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CONTEMPORARY REVIEW

Sex- Related Differences in Genetic 
Cardiomyopathies
Alessia Argirò , MD; Carolyn Ho , MD; Sharlene M. Day , MD, PhD; Jolanda van der Velden , PhD; 
Elisabetta Cerbai , PhD; Sara Saberi , MD, PhD; Jil C. Tardiff , MD, PhD; Neal K. Lakdawala , MD, PhD; 
Iacopo Olivotto , MD

ABSTRACT: Cardiomyopathies are a heterogeneous collection of diseases that have in common primary functional and struc-
tural abnormalities of the heart muscle, often genetically determined. The most effective categorization of cardiomyopathies is 
based on the presenting phenotype, with hypertrophic, dilated, arrhythmogenic, and restrictive cardiomyopathy as the proto-
types. Sex modulates the prevalence, morpho- functional manifestations and clinical course of cardiomyopathies. Aspects as 
diverse as ion channel expression and left ventricular remodeling differ in male and female patients with myocardial disease, 
although the reasons for this are poorly understood. Moreover, clinical differences may also result from complex societal/en-
vironmental discrepancies between sexes that may disadvantage women. This review provides a state- of- the- art appraisal of 
the influence of sex on cardiomyopathies, highlighting the many gaps in knowledge and open research questions.
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Sex has a diverse impact on the cardiovascular 
system in physiology and disease, reflecting true 
biological variation as well as complex societal/

environmental discrepancies. Sexual hormones have 
been shown to exert various effects on the myocar-
dium, modulating systolic and diastolic function, left 
ventricular (LV) remodeling and fibrotic response to 
injury.1 To date, however, the influence of sex on the 
morpho- functional and clinical manifestations of myo-
cardial disease is largely unresolved. While knowledge 
has advanced thanks to ex vivo, in vitro, and in sil-
ico studies, several fundamental research questions 
in the field are still in search of an answer (Table  1). 
Cardiomyopathies are a spectrum of diseases involv-
ing primary abnormalities of the myocardium, often 
genetically determined. The phenotypes encountered 
in clinical practice encompass hypertrophic (HCM), 
dilated (familial DCM), arrhythmogenic, and restrictive 
cardiomyopathy. Among these, rare X- linked variants of 
hypertrophic heart disease, such as Fabry disease and 
Danon disease (DD), and DCM, such as Duchenne and 
Becker muscular dystrophy, best epitomize sex- related 

differences, for obvious reasons. Included in the car-
diomyopathy spectrum is also a variety of acquired 
conditions, generally manifesting with a DCM pheno-
type, caused by noxious stimuli such as inflammation 
and autoimmunity. This review aims to appraise the im-
pact of sex on the clinical expression and outcome of 
myocardial diseases, highlighting the limited certainties 
versus the many residual gaps in knowledge, each po-
tentially relevant to personalized management of these 
complex conditions (Table 2).

DILATED CARDIOMYOPATHY
Epidemiologic studies suggest a lower population 
burden of DCM in women. In Olmsted County, the 
prevalence of DCM was 19.4 versus 58.0 per 100 000 
patients for women and men, respectively.2 Similarly, 
among 16 091 patients with DCM undergoing cardiac 
transplantation,3 and in a contemporary DCM regis-
try,4 women constituted only 31% and 33% of the re-
spective cohorts. However, pediatric DCM cases do 
not appear to demonstrate a sex bias.5 Collectively, 
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these observations may illustrate differences in access 
to care in adult women and true sex- based biological 
differences in the manifestations of DCM in children 
versus adults. Other examples of the complex interplay 
between biology and environment are seen in acquired 
DCM. Alcoholic cardiomyopathy is more prevalent in 
men related to their greater alcohol consumption. 
Women, however, are more vulnerable to the detri-
mental effects of alcohol and develop alcoholic cardio-
myopathy at lower levels of consumption than men.6 
Myocarditis results in hospitalization for twice as many 
men as women, but once hospitalized, the mortality 
rate in women is double that in men.7

DCM is familial or determined to have a genetic eti-
ology in ≈40% of cases. Studies investigating family 
screening of probands with DCM have indicated that 
women and men are equally likely be diagnosed with 
DCM.8 Although X- linked, recessive, and matrilineal 
(from variation in mitochondrial genes) inheritance 
occur, autosomal dominant is most common. Over 
50 putative DCM- linked disease genes have been 
reported, but after applying rigorous standards, 19 
genes play the most prominent role and account for 
the majority of DCM cases.9,10 Among DCM probands, 
the yield of genetic testing is ≈30% and does not vary 
by sex in adults11 or children.5 The impact of sex on the 
expression of pathogenic variants has not been fully 
elucidated, but several observations are described 
below.

Titin truncating variants represent the most common 
identifiable cause of DCM, found in ≈20% of patients.12 
Higher penetrance and younger age at presentation 
have been demonstrated in men, who tend to exhibit 
worse systolic function and higher rates of atrial fibrilla-
tion (Figure 1).13 This may be partly explained by greater 
alcohol abuse in men.14 Women carrying titin truncat-
ing variants appear to be at greater risk of peripar-
tum DCM, further corroborating an interplay between 
genetic and sex- related features.15 Mutations in the 
sarcomere genes MYH7, TNNT2, TPM1, and TNNC1 
account for ≈6% of genetic DCM. Unlike DCM caused 
by titin truncating variants, which is an adult illness, 
DCM caused by these other sarcomeric genes may 
present across a broad spectrum of ages, from infancy 

to late adulthood, but without obvious sex- based dif-
ferences in penetrance or expression.16,17 Pathogenic 
variants in LMNA, encoding the nuclear lamina proteins 
lamin A and C, are present in 4% to 8% of adults with 
DCM and present with skeletal myopathy, conduction 
disease, severe and progressive LV dysfunction, and 
a heavy burden of atrial and ventricular arrhythmias. 
Because women with LMNA heart disease are at 
≈45% lower risk for life- threatening ventricular arrhyth-
mias,18 male sex is used along with other risk factors 
to identify high- risk patients who may benefit from pri-
mary prevention implantable cardioverter- defibrillator 
placement.19 In contrast, progression to end- stage 
heart failure (HF) in LMNA DCM does not appear to 
vary by sex.20,21

Truncating variants in the desmosome gene des-
moplakin and the cytoskeletal gene filamin C cause 
DCM with an increased burden of ventricular tachyar-
rhythmias. The penetrance of desmoplakin gene seems 
higher in women.22 However, disease severity and the 
expression of associated cutaneous abnormalities as-
sociated with desmoplakin gene variants (curly hair, 
palmar- plantar keratoderma) do not appear to differ 
by sex. In filamin C gene cardiomyopathy, there was 
a trend toward a lower risk of major cardiovascular 
events in women in one multicenter study.23 Variants in 
the X- chromosome gene dystrophin cause Becker and 
Duchenne muscular dystrophy in men. While female 

Nonstandard Abbreviations and Acronyms

AL light chain amyloidosis
ATTRwt wild- type transthyretin cardiac 

amyloidosis
DCM dilated cardiomyopathy
DD Danon disease
HCM hypertrophic cardiomyopathy

Table 1. Unanswered Questions in Sex-  and Sex- Specific 
Differences in Cardiomyopathies

Should sex- specific cutoff values for cardiac mass and dimensions 
normalized to body size in cardiomyopathies be developed?

More studies are needed to identify sex- specific diagnostic cutoffs for 
LV dimensions in cardiomyopathies

Are there differences in molecular, proteomic, and metabolic signatures 
of female vs male myocardium?

Implementation of basic science studies is pivotal to evaluate 
differences between sexes and potential therapeutic targets.

Do structural and functional characteristics differ in male and female 
hiPSC- derived cardiomyocytes?

Sex- specific hiPSCs are useful models to evaluate cardiomyocyte 
characteristics. Through this technique a deeper insight into 
pathophysiology and eventually drug development may be feasible.

What is the impact of sex on the expression of pathogenic genetic 
variants?

A wider use of genetic testing and further association studies between 
female sex and clinical outcomes are warranted.

How can awareness be raised for sarcomeric HCM and phenocopies 
that are frequently misdiagnosed or delayed in diagnosis in women?

Educational and sensibilization initiatives for cardiologists may be useful 
to raise awareness.

How do socioenvironmental factors impact disease progression and 
outcomes in women with cardiomyopathies?

More studies are needed to evaluate the impact of socioenvironmental 
factors in cardiomyopathies.

