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Abstract
Female carriers of a Duchenne muscular dystrophy (DMD) gene mutation manifest 
exercise intolerance and metabolic anomalies that may be exacerbated following 
menopause due to the loss of estrogen, a known regulator of skeletal muscle func-
tion and metabolism. Here, we studied the impact of estrogen depletion (via ovariec-
tomy) on exercise tolerance and muscle mitochondrial metabolism in female mdx 
mice and the potential of estrogen replacement therapy (using estradiol) to protect 
against functional and metabolic perturbations. We also investigated the effect of 
estrogen depletion, and replacement, on the skeletal muscle proteome through an 
untargeted proteomic approach with TMT-labelling. Our study confirms that loss 
of estrogen in female mdx mice reduces exercise capacity, tricarboxylic acid cycle 
intermediates, and citrate synthase activity but that these deficits are offset through 
estrogen replacement therapy. Furthermore, ovariectomy downregulated protein 
expression of RNA-binding motif factor 20 (Rbm20), a critical regulator of sarco-
meric and muscle homeostasis gene splicing, which impacted pathways involving 
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1   |   INTRODUCTION

Metabolic and mitochondrial dysfunction is a well-
established nuance of dystrophin-deficient skeletal mus-
cle.1–6 Mutation of the X-chromosome residing DMD gene 
that leads to the loss of the cytoskeletal dystrophin pro-
tein, causes Duchenne muscular dystrophy (DMD), a pro-
gressive and eventually fatal neuromuscular disease that 
predominantly affects males. Loss of control of several 
metabolic systems, for example, mitochondrial tricarbox-
ylic acid (TCA) cycle and electron transport chain (ETC) 
function, glycolysis, and purine nucleotide metabolism, 
perpetuates the DMD pathobiology by compromising cel-
lular energy homeostasis and promoting oxidative stress.1 
However, the root cause of these metabolic disturbances is 
unclear. Some purported theories include (1) loss of nitric 
oxide synthesis due to deficient dystrophin-neuronal NO 
synthase (nNOS) binding7; (2) loss of calcium homeostasis 
owing to enhanced sarcolemmal fragility and calcium leak 
channel hyperactivity caused by dystrophin deficiency 
resulting in persistent induction of the mitochondrial 
permeability transition pore8; (3) dysregulated purine nu-
cleotide cycle function leading to purine degradation and 
reduced ATP recovery potential9; (4) upregulated micro 
RNA (miR)-379, resulting in reduced mitochondrial ATP 
synthase function10; and (5) dysregulated mitophagy and 
mitobiogenesis signalling.11 Mitochondrial and metabolic 
dysfunction is evident in dystrophic myoblasts12 and early 
in the pathological dystrophinopathy milieu leading to 
muscle degeneration.13 Targeting mitochondria/metabo-
lism can ameliorate disease pathology in the mdx mouse 
model of DMD, for example, via mitochondria trans-
plantation14 or targeted drug therapies (ginovistat targets 
HDACs,15 urolithin A activates mitophagy,11 and dimethyl 
fumarate targets TCA anaplerosis16).

In addition to DMD patients and animal models that 
carry biallelic DMD/Dmd gene mutations, mitochondrial/
metabolic dysfunction is evident in female carriers of a 
DMD gene mutation. Approximately two-thirds of DMD 
patients inherit mutations from carrier mothers (the 
other one-third of cases occur due to de novo mutation17). 

These carriers frequently report exercise intolerance, 
being unable to perform the same extent of muscle work 
for a matched workload as non-carriers.18,19 They also 
take longer to recover high phosphate energy stores post-
exercise18,19 and show sharp increases in serum CK,20 
suggesting susceptibility of muscle fibers to mechanical 
damage even though dystrophin is expressed (albeit sub-
optimally21). However, rarely do they manifest progressive 
muscle wasting (<10% of cases).22 Female DMD carriers 
might be particularly susceptible to manifestations of 
DMD as they reach menopause and the protective effects 
of endogenous estrogen production subside. Indeed, sev-
eral case studies highlight muscle wasting and pathology 
causing disability in ~50-year-old DMD carriers.23,24

The mdx mouse model of DMD carries a point muta-
tion in the DMD gene and shows various degrees of met-
abolic perturbation despite an overall milder phenotype 
than DMD patients. Both male and female mice carry 
the biallelic gene mutation due to inbreeding and share 
natural history homology except that females are more 
resistant to laboratory-based stressors (e.g., handling and 
scruffing25,26). To explore this aspect further, we recently 
assessed the phenotype in ovariectomized female mdx 
mice to test the hypothesis that estrogen was protective 
against heightened stress responses.25,26 Although estro-
gen depletion did not exacerbate the muscle-specific phe-
notype, our serum metabolomics screen indicated that 
mitochondrial TCA cycle metabolite levels were reduced 
but were effectively replenished by estradiol (E2) ther-
apy.26 The protective effects of estrogen on skeletal and 
cardiac muscle have been demonstrated previously,27 but 
never linked to metabolic dysfunction in the context of 
dystrophin deficiency. Pharmacological estrogen receptor 
modulation has been pursued as a potential therapy for 
DMD. The selective estrogen receptor alpha (ERα) ago-
nist, tamoxifen, was initially shown in mdx mice to im-
prove whole-body strength and skeletal muscle function, 
and reduce cardiac pathology.28 More recent work demon-
strates that it lessens contractile dysfunction in stem-
cell-derived cardiomyocytes.29 However, clinical trials 
in Switzerland could not show that tamoxifen modified 

GNT2010149; Mito Foundation (Mito); 
AFM Telethon ribosomal and mitochondrial translation. Estrogen replacement modulated Rbm20 

protein expression and promoted metabolic processes and the upregulation of pro-
teins involved in mitochondrial dynamics and metabolism. Our data suggest that 
estrogen mitigates dystrophinopathic features in female mdx mice and that estro-
gen replacement may be a potential therapy for post-menopausal DMD carriers.

K E Y W O R D S

Duchenne muscular dystrophy, dystrophin, estrogen, metabolism, metabolomics, 
mitochondria, molecular clock, proteomics, Rbm20, skeletal muscle
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the natural history of DMD progression despite improve-
ments in some functional measures.30,31 The potential of 
ERα modulation may not be fully realized in male patients 
who express fewer ER's than female counterparts, but it 
could be useful to protect female carriers from progressive 
disease in the peri−/menopausal years.

