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Abstract

Restrictive cardiomyopathy (RCM) is a rare but severe myocardial disorder characterized by impaired ventricular relaxation
and reduced diastolic compliance, while systolic function typically remains preserved until advanced stages. Clinically, pa-
tients present with progressive dyspnea, fatigue, arrhythmias, and symptoms resembling heart failure with preserved ejec-
tion fraction (HFpEF). Secondary RCM commonly arises from systemic or infiltrative diseases such as amyloidosis, sarcoi-
dosis, and haemochromatosis. In contrast, primary RCM is frequently genetic in origin, associated with mutations in genes
encoding sarcomeric (e.g., TNNI3, MYH?), cytoskeletal (e.g., DES, FLNC), nuclear envelope (e.g., LMNA), RNA-binding
(e.g., RBM20), ion channel, and mitochondrial proteins. These mutations compromise cardiomyocyte integrity, calcium
handling, mechanosensation, and bioenergetics, ultimately contributing to diastolic dysfunction and increased arrhythmo-
genic risk. Diagnosis relies on multimodal imaging, histopathologic evaluation, and genetic testing to distinguish primary
from secondary forms. Genetic insights play a pivotal role in guiding family screening, prognostication, and consideration
of implantable devices such as ICDs. Ongoing advances in genotype—phenotype correlation and molecular therapeutics are

paving the way for precision medicine and improved clinical outcomes in RCM.
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Introduction

Cardiomyopathies encompass a diverse set of myo-
cardial diseases that lead to structural and functional cardi-
ac abnormalities in the absence of ischemic, hypertensive,
or valvular pathology. According to major cardiology guide-
lines by the AHA and the ESC, cardiomyopathies are broad-
ly categorized into five subtypes: dilated, hypertrophic, re-
strictive, arrhythmogenic right ventricular, and unclassified
forms [1,2]. Restrictive cardiomyopathy (RCM), although
the least prevalent, is among the most clinically severe types
due to progressive diastolic dysfunction and limited treat-
ment modalities [3]. RCM occurs when the heart’s filling is
impaired due to increased myocardial stiffness, while sys-
tolic function remains preserved until late stages. Key imag-
ing features include non-dilated, non-hypertrophied ventri-
cles with biatrial enlargement. Clinically, RCM presents
with features of heart failure with preserved ejection frac-
tion (HFpEF), atrial arrhythmias, thromboembolism, and
eventual right-sided heart failure. Etiologically, RCM may
be secondary to infiltrative disorders (e.g., amyloidosis, sar-
coidosis) or primary (idiopathic or genetic), the latter being
the principal focus of this review [4]. Despite its rarity ac-
counting for <5% of cardiomyopathies RCM often follows
an aggressive course, especially in children and young
adults. Onset ranges from infancy to late adulthood, with
symptoms including exertional dyspnea, fatigue, peripheral
edema, and arrhythmias. Echocardiographic findings of bia-
trial enlargement and restrictive filling patterns, along with
elevated diastolic pressures, aid diagnosis. Differentiation
from constrictive pericarditis remains a crucial clinical step

given overlapping phenotype [5].

Genetic studies have shown that primary RCM of-
ten involves changes in genes that make proteins important
for muscle structure and function, like TNNI3, MYH?7,
MYBPC3, DES, and FLNC [6]. Accurate identification of th-
ese mutations is critical for diagnosis, family screening, risk
stratification, and guiding targeted therapy. DNA sequenc-
ing and genetic tests are being used more and more, and
they are now an important part of diagnosing cardiomyo-

pathies [7].
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Clinical Features and Diagnosis

Primary RCM is characterized by impaired dias-
tolic relaxation and elevated ventricular filling pressures,
while systolic function remains preserved until later disease
stages. Ventricular dimensions remain normal, but the myo-
cardium becomes non-compliant. These changes manifest
clinically as progressive exertional dyspnea, orthopnea, fa-
tigue, and systemic and pulmonary venous congestion.
Atrial fibrillation is common and contributes to worsening
hemodynamics. Pediatric patients and those with genetic
forms are at increased risk for syncope and sudden cardiac
death [8. 9]. Diagnosis of RCM involves a multimodal ap-
proach, incorporating imaging, hemodynamics, and histo-
pathology. Echocardiography is the initial modality of
choice, revealing non-dilated ventricles and significant bia-
trial enlargement. Doppler imaging often demonstrates re-
strictive filling physiology, characterized by a shortened de-
celeration time and elevated E/A ratio, indicating increased

left ventricular end-diastolic pressure [10].