HCM indicates hypertrophic cardiomyopathy; hiPSC, human induced 
pluripotent stem cell; and LV, left ventricular.
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Table 2. Clinical Characteristics and Sex- Related Differences in Cardiomyopathies

Pathology
Transmission and 
genes Pathophysiology and clinical features Clinical characteristics by sex

DCM Acquired familial:
Autosomal 
dominant (TTNtv, 
MYH7, MYBPC3, 
LMNA)

LV or biventricular dilatation and systolic 
dysfunction in the absence of abnormal loading 
conditions or coronary artery disease sufficient 
to cause global systolic impairment
Clinical manifestations: HF, atrial and ventricular 
arrhythmias

Women compared with men present:
 1. ↓ prevalence in epidemiologic studies
 2.  ↓ representation among patients undergoing 

cardiac transplantation
Acquired DCM:
 1.  Alcoholic cardiomyopathy: more prevalent in 

men but women more vulnerable to alcohol- 
related damage

 2.  Men are more hospitalized for myocarditis, 
although hospitalized women present higher 
mortality rate.

Familial DCM:
 1.  Women and men are equally likely be 

diagnosed with DCM
 2.  Yield of genetic testing is similar between 

sexes
 3.  Clinical characteristics are influenced by sex 

and mutation

Sarcomeric 
HCM

Autosomal 
dominant 
sarcomeric genes 
(MYH7, MYBPC3)

LVH ≥15mm unexplained by abnormal loading 
conditions.
LVH ≥13mm in familial HCM
Patients may:
-  remain asymptomatic,
-  develop HF symptoms attributable to LVOTO 
or diastolic dysfunction
-  develop a restrictive or hypokinetic phenotype
(minority)
-  present a higher risk of atrial and ventricular 
arrhythmias variable according to clinical 
characteristics

Women compared with men are:
 1. Underrepresented in HCM cohorts
 2. Older at diagnosis
 3.  ↑ rate of HF progression and all- cause 

mortality
 4.  ↑ symptom burden and ↓ exercise capacity 

regardless of LVOTO.
 5. ↑ prevalence of pulmonary hypertension
 6. ↑ diastolic dysfunction, smaller LV cavities.
 7. ↑sarcomere variant carriers

Fabry disease X- linked GLA Reduced or undetectable GLA enzyme 
activity and progressive accumulation of 
glycosphingolipids in cells
Multisystemic disease: gastrointestinal 
symptoms, peripheral neuropathy, juvenile 
stroke febrile crisis, angiokeratomas, 
hypohidrosis, cornea verticillata, chronic kidney 
disease
Cardiac manifestations: concentric LVH, HF, 
arrhythmias

Hemizygous men:
 1.  Early- onset multisystemic disease 

associated with truncating mutations 
and absent residual enzyme activity 
(neurological, gastrointestinal, cutaneous, 
ophthalmological, cardiac manifestations)

 2.  Late- onset forms attributable to missense 
mutations and preserved residual enzyme 
activity (cardiac, renal, neurological 
manifestations)

Heterozygous women: various degrees of disease 
severity depending on the inactivation level of the wild- 
type X chromosome.

Danon
disease

X- linked LAMP2 LAMP2 deficiency leads to failure to complete 
the final step of the autophagic process with 
cellular formation of vacuoles with undigested 
glycogen
Cardiomyopathy, myopathy, and cognitive 
impairment
Cardiac manifestations: Rapidly progressive 
LVH, HF, arrhythmias

Hemizygous men: adolescence onset with rapid 
progression to HF
Heterozygous women:
 1.  Often unrecognized because of later onset 

and slower progression
 2.  DCM presentation more frequent among 

women
 3. ↓ extracardiac manifestations

Cardiac 
amyloidosis

ATTRwt (senescent 
transthyretin)
ATTRv (mutated 
transthyretin)
AL

Extracellular deposition of fibrils that originate 
from misfolded amyloidogenic proteins in the 
heart
Clinical manifestation: HF with preserved 
ejection fraction and reduced ejection fraction in 
end stage, atrial arrhythmias

ATTRwt: men 90% of the population → women are older 
and with more advanced heart disease
ATTRv: male predominance has been reported for 
Val30Met, Ile68Leu and Val122Ile. No differences in 
clinical presentation have been seen
 1.  AL: men and women have similar prevalence 

of the disease with no differences in clinical 
presentation

Arrhythmogenic 
cardiomyopathy

AD (DSC2, DSG2, 
DSP, JUP, PKP2)

fibro- fatty replacement of the myocardium → 
electrical instability and dysfunction of the right 
or the left ventricle or both
Clinical characteristics: Ventricular arrhythmias

Men have ↑ prevalence and worse outcome compared 
with women → the role of sex hormones and exercise 
has been called into play

AL indicates light chain amyloidosis; ATTRv, hereditary transthyretin cardiac amyloidosis; ATTRwt, wild type transthyretin cardiac amyloidosis; DCM, dilated 
cardiomyopathy; DSC2, Desmocollin- 2; DSG2, Desmoglein- 2; DSP, desmoplakin; GLA, α- galactosidase A; HCM, hypertrophic cardiomyopathy; HF, heart failure; 
JUP, junctional plakoglobin; LAMP2, lysosomal associated membrane protein 2; LMNA, lamin A/C; LV, left ventricular; LVH, left ventricular hypertrophy; LVOTO, 
left ventricular outflow tract obstruction; MYBPC3, myosin- binding protein C; MYH7, myosin heavy chain 7; PKP2, plakophilin- 2; and TTNtv, titin truncating variant.

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 24, 2022



J Am Heart Assoc. 2022;11:e024947. DOI: 10.1161/JAHA.121.024947 4

Argirò et al Sex Differences in Cardiomyopathies

carriers of pathogenic dystrophin gene variants do not 
typically develop skeletal myopathy, ≈8% will develop 
cardiac manifestations, including DCM, and longitudinal 
clinical surveillance is appropriate. Women with dystro-
phin gene– associated DCM may present late in adult-
hood, but most are diagnosed during adolescence.24

Overall, few consistent sex- related trends in the de-
velopment of DCM have been identified to date. The 
complicated and oftentimes confounding interactions 
between biological and societal/environmental influ-
ences to disease pathogenesis further challenge study. 
However, with greater use of genetic testing, new and 
more consistent genotype- phenotype correlations are 
emerging, improving management and risk prediction. 
Continued development of genotyped registries will be 
critical to gain additional insights regarding the impact 
of sex and genetic background on disease expression.

HYPERTROPHIC CARDIOMYOPATHY
A number of large single- center and multicenter stud-
ies, including collectively >17 000 patients and span-
ning >15  years, have documented sex differences in 

the presentation, phenotype, symptom burden, and 
clinical outcomes in patients with HCM. Women are 
consistently underrepresented, comprising 35% to 
45% of total patient cohorts.25– 28 Additionally, women 
are 6 to 9 years older at the time of diagnosis or first 
visit, and more symptomatic at presentation than their 
male counterparts.25– 29 (Table 2 and Figure 2). Among 
candidates for myectomy or alcohol septal ablation, 
female patients present more frequently as New York 
Heart Association class III/IV compared with men,26,28 
but the proportion of women with more advanced 
symptoms is consistently higher across all studies, re-
gardless of LV outflow tract obstruction. Consistently, 
women have lower objective exercise capacity com-
pared with men,26,30 even after controlling for age and 
sex, and increased E/E′ and right ventricular systolic 
pressure values, reflecting a greater magnitude of dias-
tolic dysfunction and pulmonary hypertension.
Pulmonary hypertension is reported in >80% of patients 
with obstructive HCM and severe HF. This is attribut-
able to a combination of increased LV cavitary pres-
sure, diastolic dysfunction, and mitral regurgitation, all 
contributing to HF symptoms.31 However, a minority of 

Figure 1. Clinical characteristics of pathogenic variants in women compared with men with dilated 
cardiomyopathy.
AF indicates atrial fibrillation; CV, cardiovascular; DCM, dilated cardiomyopathy; DMD, dystrophin; DSP, 
desmoplakin; FLNC, filamin C; LMNA, lamin A/C; MYH7, myosin heavy chain 7; TNNC1, troponin C1; TNNT2, 
troponin T2; TPM1, tropomyosin alpha- 1 chain; TTNtv, titin truncating variants; and VA, ventricular arrhythmia.
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patients, of whom almost 60% were women, showed 
normal pulmonary capillary wedge pressure, raising 
the possibility of coexistent precapillary pulmonary 
hypertension. Indeed, women with HF with preserved 
ejection fraction show differences in pulmonary vas-
cular reactivity with higher pulmonary vascular resis-
tance and blunted compliance compared with men.32 
Although the underlying pathophysiology is still unre-
solved, women have a 4 times greater prevalence of 
idiopathic pulmonary arterial hypertension compared 
with men.33 This may suggest that there are intrinsic 
sex differences in pulmonary vascular function and 
remodeling, contributing to exercise intolerance inde-
pendent of pulmonary capillary wedge pressure.

On average, women with HCM have smaller LV 
cavities than men, with a greater proportion manifest-
ing LV outflow tract obstruction, and increased relative 
use of alcohol septal ablation or septal myectomy.25– 29 
Of patients referred for septal myectomy at Mayo Clinic, 
women had higher resting LV outflow tract obstruction 
gradients and more severe mitral regurgitation com-
pared with men but comparably excellent results.34 
Notably, while the rate of HF progression and risk of 
stroke25 and atrial fibrillation29 seem greater in women 
than in men, the incidence of sudden cardiac death is 
similar.25– 28 In most studies, women also have higher 
all- cause mortality, with hazard ratios from 1.13 to 1.5 
after adjustment for factors such as older age, New York 
Heart Association class, comorbidities, genetic status, 
LV ejection fraction, and left atrial diameter.25,26,29

Despite similarities in the referral and uptake of genetic 
testing, a greater percentage of women are sarcomere 

gene variant carriers compared with men (Figure 2).25,28 
Women with variants in MYBPC3 and thin- filament 
genes present at older ages, while those with variants in 
MYH7 present at similar ages to their male counterparts. 
Indeed, the penetrance of sarcomere gene variants has 
been reported as ≈3- fold higher in men than women.35,36 
However, sex seems to act as a phenotype modifier to a 
greater extent for MYBPC3 and thin- filament gene vari-
ants compared with MYH7 variants.

