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17-beta estradiol prevents cardiac myocyte hypertrophy by
regulating mitochondrial E3 ubiquitin ligase 1
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Cardiac hypertrophy is a cellular process characterized by the increased size of cardiomyocytes in response to a high workload or
stress. 17-beta estradiol (E2) has cardioprotective and anti-hypertrophic effects by maintaining mitochondrial network and function.
MULT is a mitochondrial ubiquitin ligase directly involved in the control of mitochondrial fission and mitophagy. Studies from our
group and others have previously shown that cardiomyocyte hypertrophy is associated with mitochondrial fission and dysfunction.
These findings led us to study in vitro whether E2 regulates MUL1 to prevent cardiac hypertrophy, mitochondrial fission, and
dysfunction induced by the catecholamine norepinephrine (NE). Our results showed that NE induces hypertrophy in cultured rat
cardiomyocytes. Pre-treatment with E2 (10-100 nM) prevented the NE-dependent increases in cell perimeter and the hypertrophic
stress markers ANP and BNP at both the protein and mRNA levels. NE induced the fragmentation of the mitochondrial network and
reduced ATP levels, effects that were both prevented by E2. In silico analysis suggested a putative binding site for estrogen
receptors on the MUL1 gene promoter. In accordance with this finding, E2 prevented increases in MULT mRNA and protein levels
induced by NE. Our data also showed that a siRNA MUL1 knockdown counteracted NE-induced cardiomyocyte hypertrophy and
mitochondrial dysfunction, mirroring the protective effect triggered by E2. In contrast, a MUL1 adenovirus did not prevent the E2
protection from cardiomyocyte hypertrophy. Further, in vivo analysis in a transgenic mouse model overexpressing MUL1 revealed
that only young male mice overexpressed the protein. Consequently, they exhibited increased levels of the hypertrophic marker
ANP, an elevated heart weight, and larger cardiomyocyte size. Therefore, our data demonstrate that 17-beta estradiol prevents

cardiac myocyte hypertrophy by regulating MULT.
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INTRODUCTION

Heart failure is a pathological condition in which the heart cannot
meet the metabolic demands of the body [1]. It often results from
hypertension, valve disease, myocardial infarction, or inherited
disorders, making it a terminal feature of cardiovascular diseases
[1]. Despite advances in treatment, heart failure remains a leading
cause of hospitalizations and healthcare expenditures, with persis-
tently high morbidity and mortality rates [2, 3]. This underscores the
urgent need to uncover molecular and cellular mechanisms driving
heart failure to improve therapeutic strategies.

Cardiac hypertrophy is an early adaptive response to stress
where cardiomyocytes enlarge and remodel to enhance contrac-
tile capacity [1]. While initially compensatory, sustained hyper-
trophy promotes ventricular dilation and progression to heart
failure [4-6]. Hormonal differences influence hypertrophy

susceptibility; premenopausal women experience reduced hyper-
trophy risk compared to men due to higher estrogen levels [7, 8].
This protection diminishes post-menopause, correlating with
reduced estrogen and increased androgen levels [7, 9, 10].
Notably, hormone replacement therapy using estrogens benefits
left ventricular hypertrophy independently of blood pressure or
insulin resistance modulation [8, 11, 12].

The main circulating estrogen, 17-B-estradiol (E2), protects the
cardiovascular system through diverse mechanisms, including
mitochondrial preservation. E2 enhances oxidative phosphoryla-
tion, biogenesis, mitochondrial structure, antioxidant responses,
and cell survival while maintaining mitochondrial dynamics
[13-17]. These dynamics—encompassing biogenesis, fusion,
fission, and degradation—are essential for homeostasis, and their
dysregulation is linked to cardiac disease [18, 19].
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Our previous studies demonstrated that norepinephrine (NE)
induces cardiomyocyte hypertrophy through mitochondrial fis-
sion. This process is mediated by the Ca®'-calcineurin pathway,
which activates dynamin-related protein-1 (DRP1), leading to
fragmented mitochondria and impaired function [18]. These
effects can be countered by dominant-negative DRP1 or
angiotensin (1-9) treatment, highlighting the importance of
mitochondrial dynamics in hypertrophy progression [18, 20].

Mitochondrial E3 ubiquitin ligase 1 (MUL1), located in the outer
mitochondrial membrane, regulates mitochondrial dynamics
through DRP1 SUMOylation and mitofusin-2 (MFN2) ubiquitina-
tion [21, 22]. MUL1 is upregulated in several models of cardiac
hypertrophy, promoting mitochondrial fragmentation and dys-
function [22-26]. For instance, phenylephrine-induced hypertro-
phy in rat cardiomyocytes increases MUL1 levels while decreasing
MFN2 in a MUL1-dependent manner [27]. MUL1 also mediates
lipotoxicity-induced mitochondrial fission in hypertrophic models
[28], underscoring its role in cardiac disease mechanisms.

Based on this evidence, we investigated the involvement of
MULT in NE-induced cardiomyocyte hypertrophy and its modula-
tion by E2. Our results reveal that MUL1 upregulation drives
mitochondrial fragmentation and hypertrophy, processes pre-
vented by E2 treatment. E2 downregulates MUL1, restoring
mitochondrial dynamics and uncovering a novel cardioprotective
mechanism through mitochondrial regulation.

