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ARTICLE INFO ABSTRACT

Objective: To develop a fetal mouse model of non-compaction of ventricular myocardium (NVM) using All-trans
retinoic acid (ATRA).

Methods: Pregnant mice were divided into blank control group, dimethyl sulfoxide (DMSO) control group and
ATRA group. The pregnant mice at 8.5 days after pregnancy were given 70 mg/kg ATRA in DMSO to induce fetal
mouse model of NVM in ATRA group. All the hearts were acquired and sliced in short axis from the neonatal
mice sacrificed after delivery. Pathological changes were visualized under 40- and 100-fold magnification with
Hematoxylin-eosin (HE) staining at different ventricular levels. The criteria for pathological diagnosis of classical
NVM were: prominent trabeculations on the endocardial surface and deep intertrabecular recesses commu-
nicating with the ventricular cavity and the thickness ratio of non-compacted layer (N) to compact myocardium
layer (C) N/C > 1.4. Analysis of variance (ANOVA) and least significant difference (LSD) were used to analyze
the differences of three groups, with P < 0.05 considered as significant.

Results: The typical characteristics of NVM histopathological findings of ATRA fetal mouse were confirmed:
compared to the hearts of blank control group (n = 20) and DMSO control group (n = 15), all the hearts of
ATRA group (n = 17) showed the obviously thinner compacted layer and the much thicker non-compacted
layer. The N/C ratio of left ventricles (LVs) in ATRA group was 2.735 * 1.634, higher than those in DMSO
control group 0.178 + 0.119 and blank control group 0.195 = 0.118 with significant difference (F = 32.550,
P < 0.0001); N/C ratios of right ventricles (RVs) in the ATRA group were (6.068 + 4.394), higher than those in
the DMSO control group 0.459 =+ 0.24 and in the blank control group 0.248 + 0.182 with significant differ-
ence (F = 20.069, P < 0.0001). LSD of LVs and RVs showed a significant difference between ATRA and blank
control group (P < 0.0001), and between ATRA and DMSO control group (P < 0.0001). LSD showed no sig-
nificant difference in two control groups of LVs (P = 0.963) and of RVs (P = 0.848) .

Conclusion: Excess ATRA could be used to induce NVM of fetal mice heart. This animal model might provide a
platform for fundamental research of NVM pathogenesis and potential targeting treatment.
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1. Introduction

Non-compaction of ventricular myocardium (NVM), known as
‘spongy myocardium’, is a rare type of cardiac syndrome. It is char-
acterized by a pattern of prominent trabeculations on the endocardial
surface and deep intertrabecular recesses communicating with the
ventricular cavity [1]. It has been postulated that NVM is a malfunction
of embryonic heart development, caused by intrauterine developmental
arrest of the normal myocardial compaction process during the first
trimester of pregnancy. Consequently, the segmental spongy myo-
cardium fails to transform into compaction and leads to a formation of
two layers of the ventricular myocardium: the compacted layer and the
non-compacted layer [2,3]. During normal development, the
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compacting process of the left ventricular myocardium comes later than
that of the right ventricle, so the NVM lesion mostly occurs in the left
ventricle (LV) and mainly involves the apex of the heart [4-6].
Prevalence of NVM in the adult population ranges between 0.01%
and 0.27% according to echocardiography studies [7]. Recent reports
suggest that NVM is a genetically heterogeneous disorder, which may
constitute up to 9% of childhood cardiomyopathies and is becoming the
third most common cardiomyopathy among pediatric patients [8,9].
Major complications of NVM include heart failure (HF), arrhythmias,
systemic thromboembolic events, and sudden cardiac death. The diag-
nostic modalities of NVM include, but are not limited to, echocardio-
graphy and magnetic resonance imaging (MRI). By far, two-dimen-
sional echocardiography (2DE) is the most commonly used diagnostic
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modality [10]. There is no specific treatment or reversal of disease
progression for NVM, and its management depends on the recognition
of different clinical manifestations [11]. Long-term prognosis for pa-
tients with NVM depends on the stage and progression of heart failure,
the occurrence of thromboembolic events, and the different types of
arrhythmias [12]. A much better prognosis has been noted in patients
with fewer involved LV segments than in those with more [13]. Other
research publications also reported that the severity of non-compaction
in a given segment is more important than the number of involved
segments for prognosis in humans [14].Findings from genetically en-
gineered mouse NVM models suggest that defects in myofibrillogenesis
and polarization in trabecular cardiomyocytes underlie ventricular non-
compaction pathogenesis [9]. Overexpression of mutations in a-dys-
trobrevin (DTNA) in the mouse heart results in a phenotype similar to
left ventricular non-compaction (LVNC), which leads to deep trabecu-
lation, dilated cardiomyopathy, and cardiac dysfunction [15].

