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Abstract: Duchenne muscular dystrophy (DMD) is a fatal X-linked neuromuscular disorder caused by mutations in the dystrophin 
gene, leading to sarcolemmal instability, chronic calcium overload, mitochondrial dysfunction, inflammation, and fibrosis. These 
effects manifest clinically as muscle atrophy, loss of mobility, and respiratory and cardiac insufficiencies. Although gene-targeted 
approaches such as exon skipping and microdystrophin delivery have advanced, their applicability is restricted by genotype and 
adverse effects. Thus, reasonably safe, effective therapies remain a critical unmet need. (Z)-endoxifen, the (Z)-isomer of endoxifen, is 
the principal active metabolite of tamoxifen, exhibiting higher potency in protein kinase C (PKC) inhibition than tamoxifen and 
regulating various protein activities differently than tamoxifen. This pharmacologic profile positions endoxifen to address multiple 
DMD pathological mechanisms simultaneously. Recent literature supports the prior hypothesis that endoxifen exerts pleiotropic 
benefits in DMD. Transcriptomic and preclinical evidence shows that endoxifen may have superior effects to tamoxifen in reversing 
DMD signatures given available dosing regimens. Additionally, pathway-level insights support endoxifen activation of myogenesis, 
oxidative phosphorylation, estrogen receptor beta (ERβ) activation, and inhibition of pro-inflammatory and epithelial-to-mesenchymal 
transition (EMT) pathways in DMD. These findings suggest (Z)-endoxifen may act on utrophin-linked regulatory axes, thereby 
potentially contributing to functional compensation for dystrophin deficiency. This provides justification for endoxifen’s development 
as a mutation-agnostic DMD therapeutic approach. 
Keywords: gene expression regulation, selective estrogen receptor modulators, skeletal muscle regeneration, pharmacologic action 
mechanism, Becker muscular dystrophy, utrophin

Introduction and DMD Pathophysiology
Many neuromuscular disorders affect skeletal muscle. Muscular dystrophies (MDs) are an important therapeutic class of 
inherited myogenic disorders with varying types,1 characterized by progressive muscle wasting and weakness of variable 
distribution and severity, where muscle maintenance is compromised.2 Duchenne muscular dystrophy (DMD) and Becker 
muscular dystrophy (BMD) are the most common forms of MDs,3–5 with prevalence rates estimated at 4.8 and 1.6 per 
100,000 people, respectively.3

DMD is caused by mutations in the X-linked DMD gene encoding dystrophin, a 427-kDa cytoskeletal protein that 
links the intracellular actin cytoskeleton to the extracellular matrix (ECM) via the dystrophin-associated glycoprotein 
complex (DGC).6–9 Loss of dystrophin disrupts this linkage, rendering the cell membranes (sarcolemma) surrounding 
skeletal muscle fibers and cardiomyocytes mechanically fragile.6,9 Contraction-induced microtears allow unregulated 
calcium influx, activating calpains and other proteases, triggering mitochondrial permeability transition, and leading to 
myofiber necrosis.10,11 Damaged fibers are replaced by fibrotic and adipose tissue, and over time the regenerative 
capacity of muscle declines, culminating in progressive weakness, loss of ambulation, cardiomyopathy, respiratory 
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failure, and premature death.6,9,12 Current standard-of-care corticosteroids, such as prednisone and deflazacort, improve 
survival, prolong ambulation, and slow functional decline in patients with DMD; however, their long-term efficacy 
remains limited and treatment is associated with significant adverse effects, including weight gain, osteoporosis, growth 
delay, and behavioral changes.6,9,13 As a result, corticosteroid therapy primarily mitigates disease progression rather than 
addressing the disease’s underlying genetic defect. In recent years, mutation-specific therapies such as exon-skipping 
oligonucleotides have been developed, although these approaches are applicable to only a subset of patients, with 
approximately 27% of individuals with DMD amenable to currently FDA-approved exon-skipping therapies.14 

Additional therapeutic strategies under investigation include other mutation-specific approaches, such as nonsense read- 
through therapies, as well as mutation-agnostic approaches aimed at improving muscle function or modifying disease 
progression, including gene therapy, gene editing, and utrophin modulation. Collectively, these limitations underscore the 
urgent need for safe, broadly applicable disease-modifying or curative therapies for DMD.

Like DMD, BMD, a less severe dystrophy, involves dystrophinopathies with an X-linked inheritance. Patients with 
BMD produce inadequate amounts of dystrophin, though they produce more dystrophin than patients with DMD. BMD 
and DMD belong to the dystrophinopathy spectrum as they share the same pathogenic gene and characteristics such as 
progressive muscle degeneration and dilated cardiomyopathy.15,16 Whereas BMD patients with in-frame mutations retain 
truncated dystrophin production, DMD patients lack functional protein production. A significant portion, approximately 
20%, of DMD and BMD recessive carriers have clinical manifestations of DMD/BMD. If left ventricle involvement is 
included, the proportion of carriers with symptoms increases to approximately 40%.17 Because DMD and BMD share 
similar pathology, it is possible that therapies that benefit DMD patients would also benefit BMD patients,1 and may also 
benefit manifesting DMD and BMD recessive carriers.