Cardiac Magnetic Resonance Imaging (CMR) pro-
vides further diagnostic precision, particularly for tissue
characterization. In primary RCM, CMR typically shows
normal-sized ventricles, biatrial enlargement, and minimal
or absent late gadolinium enhancement (LGE), unless fibro-
sis is present. Specific LGE patterns can aid in distinguish-
ing primary RCM from infiltrative etiologies such as amyloi-
dosis or sarcoidosis [11]. Endomyocardial biopsy (EMB) is
reserved for diagnostically uncertain cases or when infiltra-
tive disease is suspected. EMB can help exclude secondary
causes like amyloid, sarcoidosis, or iron overload [12]. Ge-
netic RCM typically follows an autosomal dominant inheri-
tance pattern, with pathogenic variants in TNNI3, MYH7,
DES, FLNC, and LMNA. In contrast, secondary forms arise
from conditions like amyloidosis, hemochromatosis, sarcoi-
dosis, or prior chemotherapy. Clinical signs like thicker
heart walls, bright heart tissue on ultrasound, overall body
effects, or past exposure help doctors categorise the condi-
tion [13]. Genetic testing, therefore, plays a pivotal role in
resolving diagnostic uncertainty and informing manage-

ment.

For an accurate diagnosis and appropriate thera-

py, it is critical to distinguish between primary (genetic)
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and secondary (induced by other circumstances) restrictive
cardiomyopathy. Primary RCM typically follows an autoso-
mal dominant inheritance pattern and is caused by patho-
genic variants in genes associated with sarcomeric contractil-
ity (e.g., TNNI3, MYH?7), cytoskeletal stability (e.g., DES, FL-
NC), and nuclear envelope integrity (e.g., LMNA) [4,6]. In
contrast, secondary RCM happens when the heart muscle is
affected or damaged by other health issues like cardiac amy-
loidosis, hemochromatosis, sarcoidosis, or fibrosis after radi-
ation treatment. Clinical indicators of secondary forms in-
clude increased ventricular wall thickness, echogenic myo-
cardium, systemic features like neuropathy or hepatomega-
ly, and a history of chemotherapy or radiotherapy
exposure [11,13]. In phenotypically ambiguous cases, com-

prehensive genetic testing not only enhances diagnostic con-

fidence but also aids prognostication and facilitates cascade

screening among relatives at risk [7].
Genetic Etiology of Primary RCM

Restrictive cardiomyopathy (RCM) is increasingly
recognized as a genetically heterogeneous disorder. Many
primary cases arise from pathogenic variants in genes affect-
ing sarcomeric proteins, cytoskeletal structure, the nuclear
envelope, mitochondria, and ion-handling mechanisms. Th-
ese mutations compromise myocardial relaxation, promote
fibrosis, and increase arrhythmogenic risk, often clustering
in families [14,15]. Key genes and their functional classifica-
tions are summarized in Table 1, and specific genotype-

—phenotype correlations are detailed in Table 2.