Retinoic acid (RA) is an active derivative of vitamin A, which has an
essential role in normal cardiac development [16]. In offspring of vi-
tamin A-deficient mothers, the myocardium of the ventricular walls was
thinner and walls were less compact than in hearts from control fetuses
of the same age [17]. Many of the cardiovascular anomalies in rats with
vitamin A deficiency closely resemble malformations observed in hu-
mans [17,18].

RA deficiency or overdose can interfere in its signal transduction
pathway resulting in abnormal communication between the cardiac
neural crest cells (CNCCs) and the second heart field (SHF) cells, which
postpones the addition of progenitor cells from SHF to the poles of the
elongating cardiac tube and cardiac artery and then leads to various
congenital cardiac malformations with predominance of outflow tract
(OFT) defects [19-21].

NVM is a life-threatening cardiac syndrome, and it is usually con-
sidered to be a genetic heart disease. The progressive non-compaction
changes of the left ventricular wall are often accompanied by systolic
dysfunction, and there is a positive correlation between the extent of
non-compaction and the degree of systolic dysfunction [22]. So far,
there are no effective methods of treatment due to its unclear etiology
and pathogenesis. Therefore, an effective NVM experimental animal
model is particularly important for investigating the pathogenesis and
for acquiring a better understanding of the mechanism of myocardial
development and construction, which would facilitate targeted treat-
ment of NVM. In this study we hypothesized that an overdose of RA
applied during the embryonic stage of ventricular architecture devel-
opment, specifically during cardiac tube elongation and looping, in-
duces non-compaction of the ventricular myocardium. Here, we in-
troduce a BALB/c mouse model of NVM to enable further exploration of
NVM pathogenesis.

2. Materials and methods
2.1. Reagents

ATRA (Cat. No. R2625, Sigma, St Louis, Mo, USA) was dissolved in
dimethylsulfoxide (DMSO, D2438-50ML Sigma) at the final con-
centration of 35mg/ml. All procedures with ATRA were performed
under dimmed light to prevent photo-damage of the compound. About
40 mg RA can dissolve in 1 ml DMSO. In our experiments, we found
almost all the pregnant mice were dead if each mouse was injected with
4 ml/kg DMSO, but if the dose reduced to 2 ml/kg, all the mice can live
well, so we use 2mg/kg DMSO to dissolve ATRA powder in ATRA
group. We designed corresponding DMSO without ATRA as control
group. We also did a lot of preliminary experiments to optimize the
concentration of ATRA. In the preliminary experiments, 80 mg/kg,
70 mg/kg, 60 mg/kg, 40 mg/kg and 20 mg/kg ATRA were dissolved
into 2ml DMSO respectively. We found 70 mg/kg is the optimized
ATRA concentration that can induce the classical NVM pathology of
fetal mouse without being lethal of pregnant mice.

Pathology - Research and Practice 215 (2019) 152496

2.2. Preparation of mouse models of NVM

Healthy C57BL/6 mice (16-week-old inbred strains, 20-30 g) for the
experiment were purchased from the Institute of Laboratory Animals of
Sichuan Provincial People’s Hospital &. Sichuan Academy of Medical
Sciences (certificate No. SYXK 2013-110).

Adult female and male mice were mated 2:1 and pregnancy was
confirmed for pregnancy by checking the vaginal plug in females.
Pregnant mice were randomly divided into 3 groups, such that the final
count of analyzed offspring samples was 40. 1. In the blank control
group (n = 15), neonatal mice were sacrificed immediately after birth;
2. In the DMSO control group (n = 12), pregnant mice were given
DMSO by intraperitoneal injection (2ml/kg) at 8.5 days post coitus
(dpc); 3. In the ATRA group (n = 13), ATRA (70 mg/kg) dissolved in
2 ml DMSO was intraperitoneally administered to pregnant mice at 8.5
dpc. All mice were kept in the experimental animal room, which was
maintained according to standard husbandry procedures in individually
ventilated cages (IVC) of an air-conditioned room at temperatures
ranging 20-26 °C. They were fed a normal diet and given water. All
experimental procedures involving animals were performed in strict
accordance with the guidelines approved by the Ethics Committee of
the School of Medicine, University of Electronic Science and
Technology of China.