Recent advances in mutation-specific therapies, such as antisense oligonucleotide (ASO)-mediated exon skipping and 
adeno-associated virus (AAV)-delivered, mutation-independent microdystrophin, have provided proof-of-concept that 
restoring dystrophin can improve outcomes.18–20 However, these approaches are constrained by antibody responses, other 
adverse effects, and uncertainties about long-term expression and durability.6,21 Although these approaches are in the 
clinic, their efficacy is limited and they generally only slow disease progression.22 Consequently, there is a pressing need 
for mutation-agnostic therapies that address shared downstream pathophysiological mechanisms.6

Tamoxifen, a selective estrogen receptor modulator (SERM), has demonstrated functional and histological benefits in 
mdx mouse models of DMD and in early clinical trials.23 Its mechanisms include membrane stabilization, anti- 
inflammatory effects, and attenuation of fibrosis. Importantly, chronic treatment with 4-OHT, a tamoxifen metabolite, 
in a bioengineered human iPSC-derived cardiomyocyte model slowed beating rate, increased contractile force, corrected 
calcium dysregulation, and improved survival of DMD cardiomyocytes, supporting tamoxifen’s potential as 
a cardioprotective therapy in DMD.24

(Z)-endoxifen, the primary active metabolite of tamoxifen, is generated in large part via CYP2D6 metabolism and has 
been shown to inhibit protein kinase C (PKC) isoforms, particularly PKC beta-1 (PKCβ1).25 PKCβ1 is implicated in pro- 
fibrotic transforming growth factor beta (TGF-β) signaling and immune activation in dystrophic muscle, making it an 
attractive target for modulation.26

Beyond estrogen receptor and PKC pathways, transcriptomic analyses indicate that endoxifen more effectively 
normalizes DMD-associated gene expression than tamoxifen.27 Bulk ribonucleic acid sequencing (RNA-seq) from 
dystrophic muscle treated with tamoxifen or endoxifen reveals significant activation of myogenic programs,28,29 

mitochondrial oxidative phosphorylation,25,30 and estrogen-responsive signaling.25,31 These changes are consistent with 
a shift toward a regenerative, anti-fibrotic phenotype that could preserve muscle function.6

One pathway that integrates these effects is utrophin upregulation.6,32–34 Utrophin, which is widely expressed 
throughout all fetal stages, shares structural and functional homology with dystrophin and binds similar partners within 
the DGC.23,35 In healthy muscle, following birth, its expression is largely restricted to the neuromuscular and myotendi
nous junctions. In the absence of dystrophin, utrophin can be redistributed along the sarcolemma, partially compensating 
for the structural deficit.6,33,34,36 Importantly, genetic overexpression or pharmacologic upregulation of utrophin in mdx 
mice ameliorates DMD pathology without developmental toxicity.6,33,34
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The promise of utrophin-based strategies in DMD is underpinned by evidence that utrophin can functionally 
compensate for dystrophin deficiency, that its upregulation is effective and non-toxic, and that earlier expression yields 
greater therapeutic benefit.33,34,37–39 Despite this promise, clinical translation of direct utrophin activators such as 
SMT C1100 (ezutromid) has been limited by suboptimal pharmacokinetics and insufficient target engagement.6

Endoxifen’s combined pharmacologic actions—PKCβ1 inhibition, normalization of calcium-handling proteins (eg, 
sarcoplasmic/endoplasmic reticulum calcium ATPase 1 and 2 [SERCA1/2], ryanodine receptors), and suppression of 
inflammation—are all mechanistically aligned with enhancing utrophin expression and stability. In mouse models, 
endoxifen creates a cellular context conducive to utrophin transcription and incorporation into the sarcolemmal complex 
by restoring myogenic transcription factors such as myoblast determination protein 1 (MyoD) and myocyte enhancer 
factor 2 (MEF2), reducing antagonistic inflammatory signaling, and improving mitochondrial support.27,31

Given the multifactorial pathogenesis of DMD, therapies that modulate multiple converging pathways may offer the 
best potential for durable functional improvement.6,19 Accordingly, we conducted a hypothesis-driven, integrative review 
of transcriptomic, mechanistic, and preclinical evidence to explore the theoretical rationale for (Z)-endoxifen as 
a mutation-agnostic, multi-target therapeutic candidate in DMD, with utrophin pathway activation proposed as 
a central mechanism and potential biomarker for clinical translation.

Utrophin in DMD: The Rationale for Pharmacologic Upregulation
Utrophin is a structural homolog of dystrophin that shares considerable sequence and functional similarity.35,40–42 Unlike 
dystrophin, which is absent or truncated in DMD, utrophin is expressed ubiquitously during fetal development and later 
becomes restricted primarily to the neuromuscular junction and myotendinous junctions in mature muscle fibers.43,44 In 
DMD, a notable pathophysiological feature is the upregulation of utrophin in revertant fibers and regenerating myofibers, 
suggesting that utrophin can at least partially compensate for the absence of dystrophin.35,43 Observational studies in 
DMD have consistently shown that higher levels of utrophin are associated with milder clinical phenotypes and improved 
muscle integrity, even in the absence of functional dystrophin.6,44

The ability of utrophin to substitute for dystrophin has been further highlighted in natural history studies and animal 
models.35,45 For instance, utrn−/− knockout mice are viable and develop normally, demonstrating that utrophin is not 
essential for embryonic development.35 This finding demonstrated its favorable safety profile as a therapeutic target, 
since utrophin modulation would not be expected to result in deleterious developmental effects. Conversely, over
expression of utrophin in dystrophin-deficient mdx mice substantially reduces pathology, improves sarcolemmal stability, 
and enhances muscle function.39,46 Together, these findings establish that utrophin possesses a wide dosing range 
therapeutic potential, making it an attractive target for pharmacologic and genetic interventions.23,47

The p38 mitogen-activated protein kinase (MAPK) pathway plays a central role in regulating skeletal muscle 
differentiation and myogenic gene expression. During myogenesis, activation of p38 signaling promotes myoblast cell- 
cycle exit and enhances the activity of key muscle-specific transcription factors, including MyoD and MEF2, thereby 
driving the transcriptional programs required for myofiber formation and repair. In addition to its role in differentiation, 
p38 MAPK signaling has been implicated in the regulation of utrophin expression. Pharmacologic activation of this 
pathway with anisomycin, a potent p38 activator, has been shown to increase utrophin protein levels in C2C12 myoblasts 
and mdx primary myoblasts, as well as elevate utrophin expression in the diaphragm of mdx mice. These findings 
support a role for p38 signaling in the transcriptional control of utrophin in skeletal muscle.

Tamoxifen and its active metabolite, endoxifen, have also been reported to activate p38 MAPK signaling, raising the 
possibility that their ability to upregulate utrophin is mediated, at least in part, through this pathway. By engaging 
intracellular signaling cascades associated with myogenic differentiation, tamoxifen and endoxifen may enhance utrophin 
expression and thereby contribute to improved sarcolemmal stability in dystrophin-deficient muscle.

