 24 h
and then subjected to gPCR analysis of mMRNA expression as described in RESEARCH DESIGN AND METHODS. n = 4. #P < 0.05 between indicated
groups. D: The effect of erastin on protein expression of autophagic genes in H9C2 cardiomyocyte-like cells. Subconfluent HIC2 cells were
treated with or without erastin (5 wmol/L) in serum-free DMEM for 24 h and then subjected to Western blot analysis as described in RESEARCH
DESIGN AND METHODS. The results are representatives of four separated experiments. E: The effect of erastin on autophagic flux in H9C2
cardiomyocyte-like cells. Subconfluent HIC2 cells were treated with or without erastin (5 umol/L) in serum-free DMEM for 24 h, and
chloroquine (200 pwmol/L) was added during the last 2 h of culture. Autophagic flux was assessed by Western blot analysis as described in
RESEARCH DESIGN AND METHODS. The results are representatives of four separated experiments. F: A working hypothesis. In a setting of GPX4
inaction and autophagy inhibition, such as erastin treatment, Nrf2 drives the expression of ferroptosis executor Acsl4 while suppressing the
expression of ferroptosis inhibitor Fsp1, thereby promoting ferroptosis in cardiomyocytes.

autophagy-related gene expression associated with STZ-
induced T1D in mice. We found that CR-Nrf2 overexpres-
sion hardly affected the dynamics of autophagy inhibition
and minimally regulated the downregulation of several
autophagy genes including Atg5, Atg7, Atgl2, and Atg1611;
Ras genes from rat brain 7 (Rab7) and Rab9; and lysosomal-
associated membrane protein 1 (Lampl) (Supplementary
Fig. 23). Collectively, these results suggest that the detrimental

activation of cardiac Nrf2 is most likely secondary to
myocardial autophagy inhibition in T1D.

Next, we determined whether Nrf2-operated ferrop-
totic signaling in autophagy-impaired H9C2 cells could
be recapitulated in the pathogenesis of cardiomyopathy
associated with STZ-induced T1D in mice. We first char-
acterized myocardial expression patterns of ferroptosis-
related genes as well as Nrf2 and its target genes over
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Figure 8 —Nrf2-operated myocardial anti- and proferroptotic signaling in type 1 diabetic mice. T1D in adult female NG and TG mice was
induced by i.p. injection of STZ as described in RESEARCH DESIGN AND METHODS. Animal numbers of each group are shown in Supplementary Fig.
22C. A: Cardiac function. Cardiac function was monitored monthly. FS (%) in fold changes. FS (%) of vehicle-treated NG and TG groups are
set as onefold. *P < 0.05 between indicate groups; #P < 0.05 vs. STZ NG group at 7 months. B: Myocardial 4HNE staining at 7 months after
onset of T1D. C: Myocardia iron staining at 7 months after onset of T1D. n = 3. *P < 0.05 between indicated groups. D: The effect of CR-Nrf2
overexpression on T1D-induced ferroptotic signaling. T1D in adult male NG and TG mice was induced by i.p. injection of STZ for 6 months,
and myocardial expression of ferroptotic signaling genes was assessed by qPCR analysis (n = 4). *P < 0.05 between indicated groups. E:
Western blot analysis of myocardial Nrf2 expression in NG and TG mice at 6 months after onset of diabetes. The results are representatives of
four separated experiments. LVs of adult male NG and TG mice at 6 months after onset of diabetes were harvested for gPCR (D) and Western
blot analyses (E). F: A working hypothesis. Diabetes over time impairs myocardial autophagy, which in turn inactivates Nrf2-operated
antioxidant defense, such as GPX4 expression, while intensifying an Nrf2-driven pathological gene program, such as upregulation of ACSL4
to promote lipid peroxidation for ferroptosis, thereby promoting the progression of diabetic cardiomyopathy.