RESULTS

E2 protects against norepinephrine-induced cardiomyocyte
hypertrophy

NE induced hypertrophy in NRVMs, as determined by increased
cell area and perimeter assessed by confocal microscopy and
cytoskeletal staining using rhodamine phalloidin. Pre-treatment
with E2 at concentrations ranging from 1 to 100 nM prevented the
increase in NE-dependent cell perimeter at 48 h of induction.
However, only pre-treatment with 10nM and 100nM E2
prevented the increase in cell area induced by NE for 48h
(Fig.1A). Subsequently, we analyzed whether E2 prevented the
increase in the hypertrophic stress markers ANP and BNP at both
protein and mRNA levels. Concentrations of 10 and 100 nM E2
prevented the increase in ANP protein levels in hypertrophic
NRVMs (Fig. 1B). Concerning mRNA levels, 100 nM E2 prevented
the hypertrophy-inducing effects of NE on increased ANP, BNP,
and RCAN 1.4 levels (Fig. 1C), this last one being a readout of
calcineurin activity [29]. Changes in these markers were not
observed in NRVMs treated only with E2 (Suppl Fig. 1). Therefore,
E2 prevents NE-induced hypertrophy in NRVMs.

E2 prevents mitochondrial dysfunction in cultured
cardiomyocytes treated with NE
Bioenergetic dysfunction and disruption in mitochondrial dynamics
are two parameters directly involved in the development of
cardiovascular diseases and cardiac hypertrophy [30]. We evaluated
the mitochondrial dynamics of NRVMs treated with NE and E2 in
fixed (Fig. 2A) and live NRVMs (Fig. 2B). In both experiments, NE
induced the fragmentation of the mitochondrial network, as
indicated by an increased mitochondrial number and decreased
relative volume. Pre-treatment with 100nM E2 preserved the
integrity of the mitochondrial network, which protects against NE-
induced hypertrophy, as shown by mitochondria that maintained
their larger volume and lower number (Fig. 2A, B). Concerning
mitochondrial bioenergetics, NE significantly reduced ATP levels in
NRVMs, as we have previously reported [18]. Consistently, pre-
treatment with 100nM E2 prevented this effect (Fig. 2Q).
Furthermore, treatment with E2 alone did not modify mitochondrial
parameters in NRVMs (Suppl. Fig. 2).

These data suggest that E2 protects against NE-induced
hypertrophy while also preserving the mitochondrial network
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and ATP synthesis. These data agree with findings reported in the
literature for several cardiovascular disease models [16].

MUL1 induction during NRVM hypertrophy is prevented by E2
Since MUL1 is an important protein in the induction of cardiac
hypertrophy [27], we aimed to assess whether E2 prevented its
induction. Moreover, studies have described that MUL1 controls
mitochondrial fission by regulating the ubiquitination of the
fusion protein MFN2, as well as the SUMOylation and stabilization
of the fission protein DRP1 [28]. To explore potential regulatory
mechanisms, we performed an in silico analysis using data from
the ChIP Atlas and the Signaling Pathway Project to identify likely
regulatory interaction sites in the MUL1 promoter based on ChIP-
Seq datasets. Interestingly, these datasets revealed that sexual
steroid hormone receptors, including androgen receptors (AR),
estrogen receptor a (ERa), and estrogen-related receptors (ERRs),
may bind to regulatory regions of the MUL1 promoter (Fig. 3A).
While AR is not directly regulated by E2, these findings raise the
possibility that E2 could influence MULT mRNA levels via
interactions with ERa or ERRs. This hypothesis aligns with our
results, which show that E2 prevents MUL1 induction in response
to hypertrophic stimuli, suggesting that the cardioprotective
effects of E2 may involve the modulation of MUL1 expression.

We determined that NE treatment increased MUL1 protein and
mRNA levels (Fig. 3B, Q). Interestingly, 100 nM E2 prevented this
rise in MUL1 levels in NRVMs treated with NE (Fig. 3B, C). However,
neither NE or E2 treatments altered the protein levels of MFN2,
which is a target of MUL1 (Suppl. Fig. 3A, B). Therefore, to figure
out how NE induced mitochondrial network fragmentation, we
evaluated the activating phosphorylation of DRP1 at Ser616. The
treatment of NRVMs with NE increased DRP1 phosphorylation.
This effect was prevented by 100 nM E2 (Suppl. Fig. 3C). E2 alone
did not modify DRP1 phosphorylation (Suppl. Fig. 3D). These
results suggest that E2 prevents mitochondrial network fragmen-
tation through the regulation of DRP1 phosphorylation.

MUL1 siRNA mimics the protective effect of E2 on NRVMs
Since we anticipated the potential application of MUL1 as a
pharmacological target in hypertrophy, we investigated whether
silencing MUL1 using siRNA (siMUL1) mimicked the anti-
hypertrophic effect of E2. We confirmed that siMUL1 effectively
reduced MUL1 protein levels compared to siCTRL (Fig. 4A). Then,
we found that siMUL1 significantly prevented the increase in ANP
protein levels induced by NE in NRVMs compared to siCTRL
(Fig. 4A). The corresponding mRNA levels confirmed both effects
(Fig. 4B). This information directly correlated with the reduction of
cell area induced by siMUL1 in NRVMs treated with NE (Fig. 4D). As
described above, NE-induced hypertrophy decreases ATP levels,
which is associated with mitochondrial dysfunction. In this regard,
MULT1 silencing prevented the decrease in ATP levels in NRVMs
treated with NE for 48 h (Fig. 4C) and mitigated the mitochondrial
fragmentation triggered by NE. This effect was evidenced by a
significant reduction in the number of mitochondria per cell and a
less pronounced decrease in mitochondrial volume when
comparing the siCTRL and siMUL1 conditions after NE treatment
(Fig. 4E). These findings suggest that MUL1 knockdown, similar to
E2, exerts a protective effect against NE-induced hypertrophy and
mitochondrial dysfunction in NRVMs.

