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Abstract Peripartum cardiomyopathy (PPCM) is an uncom-
mon complication of pregnancy. Early case reports identified
overlap between familial dilated cardiomyopathy (DCM) and
PPCM, although the degree of overlap is largely unknown.
Other evidence supporting a contribution from gene mutations
in PPCM includes familial occurrence, genome-wide associa-
tion studies, variable prevalence among different regions and
ethnicities, and more recent investigations of panels of genes
for mutations among women with PPCM. Murine models im-
plicate the role of altered metabolism and increased free radical
stress to the heart during pregnancy, which seems to be in-
volved in the pathogenesis of this condition. Although the true
incidence of genetic cardiomyopathy is not yet known among
women with PPCM, there is substantial evidence demonstrat-
ing that at least 10—-15% of affected women have a clear genetic
contribution to their condition. With this in mind, family
counseling, cascade phenotypic screening, and clinical genetic
testing should be considered among women with PPCM.

Keywords Pregnancy - Dilated cardiomyopathy - Genetics

Introduction

Peripartum cardiomyopathy (PPCM) was first described in the
mid-nineteenth century as a “postpartal disease,” establishing
an association between acute heart failure and the puerperium
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[1-3]. But, it was only in 1937 when Gouley et al. [4] de-
scribed the clinical and pathological features of seven preg-
nant patients that it was first recognized as a distinct clinical
entity [5]. These women were described as having dilated
cardiomyopathy without any ischemic disease toward the
end of their pregnancies, with persistence after delivery.
Four of the seven patients died soon after their diagnosis,
and autopsies showed enlarged hearts with widespread severe
focal areas of necrosis and fibrosis. Many authors have sub-
sequently reported patients with heart failure around the time
of delivery.

In 1971, Demakis et al. described a case series of 27 wom-
en with pregnancy-associated cardiomyopathy and introduced
the term “peripartum cardiomyopathy” [6]. These authors
established its diagnostic criteria as follows: (1) the develop-
ment of heart failure in the last month of pregnancy or within
5 months of delivery and (2) the absence of preexisting cardiac
dysfunction or any other determinable cause of cardiomyop-
athy. This definition of PPCM was updated in 2000 following
a workshop held by the National Heart, Lung, and Blood
Institute (NHLBI) and the Office of Rare Disease of the
National Institutes of Health (NIH), to include echocardio-
graphic evidence of left ventricular systolic dysfunction (left
ventricular ejection fraction, LVEF < 45%, fractional shorten-
ing of < 30%, or both), with or without a left ventricular end-
diastolic dimension of > 2.7 cm/m?” body surface area [7].

Over the years, epidemiologic data show that the inci-
dence of PPCM is much higher in Haiti, Nigeria, and South
Africa, and also among African Americans in the USA [8].
In studying whether African descent should be deemed as a
risk factor for PPCM, one study compared PPCM popula-
tions in Haiti and in Martinique, an island of the French
West Indies, as both countries are comprised of mostly
African descendants [9]. The incidence of PPCM reported
in Martinique turned out to be more than tenfold lower than
that in Haiti, but this is insufficient to form conclusions,
due to inherent discrepancies between the two populations,
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such as the differences in socioeconomic status. More research
should be done to look into whether race or geographical
location is an independent risk factor for PPCM (Fig. 1).

Increased blood volume, heart rate, and demand for higher
cardiac output accompany normal pregnancies. Accordingly,
women with preexisting but asymptomatic dilated cardiomy-
opathy (DCM) may present with new symptoms or a new
diagnosis during pregnancy, although this presentation will
typically occur with evidence of prior DCM, such as LV dila-
tion and severe LV dysfunction. [7]. A small group of women,
who are found to have new heart failure symptoms with new
LV systolic dysfunction prior to the last gestational month, are
diagnosed with pregnancy-associated cardiomyopathy
(PACM) [10]. In one study, Elkayam et al. noted that compar-
ison between PPCM and PACM groups did not show any
differences in age, race, obstetric or gestational hypertension
history, LVEF at diagnosis, and rate and time of recovery as
well as maternal outcome. Given such findings, the authors
suggested that PPCM and PACM are in fact a representation
of a spectrum of the same disease.