Increased penetrance of sarcomere gene variants 
in men compared with women suggests that underly-
ing biological mechanisms, if anything, would favor a 
worse prognosis for men. The later age of presentation 
and greater symptomatic burden in women therefore 
supports the premise that suspicion for HCM is re-
duced in women, resulting in more frequent misdiag-
nosis or delayed diagnosis. Men are more likely to have 
cardiovascular screening tests, and HCM may be de-
tected earlier as an incidental finding more frequently.27 
Together, these differences highlight the need for a 
higher index of diagnostic suspicion and lower thresh-
old for referral for specialized care to improve the out-
comes and survival of women living with HCM.37,38

HYPERTROPHIC HEART DISEASE 
CAUSED BY X- LINKED GENETIC 
VARIANTS
DD is a rare, X- linked dominant, and highly penetrant vacuolar 
myopathy caused by pathogenic variants in the lysosomal- 
associated membrane protein 2 gene39,40 (Table  2). The 

Figure 2. Women are older than men at the time of hypertrophic cardiomyopathy (HCM) diagnosis and were more likely to 
have a sarcomere mutation.
Left: Age at HCM diagnosis for all women (shaded pink) and men (shaded blue), irrespective of sarcomere variant status. Where age of 
diagnosis overlaps, the frequency of female patients is represented by the darker color. Mean age of diagnosis labeled and indicated 
by line. Right: Frequency of pathogenic/likely- pathogenic sarcomere variants in patients who had undergone genetic testing, excluding 
patients with multiple variants.10 MYBPC3 indicates myosin- binding protein C; MYH7, beta- myosin heavy chain; and MYL2&3, myosin 
regulatory light chains 2 and 3.
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lysosomal- associated membrane protein 2 is integral to 
the final step of the autophagic process, and its absence or 
reduced expression results in marked accumulation of late 
autophagic vacuoles in cardiac and skeletal muscle cells.40 
DD is believed to represent 5% of all pediatric HCM patients 
and 17% to 30% of HCM patients with preexcitation on the 
ECG.41– 44 Historically, DD has been described as having 
a triad of clinical manifestations including cardiomyopathy, 
skeletal myopathy, and cognitive impairment. However, 
because of its X- linked nature and the hemizygous male 
status, DD arises 1 to 2 decades earlier in men, with onset 
typically by adolescence.45– 47 Women have far less com-
mon extracardiac manifestations than men, making the clin-
ical diagnosis challenging and often delayed in the absence 
of family history or genetic testing.45,47,48 DD cardiomyopa-
thy is typically rapidly progressive. A DCM phenotype has 
been described, more frequently among women, but oc-
curs rarely. Cardiac conduction abnormalities are common 
and independent of sex, including atrioventricular block and 
ventricular preexcitation.45– 48 Following the onset of cardiac 
disease, progression toward advanced HF is rapid in men, 
resulting in death or heart transplantation before the age of 
30 years. In women, progression is slower, with death or 
transplant occurring in the fourth or fifth decade.48

Fabry disease is an X- linked lysosomal storage 
disorder caused by pathogenic variants in the alpha- 
galactosidase A gene resulting in deficiency of alpha- 
galactosidase A enzyme activity and accumulation of 
glycosphingolipids in a wide range of cell types, re-
sulting in multisystem disease including cardiac, renal, 
and cerebrovascular manifestations (Table  2).49 The 
spectrum of clinical involvement is variable from severe 
disease in “classical” hemizygous male patients to pre-
dominant cardiac and renal involvement in “cardiac 
variants” and “renal variants,” respectively. The cardiac 
phenotype is slowly progressive and may be difficult 
to distinguish from classic sarcomeric HCM by cardiac 
imaging alone and in the absence of extracardiac red 
flags. Heterozygous women have long been consid-
ered clinically unaffected “gene carriers.” However, 
this is a misconception, as heterozygous women often 
have clinical manifestations and may develop severe 
phenotypes similar to men50– 52 because of unfavorable 
X- chromosome inactivation.53 As a general rule, how-
ever, signs and symptoms of Fabry disease at any given 
age are milder in women, and typical cardiac, cerebro-
vascular, and renal disease present ≥1 decades later 
than in men.50,51 The frequency and severity of cardiac 
manifestations increase with age in both sexes,54 with 
cardiovascular disease being the main cause of death 
among patients with Fabry disease.55

CARDIAC AMYLOIDOSIS
Cardiac amyloidosis is characterized by the extra-
cellular deposition of amyloid fibrils in the heart. The 

amyloidogenic proteins in the majority of cases are 
senescent or mutated transthyretin in wild- type tran-
sthyretin cardiac amyloidosis (ATTRwt) and hereditary 
transthyretin cardiac amyloidosis, or monoclonal im-
munoglobulin light chains in light chain amyloidosis 
(AL).

Men represent 90% of all patients with ATTRwt,56 
and sex hormones may influence transthyretin levels. 
In fact, in animal models, 5α- dihydrotestosterone was 
more effective than estradiol in raising transthyretin 
expression. Furthermore, women present overall a 
reduced concentration of sex hormones compared 
with men in older age.57 In a recent work, women with 
ATTRwt were older at diagnosis and showed more ad-
vanced disease compared with men with higher NT- 
proBNP (N- terminal pro- B- type natriuretic peptide), 
greater concentric hypertrophy, higher LV filling pres-
sures, and worse right ventricular systolic function.58 
The older age of presentation and the more severe 
presentation may be related to diagnostic delay. The 
latter, in its turn, may be attributable to a milder disease 
progression,59 the lack of sex- specific diagnostic cut-
offs for LV hypertrophy, and the lower clinical suspicion 
of cardiologists that are used to seeing mostly male 
patients with ATTRwt.

A male predominance has been reported also in 
hereditary transthyretin cardiac amyloidosis, in particu-
lar in patients with late- onset transthyretin cardiac am-
yloidosis Val30Met in Japan60 and Sweden,61 as well 
as in Ile68Leu and Val122Ile mutation.58,62

In the previous study, including mostly patients 
with Ile68Leu and Val122Ile mutation, men presented 
higher normalized mass compared with women, which 
may suggest a greater myocardial involvement. This 
behavior might be explained by fibril composition. In 
a Swedish cohort with late- onset Val30Met amyloido-
sis, women with type A fibrils (a mixture of truncated 
and full- length transthyretin cardiac amyloidosis fibrils) 
had lesser concentric remodeling compared with men, 
while no difference between sexes was reported in pa-
tients with type B fibrils (full length).63

AL frequency seem less influenced by sex, and men 
have a slightly higher incidence of AL than women.64 
Women with hereditary transthyretin cardiac amyloido-
sis and AL do not present relevant clinical differences 
compared with men at baseline.58,62 Eventually, no 
differences in all- cause mortality have been reported 
between sexes in AL, ATTRwt, and hereditary trans-
thyretin cardiac amyloidosis.58,62

ARRHYTHMOGENIC 
CARDIOMYOPATHY
Arrhythmogenic cardiomyopathy is characterized 
by fibro- fatty replacement of the myocardium and 
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subsequent electrical instability and dysfunction of 
the right, or the left ventricle or both.65 The pattern of 
inheritance is autosomal dominant, and pathogenic 
variants are mainly found in genes encoding des-
mosomal proteins. The disease is characterized by 
variable disease penetrance and expressivity and a 
high risk of life- threatening ventricular arrhythmias.66 
There is higher disease prevalence and worse out-
comes among men as compared with women.67,68 
In particular, men more frequently have abnormal 
ECGs and late potentials, worse biventricular car-
diac function with a higher risk for ventricular ar-
rhythmias compared with women.68,69 To explain 
this phenomenon, a role of sex hormones has been 
postulated. In an induced pluripotent stem cell– 
derived arrhythmogenic cardiomyopathy cardiomy-
ocyte model, elevated testosterone levels worsened, 
whereas normal estradiol levels decreased cardio-
myocyte apoptosis and lipogenesis.70 Furthermore, 
data suggest an association with vigorous- intensity 
exercise training and arrhythmias and cardiomyopa-
thy progression in arrhythmogenic cardiomyopathy. 
The historically higher proportion of men participat-
ing in competitive sports as compared with women 
may thus also influence the observed sex- based 
prevalence and natural history of the disease.71 
A mechanistic insight into this phenomenon has 
been recently provided through an animal model. 
In mice, plakophilin- 2 loss and training synergically 
worsened cardiac function because of a reduced 
reserve of desmosomal proteins.72 Although in a 
limited sample, when adjusted for exercise, odds of 
proband status and ventricular arrhythmias did not 
differ between sexes, and, after introduction of exer-
cise restrictions, disease progression did not differ 
between sexes.69

SEX- SPECIFIC PATHOMECHANISMS 
AND CARDIAC REMODELING
LV Remodeling and Adaptation
LV mass and dimensions indexed for body size are 
significantly lower in women compared with men.73,74 
These differences should be taken into considera-
tion to avoid underestimation of disease- mediated 
remodeling in women, and imply that we need sex- 
specific thresholds to diagnose cardiac remodeling in 
cardiomyopathies (Figure 3). At the time of cardiomy-
opathy phenotype development, both structural and 
ultrastructural changes occur and start to progress, 
generally at a slow rate, over the years. These are 
influenced by sex. For example, in the specific setting 
of obstructive HCM, indexed septal thickness and 
atrial dimensions are significantly greater in women at 
the time of myectomy or alcohol septal ablation.75,76 

Furthermore, women with HCM exhibit worse dias-
tolic dysfunction, subtended by more advanced fi-
brosis, lower capillary density, and, at the molecular 
level, more evident changes in HF- associated pro-
teins (eg, SERCA2a and titin).75,77 Thus, women seem 
to develop a worse structural and functional adapta-
tion to obstruction in HCM, and this might contribute 
to their worse prognosis.27

Electrophysiological Remodeling
Electrophysiological remodeling is a hallmark of car-
diomyopathies. Sex differences in cellular cardiac elec-
trophysiology exist, which may be either increased or 
attenuated by disease. Reports on sex- dependent ar-
rhythmic burden vary considerably: women with DCM 
caused by truncating variants in the giant sarcomere 
gene titin appear to have longer event- free survival 
than men,13,78 whereas women with HCM, irrespective 
of genotype, show a similar prevalence of ventricular 
arrhythmias compared with men.25