MUL1 overexpression does not reverse the protective effect of
E2 on NRVMs

Next, we evaluated whether overexpressing MUL1 using an Ad
MUL1 (human) construct could block the protective effect of E2 on
NE-induced hypertrophy in NRVMs. We confirmed that Ad MUL1
effectively increased MUL1 protein and mRNA levels (Fig. 5A, Q)
while not significantly increasing ANP protein and mRNA levels
(Fig. 5B, D). As described above, pre-treatment with E2 prevented
the rise in MUL1 and ANP mRNA levels induced by NE (Fig. 1C and

Cell Death and Disease (2025)16:111
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Fig. 1 Effect of E2 on NE-induced cardiomyocyte hypertrophy. A Primary cultured NRVMs were treated with E2 (0, 1, 10, and 100 nM) for 6 h
and then with NE (20 pM) for 48 h. NRVMs were stained with rhodamine-phalloidin. Nuclei were stained with DAPI. Images were captured
using confocal microscopy (upper panel). Scale bar=20pum. Cell perimeter and cell area were determined (lower panel) (N=4).
B Determination of ANP levels using western blotting (N = 5). C ANP (N = 6), BNP (N = 6), and RCAN 1.4 (N = 5) mRNA levels were determined
by RT-gPCR. 185 RNA was used to normalize the data. Values correspond to the mean + SEM. Each independent experiment is displayed as a
dot in the graphs. The data were analyzed using one-way ANOVA and Tukey’s post-test for multiple comparisons. *p < 0.05, **p <0.01, and

5% < 0,001.

Fig. 3B). Therefore, it was relevant to evaluate whether Ad MUL1
influenced these parameters. NE treatment did not modify the
basal increase in cell area due to MUL1 overexpression (Fig. 5E),
and the pre-treatment with E2 prevented NE-dependent cell area
increases in both the control Ad 3-GAL and the Ad MUL1-treated
NRVMs (Fig. 5E). Interestingly, NE treatment did not further
increase MUL1T mRNA levels in Ad MUL1-treated NRVMs compared
to control Ad (-GAL-treated NRVMs (Fig. 5F), while the pre-
treatment with E2 failed to significantly decrease MULT mRNA
levels in Ad MUL1-treated NRVMs (Fig. 5F). Similarly, NE treatment
did not further increase ANP mRNA levels in Ad MUL1-treated
NRVMs compared to control Ad B-GAL-treated NRVMs (Fig. 5G),

Cell Death and Disease (2025)16:111

and the pre-treatment with E2 did not significantly decrease ANP
mRNA levels in Ad MUL1-treated NRVMs (Fig. 5G). Further,
regarding mitochondrial morphology, Ad MUL1-treated NRVMs
were resistant to the protection exerted by E2 against mitochon-
drial fragmentation, as assessed by the quantification of the
number of mitochondria per cell and the evaluation of the
individual mitochondrial volume. Interestingly, the sole over-
expression of MUL1 in NRVMs had no effects on mitochondrial
fragmentation, but it seemed to enhance the effects of NE,
although without statistical significance at 48 h (Fig. 5H). Based on
these results, a compensatory mechanism might maintain
restricted levels of MUL1T mRNA, even under pathological stimuli

SPRINGER NATURE
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combined with overexpression, thus limiting the effects to the
mitochondria but not affecting all aspects of the hypertrophy
phenotype. These results reaffirm that MUL1 is a potent
pharmacological target to emulate the cardioprotective effect of
E2 and suggest that it could potentially avoid the side effects
associated with this steroid hormone [31].

SPRINGER NATURE

Descriptive analysis of MUL1 in a human hypertrophic cell
model and functional insights from in vivo studies using a
transgenic MUL1 mouse model

To determine whether the increase in MUL1 in response to a
hypertrophic stimulus like NE was exclusive to NRVM primary
cultures, we assessed MUL1 RNA levels in a human cardiomyocyte

Cell Death and Disease (2025)16:111
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culture derived from human induced pluripotent stem cells
(hiPSCs). iPSCs were differentiated into cardiomyocytes (CM-
hiPSCs) following the protocol described by Lian et al. [32] and
allowed to mature for 30 days. On day 30, 10 uM NE was added to
the medium and maintained for 10 days, with medium changes
every 48 h. At the end of this period, NE-induced hypertrophy in
CM-hiPSCs was confirmed by an increased cell area, as evaluated
by fluorescence microscopy and cytoskeletal staining using
rhodamine phalloidin (Fig. 6A). Subsequently, we analyzed
whether NE treatment also increased the expression of hyper-
trophic stress markers ANP and BNP, as well as MUL1, at the mRNA
level. A significant increase was observed for all markers following
NE treatment (Fig. 6B). These data suggest that human CM-hiPSCs
also exhibit increased MUL1 expression after hypertrophic
induction with NE.

Finally, to provide a more physiological context to our analysis,
we measured various cardiac hypertrophic markers in a transgenic
mouse model overexpressing MUL1. Given the importance of
estrogens in the onset of cardiac disease and their role in MUL1
regulation, as described in our previous results, we conducted
these measurements in male and female mice at 37 weeks of age.
As shown in Fig. 6C, only male transgenic MUL1 mice exhibited
increased levels of MULT mRNA, along with the hypertrophic
marker ANP, consistent with our findings using Ad MUL1 (Fig. 5F),
where restricted levels of MULT mRNA appeared particularly
prominent in females. Furthermore, only male mice developed
cardiac hypertrophy, as assessed by the heart weight-to-tibia
length ratio, supporting the protective role of E2 in the

Cell Death and Disease (2025)16:111

hypertrophic response associated with increased MUL1 expression
(Fig. 6D). Similarly, analysis of the cardiomyocyte cross-sectional
area (CSA) revealed that only male mice exhibited enlarged
cardiomyocytes, while female cardiomyocytes remained smaller in
both WT and transgenic conditions (Fig. 6E). Taken together, these
results suggest that MUL1 overexpression is associated with a
hypertrophic cardiac response, but that the presence of E2
mitigates this response.