That aside, the current diagnostic criteria for PPCM are
insufficient to separate those who truly have PPCM/PACM

from those who may have some underlying undiagnosed car-
diac disease, which is then aggravated by pregnancy. Many of
the profound hemodynamic changes in the cardiovascular sys-
tem during pregnancy include increased heart rate, decreased
afterload via peripheral arterial vasodilation, increased preload
from increased blood volume, increased stroke volume, and
increased cardiac output. Prior reviews provide a good sum-
mary of the changes in maternal cardiac metabolism during
pregnancy [11] and elucidate some core differences between
pregnancy-induced cardiac hypertrophy and that which is
exercise-induced [12]. The latter also compared differences
between physiological and pathological changes. While both
articles provide substantial information in this area, there are
still a lot of unresolved questions in pregnancy-related cardiac
metabolism. It is thus imperative that we improve our under-
standing of normal metabolic changes in pregnancy, in order
to study the pathogenesis of PPCM. Only then can we better
discern “true PPCM” from a preexisting, undiagnosed cardio-
myopathy. By doing so, we would be able to better inform
patients with PPCM with regard to family planning and prog-
nosis and provide appropriate counseling of their respective
conditions. Current treatment modalities for PPCM are similar
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to other cardiomyopathies, but better understanding of the
condition may give rise to a more effective and targeted novel
therapy in the future.

To date, there have been many hypotheses on the causes of
PPCM, including but not limited to fetal microchimerism re-
lated to the maternal autoimmune response [13], inflamma-
tion, increased oxidative stress, viral infection, imbalance of
cardiac proapoptotic and antiangiogenic factors, micronutrient
deficiency, and, last but not least, genetic susceptibility [14].
Because of the complexity of PPCM, genetic contributions
could plausibly be anywhere on the spectrum from extremely
rare variants with large effects to relatively common variants
with smaller effects. The purpose of this review is to summa-
rize the evidence for genetic susceptibility in the pathogenesis
of PPCM, as well as the associated pathways involved with
development of this uncommon form of cardiomyopathy.

PPCM as a Subset of Familial DCM

One of the earliest observations on the familial clustering of
PPCM was described in 1963 in a retrospective case series of
17 patients over a 12-year period. Three of the 17 patients
gave a definite family history of PPCM, known as “postpartal
heart failure” [15]. A few years later, Hughes et al. described a
fatal case of PPCM [16], followed by an extensive family
history of cardiomyopathy in the next 16 years [17], not only
with the occurrence of PPCM in the sister but also in two
nephews who were diagnosed with cardiomyopathy at ages
12 years and younger. Other similar reports include a patient
with fatal PPCM, with her mother and two of six sisters with
the same fate [18]; a 16-year-old girl with biopsy-proven car-
diomyopathy after a molar pregnancy, with her sister who had
a cardiac transplantation for PPCM [19]; a 24-year-old woman
who died of ventricular fibrillation 15 months after the deliv-
ery of her third child and diagnosis of PPCM, whose 34-year-
old mother died of cardiomyopathy 1 week after the delivery
of her fifth child, and whose sister was also diagnosed with
heart failure 2 days after the delivery of her second child and
died from heart failure at 26 years of age [20].

These examples of familial clustering initially implicated a
genetic basis for PPCM, but they could not adequately discern
atypical examples from a more common substrate in the path-
ogenesis of PPCM. With those leads, van Spaendonck-Zwarts
et al. reviewed their database of DCM for the presence of
PPCM cases, followed by a review of their PPCM cases for
any family members with undiagnosed DCM [21]. In the first
part of their study, they sent out invitation letters to family
members of patients with idiopathic DCM, asking if they
would agree to presymptomatic cardiologic screening, with a
specific intention of identifying PPCM cases. DCM is diag-
nosed when a patient has both reduced LVEF of < 0.45 and
dilation of the left ventricle with LVEDd of > 117% of