From a translational perspective, regardless of 
the underlying defect, cardiomyocyte adaption to 
contractile or metabolic impairment generally leads 
to prolongation of action potential duration attrib-
utable to reduced expression and function of po-
tassium channels and altered intracellular calcium 
handling. Both mechanisms are markedly arrhyth-
mogenic, exposing to early and delayed afterdepo-
larizations. In a human ventricular cardiomyocyte 
model, female cells showed longer action potential 
duration with limited repolarization reserve and in-
creased propensity to drug- induced arrhythmias 
caused by QT interval prolongation.79,80 Indeed, sex 
hormones, and in particular 17β- estradiol, seem to 
modulate the hERG/KCNH2 channel79,81 eventually 
reducing its activity and prolonging the QT inter-
val in both human and guinea pig cells (Figure 4).82 
Paradoxically, however, increased plasma 17β- 
estradiol levels in healthy women treated for 
infertility correlated with acceleration of cardiac re-
polarization, the in vitro mechanism being enhanced 
KCNH2 membrane trafficking.83

Studies in cardiomyocytes from explanted human 
hearts point to L- type calcium current enhancement as 
a potential mechanism for longer action potential dura-
tion in women in various conditions.80 Greater expres-
sion of the L- type cardiac calcium channel Cav1.2α 
and the sodium- calcium exchanger NCX1 have been 
detected in epicardial LV cardiomyocytes derived 
from postmortem human LV tissue samples of fertile 
women compared with postmenopausal women or to 
men. These differences were partially reproduced in 
female cardiomyocytes from human induced pluripo-
tent stem cells exposed to 17β- estradiol, while elec-
trophysiological properties of male cardiomyocytes 
were slightly or not affected.84 A recent in silico model 
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of “healthy” human ventricular action potential, based 
on updated electrophysiological properties of isolated 
cardiomyocytes, could not reproduce action potential 
duration prolongation in women compared with men, 
but only a slightly slower calcium transient decay.85 
Finally, in ventricular cardiomyocytes of male patients 

with compensated myocardial hypertrophy, a higher 
frequency of calcium sparks and sarcoplasmic reticu-
lum leakage has been shown, compared with women, 
although this did not result in increased arrhythmo-
genic propensity or greater diastolic impairment in 
vitro.86 Consistently, cardiomyocytes from patients with 

Figure 3. Women show lower left ventricular (LV) mass and dimensions indexed to BSA compared with 
men.
As a consequence, a relatively greater degree of hypertrophy is needed in women to reach the diagnostic criteria 
for hypertrophic cardiomyopathy (HCM); this might contribute to a delay in diagnosis and treatment. Reproduced 
with permission from van Driel et al. 74©2019 Wolters Kluwer Health, Inc.
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HCM87,88 do not exhibit sex- dependent differences in 
calcium transient kinetics.85

RNA Sequencing and the Role of 
Inflammation
To identify whether sex- specific changes in the human 
heart contribute to differences in disease progression 
and drug response, extensive multiomics analyses, 
stratified by sex, are warranted. An RNA sequencing 
study in 46 control hearts revealed sex- specific dif-
ferential expression of autosomal genes involved in 
inflammation, which are key in cardiac remodeling.89 
These included a variety of chemokines and, impor-
tantly, vascular cell adhesion molecule 1, which regu-
lates endothelial cell adhesion of immune cells.89 An 
age- dependent shift toward a proinflammatory state 
was observed exclusively in female cardiac samples, 
including downregulation of Sirt1 and Sirt3, NAD+- 
dependent deacetylase sirtuins, which are involved in 
anti- inflammatory responses and mitochondrial bio-
genesis and function90 and of superoxide dismutase 2, 
a key mitochondrial antioxidative enzyme.

Sex Differences in Proteomics
Recent studies also suggest differences in the pro-
teome of male and female cardiomyopathic hearts at 
early and advanced disease stages.91,92 For example, 
proteomics and functional studies have identified tu-
bulins as potential treatment targets for HCM.93– 95 It 
has been hypothesized that the higher tubulin lev-
els found in female patients may contribute to their 
more advanced diastolic dysfunction compared with 
men.75,76

SOCIOECONOMIC DETERMINANTS 
OF HEALTH IN WOMEN
It is well known that differences in incidence and out-
comes of cardiovascular diseases in women may be 
influenced by socioenvironmental factors. Overall, 
lower income, living in rural areas, belonging to a racial 
minority, lower social support, and lower levels of edu-
cation have been associated with higher risk of car-
diovascular events, all factors that disproportionately 

Figure 4. Channels and pumps as targets of 17β- estradiol in human cardiomyocytes.
The rapidly activating component of the delayed rectifier K+ current (IKr), coded by KCNH2, is modulated by sex hormones. A greater 
expression of L- type cardiac calcium channel, sodium- calcium exchanger NCX1 and a slower decay of the calcium transient have 
been detected in women compared with men. A higher frequency of calcium sparks and sarcoplasmic reticulum leakage has been 
described in men compared with women. Increased levels of detyrosinated microtubules may contribute to the worse diastolic 
function in women with hypertrophic cardiomyopathy. HCMSMP indicates hypertrophic cardiomyopathy sarcomere mutation- positive.
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affect women.96 Further studies to evaluate the impact 
of socioeconomic factors on outcomes of patients with 
cardiomyopathies are warranted.

SUMMARY
Phenotypic expression of cardiomyopathies may 
differ profoundly between sexes (Figure  5). This 
phenomenon is the result of a complex interaction 
among true biological differences and socioenviron-
mental factors. To date, our understanding of both 
aspects remains poor, and while genetic and mo-
lecular diversity deserves a comprehensive, transla-
tional approach to the core mechanisms of disease, 
the abolition of social discrepancies and discrimina-
tions should be pursued equally aggressively in the 
health care community.

ARTICLE INFORMATION

Affiliations
Cardiomyopathy Unit, Careggi University Hospital, Florence, Italy (A.A., I.O.); 
Department of Experimental and Clinical Medicine, University of Florence, Italy 
(A.A., I.O.); Division of General Cardiology, Careggi University Hospital, Florence, 
Italy (A.A., I.O.); Cardiovascular Division, Brigham and Women’s Hospital, 
Harvard Medical School, Boston, MA (C.H., N.K.L.); Division of Cardiovascular 
Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, 
PA (S.M.D.); Department of Physiology, Amsterdam Cardiovascular Sciences, 
Amsterdam University Medical Center, Vrije Universiteit, Amsterdam, Netherlands 
(J.v.d.V.); Department of Neurosciences, Psychology, Drug Research and Child 
Health, University of Florence, Italy (E.C.); Division of Cardiovascular Medicine, 
Department of Internal Medicine, University of Michigan, Michigan Medicine, 
Ann Arbor, MI (S.S.);  and Department of Biomedical Engineering, The University 
of Arizona, Tucson, AZ (J.C.T.).

Sources of Funding
Dr Olivotto was supported by the European Union’s Horizon 2020 
Research and Innovation Programme under Grant Agreement No. 777204: 
“SILICOFCM -  In Silico Trials for Drug Tracing the Effects of Sarcomeric 

Figure 5. Sex- related differences in cardiomyopathies.
“Sex” refers to the biological differences between men and women. AL indicates light chain amyloidosis; CMP, 
cardiomyopathy, and DCM, dilated cardiomyopathy.

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 24, 2022



J Am Heart Assoc. 2022;11:e024947. DOI: 10.1161/JAHA.121.024947 11

Argirò et al Sex Differences in Cardiomyopathies

Protein Mutations Leading to Familial Cardiomyopathy.” Dr van der Velden 
acknowledges support from NWO- ZoW (91818602 VICI grant), ZoW and 
Heart Foundation for the Translational Research Program, project 95105003; 
the Dutch Cardiovascular Alliance grant Double Dose 2021; and the Leducq 
Foundation grant number 20CVD01.

Disclosures
None.

REFERENCES
 1. Regitz- Zagrosek V, Kararigas G. Mechanistic pathways of sex dif-

ferences in cardiovascular disease. Physiol Rev. 2017;97:1– 37. doi: 
10.1152/physr ev.00021.2015

 2. Codd MB, Sugrue DD, Gersh BJ, Melton LJ. Epidemiology of idiopathic 
dilated and hypertrophic cardiomyopathy. A population- based study 
in Olmsted County, Minnesota, 1975– 1984. Circulation. 1989;80:564– 
572. doi: 10.1161/01.CIR.80.3.564

 3. Seidelmann SB, Laur O, Hwa J, Depasquale E, Bellumkonda L, Sugeng 
L, Pomianowski P, Testani J, Chen M, McKenna W, et al. Familial dilated 
cardiomyopathy diagnosis is commonly overlooked at the time of trans-
plant listing. J Heart Lung Transplant. 2016;35:474– 480. doi: 10.1016/j.
healun.2015.12.002

 4. Halliday BP, Gulati A, Ali A, Newsome S, Lota A, Tayal U, Vassiliou VS, 
Arzanauskaite M, Izgi C, Krishnathasan K, et al. Sex-  and age- based 
differences in the natural history and outcome of dilated cardiomyopa-
thy. Eur J Heart Fail. 2018;20:1392– 1400. doi: 10.1002/ejhf.1216

 5. Ware SM, Wilkinson JD, Tariq M, Schubert JA, Sridhar A, Colan SD, 
Shi L, Canter CE, Hsu DT, Webber SA, et al. Genetic causes of cardio-
myopathy in children: first results from the Pediatric Cardiomyopathy 
Genes Study. J Am Heart Assoc. 2021;10:e017731. doi: 10.1161/
JAHA.120.017731

 6. Piano MR, Thur LA, Hwang CL, Phillips SA. Effects of alcohol on 
the cardiovascular system in women. Alcohol Res. 2020;40:12. doi: 
10.35946/ arcr.v40.2.12

 7. Shah Z, Mohammed M, Vuddanda V, Ansari MW, Masoomi R, Gupta K. 
National trends, gender, management, and outcomes of patients hospi-
talized for myocarditis. Am J Cardiol. 2019;124:131– 136. doi: 10.1016/j.
amjca rd.2019.03.036