The aim of this study was to explore the impact of estro-
gen depletion on muscle mitochondrial metabolism and 
the potential for E2 replacement therapy to protect against 
metabolic maladaptation in female mdx mice. We studied 
the effect of estrogen manipulation on the skeletal muscle 
proteome using an untargeted proteomic approach with 
TMT-labelling and demonstrated that estrogen depletion 
alters mitochondrial metabolism and the muscle clock-
related protein,32 RNA-binding motif factor 20 (Rbm20).

2   |   MATERIALS AND METHODS

2.1  |  Study approval

This research was approved by the Deakin University 
Animal Ethics Committee (G09-2020). Mice used in 
this study were housed in accordance with the Deakin 
University Animal Welfare Committee standards and 
cared for in accordance with the Australian Code for Care 
and Use of Animals for Scientific Purposes.

2.2  |  Experimental design and animals

Muscles analyzed in this study were collected from 
mice utilized in Lindsay et  al.25,26 Briefly, 8-week-old 
C57BL/10ScSn-Dmdmdx/Arc female mice (homozygous) 
subjected to a sham surgery, ovariectomy (OVX) or 
OVX + E2 supplementation, and were purchased from 
ARC (Western Australia, Australia; n = 15/group). Mice 
underwent surgery in which the ovary and oviduct was 
exteriorized and either returned into the peritoneal cav-
ity (Sham) or cauterized between the uterine horn and 
oviduct (OVX and OVX + E2). Once the muscle wall 
was closed, either a placebo (Sham and OVX) or E2 pel-
let (OVX + E2; 3.4 μg/day E2 release) was inserted under 
the skin. Mice recovered for 2 weeks prior to shipment 
to Deakin University. All mice were housed in groups 
of four/cage on a 12/12 h light/dark cycle with food and 
water provided ad libitum. Mice acclimatized for 1 week 
before undergoing scruff restraint. A forced downhill 
treadmill exercise-to-fatigue test was performed where 
the treadmill was set at 0 m/min for 2 min before increas-
ing to 10 m/min for 1 min. The treadmill speed increased 
by 1 m/min until a speed of 15 m/min was reached and 
then maintained for 15 min. A second scruff restraint was 

performed 1 week later and 15 min after the final scruff 
restraint, mice were sacrificed via CO2 asphyxiation and 
cervical dislocation. Blood was collected, and muscles 
were harvested, snap-frozen, and stored at −80°C until 
required. Estrogen depletion via OVX and repletion via 
E2 were confirmed through measurement of the uterine 
mass, a reliable surrogate measure of circulating estrogen 
levels.33,34

2.3  |  Metabolomics

Metabolomics was performed in Lindsay and Russell 
2023.25 Briefly, serum samples were extracted using a 1:1 
acetonitrile/methanol solution, vortexed, incubated at 4°C 
for 10 min and centrifuged at 4°C for 10 min on maximum 
speed (20 800 g). The supernatant was transferred into a 
HPLC insert and the polar metabolites were separated 
and analyzed via mass spectrometry at Metabolomics 
Australia (Bio21 Molecular Science and Biotechnology 
Institute, University of Melbourne, Parkville, Australia).

2.4  |  Muscle oxidative capacity

OCT-covered gastrocnemius, tibialis anterior (TA) and 
diaphragm muscles were cryo-sectioned (10 μm at −15°C) 
and succinate dehydrogenase (SDH) capacity was quanti-
fied as described by us previously.16,35

2.5  |  Mitochondrial enzyme activity

Activity of citrate synthase (CS), an enzyme of the TCA 
cycle, was measured spectrophotometrically in gastroc-
nemius homogenates as described by us previously.16,35 
To complement assessment of SDH activity in muscle 
sections, activity of SDH/mitochondrial ETC complex II 
(CII) was assessed on isolated mitochondria from gastroc-
nemius muscles according to the manufacturer directions 
(Abcam, ab228560). Mitochondria were isolated as per-
formed by us previously.36

2.6  |  Proteomics

2.6.1  |  Protein extraction from samples and 
enzymatic digestion

Quadriceps were cryo-pulverized with subsequent solubi-
lization in 5% sodium dodecyl sulfate (SDS) 10 mM Tris 
HCl, heat inactivation performed at 95°C for 10 min fol-
lowed by probe sonication 3 × 30 s rounds and centrifuged 

 15306860, 2024, 11, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202400329R

 by V
ictoria U

niversitaet, W
iley O

nline L
ibrary on [27/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 19  |      TIMPANI et al.

at 13 000 g for 5 min to clarify. The supernatant of each 
sample was transferred to a new tube, and protein con-
centration was measured using a BCA kit (Thermo Fisher, 
#23225) according to the manufacturer's instructions. 
Samples were then processed using the S-trap protocol as 
per the manufacturer's instructions (Protifi37). Normalized 
amounts of protein were reduced and alkylated with 
10 mM TCEP (Thermo, #77720) and 40 mM chloroaceta-
mide (Sigma, C0267-100G) with incubation at 55°C for 
15 min. Enzymatic digestion was performed using Trypsin 
(Promega, V528X) at a 1:50 wt:wt ratio alongside Lys-C 
at a 1:25 wt:wt ratio (Promega, VA1170) at 37°C for 16 h. 
Digestion efficiency was greater than 94% for this analysis.

2.6.2  |  Tandem mass tag (TMT) labelling and 
fractionation

Each sample was labeled with the TMTpro 18plex rea-
gent set (Lot:XJ351218 and XK350589, Thermo Scientific) 
according to the manufacturer's instructions utilizing a 
singular reference channel (126) containing all samples 
pooled. Individual labeled samples were then pooled into 
plexes, and high-pH RP-HPLC was used to generate 36 
fractions concatenated to 12, which have been acquired 
individually by LC–MS/MS to maximize identifications. 
Labelling efficiency was determined to be greater than 
97%.