predicted value corrected for body surface area and age, after
identifiable causes like severe hypertension, coronary artery
disease, and systemic diseases have been ruled out. Familial
DCM is diagnosed if there are two or more affected family
members, or if a first-degree relative of a DCM patient died
suddenly before 35 years of age [22]. They found that, among
90 families with idiopathic DCM, five families had at least
one individual with PPCM. In the second part of their study,
they evaluated ten PPCM cases and found five patients who
did not fully recover within a year based on the criteria for
DCM. They were able to further evaluate family members in
three of these five patients and found that all three families
included first-degree relatives with previously unrecognized
DCM. Genetic analysis of three DCM genes (LMNA, TNNT2,
and MYH?7) identified no mutations. They did, however, find a
mutation in TNNC! (p.GIln50Arg), which was designated as
pathogenic because of the following: (1) it alters the highly
conserved glutamine residue and is surrounded by conserved
residues; (2) the amino acid substitution is localized in a small
critical linker region known to be involved in protein-protein
interactions; (3) the mutation cosegregates with disease in this
family; (4) the mutation was absent in 300 alleles from ethni-
cally matched controls; and (5) the mutation is classified as
pathogenic by several prediction algorithms. This was the first
systematic study that looked into the relationship between
PPCM and DCM, and the results supported their hypothesis
that PPCM may indeed be a subset of familial DCM. Granted,
this was a small subset of their PPCM database that was ana-
lyzed. The authors acknowledged that PPCM patients who
fully recovered within a year should also be screened for po-
tential family members with undiagnosed DCM. They also
recognized the need for a larger patient cohort to reassess the
true incidence of gene mutations among women with PPCM.

Another similar study evaluated genetic variants in patients
with PPCM [23]. Among 4110 females from 520 pedigrees in
their familial DCM database, they identified 45 individuals
with PPCM, 19 of whom were analyzed for mutations in 14
DCM genes. Six (13%) were found to have mutations, five of
whom had PPCM. In this cohort, three had a family history of
DCM, with heterozygous mutations in MYH7, SCN5A, and
PSEN?2; two others were “sporadic” mutations in MYH6 and
TNNT2, in that no family history was available and the vari-
ants were not seen in the controls. An additional mutation was
found in MYBPC3 in a PACM patient. This further supports
the hypothesis that a subset of PPCM may be part of a spec-
trum of familial DCM, and that the hemodynamic and/or hor-
monal stresses of pregnancy unmask the underlying disease,
causing heart failure.

In recent years, 77N has gained a lot of attention for its role in
DCM and some adult-onset inherited skeletal muscle diseases,
such as tibial muscular dystrophy (TMD) (MIM#600334),
limb-girdle muscular dystrophy type 2J (LGMDZ2J)
(MIM#608807), and hereditary myopathy with early respiratory
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failure (HMERF) (MIM#603689) [24]. TTN encodes the largest
human protein, titin, and it is also the third most abundant
striated-muscle protein [25]. Titin acts as the primary scaffold
for the organization and assembly of the sarcomere, and it is the
defining structural element that spans from the Z-disk to the M-
line [24]. As it is involved in key structural, developmental,
mechanical, and regulatory functions in cardiac and skeletal
muscles, 77N is important for understanding the genetic causes
for numerous diseases such as those noted above. Its large size
(363 exons) correlates with the high likelihood of finding mu-
tations in this gene. Yet until recently, because of its gigantic size
and complexity, it has been incompletely studied. The introduc-
tion of next-generation sequencing has helped to improve ge-
netic research on this front, allowing us to better understand the
genetic variation in 77N.

One of the earliest studies of 77N included 312 probands
with non-ischemic DCM, recognizing truncations in this gene
in 67/312 (21%), predominantly occurring in the A-band [26].
In contrast, 7/249 (3%) controls without cardiomyopathy and
3/231 (1%) people with hypertrophic cardiomyopathy (HCM)
had truncations in this gene. Each of the three people with
HCM and 77N truncations also had a pathogenic mutation
in either MYH7 or MYBPC3. In contrast with DCM, most of
the TTN truncations for controls (without cardiomyopathy or
with HCM) occurred in the N-terminal portion of this gene,
typically in exons that are frequently spliced out of cardiac
mRNA. Subsequent analyses confirm that truncations in
TTN are the most common genetic cause of DCM [27-30].

Genetic investigation was subsequently performed for
PPCM, due to the association between PPCM and familial
DCM. The prevalence of TTN truncations prompted analysis
for truncations of this and other genes in PPCM patients. A
Dutch study applied genetic analysis of 48 genes among 18
families with both PPCM and DCM. They identified four
pathogenic truncations in four of the 18 families (22%), three
in TTN and one in BAG3, as well as six other variants of
unknown significance (VUS) that may be pathogenic (33%)
[31]. Four of the VUS were truncations in 77N that were
located in the A-band, establishing a high prevalence of 77N
A-band truncations in PPCM (7/18, 39%). However, this
study was enriched for discovery of gene mutations, since
the participants were women with a diagnosis of PPCM who
also had other affected family members [31].