time in adult wild-type FVB/N mice with STZ-induced is likely occurring within mitochondria as evidenced by the
diabetes. At 3 months after onset of diabetes when myo- upregulation of mitochondria iron importer mitoferrin
cardial autophagy was intact (Fig. 3A), the expression of 2 (Mfrn2) and iron storage Fthl associated with the
ferroptosis markers, Cox2 and Chacl, was upregulated, downregulation of iron uptake (Tfrl) and the upregulation
while the expression of ferroptosis inhibitors, Gpx4 and of iron transporter ferroportin-1 (Fpnl) (Supplementary
Fspl, was downregulated (Supplementary Fig. 244), sug-  Fig. 24A and B). In addition, the expression of Nrf2 and its
gesting potential onset of cardiac ferroptosis. This notion target genes was upregulated, including antioxidant Nqol
is supported by the upregulated expression of Hampl, and Ho-1, Cd36 and Agt which are capable of damaging
indicating increased iron loading in the heart (30), which  diabetic myocardium (10,13,34), and KIf9 which is re-
may promote ferroptosis (37). The increased iron loading sponsible for cell death in response to excessive oxidative
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stress (35), a common downstream event of CD36 and
AGT signaling in diabetic cardiac remodeling (13,38) (Sup-
plementary Fig. 24C and D). A repressor effect of Nrf2 on
the expression of cardiac-protective Fgf21 (13) was also
reserved in the diabetic heart (Supplementary Fig. 24C and
D). These results suggest that Nrf2 signaling is fully
activated in the diabetic heart, and the preserved cardiac
function may reflect a net effect balanced between Nrf2-
driven cellular defense and an Nrf2-operated damaging
program in the diabetic heart with intact autophagy. At
6 months after onset of diabetes, when myocardial autoph-
agy is inhibited (Fig. 3A), we noticed that a major differ-
ence in the gene expression profile is the upregulation of
ferroptosis executor Acsl4, and it (Supplementary Fig. 24)
almost mirrored that of HIC2 cells undergoing ferroptotic
cell death induced by erastin (Supplementary Fig. 21),
indicating the intensified ferroptosis in autophagy im-
paired diabetic hearts. Therefore, we then examined lipid
peroxidation and iron deposition, as well as the expression
of ferroptosis biomarkers, Cox2 and Chacl; ferroptosis
inhibitors, Gpx4 and Fspl; and the ferroptosis executor
Acsl4 in littermate hearts of NG and TG mice at 7 months
after onset of T1D induced by STZ. In the diabetic and
dysfunctional hearts with autophagy inhibition (Figs. 3A
and 8A), CR-Nrf2 overexpression enhanced lipid perox-
idation (increased accumulation of focal 4HNE), iron de-
position, and the expression of Cox2, Chacl, and Acsl4
while suppressing Gpx4 and Fspl (Fig. 8B-D). These
findings support the notion that autophagy inhibition
activates Nrf2 to promote ferroptosis in cardiomyocytes
in chronic diabetic hearts (Fig. 8E).

DISCUSSION

In the current study, we have uncovered a temporal regu-
lation of Nrf2 signaling in enhancing ferroptosis, thereby
exacerbating diabetic cardiomyopathy. Normally, Nrf2 main-
tains metabolic and redox homeostasis by controlling the
expression of selected sets of genes involved in iron and lipid
metabolism, and redox balance in the heart. However, the
Nrf2-governed metabolic and redox balance is interrupted
when myocardial autophagy becomes insufficient, presum-
ably at a stage of autolysosome efflux during a chronic stage
of T1D. The net outcome of interrupted Nrf2-driven signal-
ing is most likely to promote ferroptosis in cardiomyocytes,
thereby exaggerating the progression of cardiomyopathy in
T1D. These findings not only help explain the controversial
observations regarding the role of Nrf2 and autophagy in
diabetic hearts but also provide novel insights into the
pathogenesis of diabetic cardiomyopathy.