2.6.3  |  Liquid chromatography mass 
spectrometry protocol

Liquid chromatography-mass spectrometric (LC–MS) 
analysis was conducted using an Orbitrap Eclipse Tribrid 
mass spectrometer (Thermo Scientific, Breman, Germany) 
and Nano LC system (Dionex Ultimate 3000 RSLCnano). 
The samples were loaded onto in Acclaim PepMap 100 
trap column (100 μm × 2 cm, nanoViper, C18, 5 μm, 100 Å; 
Thermo Scientific) and separated on an Acclaim PepMap 
RSLC (75 μm × 50 cm, nanoViper, C18, 2 μm, 100 Å; Thermo 
Scientific) analytical column. The peptides were resolved by 
increasing concentrations of buffer B (80% acetonitrile/0.1% 
formic acid) and analyzed via 2 kV nano-electrospray ioni-
zation. The mass spectrometer operated in data-dependent 
acquisition mode using in-house optimized parameters 
with 120 min of chromatographic separation used for 
each fraction. Briefly, the acquisition used three FAIMS 
compensation voltages (−40, −55, −70 V) operated under 
standard resolution with an iron transfer tube temperature 
of 300°C with a carrier gas flow rate of 4.6 L/min. Precursor 
ion scans were performed at a 120 000 resolution from 400 
to 1600 m/z, an AGC target of 250% and ion injection time 

set to auto. Peptide fragmentation and reporter tag quanti-
fication were performed synchronously (10 per duty cycle 
per compensation voltage) with the fragmentation spectra 
generated in the ion trap using CID with turbo scan rate; 
MS3 reporter ion measurements were performed in the 
orbitrap with a resolution of 50 000. A precursor isolation 
filter was used for the selection of ions with a 0.7 Da and 
50% envelope fit. Dynamic exclusion was applied for 60 s 
across all compensation voltages with only one charge state 
per precursor selected for fragmentation. In addition, the 
use of real-time searching was performed with a close out 
of 10 peptides per protein within each injected fraction; this 
utilized the human SwissProt proteome with 1% false dis-
covery filtering applied during acquisition.

2.6.4  |  Mass spectrometric data analysis

The raw data files were analyzed using Sequest within 
Proteome Discoverer (v2.5.0.400, Thermo Scientific) to ob-
tain protein identifications and their respective reporter ion 
intensities using in-house standard parameters. The Mouse 
SwissProt proteome containing only reviewed sequences 
(accessed June 2023) was used for protein identification at a 
1% false discovery rate (FDR) alongside a common contami-
nants database. Reporter ion quantifiers used a unique plus 
razor with analysis centered on protein groups for shared 
peptide sequences using all peptides for abundance determi-
nation; quantitative values were corrected for stable isotope 
label impurities according to the manufacturer's values.

2.6.5  |  Bioinformatic data analysis

Protein level data were exported and analyzed utilizing 
TMT-Analyst, the latest addition to the Monash Proteomic 
Analyst Suite (https://​analy​st-​suites.​org/​), which is built 
upon the foundations of LFQ-Analyst.38,39 Briefly, prior 
to normalization, proteomic data were filtered for high-
confidence proteins from already determined master 
proteins representing groups. Proteins marked as contam-
inants and proteins not quantified consistently (condition 
N/2 + 1) across the experiment were removed. The remain-
ing missing values were imputed using the missing-not-at-
random (MNAR) method, assuming the missingness was 
due to low expression for such proteins, which were then 
normalized using the variance-stabilizing-normalization 
(VSN) method. Both imputations and VSN were con-
ducted by the DEP package.40 The limma package41 from 
R Bioconductor was used to generate a list of differentially 
expressed proteins for each pair-wise comparison. A cut-
off of the adjusted p-value of 0.05 (Benjamini–Hochberg 
method) and a log2 fold change of 0.75 was applied to 
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determine significantly regulated proteins in the different 
pairwise comparisons. We utilized the protein abundance 
data obtained from the LFQ-Analyst suite and conducted 
differential pathway analysis using Correlation Adjusted 
MEan RAnk gene set test (CAMERA)-intensity based 
analysis within Reactome (v83).42 Briefly, this method 
uses limma-based differential analysis on mean protein 
abundances within pathways across samples with ad-
justed FDR correction to control for multiple hypothesis 
testing. Using this approach enables the detection of al-
terations in pathways that will likely remain unobserved 
when examining individual differentially expressed pro-
teins. This is because individual proteins might not pro-
vide comprehensive insights into how a specific pathway 
is changing when assessed through global, untargeted 
proteomic-level statistical comparisons. The FDR of <0.05 
is reported.

2.7  |  Statistics

Data are reported as mean ± SEM unless stated other-
wise. Normal distribution of the data was assessed using 
a Shapiro–Wilk test and all data passed the normality 
test except for the forced downhill treadmill exercise-to-
fatigue test. These data were analyzed using a Kruskall–
Wallis test and a Dunn's multiple comparison test was 
performed post hoc. All other data, excluding proteomics 
(see section 2.6.5), were analyzed using one-way ANOVA 
with Tukey's post hoc test on GraphPad Prism version 
10.0.3 (GraphPad Software, Boston, Massachusetts, USA). 
α was set at .05 and trends are reported at <.1.

3   |   RESULTS

3.1  |  Estrogen replacement therapy 
recovers exercise capacity and 
mitochondrial metabolism

The impact of estrogen depletion on exercise capacity of 
female mdx mice was assessed via a forced downhill tread-
mill exercise-to-fatigue test. OVX reduced the exercise 
capacity of female mdx mice by ~64% compared to Sham 
(Figure 1A; p < .0001) with E2 replacement normalizing ex-
ercise capacity to Sham levels (~133% increase, Figure 1A; 
p < .01). Since exercise capacity is intricately linked to mi-
tochondrial metabolism, the metabolomics data set was 
analyzed to assess TCA cycle intermediates. Metabolomic 
analysis captured six of nine TCA cycle intermediates, and 
when pooled, OVX reduced TCA metabolite content com-
pared to Sham (Figure 1B; p < .0001). This main effect was 
mostly accounted for by reduced cis-aconitate (biggest 

reduction, reduced by 40% from Sham, p < .05) and suc-
cinate (most significant reduction, reduced by 30% from 
Sham, p < .0001) (Figure  1C). As with exercise capacity, 
E2 replacement therapy restored the TCA metabolite pool 
(Figure  1B; p < .05), especially succinate concentration 
(restored to 92% of Sham, Figure 1C; p < .05).