More recently, a study was carried out by analyzing 43
genes in 172 women with PPCM [32]. Participants were re-
cruited from six independent cohorts, the largest of which was
83 women from the Investigations in Pregnancy Associated
Cardiomyopathy (IPAC) trial, a multicenter, prospective study
of women with peripartum cardiomyopathy [33]. Genetic
evaluation utilized next-generation DNA sequencing, focus-
ing on truncating variants rather than on missense alleles. In
this cohort, 26/172 (15%) had a truncation identified in one of
the eight truncating genes. The prevalence of truncating 77N
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variants in this group was compared with those in DCM pa-
tients and in population controls. The results were consistent
with those of prior studies, such that prevalence of truncating
TTN variants in PPCM was 10% (17/172), which was indeed
higher than that in the control groups. The authors also iden-
tified heterozygous truncations in two genes on the X chro-
mosome (DMD and LAMP?2), as well as truncations in DSP,
MYH6, SYNM, TPM1, and VCL. Among these genes, both
MYHG6 and SYNM have truncations in more than 0.5% of
controls in enlarging databases of human exomes, suggesting
that these were not pathogenic. Although the prevalence of
truncations in these genes in controls may suggest that this
analysis overestimates the incidence of genetic DCM among
women with PPCM, it is important to recognize that many of
the genes analyzed (22/47; 47%) typically have pathogenic
missense mutations instead of truncations causing DCM.
Inclusion of rare missense variants in this analysis would al-
most certainly have led to a conclusion of a much higher
prevalence of genetic DCM among women with PPCM.
Table 1 lists genes in which mutations have been reported in
association with PPCM. The addition of other genes in which
mutations are known to cause DCM would probably also have
recognized a higher incidence of genetic DCM in PPCM.

PPCM in Female Carriers of X-Linked Forms
of Cardiomyopathy

A case report in 2001 noted that a young 25-year-old woman,
who presented with PPCM during her 36th week of pregnan-
cy, required a left ventricular assist device (LVAD) after de-
livery due to severe left ventricular systolic dysfunction and
eventually underwent a cardiac transplantation [34]. Her past
medical history was significant for being a known carrier of
Duchenne muscular dystrophy (DMD). During LVAD place-
ment, the surgeons noted severe enlargement of all the cardiac
chambers, which was consistent with acute exacerbation of
chronic cardiomyopathy. While it is unclear whether this pa-
tient had an undiagnosed preexisting cardiomyopathy due to
her carrier state for DMD, or whether she had a PPCM unre-
lated to her carrier status, she did meet the diagnostic criteria
of PPCM in that she was well with no heart failure symptoms
before her final month of pregnancy.

A cohort study in 1996 looked at the development of car-
diomyopathy in female carriers of Duchenne and Becker mus-
cular dystrophies (BMD) [35]. Results showed that there was
preclinical or clinically evident myocardial involvement in
84.3% of the total cohort (166 of 197 cases), without signifi-
cant differences in percentage and behavior between DMD
and BMD carriers. Years later, a case report on a 40-year-old
woman who was diagnosed with and treated for PPCM was
found to be a carrier of DMD mutant gene after her son was
diagnosed with DMD at 4 years of age [36]. Another similar
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case was reported about a 25-year-old primigravid woman
who was diagnosed with PPCM, and who was later found to
have a de novo mutation in Xp2/ when her son was diagnosed
with DMD [37]. The fact that dystrophinopathies can cause
myocardial damage is well known, but what is yet unknown is
whether there exists some non-random X-chromosome inac-
tivation (XCI) pattern in the small number of female carriers
of D/BMD with PPCM, with the caveat that the actual inci-
dence of PPCM in DMD/BMD carriers is still unclear.

One study looked at the clinical and genetic characteriza-
tion of manifesting carriers of DMD mutations [38]. While
they noted five out of 15 manifesting carriers with certain
mutations also had cardiomyopathy (only one of them with
PPCM), they did not include asymptomatic carriers, which as
seen in the two cases noted above is entirely possible to de-
velop PPCM regardless of their DMD manifestation.