 8. Mahon NG, Murphy RT, MacRae CA, Caforio ALP, Elliott PM, McKenna 
WJ. Echocardiographic evaluation in asymptomatic relatives of patients 
with dilated cardiomyopathy reveals preclinical disease. Ann Intern Med. 
2005;143:108– 115. doi: 10.7326/0003- 4819- 143- 2- 20050 7190- 00009

 9. Mazzarotto F, Tayal U, Buchan RJ, Midwinter W, Wilk A, Whiffin N, 
Govind R, Mazaika E, De Marvao A, Dawes TJW, et al. Reevaluating the 
genetic contribution of monogenic dilated cardiomyopathy. Circulation. 
2020;141:387– 398. doi: 10.1161/CIRCU LATIO NAHA.119.037661

 10. Jordan E, Peterson L, Ai T, Asatryan B, Bronicki L, Brown E, Celeghin 
R, Edwards M, Fan J, Ingles J, et al. An evidence- based assessment 
of genes in dilated cardiomyopathy. Circulation. 2021;144:7– 19. doi: 
10.1161/CIRCU LATIO NAHA.120.053033

 11. Lakdawala NK, Funke BH, Baxter S, Cirino AL, Roberts AE, Judge DP, 
Johnson N, Mendelsohn NJ, Morel C, Care M, et al. Genetic testing for 
dilated cardiomyopathy in clinical practice. J Card Fail. 2012;18:296– 
303. doi: 10.1016/j.cardf ail.2012.01.013

 12. Herman DS, Lam L, Taylor MRG, Wang L, Teekakirikul P, Christodoulou 
D, Conner L, DePalma SR, McDonough B, Sparks E, et al. Truncations 
of titin causing dilated cardiomyopathy. N Engl J Med. 2012;366:619– 
628. doi: 10.1056/NEJMo a1110186

 13. Akhtar MM, Lorenzini M, Cicerchia M, Ochoa JP, Hey TM, Sabater 
Molina M, Restrepo- Cordoba MA, Dal Ferro M, Stolfo D, Johnson 
R, et al. Clinical phenotypes and prognosis of dilated cardiomyop-
athy caused by truncating variants in the TTN gene. Circ Heart Fail. 
2020;13:e006832. doi: 10.1161/CIRCH EARTF AILURE.119.006832

 14. Ware JS, Amor- Salamanca A, Tayal U, Govind R, Serrano I, Salazar- 
Mendiguchía J, García- Pinilla JM, Pascual- Figal DA, Nuñez J, Guzzo- 
Merello G, et al. Genetic etiology for alcohol- induced cardiac toxicity. J 
Am Coll Cardiol. 2018;71:2293– 2302. doi: 10.1016/j.jacc.2018.03.462

 15. Ware JS, Li J, Mazaika E, Yasso CM, DeSouza T, Cappola TP, Tsai EJ, 
Hilfiker- Kleiner D, Kamiya CA, Mazzarotto F, et al. Shared genetic pre-
disposition in peripartum and dilated cardiomyopathies. N Engl J Med. 
2016;374:233– 241. doi: 10.1056/NEJMo a1505517

 16. Lakdawala NK, Dellefave L, Redwood CS, Sparks E, Cirino AL, Depalma 
S, Colan SD, Funke B, Zimmerman RS, Robinson P, et al. Familial di-
lated cardiomyopathy caused by an alpha- tropomyosin mutation. The 
distinctive natural history of sarcomeric dilated cardiomyopathy. J Am 
Coll Cardiol. 2010;55:320– 329. doi: 10.1016/j.jacc.2009.11.017

 17. Kamisago M, Sharma SD, DePalma SR, Solomon S, Sharma P, 
McDonough B, Smoot L, Mullen MP, Woolf PK, Wigle ED, et al. 
Mutations in sarcomere protein genes as a cause of dilated cardio-
myopathy. N Engl J Med. 2000;343:1688– 1696. doi: 10.1056/NEJM2 
00012 07343 2304

 18. Wahbi K, Ben Yaou R, Gandjbakhch E, Anselme F, Gossios T, Lakdawala 
NK, Stalens C, Sacher F, Babuty D, Trochu J- N, et al. Development and 
validation of a new risk prediction score for life- threatening ventricular 
tachyarrhythmias in laminopathies. Circulation. 2019;140:293– 302. doi: 
10.1161/CIRCU LATIO NAHA.118.039410

 19. Al- Khatib SM, Stevenson WG, Ackerman MJ, Bryant WJ, Callans DJ, 
Curtis AB, Deal BJ, Dickfeld T, Field ME, Fonarow GC, et al. 2017 
AHA/ACC/HRS guideline for management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac death: a report of 
the American College of Cardiology/American Heart Association Task 
Force on Clinical Practice Guidelines and the Heart Rhythm Society. 
Circulation. 2018;138:e210– e271. doi: 10.1161/CIR.00000 00000 
000548

 20. Kumar S, Androulakis AFA, Sellal J- M, Maury P, Gandjbakhch E, 
Waintraub X, Rollin A, Richard P, Charron P, Baldinger SH, et al. 
Multicenter experience with catheter ablation for ventricular tachy-
cardia in lamin A/C cardiomyopathy. Circ Arrhythm Electrophysiol. 
2016;9:e004357. doi: 10.1161/CIRCEP.116.004357

 21. Hasselberg NE, Haland TF, Saberniak J, Brekke PH, Berge KE, Leren 
TP, Edvardsen T, Haugaa KH. Lamin A/C cardiomyopathy: young onset, 
high penetrance, and frequent need for heart transplantation. Eur Heart 
J. 2018;39:853– 860. doi: 10.1093/eurhe artj/ehx596

 22. Smith ED, Lakdawala NK, Papoutsidakis N, Aubert G, Mazzanti A, 
McCanta AC, Agarwal PP, Arscott P, Dellefave- Castillo LM, Vorovich 
EE, et al. Desmoplakin cardiomyopathy, a fibrotic and inflammatory 
form of cardiomyopathy distinct from typical dilated or arrhythmogenic 
right ventricular cardiomyopathy. Circulation. 2020;141:1872– 1884. doi: 
10.1161/CIRCU LATIO NAHA.119.044934

 23. Ortiz- Genga MF, Cuenca S, Dal Ferro M, Zorio E, Salgado- Aranda 
R, Climent V, Padrón- Barthe L, Duro- Aguado I, Jiménez- Jáimez J, 
Hidalgo- Olivares VM, et al. Truncating FLNC mutations are associated 
with high- risk dilated and arrhythmogenic cardiomyopathies. J Am Coll 
Cardiol. 2016;68:2440– 2451. doi: 10.1016/j.jacc.2016.09.927

 24. Lim KRQ, Sheri N, Nguyen Q, Yokota T. Cardiac involvement in 
dystrophin- deficient females: current understanding and implications 
for the treatment of dystrophinopathies. Genes. 2020;11:765. doi: 
10.3390/genes 11070765

 25. Lakdawala NK, Olivotto I, Day SM, Han L, Ashley EA, Michels M, Ingles 
J, Semsarian C, Jacoby D, Jefferies JL, et al. Associations between 
female sex, sarcomere variants and clinical outcomes in hypertrophic 
cardiomyopathy. Circ Genom Precis Med. 2020;14:21– 29. doi: 10.1161/
CIRCG EN.120.003062

 26. Geske JB, Ong KC, Siontis KC, Hebl VB, Ackerman MJ, Hodge DO, 
Miller VM, Nishimura RA, Oh JK, Schaff HV, et al. Women with hypertro-
phic cardiomyopathy have worse survival. Eur Heart J. 2017;38:3434– 
3440. doi: 10.1093/eurhe artj/ehx527

 27. Olivotto I, Maron MS, Adabag AS, Casey SA, Vargiu D, Link MS, 
Udelson JE, Cecchi F, Maron BJ. Gender- related differences in the clin-
ical presentation and outcome of hypertrophic cardiomyopathy. J Am 
Coll Cardiol. 2005;46:480– 487. doi: 10.1016/j.jacc.2005.04.043

 28. Rowin EJ, Maron MS, Wells S, Patel PP, Koethe BC, Maron BJ. Impact 
of sex on clinical course and survival in the contemporary treatment era 
for hypertrophic cardiomyopathy. J Am Heart Assoc. 2019;8:e012041. 
doi: 10.1161/JAHA.119.012041

 29. Lorenzini M, Anastasiou Z, O’Mahony C, Guttman OP, Gimeno JR, 
Monserrat L, Anastasakis A, Rapezzi C, Biagini E, Garcia- Pavia P, et 
al. Mortality among referral patients with hypertrophic cardiomyopa-
thy vs the general European population. JAMA Cardiol. 2020;5:73. doi: 
10.1001/jamac ardio.2019.4534

 30. Ghiselli L, Marchi A, Fumagalli C, Maurizi N, Oddo A, Pieri F, Girolami F, 
Rowin E, Mazzarotto F, Cicoira M, et al. Sex- related differences in ex-
ercise performance and outcome of patients with hypertrophic cardio-
myopathy. Eur J Prev Cardiol. 2020;27:1821– 1831. doi: 10.1177/20474 
87319 886961