3.2  |  Estrogen replacement recovers 
mitochondrial content in gastrocnemius 
but reduces SDH capacity in 
TA and diaphragm

Since OVX affected mitochondria-specific metabolic inter-
mediates, the activity of key mitochondrial enzymes was 
determined, including (1) CS, the pace setter of TCA cycle 
flux and a well-established biomarker of mitochondrial 
content, and (2) SDH, which couples TCA cycle flux to ETC 
function. Since metabolic intermediates were quantified in 
serum, it was necessary to confirm alterations in muscle 
mitochondrial enzyme activity were associated with the 
serum metabolic signature as was shown previously.43 CS 
activity of whole muscle homogenates was reduced in OVX 
compared to Sham gastrocnemius (Figure 2A; p < .01) and 
was recovered via E2 replacement (Figure  2A; p < .0001), 
indicative of either increased substrate flux or mitochon-
drial density. Despite an ~40% reduction in mean values, 
there was no statistically significant effect of OVX on SDH 
activity of isolated mitochondria from the gastrocnemius 
(Figure 2B; p = .6491). There was, however, a trend for E2 
replacement to increase SDH activity compared to OVX 
mice (Figure 2B; p = .0898). SDH capacity of the gastrocne-
mius was also assessed through histological staining to pro-
vide information on potential fiber type shifts (Figure 2C; 
p > .05). SDH capacity of two other muscles – one being 
the TA, which is commonly analyzed for histology, and the 
diaphragm, which is typically impacted as the dystrophic 
disease worsens, were also assessed. Interestingly, OVX 
significantly increased the SDH capacity of TA (Figure 2D; 
p < .01) and trended to do the same in the diaphragm 
(Figure  2E; p = .0691). In both muscles, E2 replacement 
normalized SDH capacity to Sham levels (Figure 2D,E, re-
spectively; p < .01). While the proportion of less, more, and 
highly oxidative fibers did not shift in the gastrocnemius 
(Figure 2F and Figure S1AI–III; p > .05), OVX drove a less 
oxidative phenotype in the fast-twitch fiber predominant 
TA (Figure 2G and Figure S1BI−III; p < .01), which was nor-
malized by E2 replacement (Figure 2G and Figure S1BI–III; 
p < .01). In contrast, OVX increased the proportion of more 
oxidative fibers in the diaphragm compared to Sham 
(Figure 2H and Figure S1CII; p < .05) while E2 replacement 
tended to increase the proportion of highly oxidative fibers 
in OVX diaphragm (Figure 2H and Figure S1CIII; p = .086).
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3.3  |  Estrogen depletion downregulates  
the protein expression of Rbm20, which 
is normalized by estrogen replacement and 
upregulates metabolic proteins

E2 replacement recovered both exercise capacity and CS 
activity. Therefore, the effect of OVX, and subsequently 
E2 replacement, on proteins involved in metabolism were 
investigated. To address this with an unbiased method, 
we performed TMT labelling of muscle lysates following 
trypsin and Lys-C digestion and subjected these to LC–MS 
analysis. More than 5400 distinct proteins were identified 
by untargeted, label-based proteomics using TMT and inter-
estingly, only one protein, Rbm20, was found to be signifi-
cantly regulated using a log2 fold change cutoff of 0.75 and 
an adjusted p value of <0.05. Rbm20 (accession Q3UQS8), 
which regulates post-transcriptional splicing of sarcomeric 
and other muscle homeostasis genes, was downregulated in 
OVX compared to Sham muscle (Figure 3A,AI; p < .0001). 
To understand whether OVX impacts families of proteins, 
which were not detected as significant due to the log2 fold 
change cutoff and p value criteria, pathway analysis (via 
Reactome) of the entire proteome dataset was conducted.44 
A total of 59 pathways were impacted by OVX (Figure 3B). 
Sixteen pathways were upregulated after OVX and par-
ticularly involved processes associated with vision (e.g., 
retinoid metabolism and transport, visual phototransduc-
tion, diseases associated with visual transduction, the ca-
nonical retinoid cycle in rods (twilight vision)). Of the 43 
pathways that were downregulated following OVX, a sig-
nificant proportion were associated with translational ac-
tivity (e.g., eukaryotic translation initiation and elongation, 
cap-dependent translation initiation, mitochondrial trans-
lation). Restoration of estrogen through E2 replacement 
led to the significant upregulation of the Rbm20 protein 
(compared to OVX; Figure 4A,AI) as well as the modulation 
of a further 61 proteins, upregulating 29 and downregulat-
ing 32. Since Rbm20 was impacted by both OVX and E2 
replacement, we probed the proteome dataset for its splic-
ing targets45 to determine if the down- and upregulation of 
Rbm20 impacted subtle, but biologically relevant, changes 
on downstream proteins. Of the 30 proteins captured in our 
proteomics set, three proteins were downregulated follow-
ing OVX (Camk2d and Pdlim3 (p < .05) and Dtna (p < .01); 
Figure 4B) and one protein was upregulated (Myh7, p < .05). 
E2 replacement upregulated the expression of five proteins 
(Camk2d and Pdlim5 (p < .05), Dtna (p < .01) and Mlip and 
Sh3kbp1 (p < .0001)) and downregulated the expression of 
two proteins (Nexn (p < .05) and Mecp2 (p < .001)).

Of the 29 proteins that were upregulated by E2 replace-
ment, a critical protein associated with orchestrating meta-
bolic flux between the cytosolic glycolytic pathway and the 
mitochondrial TCA cycle, pyruvate carboxylase (Pc), was 

upregulated indicating a mechanism for the metabolomic 
shift. Indeed, pathways analysis revealed that of the 88 path-
ways modulated by E2 replacement (34 upregulated and 54 
downregulated), key metabolic processes were upregulated, 
including the TCA cycle and respiratory ETC (Figure  4C). 
Furthermore, mitochondrial processes, including transla-
tion and import, were upregulated, suggesting an overall in-
crease in mitochondrial activity. This motivated us to probe 
the proteomics dataset for key proteins driving these changes. 
Several proteins in the large and small subunit of the mi-
toribosome were downregulated by OVX (Mrpl12, Mrpl14, 
Mrpl20, Mrpl32, Mrpl50, Mrps28, and Mrps34, p < .05, 
Figure 5A) with E2 replacement upregulating the expression 
of six large subunit proteins (p < .05) and 17 small subunit 
proteins (p < .05–.0001). Markers of mitochondrial dynam-
ics, including Cs, Mfn1 and Mfn2 (mitofusins), Opa1 (optic 
atrophy 1), Perm1 (PGC-1/ERR-induced regulator in muscle 
1), Tfam (mitochondrial transcription factor A), and Vdac 
1–3 (voltage-dependent anion channel), were not affected by 
OVX (Figure 5B; p > .05) but Mfn1, Perm1, Tfam, and Vdac2 
(p < .01) were significantly increased by E2 replacement. 
Notably, Cs protein expression was unaffected indicating 
estrogen-mediated changes in activity are not due to reduced 
mitochondrial mass/density. To assess secondary mitochon-
drial control mechanisms, we probed proteins associated 
with calcium metabolism (calcium allosterically regulates 
TCA cycle dehydrogenases, Figure S2A) and mitochondrial 
uncoupling (which can deplete the mitochondrial membrane 
potential, Figure S2B). Atp2a2 was the only protein associ-
ated with calcium metabolism to be upregulated following 
OVX (p < .01) while Camk2d, Mcu, Micu2, Saraf (p < .05), 
and Micu1 (p < .01) were downregulated. E2 replacement 
downregulated six proteins, including Ryr1 (p < .05–.001) and 
upregulated the expression of four proteins including mito-
chondrial calcium uptake proteins, Micu 1 and 2 (p < .01–
.0001). Only one protein, Mcu, which is associated with both 
calcium homeostasis and the mitochondrial membrane po-
tential, was downregulated following OVX (p < .05). Vdac2 
(p < .01) and Mcu (p < .0001) were both upregulated with E2 
replacement. These data suggest estrogen may be important 
for controlling mitochondrial calcium uptake and calcium-
mediated control of mitochondrial ATP production rate.