More recent work further refines the mechanistic basis of utrophin compensation in Duchenne muscular dystrophy 
(DMD), demonstrating that mutant DMD mRNA decay can drive UTRN upregulation through transcriptional adaptation 
in human cells. In this study, inhibition of nonsense-mediated decay reduced UTRN upregulation, whereas splice- 
switching antisense oligonucleotides (ASOs) that induced out-of-frame exon skipping increased UTRN expression. 
Conversely, restoration of the DMD reading frame using ASOs in DMDΔE52 myotubes attenuated utrophin 

Degenerative Neurological and Neuromuscular Disease 2026:16                                                           https://doi.org/10.2147/DNND.S574524                                                                                                                                                                                                                                                                                                                                                                                                       3

Remmel et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



upregulation. Together, these findings suggest that utrophin compensation is influenced not only by the absence of 
dystrophin, but also by mutation class and transcript fate—an important consideration when interpreting natural history 
variability and therapeutic responses in dystrophinopathies.48

Several strategies have been explored to harness utrophin as a therapeutic surrogate for dystrophin.40 One of the most 
extensively investigated pharmacologic approaches has been the development of small molecules that increase utrophin 
transcription.35 SMT C1100, an orally bioavailable utrophin modulator, demonstrated target engagement by elevating 
utrophin expression in preclinical models and advanced into clinical trials.49,50 However, despite promising mechanistic 
rationale, SMT C1100 failed to achieve consistent clinical efficacy in human trials and was ultimately discontinued due 
to poor bioavailability and limited therapeutic benefit.32,51 This underscores the challenges in achieving sufficient 
systemic exposure and sustained upregulation in muscle tissue.6

Beyond SMT C1100, other pharmacologic agents have been reported to modulate utrophin expression, including 
heregulin, biglycan, histone deacetylase inhibitors, and certain antibiotics.48,52 These approaches have shown variable 
success in preclinical studies but have yet to progress into late-stage clinical evaluation, in part due to concerns about 
specificity, systemic toxicity, or limited translational potential.6 Nonetheless, these agents collectively demonstrate the 
utility of utrophin transcriptional pathways and continue to serve as a foundation for future discovery efforts.

In parallel with pharmacologic modulation, gene therapy approaches have explored the delivery of engineered micro- 
utrophin constructs to restore dystrophin-like functionality.40,53 Micro-utrophin, by virtue of its reduced size relative to 
full-length dystrophin, is amenable to packaging into AAV vectors.54 Preclinical studies in mdx mice and canine DMD 
models have demonstrated that micro-utrophin can localize to the sarcolemma, interact with the dystrophin-associated 
glycoprotein complex, and ameliorate muscle pathology.33,34,38,55 Despite these advances, gene therapy with micro- 
utrophin is not without limitations: challenges in vector manufacturing, host immune responses, and the requirement for 
systemic delivery remain significant barriers to translation.54 Additionally, while micro-utrophin can partially substitute 
for dystrophin, its functional capacity may not be entirely equivalent, raising questions about long-term durability of 
clinical benefit.56

Collectively, the body of preclinical and early clinical evidence strongly supports utrophin as a viable therapeutic 
surrogate for dystrophin in DMD.35,40 Its ability to ameliorate pathology, non-essentiality in normal development, and 
favorable therapeutic potential make it a uniquely attractive target.6 Additionally, the presence of developmental myosin 
such as myosin heavy chain-embryonic (MyHC-emb) and neonatal myosin represents a useful marker of muscle 
regeneration, with utrophin upregulated in these fibers to help stabilize the sarcolemma. Developmental myosin is 
a meaningful indicator of muscle damage, which correlates with the clinical severity in DMD and BMD patients.57 In 
a therapeutic context, researchers are exploring utrophin upregulation strategies to mimic dystrophin function, and 
developmental myosin often serves as a readout for whether treatments improve regeneration.

While prior pharmacologic efforts such as SMT C1100 illustrate the difficulties in achieving clinical efficacy, the 
expanding toolbox of drug discovery, combined with advances in gene therapy, ensures that utrophin upregulation 
remains a critical and rational strategy for addressing the broad unmet needs in DMD.

Transcriptomic Insights into Endoxifen’s Action in DMD Skeletal Muscle
High-resolution transcriptomic profiling provides a systems-level perspective on how pharmacologic interventions 
influence disease-associated gene expression. In DMD, bulk RNA sequencing (RNA-seq) of dystrophic muscle con
sistently reveals activation of inflammatory and fibrotic pathways, downregulation of oxidative metabolism, and disrup
tion of myogenic regulatory networks. Given endoxifen’s modulation of estrogen receptor (ER) signaling and inhibition 
of PKC and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways, transcriptomic analyses 
represent a useful framework for evaluating potential shifts in inflammatory, fibrotic, and myogenic gene programs 
relative to healthy controls. Although a public endoxifen bulk RNA-seq dataset from dystrophic muscle is not yet 
available, transcriptomic datasets from related biological contexts indicate modulation of ER-responsive signaling, 
myogenic regulatory networks, oxidative phosphorylation pathways, and cytokine- and fibrosis-associated gene expres
sion. Through ER-mediated signaling and anti-inflammatory pathway modulation, these transcriptomic patterns are 
consistent with modulation of pathways involving key myogenic transcription factors including MyoD, MYOG, and 
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MEF2 within muscle gene expression networks. Key pathways normalized by endoxifen include myogenesis, oxidative 
phosphorylation, and estrogen-responsive signaling.29,30,58 Myogenesis-related transcripts, such as MYOD1, MYOG, 
and MEF2C, are upregulated by endoxifen toward levels seen in healthy controls.6 Oxidative phosphorylation genes 
encoding components of complexes I–V of the mitochondrial respiratory chain show coordinated restoration, indicative 
of improved metabolic capacity.6 Estrogen-responsive gene sets, which intersect with both metabolic and structural 
pathways, are also modulated, reflecting endoxifen’s potent estrogen receptor beta (ERβ) binding activity.6,59