STZ at high doses has off-target effects causing extra-
pancreatic genotoxic effects; therefore, AMDCC has recom-
mended the low-dose protocol of STZ (five consecutive i.p.
injections of 50 mg/kg/day STZ) for establishing a mouse
model of T1D (21). Notably, the controversial phenotypes
of global Nrf2KO mice in STZ-induced T1D mice are
actually associated with the doses of STZ used in these
studies (11,12,39,40). Global Nrf2KO exaggerated a high

Diabetes Volume 69, December 2020

dose of STZ (150 or 200 mg/kg by a single i.p. injection)-
induced hyperglycemia (11,39) while suppressing a low
dose of STZ (50 mg/kg/day, i.p. injection for five con-
secutive days)-induced hyperglycemia (40) in mice with
the same genetic background. Importantly, global Nrf2KO
worsened diabetic cardiomyopathy in mice that received
high doses of STZ (11,12). However, cardiac protection
may be achieved by downregulation of the Nrf2-Cd36 axis
in diabetic Fgf21KO mice injected with a low dose of STZ
(60 mg/kg/day for six consecutive days) (13). Accordingly,
the adverse phenotypes of Nrf2KO mice associated with
STZ-induced T1D most likely resulted from the off-target
effects of STZ at high doses. In this regard, the current
study using the low-dose protocol of STZ confirmed a me-
diator role of Nrf2 in promoting hyperglycemia. In addi-
tion, our results demonstrate that Nrf2 is not an inhibitor
but, rather, is a mediator of the cardiomyopathy associated
with T1D. Moreover, any doses of STZ >60 mg/kg/day for
five consecutive days might cause off-target effects that
affect cardiac phenotypes associated T1D.

Autophagy has been shown to be either cardiac pro-
tective or detrimental in T1D. To date, the detrimental role
of autophagy in T1D-induced cardiomyopathy has been
proposed mainly based on the observations of improved
cardiac pathological remodeling and dysfunction associ-
ated with STZ-induced T1D in mice with Beclin-1 hetero-
zygote deficiency or Atgl6ll hypomorphic allele (41).
However, the genetic downregulation of Beclin-1 or
Atgl6l1 expression had almost no impact on myocardial
autophagy flux under either a normal or type 1 diabetes
condition (41). Notably, Beclin-1 can mediate cell death
and may either promote or inhibit autophagy via the
formation of signaling complex with ATG14L or Rubicon
(14), respectively. However, the potential contribution of
Beclin-1-mediated cell death or autophagy inhibition to
T1D-induced cardiomyopathy has not been clarified. In
addition, Atgl6l1l hypomorphic allele can confer cellular
protection by increasing the number of lysosomes (42,43).
Nevertheless, whether the Atgl6ll deficiency improves
lysosome function in the cardiomyopathy associated
with T1D has remained unstudied. Moreover, the dynam-
ics and nature of myocardial autophagy inhibition in T1D
remain unclear (16,17). If myocardial autophagy inhibition
in T1D occurs at the stage of autolysosome efflux, it
is possible that the Beclin-1- or ATG16L1-mediated
increases in autophagosome synthesis (41) may eventually
become cytotoxic in cardiomyocytes as we observed in
pressure-overloaded hearts of CR-Cyld (cylindromatosis)
Tg mice (22). Therefore, it is still far from a comprehensive
understanding of the role of autophagy in T1D-induced
cardiomyopathy. In this regard, the current study reveals
that chronic glucolipotoxicity (23,24), but not glucotox-
icity alone, causes cardiac autophagy inhibition, most
likely at the stage of autolysosome efflux in T1D,
and demonstrates that cardiac autophagy inhibition via
CR-AtgS5KO not only leads to an early onset of T1D-
induced cardiomyopathy but also accelerates the disease
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progression. These results underscore a maladaptive na-
ture of cardiac autophagy inhibition in the cardiomyopa-
thy associated with T1D, which is caused by a joined force
of hyperglycemia and hyperlipidemia rather than hyper-
glycemia alone. Although not conclusive at this moment,
these results also support our assumption that Beclin-1 or
ATG16L1 merely increases autophagosome synthesis with-
out improving autolysosomal degradation to drive toxic
accumulation of autophagosomes in type 1 diabetic hearts
with impaired autolysosome efflux, thereby providing
an alternative interpretation for Beclin-1- or ATG16L1-
mediated diabetic cardiomyopathy (41). Because Nrf2KO
could rescue CR-Atg5KO-dependent adverse phenotypes,
it is conceivable that chronic T1D suppresses cardiac
autophagy, thereby activating a unique Nrf2-operated sig-
naling to promote progression of diabetic cardiomyopathy.