Since Pc was significantly upregulated following E2 re-
placement (Figure 4A,AI), proteins associated with pyru-
vate metabolism were explored. While it was not detected 
as a significantly dysregulated protein based on the log2 
fold change criteria of 0.75 (Figure 3A), loss of estrogen 
downregulated the expression of Pc in OVX mice com-
pared to Sham (Figure 5C; p < .001). OVX had no impact 
on any of the other 11 proteins associated with pyruvate 
metabolism (p > .05). However, E2 replacement upregu-
lated expression of Pdp1 (pyruvate dehydrogenase phos-
phatase 1) and Pdpr (pyruvate dehydrogenase phosphatase 
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      |  7 of 19TIMPANI et al.

regulatory subunit) compared to OVX mice (p < .05). We 
next assessed proteins of the TCA cycle since we observed 
an increase in TCA cycle intermediates (Figure 1B–D) and 

CS activity (Figure 2A) following E2 replacement. Of the 
proteins captured in this dataset, OVX increased the ex-
pression of isocitrate dehydrogenase 2 (Idh2; Figure  5D; 

F I G U R E  1   Estrogen depletion reduces exercise capacity and mitochondrial metabolism intermediates in female mdx mice that 
can be recovered with estradiol (E2) replacement. (A) Exercise capacity, as assessed by a forced downhill treadmill exercise-to-fatigue 
test, was reduced in ovariectomized (OVX) mice compared to Sham with E2 replacement improving exercise capacity in OVX mice. (B) 
Concentration of pooled tricarboxylic acid (TCA) cycle intermediates is reduced following OVX but is restored after E2 replacement therapy. 
(C) The reduction in pooled TCA cycle intermediates was driven by a significant decrease in cis-aconitate and succinate concentration and 
succinate concentration was recovered with E2 replacement. Data in (C) is expressed as the log2 fold change. *p < .05; **p < .01; ****p < .0001. 
Sham n = 10–14; OVX n = 10–14; OVX + E2 n = 10–15.
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p < .01) and a component of the SDH complex (Sdhd; 
p < .05) compared to Sham. While E2 replacement was 
unable to modulate Sdhd expression (p > .05), it reduced 

the expression of Idh2 (p < .0001). Since pathway analysis 
revealed the ETC as an upregulated process, we next eval-
uated proteins associated with each respiratory complex 

F I G U R E  2   Estrogen depletion reduces citrate synthase (CS) but not succinate dehydrogenase (SDH) activity in gastrocnemius of 
female mdx mice. (A) CS activity, a surrogate for mitochondrial content, was reduced in ovariectomized (OVX) gastrocnemius compared 
to Sham, which was recovered with estradiol (E2) replacement. (B) While SDH enzyme activity was comparable between Sham and OVX 
mitochondria isolated from gastrocnemius, there was a trend for E2 replacement to increase SDH activity (p = .0898). Using SDH histological 
staining of muscle sections, SDH capacity of gastrocnemius was comparable across all groups (Sham, OVX and OVX + E2; C), but was 
increased in tibialis anterior (D), with a trend detected in diaphragm (p = .0691; E), following OVX. In both tibialis anterior and diaphragm, 
E2 replacement decreased the SDH capacity (D and E). (F-H) The proportion of less, more, and highly oxidative fibers is shown for 
gastrocnemius, tibialis anterior and diaphragm with representative images (F–HI–III). *p < .05; **p < .01; ****p < .0001. Sham n = 5–12; OVX 
n = 4–14; OVX + E2 n = 5–14. Scale bar = 100 μm.
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      |  9 of 19TIMPANI et al.

(CI-V). Of the 54 CI structural subunits or assembly factors 
we could detect, only Ndufb4 was downregulated in OVX 
compared to Sham (Figure  5E; p < .05). Eight proteins 
were upregulated in response to E2 replacement – Ndufa3, 
Ndufab1, Ndufaf4, and Ndufb11 (p < .05) and Acad9 and 
Ndufaf2 (p < .01). Only one of the six proteins associated 
with CII (Figure 5E) was affected by OVX (Sdhd; p < .01), 
and this upregulation was not modified following E2 

replacement (p > .05). OVX did not affect any of the pro-
teins associated with either CIII (14 proteins) or CIV (19 
proteins; Figure  5E; p > .05). However, E2 replacement 
significantly upregulated expression of the CIII proteins 
Lyrm7 and Uqcr11 and the CIV proteins Coa5-7 and Cox 
5a, Cox7a2, Cox17, Cox20, and Sco1 (p < .05). One of the 
29 proteins associated with CV was downregulated follow-
ing OVX (Atp5pf; Figure 5E; p < .05) and E2 replacement 

F I G U R E  3   Estrogen depletion downregulates Rbm20 expression in female mdx mice and impacts 59 cellular processes. (A and AI). 
Of the ~5400 proteins identified through proteomics, only Rbm20 was impacted by ovariectomy (OVX) and downregulated in comparison 
to Sham. (B) Pathways analysis of the entire proteomics dataset identified that 59 pathways were impacted by OVX – 16 pathways were 
upregulated compared to Sham while 43 pathways were downregulated. Order of pathways is presented as most significantly impacted (i.e., 
eukaryotic translation elongation) to least significantly impacted (i.e., signaling by FLT3 fusion proteins). Sham n = 5; OVX n = 6.
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10 of 19  |      TIMPANI et al.

normalized its expression (p < .05). E2 replacement also 
upregulated the expression of the CV subunits Atp5mg, 
Atp5po (p < .05), and Atpaf2 (p < .01).

To further explore the relationship between Rbm20 
expression and changes to key metabolic indices and pro-
teins, we conducted correlation and regression analyses. 