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 24, 2022

https://doi.org/10.1152/physrev.00021.2015
https://doi.org/10.1161/01.CIR.80.3.564
https://doi.org/10.1016/j.healun.2015.12.002
https://doi.org/10.1016/j.healun.2015.12.002
https://doi.org/10.1002/ejhf.1216
https://doi.org/10.1161/JAHA.120.017731
https://doi.org/10.1161/JAHA.120.017731
https://doi.org/10.35946/arcr.v40.2.12
https://doi.org/10.1016/j.amjcard.2019.03.036
https://doi.org/10.1016/j.amjcard.2019.03.036
https://doi.org/10.7326/0003-4819-143-2-200507190-00009
https://doi.org/10.1161/CIRCULATIONAHA.119.037661
https://doi.org/10.1161/CIRCULATIONAHA.120.053033
https://doi.org/10.1016/j.cardfail.2012.01.013
https://doi.org/10.1056/NEJMoa1110186
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006832
https://doi.org/10.1016/j.jacc.2018.03.462
https://doi.org/10.1056/NEJMoa1505517
https://doi.org/10.1016/j.jacc.2009.11.017
https://doi.org/10.1056/NEJM200012073432304
https://doi.org/10.1056/NEJM200012073432304
https://doi.org/10.1161/CIRCULATIONAHA.118.039410
https://doi.org/10.1161/CIR.0000000000000548
https://doi.org/10.1161/CIR.0000000000000548
https://doi.org/10.1161/CIRCEP.116.004357
https://doi.org/10.1093/eurheartj/ehx596
https://doi.org/10.1161/CIRCULATIONAHA.119.044934
https://doi.org/10.1016/j.jacc.2016.09.927
https://doi.org/10.3390/genes11070765
https://doi.org/10.1161/CIRCGEN.120.003062
https://doi.org/10.1161/CIRCGEN.120.003062
https://doi.org/10.1093/eurheartj/ehx527
https://doi.org/10.1016/j.jacc.2005.04.043
https://doi.org/10.1161/JAHA.119.012041
https://doi.org/10.1001/jamacardio.2019.4534
https://doi.org/10.1177/2047487319886961
https://doi.org/10.1177/2047487319886961


J Am Heart Assoc. 2022;11:e024947. DOI: 10.1161/JAHA.121.024947 12

Argirò et al Sex Differences in Cardiomyopathies

 31. Covella M, Rowin EJ, Hill NS, Preston IR, Milan A, Opotowsky AR, 
Maron BJ, Maron MS, Maron BA. Mechanism of progressive heart fail-
ure and significance of pulmonary hypertension in obstructive hypertro-
phic cardiomyopathy. Circ Heart Fail. 2017;10:e003689. doi: 10.1161/
CIRCH EARTF AILURE.116.003689

 32. Beale AL, Nanayakkara S, Segan L, Mariani JA, Maeder MT, van Empel 
V, Vizi D, Evans S, Lam CSP, Kaye DM. Sex differences in heart fail-
ure with preserved ejection fraction pathophysiology. JACC Heart Fail. 
2019;7:239– 249. doi: 10.1016/j.jchf.2019.01.004

 33. Badesch DB, Raskob GE, Elliott CG, Krichman AM, Farber HW, Frost 
AE, Barst RJ, Benza RL, Liou TG, Turner M, et al. Pulmonary arterial 
hypertension. Chest. 2010;137:376– 387. doi: 10.1378/chest.09- 1140

 34. Meghji Z, Nguyen A, Fatima B, Geske JB, Nishimura RA, Ommen SR, 
Lahr BD, Dearani JA, Schaff HV. Survival differences in women and 
men after septal myectomy for obstructive hypertrophic cardiomyopa-
thy. JAMA Cardiol. 2019;4:237. doi: 10.1001/jamac ardio.2019.0084

 35. Page SP, Kounas S, Syrris P, Christiansen M, Frank- Hansen R, Andersen 
PS, Elliott PM, McKenna WJ. Cardiac myosin binding protein- C muta-
tions in families with hypertrophic cardiomyopathy: disease expression 
in relation to age, gender, and long term outcome. Circ Cardiovasc 
Genet. 2012;5:156– 166. doi: 10.1161/CIRCG ENETI CS.111.960831

 36. Lorenzini M, Norrish G, Field E, Ochoa JP, Cicerchia M, Akhtar MM, 
Syrris P, Lopes LR, Kaski JP, Elliott PM. Penetrance of hypertrophic car-
diomyopathy in sarcomere protein mutation carriers. J Am Coll Cardiol. 
2020;76:550– 559. doi: 10.1016/j.jacc.2020.06.011

 37. Liu Q, Li D, Berger AE, Johns RA, Gao L. Survival and prognostic 
factors in hypertrophic cardiomyopathy: a meta- analysis. Sci Rep. 
2017;7:11957. doi: 10.1038/s4159 8- 017- 12289 - 4

 38. Cavigli L, Fumagalli C, Maurizi N, Rossi A, Arretini A, Targetti M, 
Passantino S, Girolami F, Tomberli B, Baldini K, et al. Timing of inva-
sive septal reduction therapies and outcome of patients with obstruc-
tive hypertrophic cardiomyopathy. Int J Cardiol. 2018;273:155– 161. doi: 
10.1016/j.ijcard.2018.09.004

 39. Danon MJ, Oh SJ, DiMauro S, Manaligod JR, Eastwood A, Naidu S, 
Schliselfeld LH. Lysosomal glycogen storage disease with normal acid 
maltase. Neurology. 1981;31:51– 51. doi: 10.1212/WNL.31.1.51

 40. Nishino I, Fu J, Tanji K, Yamada T, Shimojo S, Koori T, Mora M, Riggs 
JE, Oh SJ, Koga Y, et al. Primary LAMP- 2 deficiency causes X- linked 
vacuolar cardiomyopathy and myopathy (Danon disease). Nature. 
2000;406:906– 910. doi: 10.1038/35022604

 41. Charron P. Danon’s disease as a cause of hypertrophic cardiomy-
opathy: a systematic survey. Heart. 2004;90:842– 846. doi: 10.1136/
hrt.2003.029504

 42. Arad M, Maron BJ, Gorham JM, Johnson WH, Saul JP, Perez- Atayde 
AR, Spirito P, Wright GB, Kanter RJ, Seidman CE, et al. Glycogen stor-
age diseases presenting as hypertrophic cardiomyopathy. N Engl J 
Med. 2005;352:362– 372. doi: 10.1056/NEJMo a033349

 43. Liu Y, Chen X, Wang F, Liang Y, Deng H, Liao H, Zhang Q, Zhang B, 
Zhan X, Fang X, et al. Prevalence and clinical characteristics of Danon 
disease among patients with left ventricular hypertrophy and concom-
itant electrocardiographic preexcitation. Mol Genet Genomic Med. 
2019;7:e638. doi: 10.1002/mgg3.638

 44. Liu Y, Wang F, Chen X, Liang Y, Deng H, Liao H, Rao F, Wei W, Zhang 
Q, Zhang B, et al. Fasciculoventricular pathways responsible for ven-
tricular preexcitation in patients with Danon disease. Circ Arrhythm 
Electrophysiol. 2018;11:e006704. doi: 10.1161/CIRCEP.118.006704

 45. Lotan D, Salazar- Mendiguchía J, Mogensen J, Rathore F, Anastasakis 
A, Kaski J, Garcia- Pavia P, Olivotto I, Charron P, Biagini E, et al. Clinical 
profile of cardiac involvement in Danon disease: a multicenter European 
registry. Circ Genom Precis Med. 2020;13:e003117. doi: 10.1161/CIRCG 
EN.120.003117

 46. Cenacchi G, Papa V, Pegoraro V, Marozzo R, Fanin M, Angelini C. 
Review: Danon disease: review of natural history and recent ad-
vances. Neuropathol Appl Neurobiol. 2020;46:303– 322. doi: 10.1111/
nan.12587

 47. López- Sainz Á, Salazar- Mendiguchía J, García- Álvarez A, Campuzano 
Larrea O, López- Garrido MÁ, García- Guereta L, Fuentes Cañamero 
ME, Climent Payá V, Peña- Peña ML, Zorio- Grima E, et al. Clinical 
findings and prognosis of Danon disease. An analysis of the Spanish 
Multicenter Danon Registry. Rev Esp Cardiol (Engl Ed). 2019;72:479– 
486. doi: 10.1016/j.rec.2018.04.035

 48. Brambatti M, Caspi O, Maolo A, Koshi E, Greenberg B, Taylor MRG, 
Adler ED. Danon disease: gender differences in presentation and out-
comes. Int J Cardiol. 2019;286:92– 98. doi: 10.1016/j.ijcard.2019.01.020

 49. Germain DP. Fabry disease. Orphanet J Rare Dis. 2010;5:30. doi: 
10.1186/1750- 1172- 5- 30

 50. Eng CM, Fletcher J, Wilcox WR, Waldek S, Scott CR, Sillence DO, 
Breunig F, Charrow J, Germain DP, Nicholls K, et al. Fabry disease: 
baseline medical characteristics of a cohort of 1765 males and fe-
males in the Fabry Registry. J Inherit Metab Dis. 2007;30:184– 192. doi: 
10.1007/s1054 5- 007- 0521- 2

 51. Wilcox WR, Oliveira JP, Hopkin RJ, Ortiz A, Banikazemi M, Feldt- 
Rasmussen U, Sims K, Waldek S, Pastores GM, Lee P, et al. Females 
with Fabry disease frequently have major organ involvement: lessons 
from the Fabry Registry. Mol Genet Metab. 2008;93:112– 128. doi: 
10.1016/j.ymgme.2007.09.013

 52. Galanos J, Nicholls K, Grigg L, Kiers L, Crawford A, Becker 
G. Clinical features of Fabry’s disease in Australian patients: 
Fabry’s disease in Australia. Intern Med J. 2002;32:575– 584. doi: 
10.1046/j.1445- 5994.2002.00291.x

 53. Echevarria L, Benistan K, Toussaint A, Dubourg O, Hagege AA, 
Eladari D, Jabbour F, Beldjord C, De Mazancourt P, Germain DP. X- 
chromosome inactivation in female patients with Fabry disease: X- 
chromosome inactivation in Fabry disease. Clin Genet. 2016;89:44– 54. 
doi: 10.1111/cge.12613