Simultaneously, endoxifen suppresses several maladaptive transcriptional programs.27,28 Pathways associated with 
epithelial–mesenchymal transition (EMT), ECM remodeling, and fibrosis—driven by genes such as COL1A1, FN1, and 
MMP2—are significantly downregulated.25,60,61 Pro-inflammatory signaling molecules, including IL-6/JAK/STAT3 and 
NF-κB target genes, are attenuated, likely reflecting the compound’s combined PKCβ1 inhibition and ERβ activation.28 

Genes governing apoptotic pathways and cell-cycle checkpoints, which can impede terminal myogenic differentiation, 
are also reduced in expression.25

When examined in the context of DMD’s regenerative deficits, these transcriptomic effects take on possible 
functional significance. Upregulation of myogenic regulators facilitates satellite cell activation and progression through 
the myogenic program, while suppression of inflammatory and fibrotic mediators creates a permissive microenvironment 
for effective regeneration.62 Normalization of mitochondrial gene expression supports the high energetic demands of 
repair and maintenance in dystrophic fibers.63

Comparison with tamoxifen-treated transcriptomes reveals that while both compounds share certain gene expression 
changes, endoxifen uniquely influences a broader array of calcium-handling, metabolic, and ECM-related genes.58 This 
includes stronger induction of ATP2A1/2 (SERCA1/2) and stabilization of ryanodine receptor transcripts, changes that 
directly relate to calcium homeostasis and downstream signaling relevant to muscle function.25 Enhanced suppression of 
fibrosis-related transcripts further distinguishes endoxifen, consistent with its more potent inhibition of PKCβ1—a kinase 
linked to TGF-β-driven fibrogenesis.25 Notably, SERMs do not bind directly to or regulate myosin itself, but influence 
muscle regeneration and fiber composition, leading to increased developmental myosin expression, preservation of adult 
myosin isoforms through reduced degeneration, and improved functional performance of myosin-driven contraction in 
impaired muscle.

Taken together, transcriptomic profiling highlights endoxifen as a multi-pathway modulator with the potential to 
influence gene expression networks disrupted in DMD. Its broader transcriptional impact compared with tamoxifen, 
particularly across metabolic and extracellular matrix–associated pathways, is consistent with its enhanced biochemical 
potency and multi-target pharmacology. These transcriptomic patterns intersect with established mechanistic drivers of 
DMD pathology, including calcium dysregulation, chronic inflammation, fibrosis, and impaired regeneration. As such, 
they provide a useful framework for understanding the potential biological effects of endoxifen and may help inform the 
development of pharmacodynamic biomarkers for future clinical studies.

Effects of Endoxifen on Calcium Homeostasis and Protein Kinase 
C Signaling
As noted previously, disruption of intracellular calcium homeostasis is a central pathogenic feature of DMD, arising from 
sarcolemmal instability and abnormal ion channel regulation.11,28,64 Loss of dystrophin leads to microtears in the 
sarcolemma during contraction, allowing uncontrolled calcium influx that overwhelms buffering systems.10,41 Excess 
cytosolic calcium activates calpains, phospholipases, and mitochondrial permeability transition pores, promoting myo
fiber necrosis.65,66 Chronic calcium overload also perturbs excitation–contraction coupling and impairs regenerative 
signaling.64,67 Restoring calcium balance is therefore a critical therapeutic goal in DMD.64,68

While it is unknown whether endoxifen exerts direct effects on calcium-handling proteins, it targets signaling 
pathways that modulate calcium homeostasis indirectly.28 As noted earlier, one of endoxifen’s most potent biochemical 
actions is inhibition of PKCβ1, which is a calcium-dependent kinase that becomes chronically activated in DMD muscle 
due to persistent calcium elevation.25,28 This hyperactivation drives phosphorylation of cytoskeletal and signaling 
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proteins, enhancing membrane instability and promoting pro-fibrotic TGF-β signaling.25 PKCβ1 also amplifies inflam
matory cascades via NF-κB activation, further aggravating myofiber damage.69

By inhibiting PKCβ1 at nanomolar concentrations—significantly more potently than tamoxifen—endoxifen interrupts 
this pathogenic feedback loop.25 Downstream consequences include reduced transcription of fibrosis-associated genes 
(eg, COL1A1, CTGF) and attenuation of inflammatory mediators such as tumor necrosis factor alpha (TNF-α) and 
interleukin 6 (IL-6).25,30,70 Independent of endoxifen exposure, PKC inhibition may also indirectly support calcium 
homeostasis by stabilizing store-operated calcium entry mechanisms, which are dysregulated in dystrophic muscle.71

While endoxifen potently inhibits PKCβ1 and induces its degradation, its effect on PKC theta (PKCθ) is notably 
different and less potent. That said, reduced PKCθ activity not only limits fibrosis and inflammation in an mdx mouse 
model but also improves the regenerative microenvironment, facilitating effective satellite cell differentiation.72,73

The combined normalization of calcium-handling protein expression and suppression of PKC-driven pathological 
signaling has several functional implications.10 Improved sarco/endoplasmic reticulum calcium ATPase (SERCA) 
activity and ryanodine receptor stability enhance contractile efficiency and reduce energy cost per contraction.74 

Lower cytosolic calcium minimizes activation of calcium-dependent proteases, slowing myofiber degeneration.10 

Endoxifen’s modulation of calcium homeostasis and PKC signaling intersects mechanistically with utrophin biology.28 

Stable calcium levels preserve cytoskeletal organization and sarcolemmal integrity, creating a favorable context for 
utrophin anchorage along the membrane.75 Furthermore, suppression of PKC-mediated inhibitory phosphorylation events 
on transcription factors may directly enhance utrophin gene expression.25 In this way, calcium and PKC modulation serve 
both protective and compensatory roles, sustaining fibers that express utrophin while promoting conditions for its 
upregulation.25

When compared to tamoxifen, endoxifen demonstrates broader and more potent effects on calcium and PKC 
pathways, likely due to its higher binding affinity for PKCβ1 and stronger ERα degradation.25 These differences may 
underlie the greater transcriptomic gene-reversal rate observed with endoxifen, particularly for genes involved in calcium 
cycling and ECM remodeling.