Table 1: Major Genes Associated with Primary RCM And Their Functions

Gene Protein Product Function Role in RCM
. . 24 o
TNNI3 Cardiac troponin I Regulates actomyosm ATPase | Increases r.nyoﬁ.brﬂlar Ca. sensitivity,
activity impairs relaxation
. . Anchors troponin complex to Alters sarcomere tension, causes
TNNT2 Cardiac troponin T . . o
tropomyosin diastolic stiffness
MYH7 | p-myosin heavy chain Force generatlgn during Affects contractile Ve19c1ty, may lead
contraction to fibrosis
MYBPC3 Myosin-binding protein Regulates sarcomere structure Reduces comphagce and diastolic
C function
DES Desmin Cytoskeletal scaffolding Structural disarray, Z-disk disruption
FINC Filamin C Crosslinks act.m, Cytoskeletal 1nsFab1.hty,
mechanosensing arrhythmogenic risk
IMNA Lamin A/C Nuclfsar. structure, Impaired nl.lclea.r—cytoskeletal
transcriptional control signaling
RBM20 RNA_I;;:)‘:;?E motif Alternative splicing regulator | Alters titin splicing, affects compliance
. Cardiolipin remodeling in Energy metabolism defects, overlap
TAZ Tafazzin mitochondria with BTHS
Table 2: Reported Variants and Associated Phenotypes in RCM
Gene Variant Type Phenotype Inheritance
TNNI3 | ¢.616G>A (p.R205H) Missense Childhood-onset RCM AD
MYH7 | ¢.2168G>A (p.R723Q) Missense RCM with conduction abnormalities AD
FLNC | ¢.7255delG (frameshift) Truncating Adult-onset RCM with arrhythmia AD
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DES | c.1360C>T (p.R454W) Missense RCMwith skeletal muscle AD
involvement
LMNA | c.1907T>A (p.L636%) Nonsense RCM + conduction block + SCD AD
TAZ c.527A > G, p.H176R | Splice-site/missense RCM + skeletal myopathy (Barth XLR
syndrome)

AD: Autosomal Dominant, XLR: X linked Recessive

Sarcomere 3 Nucleus
Troponin TNNT2 -
- LMNA
[=—— T"I :‘
MYBPC3  MYH7 RBM20
vV VL VA
Z-disc/Cytoskeleton
LA =
Yy FLNC " Fibrosis
:.fli.:?:'.u_, DES Mitochondria I/ signaling
P acThz = TAZ
7 p MT-TLY
e ] ~J/ metabolic
Fibrosis signaling Y dysfunction
Stiffness Fibrosis Arrhythmia

Sudden cardiac death

Figure 1: Molecular pathways and cellular structures are affected in RCM

This schematic illustrates the key molecular components and cellular structures implicated in the pathogenesis of restrictive car-

diomyopathy. The sarcomere is shown with contractile proteins including MYH7, MYBPC3, and troponins (TNNI3, TNNT2),

reflecting impaired myocardial contraction. The Z-disc/cytoskeleton is represented by FLNC, DES, and ACTN2, proteins criti-

cal for structural integrity and mechanotransduction. The nucleus features LMNA and RBM20, linked to nuclear envelope sta-

bility and transcriptional regulation. Mitochondrial dysfunction is illustrated by TAZ and MT-TL1, associated with impaired

energy metabolism. The fibrotic response is highlighted through the TGF-p signaling pathway, a central mediator of myocar-

dial fibrosis. Arrows depict downstream pathological consequences including increased myocardial stiffness, fibrotic remodel-

ing, arrhythmias, and the risk of sudden cardiac death.

Sarcomeric Genes

Sarcomeric gene mutations are the most common
cause of primary RCM. These genes encode contractile pro-
teins essential for myocardial contraction and relaxation.
Variants in TNNI3 and TNNT2, encoding troponin I and T
respectively, increase calcium sensitivity, impair relaxation,

and contribute to ventricular stiffening [16]. While MYH7
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and MYBPC3 are typically associated with hypertrophic or
dilated cardiomyopathies, specific mutations such as MYH7
p.Arg145Gly have been identified in familial RCM with ear-
ly-onset heart failure and sudden cardiac death (SCD)
[17,18]. These mutations are usually inherited in an autoso-
mal dominant manner with variable expressivity. Notably,
TNNI3 p.Argl145Gly is a recurrent mutation hotspot associ-

ated with adverse outcomes [19].
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Cytoskeletal and Z-Disk Proteins