 54. Azevedo O, Gago MF, Miltenberger- Miltenyi G, Robles AR, Costa MA, 
Pereira O, Vide AT, Castelo Branco G, Simões S, Guimarães MJ, et 
al. Natural history of the late- onset phenotype of Fabry disease due 
to the p. F113L mutation. Mol Genet Metab Rep. 2020;22:100565. doi: 
10.1016/j.ymgmr.2020.100565

 55. Waldek S, Patel MR, Banikazemi M, Lemay R, Lee P. Life expectancy 
and cause of death in males and females with Fabry disease: findings 
from the Fabry Registry. Genet Med. 2009;11:790– 796. doi: 10.1097/
GIM.0b013 e3181 bb05bb

 56. Brunjes DL, Castano A, Clemons A, Rubin J, Maurer MS. Transthyretin 
cardiac amyloidosis in older Americans. J Card Fail. 2016;22:996– 1003. 
doi: 10.1016/j.cardf ail.2016.10.008

 57. Horstman AM, Dillon EL, Urban RJ, Sheffield- Moore M. The role of an-
drogens and estrogens on healthy aging and longevity. J Gerontol A 
Biol Sci Med Sci. 2012;67:1140– 1152. doi: 10.1093/geron a/gls068

 58. Zampieri M, Argirò A, Allinovi M, Tassetti L, Zocchi C, Gabriele M, 
Andrei V, Fumagalli C, Di Mario C, Tomberli A, et al. Sex- related differ-
ences in clinical presentation and all- cause mortality in patients with 
cardiac transthyretin amyloidosis and light chain amyloidosis. Int J 
Cardiol. 2022;351:71– 77. doi: 10.1016/j.ijcard.2021.12.048

 59. Kroi F, Fischer N, Gezin A, Hashim M, Rozenbaum MH. Estimating 
the gender distribution of patients with wild- type transthyretin amyloid 
cardiomyopathy: a systematic review and meta- analysis. Cardiol Ther. 
2021;10:41– 55. doi: 10.1007/s4011 9- 020- 00205 - 3

 60. Koike H, Ando Y, Ueda M, Kawagashira Y, Iijima M, Fujitake J, Hayashi 
M, Yamamoto M, Mukai E, Nakamura T, et al. Distinct characteristics 
of amyloid deposits in early-  and late- onset transthyretin Val30Met 
familial amyloid polyneuropathy. J Neurol Sci. 2009;287:178– 184. doi: 
10.1016/j.jns.2009.07.028

 61. Hörnsten R, Pennlert J, Wiklund U, Lindqvist P, Jensen SM, Suhr 
OB. Heart complications in familial transthyretin amyloidosis: im-
pact of age and gender. Amyloid. 2010;17:63– 68. doi: 10.3109/13506 
129.2010.483114

 62. Batra J, Rosenblum H, Defilippis EM, Griffin JM, Saith SE, Gamino D, 
Teruya S, Santos JDL, Helmke S, Burkhoff D, et al. Sex differences in 
the phenotype of transthyretin cardiac amyloidosis due to Val122Ile mu-
tation: insights from noninvasive pressure- volume analysis. J Card Fail. 
2021;27:67– 74. doi: 10.1016/j.cardf ail.2020.08.007

 63. Arvidsson S, Pilebro B, Westermark P, Lindqvist P, Suhr OB. Amyloid 
cardiomyopathy in hereditary transthyretin V30M amyloidosis— impact 
of sex and amyloid fibril composition. PLoS One. 2015;10:e0143456. 
doi: 10.1371/journ al.pone.0143456

 64. Hemminki K, Li X, Försti A, Sundquist J, Sundquist K. Incidence and 
survival in non- hereditary amyloidosis in Sweden. BMC Public Health. 
2012;12:974. doi: 10.1186/1471- 2458- 12- 974

 65. Corrado D, Basso C, Judge DP. Arrhythmogenic cardiomyopathy. Circ 
Res. 2017;121:784– 802. doi: 10.1161/CIRCR ESAHA.117.309345

 66. Haugaa KH, Haland TF, Leren IS, Saberniak J, Edvardsen T. Arrhythmogenic 
right ventricular cardiomyopathy, clinical manifestations, and diagnosis. 
Europace. 2016;18:965– 972. doi: 10.1093/europ ace/euv340

 67. Corrado D, Thiene G. Arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia: clinical impact of molecular genetic studies. Circulation. 
2006;113:1634– 1637. doi: 10.1161/CIRCU LATIO NAHA.105.616490

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 24, 2022

https://doi.org/10.1161/CIRCHEARTFAILURE.116.003689
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003689
https://doi.org/10.1016/j.jchf.2019.01.004
https://doi.org/10.1378/chest.09-1140
https://doi.org/10.1001/jamacardio.2019.0084
https://doi.org/10.1161/CIRCGENETICS.111.960831
https://doi.org/10.1016/j.jacc.2020.06.011
https://doi.org/10.1038/s41598-017-12289-4
https://doi.org/10.1016/j.ijcard.2018.09.004
https://doi.org/10.1212/WNL.31.1.51
https://doi.org/10.1038/35022604
https://doi.org/10.1136/hrt.2003.029504
https://doi.org/10.1136/hrt.2003.029504
https://doi.org/10.1056/NEJMoa033349
https://doi.org/10.1002/mgg3.638
https://doi.org/10.1161/CIRCEP.118.006704
https://doi.org/10.1161/CIRCGEN.120.003117
https://doi.org/10.1161/CIRCGEN.120.003117
https://doi.org/10.1111/nan.12587
https://doi.org/10.1111/nan.12587
https://doi.org/10.1016/j.rec.2018.04.035
https://doi.org/10.1016/j.ijcard.2019.01.020
https://doi.org/10.1186/1750-1172-5-30
https://doi.org/10.1007/s10545-007-0521-2
https://doi.org/10.1016/j.ymgme.2007.09.013
https://doi.org/10.1046/j.1445-5994.2002.00291.x
https://doi.org/10.1111/cge.12613
https://doi.org/10.1016/j.ymgmr.2020.100565
https://doi.org/10.1097/GIM.0b013e3181bb05bb
https://doi.org/10.1097/GIM.0b013e3181bb05bb
https://doi.org/10.1016/j.cardfail.2016.10.008
https://doi.org/10.1093/gerona/gls068
https://doi.org/10.1016/j.ijcard.2021.12.048
https://doi.org/10.1007/s40119-020-00205-3
https://doi.org/10.1016/j.jns.2009.07.028
https://doi.org/10.3109/13506129.2010.483114
https://doi.org/10.3109/13506129.2010.483114
https://doi.org/10.1016/j.cardfail.2020.08.007
https://doi.org/10.1371/journal.pone.0143456
https://doi.org/10.1186/1471-2458-12-974
https://doi.org/10.1161/CIRCRESAHA.117.309345
https://doi.org/10.1093/europace/euv340
https://doi.org/10.1161/CIRCULATIONAHA.105.616490


J Am Heart Assoc. 2022;11:e024947. DOI: 10.1161/JAHA.121.024947 13

Argirò et al Sex Differences in Cardiomyopathies

 68. Cadrin- Tourigny J, Bosman LP, Nozza A, Wang W, Tadros R, Bhonsale 
A, Bourfiss M, Fortier A, Lie ØH, Saguner AM, et al. A new prediction 
model for ventricular arrhythmias in arrhythmogenic right ventricular 
cardiomyopathy. Eur Heart J. 2019;40:1850– 1858. doi: 10.1093/eurhe 
artj/ehz103

 69. Rootwelt- Norberg C, Lie ØH, Chivulescu M, Castrini AI, Sarvari SI, 
Lyseggen E, Almaas VM, Bogsrud MP, Edvardsen T, Haugaa KH. Sex 
differences in disease progression and arrhythmic risk in patients with 
arrhythmogenic cardiomyopathy. Europace. 2021;23:1084– 1091. doi: 
10.1093/europ ace/euab077

 70. Akdis D, Saguner AM, Shah K, Wei C, Medeiros- Domingo A, von 
Eckardstein A, Lüscher TF, Brunckhorst C, Chen HSV, Duru F. Sex hor-
mones affect outcome in arrhythmogenic right ventricular cardiomyop-
athy/dysplasia: from a stem cell derived cardiomyocyte- based model 
to clinical biomarkers of disease outcome. Eur Heart J. 2017;38:1498– 
1508. doi: 10.1093/eurhe artj/ehx011

 71. Lie ØH, Dejgaard LA, Saberniak J, Rootwelt C, Stokke MK, Edvardsen 
T, Haugaa KH. Harmful effects of exercise intensity and exercise du-
ration in patients with arrhythmogenic cardiomyopathy. JACC Clin 
Electrophysiol. 2018;4:744– 753.