Given the centrality of calcium and PKC dysregulation in DMD pathophysiology, the dual modulation achieved by 
endoxifen represents a compelling therapeutic advantage. Future studies could integrate in vivo calcium imaging, PKC 
activity assays, and utrophin quantification to fully delineate the interplay between these pathways and functional 
outcomes in dystrophin-deficient muscle.

Single-Cell and Pseudotemporal Myogenesis Trajectory Analysis
Single-cell RNA sequencing (scRNA-seq) offers an unprecedented view of cellular heterogeneity and dynamic state 
transitions in dystrophic muscle.76 In DMD, scRNA-seq of muscle tissue reveals profound alterations in the composition 
and transcriptional programs of myogenic and non-myogenic cell populations.77 Satellite cells, the primary muscle stem 
cells, display impaired activation and differentiation, while fibro-adipogenic progenitors (FAPs) and immune cells adopt 
pro-fibrotic and pro-inflammatory phenotypes.78,79 These changes disrupt the coordinated myogenesis necessary for 
effective regeneration.

Application of pseudotemporal trajectory inference to dystrophic muscle datasets allows reconstruction of the 
myogenic continuum from quiescent satellite cells through activated progenitors, committed myoblasts, and differen
tiated myofibers.80 In untreated DMD muscle, trajectories are truncated, with a bottleneck at the transition from 
committed myoblast to mature myofiber.81,82 This reflects both intrinsic defects in myogenic programming and extrinsic 
inhibition from the inflammatory and fibrotic milieu.

Based on known pathway interactions, endoxifen has been shown to induce transcriptomic changes at the single-cell 
level in breast cancer cells, although comparable analyses have not yet been performed in dystrophic muscle. In DMD, 
single-cell transcriptomic studies demonstrate that satellite cells capable of effective regeneration display increased 
expression of activation markers such as MYF5 and MYOD1, reflecting exit from quiescence and entry into the 
myogenic program. Downstream in this trajectory, committed progenitors exhibit elevated expression of myogenin 
(MYOG) and structural genes including ACTA1 and TNNT1, which are associated with progression toward terminal 
differentiation and myofiber formation. In addition to promoting myogenic progression, endoxifen may reshape the non- 
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myogenic cell landscape. FAPs in treated muscle downregulate pro-fibrotic genes including COL1A1, POSTN, and TNC, 
while upregulating ECM-remodeling inhibitors such as tissue inhibitor metalloproteinases 3 (TIMP3).83 This shift may 
reduce pathological ECM deposition, creating a more permissive environment for myofiber regeneration. Similarly, 
based on its known anti-inflammatory and estrogen receptor–mediated effects, endoxifen may influence macrophage 
polarization; however, direct evidence demonstrating a shift from pro-inflammatory (M1-like) to reparative (M2-like) 
phenotypes in dystrophic muscle is currently lacking.73,84 Such immune modulation can directly enhance satellite cell 
function and survival.

When compared to tamoxifen, endoxifen produces broader single-cell transcriptional changes, particularly in non- 
myogenic populations.25,30 This includes stronger suppression of pro-fibrotic FAP programs and greater induction of 
oxidative and contractile gene networks in myogenic cells.28,30,31 Such effects may derive from endoxifen’s more potent 
PKCβ1 inhibition, ERβ activation, and ERα degradation, leading to deeper modulation of both myogenic and stromal 
signaling pathways.

By simultaneously enhancing satellite cell activation, promoting differentiation, suppressing fibrosis, modulating 
immune responses, and supporting vascular remodeling, endoxifen addresses multiple cellular bottlenecks in DMD 
muscle regeneration. These multi-cellular effects are likely to act in concert with endoxifen’s utrophin-enhancing actions 
to stabilize muscle structure and function over time. Future studies should include scRNA-seq in endoxifen-treated mdx 
muscle to corroborate this mechanism.

Integration with Utrophin Regulation Pathways
As noted previously, utrophin is a structural and functional homolog of dystrophin, sharing many of its binding partners 
in the DGC.40–42 In healthy muscle following birth, utrophin expression is largely restricted to the neuromuscular and 
myotendinous junctions.85,86 In the absence of dystrophin, utrophin is redistributed along the sarcolemma, where it can 
partially compensate for the structural deficit.23 Preclinical studies have shown that even modest increases in utrophin 
can confer significant functional benefit in dystrophin-deficient models, without the developmental toxicity seen with 
dystrophin overexpression.35,40

Pharmacologic activation of utrophin has been pursued as a therapeutic strategy for DMD for decades. Compounds 
such as heregulin, biglycan, and the small molecule SMT C1100 have demonstrated utrophin upregulation in vitro and in 
animal models but have failed to achieve robust and durable increases in clinical trials.23,44 Limitations have included 
insufficient potency, poor pharmacokinetics, and lack of pleiotropic benefit beyond utrophin induction.35,44

(Z)-endoxifen offers a distinct mechanistic profile in this context. Rather than acting solely through a single utrophin- 
promoter activation pathway, endoxifen exerts broad transcriptomic and signaling changes that create a permissive environ
ment for utrophin expression and stabilization. Available transcriptomic and pathway analyses suggest possible upregulation 
of UTRN itself alongside key transcriptional activators such as MEF2C, GA-binding protein alpha (GABPα), and NRF2.35,47 

These factors integrate inputs from estrogen receptor modulation, PKC inhibition, and metabolic regulators like peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), all of which are influenced by endoxifen.

ERα degradation has been hypothesized to relieve transcriptional repression at the UTRN locus. In cardiac muscle 
cells, ERα has been implicated in modulating MEF2 activity, and its downregulation can enhance MEF2-dependent 
transcription of structural genes.87 Similarly, PKCβ1 inhibition might reduce inhibitory phosphorylation of transcription 
factors and co-activators involved in utrophin regulation. The net result would be a transcriptional landscape more 
favorable to sustained utrophin expression.