Finally, in the Ware manuscript, the two individuals who
had truncating variants in DMD and LAMP?2 were alluded to
possibly having peripartum cardiomyopathy as a consequence
of skewed X-chromosome inactivation [32, 39]. Two other
reports identified individuals with PPCM who had a DMD
or LAMP?2 mutation, the latter of which causes Danon disease
[36, 40]. This X-linked disorder presents in young males with
developmental delay, skeletal myopathy, and LVH or hyper-
trophic cardiomyopathy. It typically progresses to severe sys-
tolic dysfunction requiring cardiac transplantation by age
20.8 & 6.7 years in male patients, with the mean age of death
at 20.1 + 5.2 years [41]. Female carriers of Danon disease
often have later onset of symptoms, but eventually develop
cardiomyopathy and heart failure as well, with the mean age
of cardiac transplantation at 32.3 = 14.5 years and mean age of
death at 40.2 + 12.6 years [41]. The incidence of PPCM
among females with heterozygous LAMP2 mutations is not
known, due to the rare nature of Danon disease. However, this
association prompts concern for the progression of heart dis-
ease among pregnant women with LAMP2 mutations.

Other Genomic Analyses in PPCM

The genetic contributions to PPCM noted above refer to rare
variants with a major effect. Additionally, it is plausible that
more common variants with a smaller effect contribute to this
complex disorder. Horne et al. carried out the first genome-
wide association study (GWAS) in PPCM in 2011 [42]. One
single nucleotide polymorphism (SNP), rs258415, met the
genome-wide significance for PPCM and was verified and
replicated with a different set of cases and controls. This
SNP is located at chromosome 12p11.22 near PTHLH.
Parathyroid hormone-related protein (PTHrP), the product of
PTHLH, is thought to be involved in preventing contractions
until term and modulating ventricular contraction by exerting
control of pacing at the sinus node [43]. It is also potentially

involved in the etiology of preeclampsia. Given its inotropic
effect on cardiac myocytes and its involvement in preventing
uterine contraction, PTHrP may potentially play a role in
PPCM, though further investigation is necessary.

More recently, a study that looked into the GNB3 ¢.825C>T
polymorphism in a group of PPCM women in relation to its effect
on myocardial recovery, alluded to the finding that TT genotype
seemed to be more common among African American women,
and that PPCM women with this genotype may be at a higher risk
for chronic cardiomyopathy [44]. Although this study is limited
by its small sample size and the absence of a validation cohort, it
is a potential area for additional investigation.

Physiological Stress Related to Pregnancy

For women who carry a genetic predisposition to cardiomy-
opathy, there are probably other non-genetic factors inherent
in pregnancy, which result in concurrent cardiac dysfunction.
Physiological changes in pregnant women are complex and
elaborate, one of them being the hemodynamic stresses on the
mothers’ hearts that have an increased amount of work to do
in order to deliver nutrients and oxygen to the fetus. Yet, most
women who experience the normal physiologic changes in-
herent in pregnancy and the postpartum period do not develop
cardiomyopathy. This section outlines the cardiac physiology
of pregnancy and research studies implicating several aspects
of the puerperium to the development of PPCM.

In normal pregnancy, the continuous stress from prolonged
cardiac volume overload results in mild eccentric cardiac hy-
pertrophy, whereby progesterone surges in early pregnancy
seem to initiate this cascade [12]. Estrogen, on the other hand,
appears to be antihypertrophic [45]. Relaxin, a polypeptide
hormone produced by the corpus luteum during pregnancy
and found within the vasculature, has also been thought to
be associated with decreased vascular resistance and increased
cardiac output [46]. Additional studies have shown that
relaxin-2 increases nitric oxide bioavailability and lowers ox-
idative stress [47]. Early studies suggested that recombinant
relaxin-2 (serelaxin) may have a therapeutic role for treatment
of acute heart failure [48]. However, serelaxin does not pre-
vent heart failure in an experimental model of PPCM, and
unpublished phase III studies of this recombinant peptide in
acute heart failure did not meet the primary endpoints of re-
duced cardiovascular death or worsening heart failure in pa-
tients with acute heart failure [49].