2.3. Tissue collection and histopathological staining

All the hearts of three groups were acquired for about 20 (18-21)
dpc from the neonatal mice who were sacrificed immediately after
normal delivery of pregnant mice to match some neonatal mice in the
ATRA group who suffered from severe NVM and died soon after the
birth. The hearts collected from neonatal mice were fixed in 4% par-
aformaldehyde in phosphate buffered saline (PBS) for 48 h, dehydrated
and then embedded in paraffin. One slice from each heart was chosen
for measurement perpendicular to the long axis from: 1. the apical
section; 2. the middle section between the apex and the base of the
heart (midventricular level); or 3. from the basal level below the
forming atrioventricular valves (subvalvular level). Slices were then
embedded in paraffin blocks. Sections (4 um thick) were dewaxed, re-
hydrated, and then stained with Hematoxylin-eosin.

2.4. Imaging

Offspring heart sections were visualized and their images captured
at 40X and 100X magnification using the NIKON ECLIPSE CI optical
microscope, equipped with a NIKON DS-U3 imaging system (Nikon,
Japan) for visual inspection of the thickness of the compacted layer and
non-compacted layer (trabeculated myocardium).

Clinically, NVM diagnosis relies on Doppler echocardiography. In
adults, the threshold ratio of non-compacted myocardium (N) to com-
pact myocardium (C) at the end of the systole is considered to be to 2.0,
such that an N/C > 2.0 signifies NVM [23]. In children, this ratio
threshold is set at 1.4 [24]. However, there is no equivalent diagnostic
criterion for "non-compacted myocardium" in mice. The evaluation
criteria for a successful NVM model are instead: a pattern of prominent
trabeculations on the endocardial surface and deep intertrabecular re-
cesses communicating with the ventricular cavity. N/C > 1.4 is now
used as the diagnostic criterion for myocardial densification in-
sufficiency in neonatal mice.

2.5. Statistical analysis

To determine N/C ratios, we measured the classical LV lesion of
each slice for the distance between the trabecular recess and trabecular
tip (N) and between the epicardium and the trabecular recess (C), as
shown in Fig. 4. Significant differences in N/C ratios among the three
groups were tested by one-way ANOVA. Adjustment for multiple
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comparisons between groups was done by LSD test in analysis of var-
iance. A P < 0.05 was considered as the threshold for statistical sig-
nificance.

3. Results
3.1. Behavioral characteristics of mice and their off-spring

During the study, pregnant mice in the ATRA or DMSO group were
in good condition and had no significant behavioral abnormalities. The
daily food and water intake, mental state, activity, as well as stool and
urine volume were normal. During pregnancy and childbirth, the fer-
tility rates of the blank control group and the DMSO group were
normal, and there was no significant difference between the two
groups. In the ATRA group, birth rates were reduced due to premature
birth, dystocia, and embryonic and fetal death. The yield and pro-
ductivity of pregnant mice in the ATRA intervention group was about
10% lower than the control group and the DMSO group. There was no
significant difference in the productivity or birth rate of pregnant mice
between the control group and the DMSO group.