Cytoskeletal and Z-disk proteins are vital for main-
taining myocardial structure and transmitting mechanical
forces. Mutations in DES, encoding desmin, lead to disor-
ganized intermediate filaments and desmin-positive aggre-
gates, manifesting as RCM with skeletal myopathy and con-
duction defects [18]. Likewise, truncating mutations in FL-
NC (filamin C) impair actin binding, contribute to myocar-
dial fibrosis, and increase susceptibility to ventricular ar-
rhythmias and SCD [20]. ACTN2, encoding a-actinin-2, is
typically implicated in hypertrophic or dilated cardiomyo-
pathies, but certain variants present with restrictive fea-
tures, further expanding the phenotypic spectrum of sar-

comere-related disorders [21].
Nuclear Envelope and RNA-Binding Proteins

Mutations in nuclear envelope proteins, particular-
ly LMNA, disrupt nuclear architecture and mechanosensi-
tive gene regulation. LMNA-related cardiomyopathies fre-
quently manifest with conduction disease, arrhythmias, and
myocardial fibrosis, including RCM phenotypes [22]. In In-
dian families, LMNA mutations have been implicated in ear-
ly-onset cardiomyopathies with high penetrance and fa-
milial SCD [14]. RBM20, an RNA-binding protein regulat-
ing titin (TTN) and RYR2 splicing, is another gene of inter-
est. Mutations lead to mis-splicing of sarcomeric proteins,
impaired relaxation, and fibrotic remodeling. Although
more commonly linked to dilated cardiomyopathy, RBM20
variants have been identified in RCM, reflecting overlap-

ping pathophysiological mechanisms [23,24].
Mitochondrial and Ion-Handling Genes

Mitochondrial bioenergetics and calcium homeos-
tasis are critical for myocardial relaxation. Mutations in
TAZ, which encodes tafazzin and is associated with Barth
syndrome, result in deficient cardiolipin biosynthesis. This
disrupts mitochondrial structure and function, leading to
energy failure and early-onset cardiomyopathy with restric-
tive features, particularly in pediatric cases [25]. Similarly,
mutations in PLN (phospholamban), a regulator of sarco-
plasmic reticulum Ca** ATPase (SERCA2a), impair calci-
um reuptake, compromising diastolic relaxation. PLN muta-

tions have been reported in both dilated and restrictive car-
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diomyopathy and are associated with arrhythmogenic

phenotypes [26].

Additionally, mutations in SCN5A and RYR2,
both ion-handling genes, can contribute to RCM through ar-
rhythmogenesis and diastolic dysfunction. SCN5A encodes
a cardiac sodium channel, while RYR2 encodes the ryano-
dine receptor involved in calcium release from the sarcoplas-
mic reticulum. Their pathogenic variants are increasingly
recognized as contributors to restrictive physiology via al-

tered excitation-contraction coupling [24].
Non-Coding RNAs and Epigenetic Mechanisms

Beyond protein-coding mutations, non-coding
RNAs (ncRNAs)—including microRNAs (miRNAs) and
long non-coding RNAs (IncRNAs)—play key regulatory
roles in the molecular pathogenesis of restrictive cardiomyo-
pathy (RCM). miRNAs act as post-transcriptional repres-
sors of mRNA targets involved in sarcomeric organization,
calcium handling, and myocardial fibrosis. Notably,
miR-133 suppresses collagen synthesis by targeting TGF-f3
pathway components, and its downregulation contributes
to fibrotic remodeling, while miR-208 promotes hypertroph-
ic and fibrotic gene programs by modulating MYH?7 expres-
sion [27,28]. Additionally, studies on human heart disease
have found that the levels of certain miRNAs and mRNAs
in the heart can affect each other, and some of these
changes can be reversed when the heart is relieved from
stress, showing their role in how the disease progresses [29].
LncRNAs such as MHRT protect the heart from pathologi-
cal stress by interfering with BRG1-mediated chromatin re-
modeling, while other IncRNAs like FENDRR and ANRIL
are involved in transcriptional regulation and cardiac devel-

opment [30].

Epigenetic modifications including DNA methyla-
tion and histone modifications, mediate gene-environment
interactions in idiopathic RCM. Aberrant promoter methy-
lation of cardiac genes can lead to impaired calcium cycling
and altered sarcomeric protein expression. External triggers
such as oxidative stress and metabolic dysregulation may in-
duce or exacerbate these epigenetic shifts, potentially ac-
counting for phenotypic variability and reduced penetrance

in familial cases [31,32].
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Genotype-Phenotype Correlations and Clinical Im-

plications

Understanding genotype-phenotype correlations
in restrictive cardiomyopathy (RCM) is essential for improv-
ing diagnosis, prognostication, family counselling, and ther-
apeutic decision-making. Genetic changes in RCM show a
wide range of symptoms, even in people with the same mu-
tation, which emphasises how symptoms can vary and not

everyone with a mutation will have the same issues [33,34].