F I G U R E  4   Estrogen replacement upregulates Rbm20 expression in female mdx mice and modulates the expression of a further 61 
proteins. (A and AI) Rbm20 expression was upregulated following estradiol (E2) replacement as well as modulated expression of a further 
61 others. (B) The impact of ovariectomy (OVX) and E2 replacement, is demonstrated on splicing targets of Rbm20. (C) Pathways analysis 
of the entire proteomics dataset identified that 88 pathways were impacted by E2 replacement – 34 pathways were upregulated compared 
to OVX muscle while 54 pathways were downregulated. Order of pathways is presented as most significantly impacted (i.e., translation) to 
least significantly impacted (i.e., NCAM1 interactions). *p < .05; **p < .01; ***p < .001; ****p < .0001. OVX versus Sham or OVX + E2 versus 
OVX. Sham n = 5; OVX n = 6; OVX + E2 n = 6.
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      |  11 of 19TIMPANI et al.

F I G U R E  5   Estrogen replacement upregulates proteins associated with mitochondrial dynamics and metabolism in female mdx mice. 
The proteomics dataset was probed for proteins associated with the mitoribosome, mitochondrial dynamics and metabolism and are 
displayed as heatmaps with ovariectomized (OVX) compared to Sham and OVX + E2 (estradiol) compared to OVX. The impact of OVX, 
and E2 replacement, is demonstrated on (A) the mitoribosome, (B) markers of mitochondrial dynamics, (C) pyruvate metabolism, (D) 
the tricarboxylic acid (TCA) cycle and (E) the electron transport chain. *p < .05, **p < .01, ***p < .001, ****p < .0001 OVX versus Sham or 
OVX + E2 versus OVX. Sham n = 5; OVX n = 6; OVX + E2 n = 6.
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There was a very weak association between Rbm20 expres-
sion and exercise capacity (r2 < .3; Figure 6A) and each in-
termediate of the TCA cycle (r2 < .3; Figure 6B–G) but there 
was moderate association between CS activity and Rbm20 
protein levels (r2 = .5305, p < .01; Figure  6H). Although a 
very weak association between Rbm20 and Cs (p = .0876; 
Figure  6I), Mfn2 (Figure  6J), Opa1 (Figure  6K), Vdac-1 
(Figure 6L), and − 3 (Figure 6M; all r2 < .3) protein expres-
sion was detected, other markers of mitochondrial content 
and biogenesis, including Mfn1 (p < .001, Figure 6N), Tfam 
(p < .001, Figure 6O), and Vdac2 (p < .0001, Figure 6P) had a 
moderate association with Rbm20 expression while Perm1 
was weakly associated (r2 = .4861, p < .01, Figure  6Q). 
Pc protein expression was most strongly associated with 
Rbm20 expression (r2 = .9398, p < .0001; Figure 6R).

4   |   DISCUSSION

Despite expressing dystrophin (albeit to varying de-
grees46,47), female DMD carriers manifest exercise in-
tolerance and metabolic anomalies, including delayed 
recovery of high phosphate energy.18 These are likely to 
be exacerbated following menopause since estrogen is 
known to regulate skeletal muscle function and metabo-
lism by positively regulating mitochondrial biogenesis, 
respiratory chain respiration, and lipid metabolism.48 
Our study confirms that OVX reduces exercise capacity, 
serum TCA cycle intermediate concentration, and muscle 
CS activity in female mdx mice. Moreover, replacement of 
estrogen with E2 offset these deficits, supporting the idea 
that loss of estrogen could exacerbate dystropathology in 
female DMD carriers. In OVX mice, proteomics analysis 
identified a reduction in Rbm20, a critical regulator of sar-
comeric and muscle homeostasis gene splicing. This was 
associated with changes in the skeletal muscle proteome 
that reflected reduced ribosomal and mitochondrial activ-
ity. Estradiol replacement attenuated the downregulation 
of the Rbm20 protein that was observed in the OVX-only 
group and promoted metabolic and mitochondrial pro-
cesses, suggesting that estrogen allays the dystrophic phe-
notype of female DMD carriers.

Exercise intolerance is a well-documented effect fol-
lowing the loss of estrogen (previously reviewed in48,49) 
and our findings support this notion since OVX mice had a 
significantly reduced exercise capacity (~64%), which was 
normalized by E2 replacement. Since exercise capacity is 
linked with metabolism, we probed our published serum 
metabolome dataset26 to elucidate a pathway/s which 
could, in part, explain the observed deficits in exercise. We 
determined that TCA cycle intermediates were reduced in 
OVX mice – specifically succinate and cis-aconitate con-
centration. In ER-related-α (ERRα) KO mice, muscle TCA 

cycle intermediates, including succinate, are reduced fol-
lowing exercise, however, we did not see an accumulation 
of other intermediates (e.g., citrate or cis-aconitate) as ob-
served in Perry et al.50 This could be explained by either 
the difference in intensity of the exercise tests employed 
or the fact that our study used OVX to reduce estrogen 
levels while Perry et al. utilized ERRα KO to reduce estro-
gen binding to skeletal muscle while maintaining circulat-
ing levels. We did not quantify whether OVX completely 
abolished circulating estrogen (confirmed with reductions 
in uterus mass), thus our findings may be reflective of re-
sidual circulating estrogen, which has been previously 
demonstrated in rats one-month post OVX.51 Irrespective, 
our data indicate that loss of estrogen production via OVX 
impacts TCA cycle flux. For succinate, the reduced con-
centration appears reflective of increased succinate oxida-
tion (SDH capacity significantly increased in the TA and 
trend in the diaphragm). In particular, the Sdhd subunit 
of CII, which is responsible for terminal electron trans-
fer flow to CoQ and coordinating succinate oxidation, was 
specifically upregulated by OVX whereas Sdhb subunit, 
a traditional biomarker of Complex II content, was not. 
Increasing SDH/CII flux may be a compensatory mech-
anism in response to OVX as loss of estrogen has been 
shown to decrease CI respiration in skeletal muscle.52 
However, this finding contradicts other studies which 
demonstrate reduced SDH following ovariectomy or ERR 
KO.53–55 Most likely, our conflicting data are related to ei-
ther the protocol employed to prevent estrogens' effect on 
skeletal muscle (i.e., reduced estrogen levels versus KO 
of the receptor) or the length of time between OVX and 
testing as estrogen levels can fluctuate due to extragonadal 
aromatization of estrogen.51

Given that OVX altered the concentration of TCA cycle 
intermediates, we anticipated that proteins associated 
with metabolism would be impacted by OVX in skele-
tal muscle. To the contrary, only Rbm20 met the statisti-
cally significant criteria (0.75 log2 fold change, adjusted 
p < .05), which was downregulated following OVX. To 
the best of our knowledge, this is the first time that OVX 
has been shown to impact Rbm20 expression. Rbm20 is 
a post-transcriptional splicer abundant in both skeletal 
and cardiac muscle and known to have more than 30 
splicing targets (for a comprehensive review, see45). These 
targets have functions in various pathways, including cy-
toskeleton organisation,56,57 contraction,56 and calcium 
handling,56,57 all of which are affected in DMD.58,59 More 
recently, loss of Rbm20 has been linked to impaired mito-
chondrial function and dysregulated metabolic pathways 
and processes. In Rbm20 KO rats, mitochondrial respira-
tion, particularly driven by CI, is reduced60 and metabolic 
pathways are downregulated,61 indicating that Rbm20 is 
an essential regulator of metabolism. While our pathways 
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      |  13 of 19TIMPANI et al.