3.2. Histopathological changes of cardiac tissues in NVM mouse models

Paraffin sections and HE staining showed that 100% of mouse off-
spring (17/17) in the ATRA group had spongy changes in the left
ventricular myocardium. Although the size of the heart displayed no
obvious changes (Figs. 1-3), the diameter of some chambers was no-
ticeably smaller (Figs. 1-2) or larger (Fig. 3). In the 100X images of
trabecular muscles at the site of lesion in this group, we can see that the
space between the trabecular muscles was deeper, wider, and filled
with blood, and the density of myocardial cells was lower, but the ar-
rangement of endothelial cells on the endocardium was still regular.
Furthermore, all mice in the ATRA group met the diagnostic criteria of
N/C > 1.4. In the DMSO control and the blank control group, there
were almost no obvious changes in myocardial compaction. The N/C
ratios were measured in the ATRA group (17 mice including LV n=3,
RV n=4, LV and RV n=10), the DMSO control group (15 mice in-
cluding LV N=3, RV n=3, LV and RV n= 9) and the blank control
group (20 mice including LV n= 8, RV n=5, LV n=and RV n=7),
respectively. The results of Tables 1-3 were as follows: N/C ratios of left
ventricles in the ATRA group (n=13) were (2.735 = 1.634), in the
DMSO control group (n=12) (0.178 = 0.119) and in the blank control
group (n=15) (0.195 = 0.118). One-way ANOVA revealed that there
was a significant difference among the three groups (F = 32.550,
P < 0.0001). Multiple comparisons of LSD analysis of variance between
groups showed a significant difference between the ATRA group and
the blank control group, P < 0.0001. The ATRA group and the DMSO
control group was P < 0.0001; There was no significant difference
between the DMSO control group and blank control group (P = 0.963).
N/C ratios of right ventricles in the ATRA group (n=14) were
(6.068 + 4.394), in the DMSO control group (n=12) (0.459 *+ 0.24)
and in the blank control group (n=12) (0.248 = 0.182). One-way
ANOVA revealed that there was a significant difference among the
three groups (F = 20.069, P < 0.0001). Multiple comparisons of LSD
analysis of variance between groups showed a significant difference
between the ATRA group and the blank control group, P < 0.0001. The
ATRA group and the DMSO control group was P < 0.0001; There was
no significant difference between the DMSO control group and blank
control group (P = 0.848).

Histopathology demonstrated that the two layers of the myo-
cardium - epicardial compacted layer and subendocardial non-com-
pacted layer - differed markedly in the ATRA group from the two
control groups. Compared to the blank control and DMSO control
groups, the heart slices of the ATRA group had a thin epicardial com-
pacted layer and a thick subendocardial non-compacted layer with
numerous, excessively prominent trabeculations, including deep
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trabeculations in the ventricular wall that define recesses commu-
nicating with the main ventricular chamber, as shown in Figs. 1-3.
Additionally, the subendocardial myocardial structure was disordered
compared to the control hearts. This pattern of prominent trabecula-
tions on the endocardial surface and deep intertrabecular recesses
communicating with the ventricular cavity as well as the loss of com-
paction in structure represent classical morphological NVM character-
istics.

Furthermore, we observed differences in ventricular morphology of
the ATRA group. 1. Near the apex of the LV, the non-compacted layer is
significantly thicker and the compacted layer is obviously thinner
(Fig. le,f) compared to the blank control (Fig. 1a,b) and the DMSO
control (Fig. 1c,d). 2. Near the mitral valve plane of the short axis, heart
slices have a visibly thicker non-compacted layer (N) and thinner
compacted layer (C) in both ventricles (Fig. 2g—i) compared to the
blank control (Fig. 2a—c) and the DMSO control (Fig. 2d—f) groups. 3. In
Fig. 3, heart slices also from the mitral valve plane of the short axis
show a remarkably thinner compacted layer in both ventricles in the
ATRA group (3e,f) compared to the blank control (Fig. 3a,b) and the
DMSO control (Fig. 3c,d), and the non-compaction of the RV is more
severe than that of the LV in the ATRA group (Fig. 3e,f).

4. Discussion

The main histopathological feature of NVM is myocardial mal-
formation characterized by the presence of subendocardial myocardial
layer with numerous prominent trabeculations and deep inter-trabe-
cular recesses [25]. This discovery as well as advances in medical di-
agnostic procedures continues to improve the accuracy of NVM diag-
noses. A retrospective epidemiological study of childhood
cardiomyopathy in Australia analyzed all cases of primary cardiomyo-
pathy in children under 10 years of age who presented between 1987
and 1996. Over the 10-year period, 314 new cases of primary cardio-
myopathy were identified, and left ventricular non-compaction ex-
plained 9.2 percent of cases, which is second only to dilated cardio-
myopathy and hypertrophic cardiomyopathy [26].