Regarding cardiac metabolism during pregnancy, the body
generally tries to conserve nutrients for fetal development.
Insulin resistance, gluconeogenesis during early pregnancy,
and lipolysis during late pregnancy all work towards the goal
of fetal growth until it is viable in the outer environment.
Mechanisms underlying these metabolic changes remain in-
completely understood, but a host of hormones such as f3-
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Table 1 Genes in which

mutations have been reported to Gene Protein Type of reported mutation in PPCM
contribute to PPCM

BAG3 BCL-associated athanogene-3 [31] Missense

DMD Dystrophin [32, 34-39] Truncation

DSP Desmoplakin [32] Truncation

LAMP? Lysosome-associated membrane protein 2 [32, 40] Truncation

MYBPC3 Cardiac myosin binding protein C [23] Missense

MYH6 Cardiac «-myosin heavy chain [23, 32] Missense and truncation

MYH7 Cardiac 3-myosin heavy chain [23] Missense

PSEN2 Presenilin-2 [23] Missense

SCN5A Nay1.5 [23] Missense

SYNM Synemin® (desmuslin) [32] Truncation

TNNC1 Cardiac troponin C [22] Missense

TNNT2 Cardiac troponin T [23] Missense

TPM1 a-tropomyosin [32] Truncation

TTN Titin (predominantly A-band) [31, 32] Truncation

VCL Vinculin [32] Truncation

Prior reports indicate that mutations in these genes and their encoded proteins are associated with PPCM.

*SYNM, encoding synemin (desmuslin), does not have prior reports indicating that mutations are associated with

cardiomyopathy

human chorionic gonadotropin, followed by human placental
lactogen (hPL), chorionic somatotropin, estrogen, progester-
one, prolactin, cortisol, thyroid hormone, growth hormone,
and insulin are all implicated in causing insulin resistance
[11]. The upstream mechanisms or pathways that drive meta-
bolic changes remain obscure, as are the mechanisms for how
these changes correlate with PPCM.

An imbalance of cardiac angiogenic factors may contribute
to the severity of PPCM. One well-studied transcriptional fac-
tor, known as signal transducer and activator of transcription-3
(STAT3), also an acute-phase response factor, plays a vital
role in regulating numerous genes involved in cell survival,
modulation of hypertrophic growth, angiogenesis, develop-
ment and regeneration, energetics and metabolic reserve, an-
tioxidative pathways, extracellular matrix composition, and
inflammatory processes [50-52]. One of its many functions
includes its cardioprotective role in reducing oxidative stress,
in part by upregulation of ROS scavenging enzyme, manga-
nese superoxide dismutase (MnSOD) [53]. In a study done by
Hilfiker-Kleiner et al., it was shown that in cardiomyocyte-
specific STAT3-knockout mice, the lack of MnSOD caused an
increased level of free radicals that led to an increased level of
cathepsin-D, an enzyme that cleaves prolactin into the smaller,
antiangiogenic, and proapoptotic 16-kDa fragment (16K
PRL), which in turn caused PPCM in those mice [50]. A pilot
study that evaluated the use of bromocriptine, a dopamine
receptor agonist as well as a prolactin inhibitor, showed prom-
ising results as a potential therapeutic option to improve left
ventricular function in the PPCM population, even though the
number of participants was small and results could not be
considered definitive [54]. A recently completed randomized
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clinical trial will hopefully provide us with more evidence of
the efficacy of the therapy (NCT00998556) [55].

A separate study found that 16K PRL specifically induced
microRNA-146a (miR146a) in endothelial cells, which resulted
in decreased metabolic activity and angiogenesis after
exosomal transfer into cardiomyocytes [56]. The attenuation
of angiogenesis was attributed to the downregulation of
NRAS. When Stat3-knockout mice are treated with anti-
miR 146a, features of PPCM are ameliorated without interfer-
ence with lactation. While the absence of the cardiomyocyte-
specific STAT3 gene seems to play a part in causing PPCM in
mice, and bromocriptine along with anti-miR146a may be of
therapeutic benefit for this condition, there are no human ge-
netic data to support this thus far. In a cohort study of 18 women
with PPCM, no STAT3 gene mutations were discernible [31].