DISCUSSION

Our work is the first to report the relationship between the anti-
hypertrophic effect of E2 and the regulation of MUL1 protein
levels in cultured rat cardiomyocytes and a transgenic mouse
model overexpressing MUL1. Additionally, using an in silico
approach, we propose a putative regulation of MULT by the
estrogen receptor.

The modulation of E2 and the ER has been extensively studied
due to their direct impact on cardiomyocytes, exhibiting meta-
bolic and antihypertrophic effects. Our study corroborated that E2
prevents the hypertrophy of cardiomyocytes induced by NE.
Several mechanisms and signaling pathways have been proposed
to explain this E2 action, such as calcineurin-NFAT [33], PI3K-AKT-
mTOR [34], ERK1/2, PDK1-AKT [35], and KLF5 [36], among others.
Our work adds a new possible target for downstream E2 activity,
the protein MUL1.

MUL1, a mitochondrial ubiquitin ligase, plays a crucial role in
regulating the levels, locations, and functions of various proteins,

SPRINGER NATURE
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Fig. 4 Role of MUL1 in NE-induced cardiomyocyte hypertrophy. Cardiomyocytes were treated with a MUL1 siRNA (siMUL1) or a scrambled
siRNA (siCTRL) for 24 h and then treated with NE (20 pM) for 48 h. A Protein extracts were obtained, and MUL1 (N = 4) and ANP (N = 6) protein
levels were determined by western blotting. p-tubulin was used as a loading control. B MUL1 (N=5) and ANP (N =5) mRNA levels were
determined by RT-qPCR. 185 RNA was used to normalize the data. C Intracellular ATP levels were assessed by a luciferin-luciferase assay
(N = 4). Oligomycin (Oligo, 200 nM) was used as a control. D NRVMs were stained with rhodamine-phalloidin (red) and nuclei with DAPI (blue).
Confocal images were obtained, and cell area was determined (N = 4). Scale bar =20 pm. E NRVMs were stained with MTG (400 nM). Images
were obtained by confocal microscopy and analyzed to determine the number of mitochondria per cell and the relative mitochondrial volume
(N =6). Scale bar =20 um. The values correspond to the mean = SEM. Each independent experiment is displayed as a dot in the graphs.
Results were analyzed using two-way ANOVA followed by multiple Tukey’s comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001.
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thus contributing to diverse cellular processes [22, 28]. Prior
research has shown that MUL1 levels increase during cardiomyo-
cyte hypertrophy induced by phenylephrine [27], a synthetic
al-adrenergic agonist that replicates the effects of endogenous
catecholamines like NE, as well as by saturated fatty acids like

Cell Death and Disease (2025)16:111

X. Calle et al.

C

D

n
£ 4 8 .
> ~
33T )
SE£» e .
< [ <Z(
z
z 4
c €
0
Ad Ad Ad Ad
B-GAL MUL1 B-GAL MUL1
F :
» * L *
S M ° N
~
= .
oD =
S L . .
< 24 s o
[ ]
o L ]
E2 (nM) - - 100 - - 100
NE48h - + + -+ o+
G Ad B-GAL Ad MUL1
6
* % O * L ]
[%]
0
—
S~
a
=2 e
<
<
z
x
€
E2 (nM) 100
NE48h - + + - + +
Ad B-GAL Ad MUL1
o 300+ ns *
;g * *x%8 o
c
% 200+ . °
Ad MUL1+NE Ad MUL1+NE+E2 3 ® |e
Z38 .
5 &
5 100 =5
2 .
>
z
0
) ns *
g ® wx sk
s 3 c
>
® =
s £ 2|3 .
c ®| oo ° °
S
g 1|l -
=
E2(nM) - - 100 - - 100
NE48h - + + - + +
AdB-GAL  AdMUL1

myristic acid [30]. Furthermore, other studies have shown that
inhibiting MUL1 effectively prevents cardiac hypertrophy in these
previously described experimental contexts [26, 33]. Building upon
this knowledge, our work confirms that reducing MUL1 expression
prevents NE-induced cardiomyocyte hypertrophy. This finding
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Fig. 5 Role of MUL1 on the anti-hypertrophic effects of E2 in NE-treated cardiomyocytes. NRVMs were treated with Ad MUL1 or Ad p-GAL
(control) with a MOl =100 and incubated for 24 h. A MUL1 (N =5) and B ANP (N =5) protein levels were determined by western blotting.
B-tubulin was used as a loading control. C MUL1 (N=4) and D ANP (N =3) mRNA levels were assessed by RT-gPCR. 185 RNA was used to
normalize the data. The data correspond to the mean + SEM. Results were analyzed using a one-way ANOVA test followed by multiple Tukey’s
comparisons. *p < 0.05, **p < 0.01. E NRVMs were stained with rhodamine-phalloidin (red) and nuclei with DAPI (blue). Confocal images were
obtained, and cell area was determined (N =4). F MUL1 (N =6) and G ANP (N =6) mRNA levels were determined by RT-qPCR. 18S RNA was
used to normalize the data. H NRVMs were stained with MTG (400 nM). Images were obtained by confocal microscopy and analyzed to
determine the number of mitochondria per cell and the relative mitochondrial volume (N = 5). Scale bar = 20 um. The values correspond to
the mean + SEM. Each independent experiment is displayed as a dot in the graphs. Results were analyzed using 2-way ANOVA followed by

multiple Tukey’s comparisons. *p < 0.05, **p < 0.01, ***p <0.001, and ****p < 0.0001.
<

suggests that targeting MUL1 levels could represent a promising
biomedical strategy for preventing cardiomyocyte hypertrophy.