F I G U R E  6   Rbm20 protein expression is associated with key metabolic indices in female mdx mice. Rbm20 protein expression of 
skeletal muscle was correlated with exercise capacity (A), the tricarboxylic acid cycle intermediates (B–G), citrate synthase (CS) activity (H), 
markers of mitochondrial dynamics (I–Q) and pyruvate carboxylase (Pc) protein expression (R) in Sham, ovariectomized (OVX), and OVX 
with estradiol (E2) replacement (OVX + E2) mice. The coefficient of determination (r2) is noted in each panel with the dotted lines denoting 
the 95% confidence intervals. Sham n = 4–5; OVX n = 5–6; OVX + E2 n = 3–6.
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analysis of the proteome did not indicate up- or downreg-
ulation of metabolic pathways (OVX vs Sham), E2 replace-
ment did modulate many metabolic and mitochondrial 
processes, including the control of mitochondrial calcium 
uptake proteins, which were associated with upregula-
tion of Rbm20, strengthening the idea that Rbm20 pro-
tein expression is responsive to fluctuations in estrogen. 
Although speculative, the mechanism may be coordinated 
through ERα which (1) is a known modulator of metab-
olism,62 (2) is responsive to other clock-related genes63 
and (3) regulates the estrogen response element (ERE) on 
some circadian rhythm genes.64,65 Confirming whether 
Rbm20 is directly modulated by ER binding is an import-
ant next step in understanding the influence of hormones 
and the circadian clock on the regulation of muscle me-
tabolism and function.

E2 replacement upregulated various metabolic and 
mitochondrial pathways suggesting proteins associ-
ated with mitochondrial dynamics, the TCA cycle and 
the ETC could be affected. While most of the proteins 
investigated were not statistically different following 
OVX (compared to Sham), our metabolomics data sug-
gested changes in mitochondrial dynamics and/or TCA 
function, indicating biologically relevant (albeit non-
statistically significant) changes to the mitochondrial 
proteome. The loss of estrogen/OVX or ERRα KO down-
regulates metabolism50,53–55,66 and our data infer early 
adaptations at 4–5 weeks post-OVX. Increasing the du-
ration of estrogen deprivation would likely lead to wide-
spread reductions in the expression of mitochondrial and 
metabolic proteins. A similar scenario is observed with 
E2 replacement, with our analysis suggesting an over-
all upregulation of mitochondrial dynamic markers and 
metabolic proteins. For example, upregulation of Mfn1 
is associated with improved bioenergetics, calcium han-
dling, and excitation-contraction coupling in muscle.67 
Corresponding upregulation of the master mitochon-
drial DNA transcription factor, Tfam, and transcrip-
tion of oxidative metabolic machinery (e.g., Ndufaf2, 
Uqcr11, Cox20, Atpaf2) to facilitate bioenergetic adap-
tations were observed. Others have also demonstrated 
that E2 replacement via implant, as used in this study, 
increases mitochondrial enzyme activity.68,69 When con-
sidered in conjunction with our data, this suggests that 
estrogen controls both enzyme expression and kinetics 
via orchestrating substrate flux. It is important to note 
however, that implantable hormone systems deliver sus-
tained E2 concentrations in comparison to the cyclical 
circadian release that is observed in vivo,66 which could 
lead to supraphysiological levels68 and evoke an exag-
gerated mitochondrial/metabolic response.

Pc was the second most upregulated protein follow-
ing E2 replacement indicating this could be a primary 

mechanism of estrogen's effect on metabolism. OVX 
downregulated Pc (log2 fold change = −0.561, p < .001) 
but had no impact on any of the other proteins asso-
ciated with pyruvate metabolism. Pc is responsible for 
the conversion of pyruvate to oxaloacetate, a TCA cycle 
intermediate, and its anaplerotic action is critical for 
pacing TCA cycle flux while fostering biosynthesis path-
ways (e.g., gluconeogenesis and lipogenesis70). Pc KO 
mice have impaired TCA cycle metabolism, resulting in 
a ~ 50% reduction in TCA cycle intermediates.71 While 
pyruvate can also be metabolized by a second enzyme, 
pyruvate dehydrogenase (PDH), which converts pyru-
vate into acetyl CoA to drive the TCA cycle, we did not 
observe any differences in the PDH subunits following 
OVX nor the pyruvate transporters (Mpc1 and Mpc2). 
Our data support previous findings indicating that OVX-
induced reductions in substrate metabolism are not due 
to changes in the protein expression of PDH, Mcp1 or 
Mcp2.66 Instead, our data suggest that the downregu-
lation of Pc may be partially responsible for the reduc-
tion in TCA cycle intermediates, particularly since E2 
replacement upregulated Pc expression and normalized 
serum TCA cycle intermediates. Indeed, compensatory 
upregulation of Pc protein (and activity) anapleroti-
cally rescues TCA cycle intermediate perturbations in 
cardiolipin-deficient C2C12 muscle cells,72 indicating a 
critical role of Pc in maintaining TCA flux. Serum me-
tabolite concentrations are a good reflection of lean tis-
sue metabolite levels43 because TCA cycle intermediates 
– particularly succinate – act as metabokines to signal 
and modulate systemic energy metabolism.73

Dilated cardiomyopathy is a common complication of 
female DMD carriers74–78 that is often attributed to the 
mosaic dystrophin expression observed in cardiac tis-
sue.74,75,79 Our data indicate that reduced Rbm20 may also 
contribute to this morbidity, particularly in peri−/meno-
pausal female carriers given OVX downregulated Rbm20 
expression. Loss of function mutation of Rbm20 causes 
dilated cardiomyopathy (both of genetic and non-genetic 
origins45). Rbm20 KO rodents and human iPSC-derived 
Rbm20 mutant cardiomyocytes show impaired cardiac 
contractility and myocardial stiffness, which is attributed 
to mis-splicing of calcium-handling genes, for example, 
Ryr2 and Camk2d,80,81 as well as impaired Frank–Starling 
mechanism due to mis-splicing of TTN (titin56,82). These 
same pathophysiological features were recently docu-
mented in human iPSC-derived cardiomyocytes from a 
female Becker MD carrier engineered to have a DMD mu-
tation.83 While neither Rbm20 expression, nor its splicing 
targets, were investigated in the study by Kameda et al., 
the similarities in cardiac abnormalities between Rbm20-
induced dilated cardiomyopathy and cardiomyopathy in 
female DMD carriers are evident and suggest that further 
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research is warranted to ascertain the role of Rbm20 in 
female DMD carrier cardiomyopathy.