Apart from STAT3, another important regulator in cardiac
metabolism is peroxisome proliferator-activated receptor
(PPAR) gamma coactivator 1 (PGCl ), a transcriptional co-
activator that is vital in mitochondrial biogenesis as well as for
the expression and secretion of proangiogenic factors such as
vascular endothelial growth factor (VEGF) [57]. PGCl« is
also known to increase scavenging of reactive oxygen species
(ROS) [58]. Mice with cardiac-specific knockout of PGC1a
develop PPCM, and there is evidence that this protein was
mediated by at least two separate proangiogenic pathways,
namely via the VEGF pathway and the prolactin pathway
[57]. In addition, soluble Fltl1 (sFltl), a splice variant of
VEGEF receptor, also an antiangiogenic kinase, is secreted by
the placenta during late gestation, and sFlt1 alone is shown to
cause cardiomyopathy in PGC-1« knockout mice [57].
Several studies have shown that high levels of sFltl are seen
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in pregnant women [57, 59], and a subset of women with
preeclampsia has slightly higher levels of sFltl [60].
Preeclampsia has long been observed to be associated with
PPCM. A systematic review and meta-analysis is supportive of
the concept that preeclampsia and PPCM share similar patho-
genesis [61]. However, a single-center prospective case-
comparison study showed that PPCM associated with any hy-
pertensive disease, including preeclampsia and those without
any hypertensive disease, is different in the time of onset of
heart failure, clinical characteristics, and outcomes, suggesting
that perhaps there may be two different etiologies at work [62].
Because only a minority of women with preeclampsia develops
PPCM, Patten et al. also hypothesized that PPCM may be
caused by a “two-hit” combination, first of which is due to
the imbalance of angiogenic factors, in particular those that
involve prolactin, sFltl, and VEGF. The second hit could be
due to a number of other etiologies such as myocarditis, im-
mune activation, viral infection and/or autoantibodies, and ge-
netic predisposition [57]. In a case report, both preeclampsia
and PPCM were found in a molar pregnancy with triploidy (69,
XXX); the molecular analysis of the conceptus and parental
DNA demonstrated an excess of paternal genomic contribution.
This finding was suggestive of the role of genomic imprinting
in PPCM [63]. Other studies in the past suggested that compro-
mised maternal autoimmunity and the involvement of fetal
microchimerism lead to autoimmune responses similar to those
seen in allogeneic organ transplantation, causing PPCM [64].

Clinical Implications of Genetic Contributions
to PPCM

The European Society of Cardiology, the American Heart
Association, the American College of Cardiology, and the
Heart Failure Societies of North America and Europe all rec-
ommend phenotypic screening (echocardiography) of first-
degree relatives for individuals with idiopathic DCM
[65-67]. Since PPCM often overlaps with idiopathic DCM,
and because of the data demonstrating that a substantial subset
of women with PPCM have a pathogenic gene mutation con-
tributing to their cardiomyopathy, one can readily infer that
echocardiographic screening of first-degree family members
is warranted for people diagnosed with PPCM. Furthermore,
with improvements in the cost and technology related to DNA
analysis, the cost of clinical genetic testing is declining and
may now be even less expensive than an echocardiogram [68].
Accordingly, if a patient with PPCM undergoes genetic testing
with recognition of clearly pathogenic gene mutation to ex-
plain their cardiac dysfunction, gene-targeted screening of
family members is likely more cost effective than serial echo-
cardiograms in all first-degree relatives. Among women who
are known heterozygous carriers of X-linked disorders that
can cause cardiomyopathy, such as DMD, BMD, Danon

disease, Barth syndrome, and X-linked Emery-Dreifuss mus-
cular dystrophy, clinicians should be particularly aware of an
apparent increase in the risk of PPCM, with consideration for
echocardiographic evaluations in the later stages of pregnancy
or early postpartum. Finally, discovery of a mutation predis-
posing to X-linked forms of cardiomyopathy among women
with PPCM has immediate and direct consequences for their
newborn male children, who may then be evaluated for either
the mutation or its earlier and more severe phenotypic effects.

Conclusion

Several lines of evidence support a substantial role for genetic
contributions to PPCM. These include case reports, small fam-
ilies, and larger multicenter investigations showing that at
least 10-15% of women with PPCM have a pathogenic mu-
tation. GWASs show additional genomic associations with
this condition, and murine models highlight the roles of me-
tabolism and free radical stress. Several studies have
highlighted women who are carriers of dystrophin mutations
presenting with PPCM. Future studies will better characterize
the prevalence of pathogenic mutations contributing to this
disorder and may also help to provide prognostic information
for women who present with pregnancy during the peripartum
period.
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