As previously mentioned, our study also showed that E2 prevented
the increase in MULT1 levels induced by NE. However, the relationship
between E2 and MUL1 remains unclear. E2 exerts its biological
activity through three receptors: GPERT1, situated in the endoplasmic
reticulum and cytoplasmic membrane, whose activation initiates the
rapid non-genomic activity, and the canonical receptors ERa and ERp.
Both ERs are intracellular receptors that, upon activation, translocate
to the nucleus and bind to specific DNA sequences known as
estrogen response elements (EREs), thereby regulating gene expres-
sion [16, 37]. Our previous research identified the transcription factor
FoxO1 as a potential positive regulator of MUL1 expression [38].
However, since the regulation of MUL1 expression is not fully
understood yet, we aimed to investigate the presence of EREs within
the MUL1 promoter sequence using computational methods.
Intriguingly, our analysis revealed the presence of hormone
regulatory sites within the MUL1 DNA sequence, including those
for the ER, ERR, and AR. Therefore, we hypothesize that ER may exert
a negative regulatory influence on MUL1 expression. While these
findings shed light on MUL1 regulation, experimental validation is
still necessary to confirm these speculations, which present a
promising avenue for future research.

MUL1 also regulates the levels of proteins involved in
mitochondrial dynamics, a process that governs mitochondrial
morphology, abundance, and function. Under physiological
conditions, the interplay between mitochondrial fusion and fission
balances this process [19, 30], which is regulated by various
proteins that facilitate mitochondrial fusion and fission, including
MFN2 and DRP1. MUL1 ubiquitinates MFN2, a protein involved in
mitochondrial fusion, targeting it for degradation, while it
SUMOylates DRP1, a protein involved in mitochondrial fission,
promoting its stabilization within the mitochondria. These events
collectively shift the balance towards mitochondrial fission, a
process that our group [18, 20] and others [39, 40] have associated
with the hypertrophic phenotype in cardiomyocytes characterized
by reduced oxidative phosphorylation and ATP synthesis. Previous
studies have illustrated that MUL1 promotes mitochondrial
fragmentation in hypertrophic cardiomyocytes [27, 38]. Similarly,
Cheng et al. showed that bisphenol B (BPF), an ERB antagonist,
activates calcineurin in cardiomyocytes, leading to the depho-
sphorylation of DRP1 at Ser637, thus promoting mitochondrial
fission and reducing ATP levels [37]. In the present study, we
showed that E2 prevents both mitochondrial fission and the
reduction of ATP levels induced by NE, suggesting that E2 or ER
could deactivate DRP1. Consistently, we depicted that E2 prevents
the NE-induced phosphorylation of DRP1 at Ser616, a post-
translational modification that, unlike Ser637 phosphorylation,
translocates DRP1 to the mitochondria, promoting its fission.
Therefore, DRP1 is a common factor between MUL1 and E2. It is
yet to be ascertained whether the observed changes in DRP1
Ser616 are due to modifications in total protein levels resulting
from its stabilization and whether E2 can also regulate phosphor-
ylation at Ser637. Furthermore, although we investigated the
involvement of MFN2, we did not observe any changes in its levels
induced by E2. Nonetheless, it would be intriguing for future
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studies to explore the possibility of a reciprocal and opposing
relationship between E2-MUL1 and DRP1.

Cardiac hypertrophy precedes functional damage, leading to heart
failure [4-6], making the study of its development and underlying
mechanisms paramount. Notably, evidence suggests that cardiovas-
cular risk is lower in women compared to men before menopause, a
period characterized by a drastic decline in estrogen levels that
coincides with increased cardiovascular risk in women [8, 11, 12].
Consequently, numerous studies have explored the cardioprotective
effects of estrogens and hormone replacement therapy, yielding
conflicting results [41, 42]. Thus, it is imperative to elucidate the
mechanisms underlying the cardioprotective effects of estrogen,
particularly focusing on potential downstream therapeutic targets.
Our research sheds light on the role of MUL1 in regulating cardiac
hypertrophy and its potential implications for heart failure develop-
ment. Is MUL1 expression increased in postmenopausal women or
aged animal models? Do MUL1 levels rise with age? Answering these
questions could provide valuable insights into evaluating cardiac
health during aging and understanding why postmenopausal
women lose their cardiac health advantage. While it remains unclear
whether estrogen directly influences MUL1 or if both act through a
shared pathway to prevent hypertrophy, our findings suggest that
targeting MUL1 could replicate the antihypertrophic effects of
estrogen. Moreover, our results from the transgenic animal model
overexpressing MUL1 show that only males exhibit markers of
cardiac hypertrophy, with females likely being protected by E2. This
highlights MUL1 as a promising target for therapeutic interventions
in cardiac diseases.

In conclusion, our study reveals a novel mechanism underlying the
prevention of cardiac myocyte hypertrophy by 17-beta estradiol (E2).
We found that NE induced mitochondrial network fragmentation,
leading to reduced ATP levels and hypertrophy in cultured rat
cardiomyocytes. Remarkably, pretreatment with E2 effectively
prevented the detrimental effects induced by NE. Furthermore, we
observed that E2 halted the NE-induced increases in both mRNA and
protein levels of MUL1, a key regulator of mitochondrial dynamics. To
further elucidate the role of MUL1 in this process, we employed
MUL1T knockdown using small interfering RNA (siRNA), which
effectively protected against NE-induced cardiomyocyte hypertrophy
and mitochondrial dysfunction, mirroring the protective effects
observed with E2 treatment. Conversely, overexpression of MUL1
using a MUL1 adenovirus negated the protective effects of E2 in
terms of cardiomyocyte hypertrophy. This comprehensive analysis
provides compelling evidence that E2 prevents cardiomyocyte
hypertrophy by regulating MUL1, shedding light on a promising
therapeutic target for cardiac diseases. Our findings offer new
insights into the intricate interplay between estrogen signaling and
mitochondrial dynamics in the context of cardiac health.