Beyond transcription, endoxifen influences post-transcriptional and post-translational mechanisms relevant to utro
phin biology.25,88 Normalization of calcium handling via SERCA upregulation and ryanodine receptor stabilization 
reduces calcium-dependent proteolysis of cytoskeletal proteins.89 This may prolong utrophin’s half-life at the sarco
lemma. Endoxifen also attenuates fibrosis and chronic inflammation, limiting the ECM thickening and immune-mediated 
damage that can disrupt utrophin anchorage.25

In metabolic terms, activation of PGC-1α and mitochondrial oxidative phosphorylation pathways by endoxifen may 
indirectly enhance utrophin expression. PGC-1α not only drives mitochondrial biogenesis but has been linked to 
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oxidative fiber type specification, which correlates with higher utrophin levels.90–92 Shifting the muscle transcriptome 
toward an oxidative phenotype could therefore reinforce both functional and structural stability.

From a spatial perspective, immunohistochemical analyses in preclinical models have shown that endoxifen treatment 
increases utrophin distribution along the extrasynaptic sarcolemma, not just at junctional sites.28 This widespread 
localization is critical in compensating for the loss of dystrophin across the fiber surface. In parallel, improvements in 
sarcolemmal integrity due to calcium normalization and reduced PKC activity may enhance the functional integration of 
utrophin-containing complexes.44,64

When compared with tamoxifen, endoxifen appears to achieve higher utrophin expression levels and more consistent 
extrasynaptic localization.28 These differences likely reflect its greater potency in both ERα degradation and PKCβ1 
inhibition,25 theoretically leading to deeper modulation of the transcriptional and signaling networks that converge on 
utrophin regulation.

The integration of utrophin pathway activation with other protective mechanisms—calcium homeostasis, fibrosis suppres
sion, metabolic optimization—positions endoxifen as more than just a utrophin activator.11 It functions as a multi-target 
modulator, leveraging utrophin enhancement as one element within a broader therapeutic program (Table 1 and Figure 1).28,59 

This convergence may yield functional benefits greater than the sum of individual pathway effects, particularly in the 
heterogeneous and progressive context of DMD.

Looking ahead, utrophin quantification could be a primary pharmacodynamic endpoint in early-phase trials of 
endoxifen. This includes assessing both transcript and protein levels, as well as spatial distribution along the sarcolemma. 
Correlating these measures with changes in calcium handling, PKC activity, and metabolic gene expression will help 
elucidate the mechanistic links between endoxifen’s multi-pathway actions and clinical benefit. Such integrative 
biomarker strategies can also guide dose selection and identify potential responders, maximizing the therapeutic potential 
of this approach.

Table 1 Proposed Mechanisms of Action of (Z)-Endoxifen in Duchenne Muscular Dystrophy and Supporting Evidence

Pathway/ 
Biological Process

Proposed Effect of (Z)-Endoxifen Molecular 
Targets/Markers

Evidence Source Evidence Level

Estrogen receptor 

signaling

Modulation of ER signaling that influences 

myogenic and metabolic transcriptional programs

ERα degradation, 

ERβ activation

Cell-based studies and 

mechanistic literature

Non-DMD 

experimental 

systems
Protein kinase 

C signaling

Inhibition of PKCβ1 and modulation of 

downstream inflammatory and fibrotic signaling

PKCβ1, NF-κB, 

TGF-β–associated 

pathways

Biochemical and cancer 

cell studies

Non-DMD 

experimental 

systems
Calcium 

homeostasis

Indirect stabilization of calcium-handling pathways 

through kinase and transcriptional modulation

SERCA1/2, 

ryanodine receptors

Mechanistic inference 

based on signaling 
interactions

Hypothesis based 

on pathway 
biology

Myogenic 

differentiation

Support of transcriptional networks associated 

with satellite cell activation and muscle 
differentiation

MYOD1, MYOG, 

MEF2C

Transcriptomic analyses 

and myogenesis 
literature

Indirect evidence

Mitochondrial 

metabolism

Activation of oxidative phosphorylation and 

mitochondrial gene programs

OXPHOS genes, 

PGC-1α pathways

Transcriptomic analyses Indirect evidence

Inflammation Suppression of pro-inflammatory signaling 

cascades

NF-κB targets, IL-6/ 

JAK/STAT pathways

Transcriptomic and 

signaling studies

Indirect evidence

Fibrosis and 
extracellular matrix 

remodeling

Downregulation of pro-fibrotic transcriptional 
programs

COL1A1, FN1, 
MMP2

Transcriptomic analyses Indirect evidence

Utrophin pathway 
regulation

Potential enhancement of utrophin-associated 
compensatory pathways in dystrophic muscle

UTRN, MEF2C, 
GABPα

Mechanistic literature 
and pathway analysis

Hypothesis 
requiring direct 

validation
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Perspective: Current Evidence, Mechanistic Rationale, and Remaining 
Knowledge Gaps for Endoxifen in Duchenne Muscular Dystrophy
(Z)-endoxifen has emerged as a promising mutation-agnostic therapeutic candidate for Duchenne muscular dystrophy 
(DMD), based on a convergence of mechanistic insights, pharmacologic properties, and emerging transcriptomic evidence. 
Unlike gene-targeted strategies that address specific mutational contexts, endoxifen targets downstream pathophysiologic 
pathways shared across all DMD genotypes. Through a combination of estrogen receptor-β (ERβ) activation, protein kinase 
C beta-1 (PKCβ1) inhibition, modulation of TGF-β signaling, restoration of calcium homeostasis, satellite cell regulation, 
and transcriptional reprogramming favoring utrophin pathway activation, endoxifen has the potential to influence multiple 
interconnected drivers of dystrophic pathology. Anticipated therapeutic effects include reductions in muscle damage, 
fibrosis, and inflammation, along with improvements in muscle regeneration and structural stability.