 72. Cerrone M, Marrón- Liñares GM, van Opbergen CJM, Costa S, Bourfiss 
M, Pérez- Hernández M, Schlamp F, Sanchis- Gomar F, Malkani K, 
Drenkova K, et al. Role of plakophilin- 2 expression on exercise- related 
progression of arrhythmogenic right ventricular cardiomyopathy: a 
translational study. Eur Heart J. 2021;42:1– 14. doi: 10.1093/eurhe artj/
ehab772

 73. de Simone G, Devereux RB, Daniels SR, Meyer RA. Gender differ-
ences in left ventricular growth. Hypertension. 1995;26:979– 983. doi: 
10.1161/01.HYP.26.6.979

 74. van Driel B, Nijenkamp L, Huurman R, Michels M, van der Velden J. Sex 
differences in hypertrophic cardiomyopathy: new insights. Curr Opin 
Cardiol. 2019;34:254– 259. doi: 10.1097/HCO.00000 00000 000612

 75. Nijenkamp LLAM, Bollen IAE, van Velzen HG, Regan JA, van 
Slegtenhorst M, Niessen HWM, Schinkel AFL, Krüger M, Poggesi C, 
Ho CY, et al. Sex differences at the time of myectomy in hypertrophic 
cardiomyopathy. Circ Heart Fail. 2018;11:e004133. doi: 10.1161/CIRCH 
EARTF AILURE.117.004133

 76. Batzner A, Aicha D, Pfeiffer B, Neugebauer A, Seggewiss H. Sex- related 
differences in symptomatic patients with hypertrophic obstructive 
cardiomyopathy— time for a new definition? Int J Cardiol. 2021;328:117– 
121. doi: 10.1016/j.ijcard.2020.12.039

 77. Nijenkamp LLAM, Bollen IAE, Niessen HWM, dos Remedios CG, Michels 
M, Poggesi C, Ho CY, Kuster DWD, van der Velden J. Sex- specific cardiac 
remodeling in early and advanced stages of hypertrophic cardiomyopathy. 
PLoS One. 2020;15:e0232427. doi: 10.1371/journ al.pone.0232427

 78. Vissing CR, Rasmussen TB, Dybro AM, Olesen MS, Pedersen LN, 
Jensen M, Bundgaard H, Christensen AH. Dilated cardiomyopathy 
caused by truncating titin variants: long- term outcomes, arrhythmias, 
response to treatment and sex differences. J Med Genet. 2020;58:832– 
841. doi: 10.1136/jmedg enet- 2020- 107178

 79. Kurokawa J, Kodama M, Clancy CE, Furukawa T. Sex hormonal regula-
tion of cardiac ion channels in drug- induced QT syndromes. Pharmacol 
Ther. 2016;168:23– 28. doi: 10.1016/j.pharm thera.2016.09.004

 80. Verkerk AO, Wilders R, de Geringel W, Tan HL. Cellular basis of 
sex disparities in human cardiac electrophysiology. Acta Physiol. 
2006;187:459– 477. doi: 10.1111/j.1748- 1716.2006.01586.x

 81. Kurokawa J, Tamagawa M, Harada N, Honda S, Bai C- X, Nakaya H, 
Furukawa T. Acute effects of oestrogen on the guinea pig and human I 

Kr channels and drug- induced prolongation of cardiac repolarization: ef-
fects of oestrogen on the hERG channel. J Physiol. 2008;586:2961– 2973.

 82. James AF, Arberry LA, Hancox JC. Gender- related differences in ven-
tricular myocyte repolarization in the guinea pig. Basic Res Cardiol. 
2004;99:183– 192. doi: 10.1007/s0039 5- 003- 0451- 6

 83. Anneken L, Baumann S, Vigneault P, Biliczki P, Friedrich C, Xiao L, 
Girmatsion Z, Takac I, Brandes RP, Kissler S, et al. Estradiol regulates 
human QT- interval: acceleration of cardiac repolarization by enhanced 
KCNH2 membrane trafficking. Eur Heart J. 2016;37:640– 650. doi: 
10.1093/eurhe artj/ehv371

 84. Papp R, Bett GCL, Lis A, Rasmusson RL, Baczkó I, Varró A, Salama 
G. Genomic upregulation of cardiac Cav1.2α and NCX1 by estrogen in 
women. Biol Sex Differ. 2017;8:26. doi: 10.1186/s1329 3- 017- 0148- 4

 85. Fogli Iseppe A, Ni H, Zhu S, Zhang X, Coppini R, Yang P, Srivatsa U, 
Clancy CE, Edwards AG, Morotti S, et al. Sex- specific classification of 
drug- induced torsade de pointes susceptibility using cardiac simula-
tions and machine learning. Clin Pharmacol Ther. 2021;110:380– 391. 
doi: 10.1002/cpt.2240

 86. Fischer TH, Herting J, Eiringhaus J, Pabel S, Hartmann NH, Ellenberger 
D, Friedrich M, Renner A, Gummert J, Maier LS, et al. Sex- dependent 
alterations of Ca2+ cycling in human cardiac hypertrophy and heart fail-
ure. Europace. 2016;18:1440– 1448. doi: 10.1093/europ ace/euv313

 87. Coppini R, Ferrantini C, Yao L, Fan P, Del Lungo M, Stillitano F, Sartiani 
L, Tosi B, Suffredini S, Tesi C, et al. Late sodium current inhibition re-
verses electromechanical dysfunction in human hypertrophic cardio-
myopathy. Circulation. 2013;127:575– 584. doi: 10.1161/CIRCU LATIO 
NAHA.112.134932

 88. Ferrantini C, Pioner JM, Mazzoni L, Gentile F, Tosi B, Rossi A, Belardinelli 
L, Tesi C, Palandri C, Matucci R, et al. Late sodium current inhibitors 
to treat exercise- induced obstruction in hypertrophic cardiomyopathy: 
an in vitro study in human myocardium: ranolazine for inducible ob-
struction in HCM. Br J Pharmacol. 2018;175:2635– 2652. doi: 10.1111/
bph.14223

 89. InanlooRahatloo K, Liang G, Vo D, Ebert A, Nguyen I, Nguyen PK. 
Sex- based differences in myocardial gene expression in recently de-
ceased organ donors with no prior cardiovascular disease. PLoS One. 
2017;12:e0183874. doi: 10.1371/journ al.pone.0183874

 90. Barcena de Arellano ML, Pozdniakova S, Kühl AA, Baczko I, Ladilov 
Y, Regitz- Zagrosek V. Sex differences in the aging human heart: de-
creased sirtuins, pro- inflammatory shift and reduced anti- oxidative de-
fense. Aging. 2019;11:1918– 1933. doi: 10.18632/ aging.101881

 91. Li M, Parker BL, Pearson E, Hunter B, Cao J, Koay YC, Guneratne 
O, James DE, Yang J, Lal S, et al. Core functional nodes and sex- 
specific pathways in human ischaemic and dilated cardiomyopathy. Nat 
Commun. 2020;11:2843. doi: 10.1038/s4146 7- 020- 16584 - z

 92. Schuldt M, Dorsch LM, Knol JC, Pham TV, Schelfhorst T, Piersma SR, 
dos Remedios C, Michels M, Jimenez CR, Kuster DWD, et al. Sex- 
related differences in protein expression in sarcomere mutation- positive 
hypertrophic cardiomyopathy. Front Cardiovasc Med. 2021;8:612215. 
doi: 10.3389/fcvm.2021.612215

 93. Schuldt M, Pei J, Harakalova M, Dorsch LM, Schlossarek S, Mokry 
M, Knol JC, Pham TV, Schelfhorst T, Piersma SR, et al. Proteomic 
and functional studies reveal detyrosinated tubulin as treatment 
target in sarcomere mutation- induced hypertrophic cardiomyop-
athy. Circ Heart Fail. 2021;14:e007022. doi: 10.1161/CIRCH EARTF 
AILURE.120.007022

 94. Chen CY, Caporizzo MA, Bedi K, Vite A, Bogush AI, Robison P, Heffler 
JG, Salomon AK, Kelly NA, Babu A, et al. Suppression of detyrosinated 
microtubules improves cardiomyocyte function in human heart failure. 
Nat Med. 2018;24:1225– 1233. doi: 10.1038/s4159 1- 018- 0046- 2

 95. Caporizzo MA, Chen CY, Bedi K, Margulies KB, Prosser BL. 
Microtubules increase diastolic stiffness in failing human cardiomyo-
cytes and myocardium. Circulation. 2020;141:902– 915. doi: 10.1161/
CIRCU LATIO NAHA.119.043930

 96. Lindley KJ, Aggarwal NR, Briller JE, Davis MB, Douglass P, Epps KC, 
Fleg JL, Hayes S, Itchhaporia D, Mahmoud Z, et al. Socioeconomic 
determinants of health and cardiovascular outcomes in women. J Am 
Coll Cardiol. 2021;78:1919– 1929. doi: 10.1016/j.jacc.2021.09.011

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 24, 2022

https://doi.org/10.1093/eurheartj/ehz103
https://doi.org/10.1093/eurheartj/ehz103
https://doi.org/10.1093/europace/euab077
https://doi.org/10.1093/eurheartj/ehx011
https://doi.org/10.1093/eurheartj/ehab772
https://doi.org/10.1093/eurheartj/ehab772
https://doi.org/10.1161/01.HYP.26.6.979
https://doi.org/10.1097/HCO.0000000000000612
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004133
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004133
https://doi.org/10.1016/j.ijcard.2020.12.039
https://doi.org/10.1371/journal.pone.0232427
https://doi.org/10.1136/jmedgenet-2020-107178
https://doi.org/10.1016/j.pharmthera.2016.09.004
https://doi.org/10.1111/j.1748-1716.2006.01586.x
https://doi.org/10.1007/s00395-003-0451-6
https://doi.org/10.1093/eurheartj/ehv371
https://doi.org/10.1186/s13293-017-0148-4
https://doi.org/10.1002/cpt.2240
https://doi.org/10.1093/europace/euv313
https://doi.org/10.1161/CIRCULATIONAHA.112.134932
https://doi.org/10.1161/CIRCULATIONAHA.112.134932
https://doi.org/10.1111/bph.14223
https://doi.org/10.1111/bph.14223
https://doi.org/10.1371/journal.pone.0183874
https://doi.org/10.18632/aging.101881
https://doi.org/10.1038/s41467-020-16584-z
https://doi.org/10.3389/fcvm.2021.612215
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007022
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007022
https://doi.org/10.1038/s41591-018-0046-2
https://doi.org/10.1161/CIRCULATIONAHA.119.043930
https://doi.org/10.1161/CIRCULATIONAHA.119.043930
https://doi.org/10.1016/j.jacc.2021.09.011