MATERIALS AND METHODS

Reagents

The antibodies used in this study were: anti-MUL1 (Cat. NBP1 59068),
obtained from Novus Biologicals (Littleton, CO); Anti-pro atrial natriuretic
peptide (ANP) (Cat. ab180649); anti-MFN2 (Cat. ab50838); anti-GPER30 (Cat.
ab397242) from Abcam (Cambridge, UK); anti-DRP1-p616 (Cat. 3455S) from
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Fig. 6 MUL1 evaluation in a human model of cardiac hypertrophy and functional insights in an in vivo transgenic mice MUL1 model.
A CM-hiPSC matured for 30 days were treated with NE (10 pM) for 10 days. CM-hiPSC were stained with rhodamine-phalloidin. Nuclei were
stained with DAPI. Images were captured using confocal microscopy (upper panel). Scale bar = 50 um. Cell area was determined (lower panel)
(N=4). B ANP (N = 4), BNP (N = 4), and MUL1 (N = 4) mRNA levels were determined by RT-gPCR. 185 RNA was used to normalize the data. The
values correspond to the mean + SEM. Each independent experiment is displayed as a dot in the graphs. Results were analyzed using a
student T-test. *p < 0.05, **p < 0.01, ***p <0.001, and ****p <0.0001. Cardiac hypertrophic markers were evaluated in a transgenic mouse
model overexpressing MUL1 (TG) and their respective wild-type controls (WT). C Expression levels of MULT mRNA and the hypertrophic
marker ANP were measured in male and female mice at 37 weeks of age (MUL1: N=7 WT male; N=8 TG Male, N=3 WT female, N=3 TG
female; ANP: N =6 WT male; N =6 TG Male, N =3 WT female, N =3 TG female). D Heart weight-to-tibia length ratio evaluation in male and
female WT and TG mice (N =5 WT male, N=5 TG male, N = 8 WT female, N = 7 TG female). E Cardiomyocyte cross-sectional area (CSA) analysis
in WT and TG male and female 37 weeks mice (N=6 WT male, N=8 TG male, N=4 WT female, N =4 TG female). Values correspond to the
mean * SEM. Each animal is displayed as a dot in the graphs. The data were analyzed using a Mann-Whitney nonparametric test. *p < 0.05, and
**%p < 0.001.

Cell Signaling Technologies (Danvers, MA); and anti-B-tubulin (Cat. T0198)
from Sigma Aldrich (St. Louis, MO). NE (Cat. A7256), E2 (B-estradiol, 17-
B-estradiol; Cat. E8875), pancreatin (Cat. P7545), and other chemicals were
purchased from Sigma Aldrich (St. Louis, MO). Type 2 collagenase (Cat.
17101015) was from Thermo Fisher Scientific (Waltham, MA), and all the
reagents used for protein electrophoresis were obtained from Biorad
(Hercules, CA). The siRNAs targeting MUL1 transcripts were acquired from
Integrated DNA Technologies (Coralville, 1A), and their sequences were:
siMUL1 5'-GGGAAAGUGUGUGCCUUAUTT-3/ (sense) and 3’-AUAAGGCACA-
CACUUUCCCTT-5 (antisense).

Cell Death and Disease (2025)16:111

NRVM culture and treatments

Cell cultures were maintained under standard cell culture conditions
(humidified incubator, 37 °C, and 5% CO,). Neonatal Sprague Dawley male
and female rats (1-3 day old) were euthanized by decapitation.
Cardiomyocytes were isolated from rat hearts by enzymatic digestion
using pancreatin (1.2 mg/mL) and collagenase (0.2 mg/mL) as described
previously [18, 43]. Cells were pre-plated to discard non-myocyte cells and
the myocyte-enriched fraction was plated at 1.0 x 10° cells/mm? on
gelatin-precoated 35 mm dishes (Falcon, BD Biosciences, Oxford, UK) and
grown in Dulbecco’s modified Eagle medium and M199 medium (DMEM/
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M199; ratio 4/1), with 10% (w/v) fetal bovine serum (FBS) for 24 h before
the experiments. Cardiomyocyte cultures were at least 95% pure as
evaluated by immunofluorescence using an anti-B-myosin heavy chain
antibody (Vector Laboratories, Burlingame, CA, USA). Cells were grown and
maintained at 37 °C in an incubator containing 95% O, and 5% CO,.
Following 24 h, the cells were stimulated with E2 (0, 10, 100 nM) for 6 h,
followed by NE (20uM) to induce cardiomyocyte hypertrophy. All
experiments were conducted in the presence of 100 uM of BRDU to
prevent the replication of fibroblasts, which may interfere with the results.

The knockdown experiments were conducted using Opti-MEM supple-
mented with MUL1-specific siRNAs. RNAIMAX from Invitrogen Thermo
Fisher (Cat. 13778150) was used as a transfection reagent. The knockdown
of MUL1 was confirmed by Western blotting and gqPCR. Transfection with a
human MUL1 (Applied Biological Materials Inc., abm, Cat. 31149054) and
B-GAL adenovirus were performed using a multiplicity of infection (MOI) of
100 as we have previously described [18, 44]. After 24 h, the cells were
incubated for 48 h with NE, either with or without E2.

hiPSC Culture

hiPSCs derived from fibroblasts of a healthy individual (FiPS Ctrl2 SV4F1,
registered in the National Stem Cell Bank, Carlos Il Health Institute, Spain,
and routinely tested for mycoplasma contamination) were utilized. The
cells were cultured in mTeSR1 basal medium supplemented with 5x
mTeSR1 supplement and 0.5% penicillin/streptomycin as an antibiotic. The
cultures were maintained in 100 mm? plates pre-coated with Matrigel. Cells
were incubated at 37 °C in a humidified atmosphere with 5% CO,.