One striking finding of the current study is a critical role
of Nrf2 in mediating glucolipotoxicity-dependent ferrop-
tosis in H9C2 cardiomyocytes. At the molecular level, it is
most likely that glucolipotoxicity causes ferroptosis in car-
diomyocytes via activating Nrf2-driven transcription of
Acsl4 and repression of Fspl expression while suppressing
Nrf2-operating transcription of Gpx4 and impairing an
Nrf2-coordinated gene network of iron metabolism, thereby
facilitating the progression of diabetic cardiomyopathy. In
addition, our observations that chronic type 1 diabetic
hearts with autophagy inhibition phenocopied Nrf2-mediated
ferroptosis in autophagy-impaired H9C2 cells indicate that
Nrf2-mediated ferroptosis in cardiomyocytes is likely
a downstream event of myocardial autophagy inhibition
leading to the progression of cardiomyopathy in T1D over
time. These results also highlight a unique role of Nrf2 in
fine-tuning the fate of cardiomyocytes via balancing the
expression of genes with opposite functions in regulating
cell death. The observed Nrf2-mediated dichotomous
actions are likely due to the potential dysregulation of
Nrf2-driven gene expression in diverse pathophysiological
settings. Our findings help explain the Nrf2-mediated cyto-
toxicity in cardiomyocytes induced by paraquat (44), which
appears to be a potential inducer of the ferroptosis (45).

There are several issues requiring future studies. Firstly,
whether the Nrf2-mediated dichotomy is restricted to T1D
needs to be clarified. This question may be answered by
determining the impact of CR-AtgS5KO and Nrf2KO on
cardiac pathological remodeling and dysfunction associ-
ated with obesity, which are induced by a 9-month high-fat
diet in mice, a type 2 diabetes setting (46). Secondly, the
discrepancies between the current study, which uncovered
Nrf2-mediated myocardial damage, and the other studies,
which showed Nrf2-mediated cardiac protection using
a substantial number of natural compounds such as sul-
foraphane and resveratrol in animal models of diabetes
(47), remain to be reconciled. However, it is worthy to note
that not only the Nrf2 signaling but also the activation of
myocardial autophagy are critical for the therapeutic effects
of sulforaphane and resveratrol on diabetic cardiomyopathy
(48,49). A plausible explanation is that the Nrf2-operated
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detrimental signaling is selectively terminated by the
autophagy activation induced by these natural products
including sulforaphane and resveratrol in diabetic hearts.
Thirdly, whether autophagy-independent functions of
ATGS5 (50) play a role in the pathogenesis of diabetic
cardiomyopathy or the activation of Nrf2-mediated patho-
logical gene program in T1D is intriguing. Finally, the
molecular mechanisms by which T1D induces cardiac
autophagy inhibition and how the cardiac autophagy in-
hibition downregulates Nrf2-mediated defense while
switching on an Nrf2-operated pathological gene program
toward ferroptosis in the heart have not been fully de-
lineated in the current study. As the enthusiasm for acti-
vating Nrf2 as a novel approach to treat human diseases, at
least noncardiac diseases, remains high, several clinical trials
of various phases on Nrf2 activators for treating several
other forms of disease are still actively ongoing (4). Further
investigation of these subjects will not only lead to a better
understanding of the unique coupling between autophagy
function and Nrf2 signaling in the pathogenesis of diabetic
cardiomyopathy but also provide new insights into rational
design and development of therapeutic approaches target-
ing Nrf2 to treat the diseases with conditions, such as
hypertensive, ischemic, and diabetic cardiomyopathies,
that all likely have myocardial autophagy inhibition
(14,16,17).
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