However, the exact etiology of NVM is currently still speculative.
Given that the majority of documented cases are congenital, the pre-
vailing theory is that the normal process of myocardial compaction is
arrested during embryonic development, resulting in an excess of im-
mature trabeculated myocardium [27]. Although many different gene
mutations have been reported in patients with NVM, such as G4.5
(TAZ), DTNA, ZASP, ACTC, TNNTZ2 and MYH7 [28], the concrete cause
and underlying pathological mechanism are very complex and remain
largely unknown.

RA plays a crucial role in the formation of the compact myocardial
layer of the ventricular wall during myocardial development. Normal
ventricular myocardial compaction depends on the proper amount of
RA, secreted by retinoid-producing EPDCs [29]. RA is synthesized by
retinaldehyde dehydrogenase 2 (RALDH2), an enzyme found in epi-
cardial-derived epithelial cells (EPDCs), during and after the heart
looping stage of embryonic development. These cells release RA into
the developing ventricular muscular layers in the embryo. The main
sites of RA-responsive elements are present in SHF cells and in CNCCs
where they contribute to the development of the heart [30]. Activated
by RA, SHF cells promote elongation of the cardiac tube poles and
outflow tract (OFT) development. This takes place while multipotent
progenitor cells differentiate into myocardium, smooth muscle, and
endothelial cells [31].

Relevant findings about a thinned or poorly developed myocardial
wall in some of the offspring of RA-deficient rats have been reported in
an early study by Wilson and Warkany [19]. Non-compaction of the
ventricular myocardium has been confirmed in Raldh2 knock-out mice,
unable to produce the RALDH2 enzyme [32,33]. Since RALDH2 is the
major enzyme for retinoic acid synthesis during embryonic develop-
ment, these Raldh2 knock-out mice can be considered RA-deficient



F. Cao, et al.

[34]. Therefore, RA deficiency during embryogenesis in pregnant mice
causes non-compaction cardiomyopathy in their offspring.

Given that a specific amount of RA is required to promote myo-
cardial maturation and form a normal compacted ventricular myo-
cardial wall for cardiac development during embryogenesis, RA is likely
to be involved in signal transduction pathways that are important for
building the proper compact myocardium. Thus, an overdose of RA may
cause a thick endocardial layer of prominent trabeculations and thin
epicardial layer of the compact myocardial wall, similar to that in RA
deficiency.

Review of recent scientific literature substantiates our use of the RA
overdose to induce NVM onset. The CNCCs play a critical role in the
pathogenesis of various human cardiocraniofacial syndromes such as
CHARGE, Noonan syndromes and Retinoic Acid Embryopathy. RA as a
ligand is an essential upstream regulator of CNCCs that binds RA re-
ceptors (RARs) and retinoid X receptors (RXRs) in these cells and is
involved in various molecular signaling pathways of heart development
during the embryonic stage [35]. RA reduces signaling in the fibroblast
growth factor 8 (FGF8) pathway within the SHF by down-regulating
insulin gene enhancer protein (ISL1) to control heart anteroposterior
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Fig. 1. Displayed here are representative his-
tological sections of the apical region of LV
taken from each group at 40X (a,c,e) and 100X
(b,d,f) magnifications. (a,b are blank control;
c,d are DMSO control; e,f are ATRA). Sections
of the heart were in the apical region of the LV
cut perpendicularly to the long axis starting
from the apex. HE staining of e, f sections
shows a severely thickened, 2-layered myo-
cardium: the prominently thinner compacted
layer (corresponding to letter C) and the sig-
nificantly thicker non-compacted layer (corre-
sponding to letter N). Numerous prominent
trabeculations and deep intertrabecular re-
cesses are visible in the inner surface of the
non-compacted layer (N) in the apical region of
LV (e,f), which is much thicker than in the
blank control heart (a,b) and DMSO control
heart (c,d). LV — left ventricle; C— compacted
layer; N— non-compacted layer.

patterning [36]. RA also activates downstream genes Hoxal and Hoxa3
of the Hox family, which are expressed in distinct sub-domains of the
SHF and in cardiac progenitor cells that contribute to both atria and the
inferior wall of the OFT [37]. The importance of retinoid signaling
during cardiac development has long been appreciated but recently has
become a rapidly expanding field of research. It is evident that intact
and controlled retinoid signaling is necessary for each stage of cardiac
development to proceed normally, including cardiac lineage determi-
nation, heart tube formation, looping, epicardium formation, ven-
tricular maturation, chamber and outflow tract septation, and coronary
arteriogenesis [38].