Differentiation of hiPSCs into cardiomyocytes

hiPSCs were differentiated into cardiomyocytes following the protocol by
Lian et al. [32]. hiPSCs maintained in mTeSR1 medium on Matrigel were
dissociated into single cells using Accutase (Stemcell Technologies, Cat.
7922) for 5 min at 37 °C and seeded in Matrigel-coated 12-well plates at a
density of 1.5 million cells/well, using mTeSR1 medium with 10 uM Y-27632
(Stemcell Technologies, Cat. 72304). Cells were cultured in mTeSR1 with
daily medium changes for 3 days until confluence. Differentiation was
initiated by treating the cells with 9 uM CHIR99021 (Sigma, Cat. SML1046)
in RPMI medium supplemented with B27 without insulin, 1% GlutaMAX,
0.5% penicillin-streptomycin, 1% non-essential amino acids, and 0.1 mM
2-mercaptoethanol for 24 h (day 0). This was followed by treatment with
2 pM CHIR99021 for 48 h (days 1-2). On day 3, the medium was replaced
with RPMI/B27 without insulin containing 5uM IWP4 (TargetMol, Cat.
T4245) and incubated for 48 h (days 3-4). From day 5, cells were cultured
in RPMI/B27 without insulin for 48h (days 5-6) and subsequently
maintained in RPMI/B27 with insulin with medium changes every 2 days.
Spontaneous beating was typically observed by day 8. On day 12, cells
were purified with 10 mM lactate in RPMI/B27 without insulin for 48 h to
eliminate non-cardiomyocytes. Cultures were maintained in a humidified
atmosphere at 37 °C with 5% CO, throughout the process.

Induction of hypertrophy in CM-hiPSC

Once the cardiomyocytes were purified, they were incubated with 0.25%
trypsin-EDTA (Gibco, Cat. 25200-056) for 5-8 minutes at 37 °C and seeded
at a density of 1 million CM-hiPSC in 6-well plates. The cardiomyocytes
were allowed to mature for 30 days and were maintained in RPMI medium
supplemented with B27 with insulin (Gibco, Cat. 17504001), 1% GlutaMAX,
0.5% penicillin/streptomycin, 1% non-essential amino acids, and 0.1 mM 2-
mercaptoethanol, with medium changes every 2 days. On day 30, 10 pM
norepinephrine (Merck, Cat. A7256-1G) was added to the medium and
maintained for 10 days with medium changes every 48 h.

Real time qPCR

The real-time PCR experiments were performed using SYBR green from
Thermo Fisher Scientific (Waltham, MA). The data from each transcript was
normalized to 18S using the 2AACt method [44]. The rat primers used in this
study were the following: MUL1 forward 5-GGCCATTCTTTCAGAAGCAC-3' and
reverse 5-TCCACAAACTGGCTGTTGAG-3'; regulator of calcineurin 1 exon 4
(RCAN 1.4) forward 5-TCCTTGTCATATGTTCTGAAGAGGG-3’ and reverse 5'-
CCCGTGAAAAAGCAGAATGC-3'; B-MHC forward 5'-AAGTCCTCCCTCAAGCTCC-
TAAGT-3" and reverse 5-TTGCTTTGCCTTTGCCC-3; brain natriuretic peptide
(BNP) forward 5-TCCTTAATCTGTCGCCGCTG-3’ and reverse 5-AGGCGCTGT
CTTGAGACCTA-3’; ANP forward 5-CTTCTTCCTCTTCCTGGCCT-3’ and reverse
5/-TTCATCGGTCTGCTCGCTCA-3’; and 18S forward 5'-CGGCTACCACATCCAAG-
3" and reverse 5'-CCAATGGATCCTCGTTA-3'.
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The human primers used in this study were the following: MUL1 forward
5'-CCAAGAGACCGAGGAGATGC-3’ and reverse 5-TGTTGTCCAGGACCAGTT
CG-3/; brain natriuretic peptide (BNP) forward 5-CTCCAGAGACATG-
GATCCCC-3’ and reverse 5-GTTGCGCTGCTCCTGTAAC-3/; ANP forward 5'-
CCGTGAGCTTCCTCCTTTTA-3’ and reverse 5-CCAAATGGTCCAGCAAATTC-
3" and 18S forward 5-CGGCTACCACATCCAAG-3’ and reverse 5'-CCAATG-
GATCCTCGTTA-3".

The mice primers used in this study were the following: MUL1 forward
5'- GCAGGAACTCAAGGGAGCTAA-3' and reverse 5'- CCACGAACTGGCTGTT-
GAGT-3’; ANP forward 5’- TCGTCTTGGCCTTTTGGC-3’ and reverse 5'-
TCCAGGTGGTCTAGCAGGTTCT-3’; and 18S forward 5’- CCCTGCCCTTTGTA-
CACACC-3’ and reverse 5- CGATCCGAGGGCCTCACTA-3.

Western blot analysis

Once the designated treatment times were reached, the plates were washed
three times with warm PBS. Cells were lysed with NP40 buffer supplemented
with protease and phosphatase inhibitors. Homogenates were centrifuged at
21,600 x g for 3 min at 4 °C, and protein quantification was performed using
the Bradford method (BioRad, Hercules, CA). The proteins were denatured in
SDS buffer [18, 38, 44]. Equal amounts of protein were loaded and separated by
molecular weight using SDS-PAGE electrophoresis. The polyacrylamide
concentration was optimized based on the molecular weight of each target
protein. The resolved protein samples were electrotransferred to PVDF
membranes using a wet transfer system (400 mA for 90 min). The blocking
agent was 5% non-fat milk dissolved in Tris-buffered saline containing 0.1% (v/
v) Tween 20 (TBST). Membranes were incubated overnight with primary
antibodies at 4 °C, followed by a 1 h incubation at room temperature with the
respective peroxidase-linked secondary ATB. Chemiluminescence was
detected with the Odyssey Fc Imaging System (LI-COR, Lincoln, NE) and
densitometric analysis of the signals was carried out using the ImageJ software
(NIH). Densitometric data were normalized to the values obtained for the
loading control (B-tubulin).