For example, changes in the TNNI3 gene, which
makes cardiac troponin I, often lead to early heart
problems, a stiff heart, and a higher chance of SCD [6,35].
These patients need careful medical supervision, and gett-
ing an implantable cardioverter-defibrillator (ICD) might
be necessary for those with a family history of severe heart
failure or brief episodes of fast heartbeats. Notably, the
same TNNI3 mutation can cause asymptomatic disease in
one individual and SCD in another [33]. Mutations in LM-
NA and FLNC can result in significant cardiac arrhythmias,
frequently disrupting the conduction of electrical signals in-
side the heart and resulting in tachycardia, necessitating ear-
ly consideration of assistive devices by physicians [34,36].
Patients with DES mutations may show problems in both
their skeletal and heart muscles, which means they need

care from both heart doctors and muscle specialists [37].

Some variants such as in ACTN2 and RBM20 may
result in later-onset or subtler disease but require cascade
screening and early monitoring of asymptomatic relatives
due to autosomal dominant inheritance [38,39]. Further-
more, genotype can assist in differentiating genetic RCM
from phenocopies. For example, cardiac amyloidosis and he-
mochromatosis may mimic restrictive physiology but re-
quire fundamentally different therapies. Advanced imaging
techniques, like cardiac MRI with T1 mapping, along with
genetic testing, make it easier to diagnose conditions accu-
rately and can help find patients who might benefit from

new treatments targeted at specific mutations [11,13].

Targeted Therapies and Genotype-Guided Manage-
ment in RCM

As the genetic basis of restrictive cardiomyopathy

(RCM) becomes clearer, new avenues for targeted and preci-
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sion therapies are emerging. While supportive and de-
vice-based management remain the mainstay, genotype--
driven interventions are increasingly being explored.
Myosin inhibitors such as mavacamten and aficamten, ini-
tially developed for hypertrophic cardiomyopathy, are now
being investigated in early-phase trials for their potential to
reduce sarcomeric hypercontractility and improve diastolic
function in select RCM genotypes, particularly those involv-
ing MYH7 mutations [40]. Antisense oligonucleotide (A-
SO) therapies are a promising molecular tool aimed at modi-
fying gene expression. For example, researchers are working
on ASOs that focus on LMNA transcripts to lower harmful
protein buildup and reduce heart rhythm problems in LM-
NA-related cardiomyopathy [41]. Gene therapy methods
such as exon skipping are being studied for TTN mutations
that cause truncation, which helps to fix the reading frame
and partially restore titin function [42]. Though these thera-
pies are not yet clinically approved for RCM, they represent
a shift toward precision medicine in inherited cardiomyo-

pathies.

Importantly, management strategies differ by geno-
type. For example, people with LMNA mutations are at a
high risk for dangerous heart rhythm problems and usually
need to have an implantable cardioverter-defibrillator
(ICD) put in early, even if their left ventricle isn't severely
damaged [43]. On the other hand, patients with TNNI3 or
FLNC mutations might need regular check-ups for heart is-
sues and irregular heartbeats, which will help decide on
medication and device treatments [44]. As genetic therapies
continue to evolve, incorporating genotype-specific risk
stratification and targeted treatment will be key to optimiz-

ing outcomes in RCM [45].

Future Perspectives and Conclusion

Despite its rarity, restrictive cardiomyopathy (R-
CM) presents substantial clinical obstacles as a result of its
genetic heterogeneity and progressive nature. Advance-
ments in genomic technologies have enhanced the accuracy
of early diagnosis, risk stratification, and family screening.
Future endeavours should prioritise the identification of
novel therapeutic targets, epigenetic modifiers, and geno-
type-specific mechanisms. Gene editing, antisense thera-

pies, and integrated multi-omic profiling are emerging ap-
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proaches that demonstrate potential for personalised treat-
ment. Finally, it will be imperative to implement a collabora-
tive approach that integrates genetic, clinical, and imaging
data in order to transform scientific discoveries into im-

proved outcomes for patients with RCM.
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