Research on Rbm20 in the context of skeletal muscle is 
limited. However, evidence suggests that it controls sarco-
mere assembly and passive elasticity. Loss of Rbm20 shifts 
Ttn from the stiff to the compliant isoform,84,85 a phenotype 
that reduces contractility manifesting as muscle weakness 
and exercise intolerance.86 While Ttn isoforms (and levels) 
have yet to be quantitated in female DMD carriers, mus-
cle weakness and exercise intolerance are common phys-
iological symptoms87,88 – further research is warranted to 
confirm whether Ttn, and indeed Rbm20, are mediators. 
No effect of OVX or E2 replacement on Ttn protein expres-
sion (log2 fold = 0.0112, p = .901 and log2 fold = −0.0847, 
p = .332, respectively) was observed, but this does not rule 
out a potential shift in Ttn isoforms. Thyroid hormone 
was shown to regulate titin isoform transition via Rbm20 
in cardiomyocytes,89 suggesting other hormones, for ex-
ample, E2, may also be influential. Furthermore, loss of 
Rbm20 in skeletal muscle diminishes exercise capacity,90 
which may partly explain the decreased exercise capacity 
observed in OVX mice.

Recently, Rbm20 was shown to regulate Ttn splicing in 
skeletal muscle under the control of the muscle circadian 
clock regulatory genes, Bmal1 and Clock.32 There is well-
established reciprocal regulation between circadian and 
estrogen signaling (for a review, see Alvord et al.63). The 
suprachiasmatic nucleus (SCN) is the master timekeeper 
of the circadian rhythm, and although there is no evi-
dence that it is directly modulated by circulating estrogen 
rhythms, our pathways analysis suggests OVX might alter 
SCN-mediated timekeeping via changes to retinal func-
tion or vice versa. Four vision-related pathways involving 
a total of 26 modulated proteins were upregulated includ-
ing retinoid metabolism and transport, visual phototrans-
duction, diseases associated with visual transduction, and 
canonical retinoid cycle in rods (twilight vision). The SCN 
receives light input from the retina, and via a complex 
hormonal and neural milieu, orchestrates tissues-specific 
transcription of Cryptochrome ((Cry) 1 and 2) and Period 
((Per)1, 2 and 3) genes by Bmal1 and Clock, to induce local 
circadian effects.64 ERα and -β are outputs of the molecular 
clock transcription program but can also directly regulate 
the estrogen response element (ERE) on specific circadian 
genes such as Per264,91,92 and Clock.65,93 ERα expression 
(log2 fold = −0.532, p = .13) was not significantly affected 
by OVX in our muscle proteome but E2 replacement did 
upregulate expression (log2 fold = 0.861, p = .0155; ERβ 
was not detected). In rodent metabolic tissues, OVX re-
sults in a significant circadian phase shift of Per1 ex-
pression (liver) and/or a rapid decline in circadian phase 
synchrony (liver and white adipose tissue) with impact on 
lipid metabolism, insulin sensitivity and glucose tolerance 

in these tissues. Our data suggest a nexus exists between 
estrogen, Rbm20 expression, and the regulation of metab-
olism. Rbm20 was strongly correlated with Pc expression. 
However, whether they are mutually but independently 
regulated by circulating estrogen levels, or whether, the 
expression of one protein, for example, Pc is dependent on 
the other, for example, Rbm20 is unknown. Since Rbm20 
function was recently linked to circadian clock control of 
skeletal muscle, this may be the one fundamental mecha-
nism controlling the entire nexus and downstream effects 
on muscle metabolism and function. However, detailed 
studies will be required to decipher these intricacies.

5   |   CONCLUSION

To our knowledge, this is the first study to link the loss of 
estrogen and changes to muscle metabolism with Rbm20 
protein expression. Our data indicate estrogen may play 
a role in reducing the dystrophinopathic characteristics 
in female mdx mice and protects against exercise intoler-
ance. Importantly, OVX downregulated Rbm20 protein 
expression, which may contribute to common female 
DMD carrier manifestations (e.g., dilated cardiomyopathy 
and exercise intolerance). Further research is required to 
confirm whether the decrease in Rbm20 protein is also as-
sociated with a reduction in Rbm20 splicing capacity.

While the use of tamoxifen, a selective ERα agonist, 
does not appear to be clinically beneficial for DMD pa-
tients,30 our data indicate that E2 replacement could be 
valuable for female DMD carriers (above menopausal age). 
A notable limitation of our study is that we used homozy-
gous females with complete dystrophin deficiency (aside 
from spontaneous revertant fibers characteristic of the mdx 
model), whereas female DMD carriers are typically hetero-
zygous for the DMD mutation. There may be notable mus-
cular system differences in response to estrogen depletion 
and repletion due to genotype or species, which lessen the 
translational aspect of our study. Studying the impact of 
ovariectomy on Rbm20 expression in other mouse models 
that better mimic the genotype and phenotype of female 
DMD carriers, for example, the heterozygous female mdx 
mouse which display metabolic abnormalities,13 or the 
mdx-XistΔhs female mouse which expresses mosaic but per-
sistently low dystrophin levels and functional deficits,94 
could shed more light. Dystrophic-like features in female 
carriers can manifest from as young as 3 years of age,95 
which indicates that E2 therapy may not be a universal 
treatment option for carriers. The inclusion of a Sham+E2 
repletion group would have been beneficial to identify any 
possible off-target effect of supraphysiological E2 in this 
regard. Follow-up studies are warranted to understand 
whether estrogen levels correlate with severity/onset of 
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dystrophinopathy in female carriers and if E2 replacement 
is a viable therapeutic pathway.
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