Mitochondrial morphology

Mitochondrial morphology was analyzed in coverslip-fixed NRVMs treated
with anti-mtHSP70 (Abcam ab53098, 1:100) and visualized with an Alexa
488 secondary antibody, or in NRVMs incubated for 30 min with MTG-FM
(400 nM) and maintained in Krebs solution (for live cell visualization) [44].
In fixed NRVMs, cell shape, and nuclei were visualized using rhodamine-
phalloidin and DAPI, respectively. Confocal images were deconvolved with
the ImageJ software (NIH), and then Z-stacks of thresholded images were
volume-reconstituted using the VolumelJ plug-in. The number and
individual volume of each object (mitochondria) were quantified using
the ImagelJ-3D Object Counter plug-in [18, 44].

ATP measurements
As previously described [18, 29], the ATP content in cells was determined
with a luciferin/luciferase-based assay (CellTiter-Glo Kit; Promega).

In silico chromatin immunoprecipitation sequencing (ChIP-
Seq) analysis

To investigate the potential regulation of MUL1 gene expression by
androgen receptors (AR), estrogen receptor alpha (ERa), and estrogen-
related receptors (ERRs), we conducted chromatin immunoprecipitation
sequencing (ChIP-Seq) analysis. We sourced ChIP-Seq data from the ChlIP-
Atlas [45] and The Signaling Pathways Project [46] databases as of April 1st,
2023. We identified relevant ChIP-Seq studies by referencing the projects
PRINA135189, PRINA193202, PRINA227460, PRJNA235193, PRINA235194,
PRIJNA264098, PRINA305586, and PRINA320640 in the above databases.
Subsequently, we retrieved raw reads from these studies and matched
them with the latest available genomes for Homo sapiens (T2T-CHM13
v2.0/hs1) and Mus musculus (GRCm39/mm39). To enhance the accuracy of
our analyses, we recalculated the MACS2 (Model-based Analysis of ChiP-
Seq) score for each identified binding site. Peaks with p-values lower than
1x 107> were considered significant, indicating robustness in peak calling.

Transgenic mouse model for MUL1 overexpression

The transgenic mouse model expressing MUL1 (strain name: C57BL/6J-
Tg(@MHC-Mul1)) was generated by our collaborator Dr. Honglang Li
(Institute of Model Animal, IMA, Wuhan University, China). Briefly, the Myh6
promoter was used to drive MUL1 gene expression. The transgene was
designed with the following elements, from 5’ to 3": a ~5.5 kbp mouse
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Myh6 minimal promoter sequence (which includes the 3’ exon of
betaMHC, the first three exons of alphaMHC up to the start codon, and
the intervening sequences) followed by a ~1059bp cDNA encoding
mitochondrial ubiquitin ligase activator of NFkappaB 1 (MUL1). These
animals were initially generated on a C57BL/6J background and
subsequently backcrossed into the C57BL/6N background for at least nine
generations. All experiments were performed on male and female mice
aged 37 weeks with no randomization or blinding.

Heart histology and WGA staining

Hearts were collected from all animals and processed for histological analysis.
A transverse section of each heart was fixed in 10% (v/v) formalin prepared in
0.1 M phosphate buffer (pH 7.4) at room temperature for 24 h. After fixation,
the samples were washed in 1x PBS for 1 h and dehydrated through a graded
ethanol series (70%, 90%, and 100%) before being embedded in paraffin
blocks. Four-micron thick sections were prepared and stained with Wheat
Germ Agglutinin (WGA) CF 594 (Biotium, Cat. 29023-1) to assess the cross-
sectional area of cardiomyocytes. To block nonspecific binding, the sections
were incubated with 3% (w/v) Bovine Serum Albumin (BSA) in 1x PBS for
30 min, followed by incubation with WGA (1:500 dilution) for 1h at room
temperature in a humidified chamber. After staining, the sections were
mounted using ProLong™ Gold Antifade Mountant with DAPI (Invitrogen, Cat.
P36935) for fluorescence microscopy visualization. Images were captured at
20x magnification using the EVOS M5000 Imaging System. For analysis, all
transverse heart sections were imaged and analyzed using ImageJ software
(version 1.8.0) by converting images to 8-bit grayscale (Image > Type > 8-bit),
applying a threshold (Image > Adjust > Threshold) to delineate cardiomyocyte
boundaries, using the “Analyze Particles” tool with an area filter set to
20-1200 um? to select individual cardiomyocytes, and employing the “Multi-
Measure” tool to calculate the cross-sectional area of each cardiomyocyte.
Data were expressed as the mean cross-sectional area of cardiomyocytes for
each experimental condition.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 6 soft-
ware. Data are presented as the mean = SEM. Unless otherwise specified,
each experiment included at least three independent biological replicates
(N). For statistical comparisons, a two-sided Student’s t-test or one- or two-
way ANOVA was used, as appropriate, followed by Tukey’s post-test. A
p-value < 0.05 was considered statistically significant. For in vivo animal
experiments, a two-sided Mann-Whitney nonparametric test was used for
data analysis. No inclusion/exclusion criteria were used. No animals were
excluded from the analysis.

Sample sizes for animal experiments were determined in accordance with
international animal bioethics guidelines, applying the 3Rs principle (Replace,
Reduce, Refine). The minimum number of animals required to achieve valid
results was calculated based on the error associated with each technique. The
sample size was determined using the formula N=2 X (Zy, + Zp)* X s/D, as
described by Taucher [47]. Here, N is the minimum number of observations
required, s is the standard deviation of individual values (assumed equal across
groups), D is the expected difference considered statistically significant, Z,
corresponds to a type | error probability of 5%, and Zg corresponds to a type |l
error probability of 20%.
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