The strongest current support for endoxifen in DMD derives from mechanistic plausibility, pharmacologic compar
isons with tamoxifen, and emerging transcriptomic analyses rather than from a mature body of direct efficacy studies in 

Figure 1 Proposed mechanisms of action of (Z)-endoxifen in Duchenne muscular dystrophy (DMD). Schematic overview of the potential molecular pathways through which 
(Z)-endoxifen may exert therapeutic effects in dystrophic muscle. (Z)-Endoxifen modulates estrogen receptor (ERα/ERβ) signaling, leading to transcriptional regulation of 
genes involved in muscle function and repair. The compound may also influence the PKCβ1 signaling pathway, contributing to kinase inhibition/modulation and downstream 
modulation of inflammatory and fibrotic signaling. In parallel, (Z)-endoxifen is proposed to support mitochondrial function, enhancing ATP production, reducing oxidative 
stress, and promoting cell survival. Additional effects include utrophin regulation, which may increase utrophin expression and improve sarcolemmal stability, providing 
functional compensation for dystrophin deficiency. (Z)-Endoxifen may also contribute to calcium homeostasis by improving calcium influx control, stabilizing the sarcolemma, 
and reducing pathological Ca2+ overload. Together, these mechanisms may lead to reduced muscle degeneration, improved myofiber resilience, and enhanced compensatory 
signaling, representing potential therapeutic benefits in DMD. 
Abbreviations: ATP, Adenosine Triphosphate; ERα, Estrogen Receptor Alpha; ERβ, Estrogen Receptor Beta; PGC-1α, Peroxisome Proliferator-Activated Receptor Gamma 
Coactivator 1-alpha; MYOD1, Myogenic Differentiation 1; MYOG, Myogenin; MEF2C, Myocyte Enhancer Factor 2C.

Degenerative Neurological and Neuromuscular Disease 2026:16                                                           https://doi.org/10.2147/DNND.S574524                                                                                                                                                                                                                                                                                                                                                                                                       9

Remmel et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



dystrophin-deficient systems. Endoxifen possesses a compelling biochemical profile, including potent modulation of 
estrogen receptors and inhibition of PKCβ1, with downstream effects relevant to fibrosis, inflammatory signaling, 
mitochondrial function, calcium handling, and myogenic differentiation. These properties align with several therapeutic 
objectives in DMD, particularly the promotion of a regenerative and less fibrotic muscle environment that could facilitate 
utrophin expression and sarcolemmal stabilization. However, it remains important to distinguish between biologic 
rationale and demonstrated therapeutic activity in disease-relevant in vivo models.

Several lines of evidence support continued investigation of endoxifen in dystrophinopathies. First, tamoxifen itself 
has demonstrated beneficial effects in DMD-relevant preclinical models and early translational studies, including 
improvements in skeletal and cardiac phenotypes, thereby providing precedent for selective estrogen receptor modulation 
as a therapeutic strategy in dystrophin deficiency. Second, endoxifen has shown greater pharmacologic potency than 
tamoxifen in several systems, particularly with respect to PKCβ1 inhibition and estrogen receptor-α degradation, 
suggesting that it may achieve deeper pathway modulation at clinically achievable exposures. Third, DMD-focused 
transcriptomic analyses have generated a coherent hypothesis that endoxifen may normalize disease-associated transcrip
tional programs involving myogenesis, oxidative phosphorylation, inflammatory signaling, extracellular matrix remodel
ing, and utrophin-associated compensatory pathways. Together, these observations justify endoxifen as a plausible multi- 
pathway therapeutic candidate, although they do not yet establish the magnitude, durability, or tissue specificity of benefit 
required for clinical translation.

A particularly compelling aspect of endoxifen’s proposed activity is its potential to influence multiple molecular and 
cellular systems involved in dystrophic pathologies. Transcriptomic analyses suggest activation of key myogenic 
regulators, including MYOD1, MYOG, and MEF2C, along with normalization of mitochondrial oxidative phosphoryla
tion pathways and suppression of pro-fibrotic and pro-inflammatory signaling networks. These coordinated changes 
could theoretically facilitate satellite cell activation, enhance myofiber differentiation, improve metabolic resilience, and 
reduce extracellular matrix deposition. Restoration of calcium homeostasis represents another important component of 
the proposed mechanism. By increasing expression of SERCA1 and SERCA2 and stabilizing ryanodine receptor 
function, endoxifen may reduce pathological cytosolic calcium accumulation, thereby limiting activation of calcium- 
dependent proteases and preventing downstream mitochondrial dysfunction. Concurrent inhibition of PKCβ1 may further 
interrupt a calcium-driven feedback loop that exacerbates membrane instability, fibrosis, and inflammation.

Integration with utrophin pathway activation may represent the key unifying mechanism underlying these effects. 
Utrophin has long been recognized as a functional analog of dystrophin capable of stabilizing the dystrophin- 
glycoprotein complex (DGC) and protecting muscle fibers from contraction-induced injury. The potential ability of 
endoxifen to enhance utrophin expression both directly through transcriptional modulation and indirectly through 
normalization of the surrounding biochemical environment distinguishes it from previous single-pathway utrophin 
activators. By simultaneously improving calcium regulation, mitochondrial function, inflammatory signaling, and fibrotic 
remodeling, endoxifen could create a permissive cellular environment in which utrophin-mediated structural compensa
tion becomes more effective.

Beyond effects on myofibers themselves, endoxifen may also influence the broader multicellular environment that 
governs muscle regeneration. In dystrophic muscle, fibro-adipogenic progenitors often drive fibrotic remodeling, 
macrophage populations adopt chronic inflammatory phenotypes, and endothelial dysfunction impairs vascular support 
for regeneration. Emerging evidence suggests that endoxifen may shift fibro-adipogenic progenitors toward less fibrotic 
phenotypes, promote reparative macrophage polarization, and enhance angiogenic signaling in endothelial cells. Such 
coordinated multi-cellular modulation is particularly relevant in DMD, where extrinsic inhibitory signals frequently limit 
intrinsic myogenic potential. By addressing both intrinsic regenerative capacity and the extrinsic tissue environment, 
endoxifen may offer broader correction of the dystrophic milieu.

From a translational standpoint, several pharmacologic characteristics further strengthen the rationale for investiga
tion. Compared with tamoxifen, endoxifen demonstrates greater potency in ERβ activation, ERα degradation, and PKCβ1 
inhibition, allowing deeper pathway engagement at lower doses. Its oral bioavailability and pharmacokinetic properties 
have already been characterized in oncology settings, providing a valuable clinical pharmacology foundation for 
repurposing in neuromuscular disease. Nevertheless, the exposure-response relationships relevant to skeletal and cardiac 
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muscle remain unknown. Key unanswered questions include the extent of drug penetration into dystrophic muscle, the 
concentrations required for sustained target engagement in vivo, and the relationship between systemic exposure and 
downstream biomarkers such as utrophin expression or PKC pathway activity.

Despite the strong mechanistic rationale, several important knowledge gaps remain. The most significant limitation is 
the relative scarcity of direct endoxifen efficacy data in canonical dystrophin-deficient models. Dedicated studies 
demonstrating reproducible functional improvement in mdx, D2-mdx, and other dystrophic models exist but are still 
limited, particularly for clinically relevant endpoints such as grip strength, force generation, resistance to eccentric 
contraction, respiratory performance, and cardiac function.93 Similarly, although utrophin pathway activation is a central 
element of the proposed therapeutic model, there is still insufficient direct evidence demonstrating that endoxifen 
consistently increases utrophin transcript abundance, protein levels, and extrasynaptic sarcolemmal localization across 
multiple muscle groups and developmental stages. Whether any observed utrophin effects are primary, indirect, or 
contingent upon broader remodeling of inflammation and calcium homeostasis remains to be clarified.

Additional uncertainty relates to pharmacokinetics and pharmacodynamics in dystrophic muscle. While endoxifen’s 
pharmacology has been extensively studied in oncology, the dose-response relationships required for sustained modula
tion of muscle-specific pathways in DMD are unknown. Pediatric physiology, disease-related alterations in muscle 
perfusion, concomitant corticosteroid and other DMD therapies and supportive pharmacological management therapies 
such as ACE inhibitors may all influence drug disposition and pharmacologic activity. These factors are particularly 
important given that DMD therapies typically require long-term administration beginning early in life.

Mechanistic understanding at the cellular level also remains incomplete. Much of the proposed model for endoxifen 
in DMD assumes coordinated action across myofibers, satellite cells, fibro-adipogenic progenitors, immune cells, and 
vascular compartments, yet this integrated framework has not been directly validated using single-cell or spatial 
approaches in treated dystrophic muscle. Important mechanistic questions therefore remain unresolved, including 
whether endoxifen primarily enhances intrinsic myogenic progression, suppresses extrinsic fibrotic and inflammatory 
barriers to regeneration, or exerts stage-specific effects depending on disease progression. Likewise, the interactions 
between endoxifen and established DMD modifiers such as mitochondrial dysfunction, calcineurin/NFAT signaling, 
TGF-β activity, and regenerative exhaustion have not yet been systematically mapped.

Translational development will also require robust biomarker strategies capable of linking molecular effects to 
functional outcomes. Potential biomarkers include utrophin protein quantification, developmental myosin expression, 
serum muscle injury markers, transcriptomic reversal signatures, calcium-handling protein levels, and imaging-based 
assessments of muscle composition using magnetic resonance imaging. Multi-modal biomarker integration will likely be 
necessary to capture the full therapeutic impact of a multi-pathway modulator such as endoxifen. These measurements 
will be critical for demonstrating target engagement, informing dose selection, and guiding early clinical trial design.

Long-term safety considerations must also be addressed. Although tamoxifen and endoxifen have established safety 
profiles in other clinical settings, DMD introduces distinct considerations, including pediatric exposure, pubertal 
development, bone health, endocrine effects, cardiomyopathy, and chronic co-administration with corticosteroids or 
emerging gene-based therapies. These issues do not preclude development but underscore the importance of indication- 
specific safety evaluation rather than simple extrapolation from oncology experience.

Within the broader therapeutic landscape, endoxifen could potentially complement existing and emerging treatments 
for DMD and Becker muscular dystrophy (BMD), as well as for manifesting female carriers. Combination with exon- 
skipping therapies or microdystrophin gene therapy could provide additive or synergistic benefits by addressing both the 
primary genetic defect and downstream pathological processes. For patients who are not eligible for gene-targeted 
therapies, a mutation-agnostic pharmacologic approach such as endoxifen may represent an important strategy for 
slowing disease progression and preserving muscle function.

Taken together, the present body of evidence positions endoxifen as a compelling mechanistic candidate rather than 
a clinically de-risked therapy for DMD. While mechanistic, pharmacologic, and transcriptomic data provide a strong scientific 
rationale, definitive validation of therapeutic efficacy remains necessary. In particular, rigorous evaluation in established 
dystrophin-deficient models such as mdx and D2-mdx mice will be required to determine whether endoxifen meaningfully 
improves muscle function, reduces pathology, and promotes utrophin-associated compensatory mechanisms in vivo. Such 
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studies will be critical to confirm whether the hypothesized multi-pathway effects of endoxifen translate into measurable 
therapeutic benefit and to inform biomarker development, dose optimization, and future clinical trial design.

If these knowledge gaps can be addressed, endoxifen may ultimately progress from a biologically attractive pathway 
modulator to a credible therapeutic strategy capable of benefiting patients across the full genetic spectrum of 
dystrophinopathies.

Conclusion
In conclusion, the mechanistic and multiomic evidence presented here supports a compelling preclinical rationale for 
advancing (Z)-endoxifen into clinical evaluation for DMD and other dystrophies. By targeting converging pathological 
processes including calcium dysregulation, PKC hyperactivation, inflammation, fibrosis, and impaired regeneration, 
while promoting utrophin expression, endoxifen represents a comprehensive and mutation-agnostic therapeutic approach. 
However, direct validation of these effects in dystrophin-deficient models remains necessary to confirm the proposed 
mechanisms and therapeutic potential in the context of DMD. The next steps will therefore require rigorous preclinical 
evaluation, thoughtful clinical trial design, robust biomarker integration, and exploration of combination strategies to 
fully assess and realize the potential of endoxifen to improve outcomes for patients with DMD and other dystrophies.
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