Wnt/B-catenin-independent signaling encompasses several different
pathways, of which the most extensively studied is the planar cell po-
larity (PCP) pathway responsible for planar polarization of cell struc-
tures within an epithelial sheet. During cardiac development, RA acti-
vates the Wnt/beta-catenin signaling pathway by Wnt ligand binding to
downstream receptors, such as Frizzed (FZD), Dishevelled (DVL), or
Vang, and then regulates several differentiation and proliferation pro-
cesses of cardiac progenitor myocytes. The PCP pathway controls a
variety of cell behaviors such as polarized protrusive cell activity,
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Fig. 2. Displayed here are representative histological sections of the two ventricles (LV and RV) taken from each group at 40X (a,d,g) and 100X (b,c,e,f,h,i)
magnifications. (a,b,c are blank control; d,e,f are DMSO control; g,h,i are ATRA). Heart slices were near the mitral valve plane of the short axis cut perpendicularly to
the long axis from the apex. HE staining of g,h,i sections shows a 2-layered myocardium: the thinner compacted layer (marked “C”) and the thicker non-compacted
layer (marked “N”). Numerous prominent trabeculations and deep intertrabecular recesses are visible in the inner surface of the non-compacted layer (N) in both
ventricles of the ATRA heart (g,h,i). The compacted layer is obviously thinner than in the blank control heart (a,b,c) and DMSO control heart (d,e,f). The ATRA heart
also displays disordered subendocardial myocardial structure in the non-compacted layer compared to the two control groups. RV — right ventricle; IVS — in-

terventricular septum.

directional cell movement, and oriented cell division [38-42]. Cardio-
myocytes cannot be polarized and maintain round shape if the normal
PCP pathway is disturbed, which leads to non-compaction of myo-
cardium [39] An RA overdose might interfere with the proper PCP
pathway of cardiomyocyte development and induce the non-compac-
tion of myocardium.The aim of our study was to build a mouse model of
NVM in mouse offspring by administering to pregnant mice a terato-
genic dose of RA. This hypothesis is borne out by our study’s findings,
which show that an overdose of RA causes myocardial wall under-
development and leads to a non-compacted structure of the ventricular
wall. Given that previously reported ATRA dosage of the most potent
teratogenic effect without being lethal was 70-80 mg/kg body weight
in mice [43-45], in our study, we administered ATRA at 70 mg/kg b.w.
(body weight). Non-compaction myocardium in our experimental
mouse model confirmed by pathomorphological examination presented
as a thick endocardial layer of numerous, excessively prominent tra-
beculations and a thin epicardial compact layer of the myocardial wall
in RA-treated mouse offspring (Figs. 1-3), which are classical NVM
histopathological characteristics.

In some hearts of the ATRA-interfered group, we observed that non-
compaction in themyocardial wall of the RV was more severe than that
of the LV (Fig. 3). Since SHF cells are highly sensitive to RA signaling
and contribute markedly to the development of the RV and both inflow
and outflow poles [46,47], it is generally recognized that without the

addition of SHF cells to the elongating heart tube during cardiac de-
velopment the outflow tract is shortened and can develop malforma-
tions [48]. The thinning of the RV compacted myocardial wall may be
caused by abnormal migration of SHF cells to the heart tube.

Since NVM is a rare cardiac condition in humans, reports of NVM
incidence in humans have been limited to case studies. The pathogen-
esis of some cases with a known family history has been traced to gene
mutations such as G4.5 (Tafazzin, TAZ), DTNA gene related to myo-
cardial development [28]. There are also idiopathic cases with in-
sufficient clinical epidemiological data. Whether family history is
known or not, case reports do not provide complete information about
mothers’ exposure during pregnancy to potential environmental risk
factors at different stages of foetal development, although one study is
an exception [49]. Nevertheless, we cannot rule out the possibility that
excessive RA might contribute to the development of non-compaction
myocardium and outflow tract malformations in human embryos
during pregnancy [49,50].

Additional observations from our study are: 1. the development of
ventricular non-compaction in the earliest stage that could be con-
firmed by histomorphological examination of the myocardial wall took
place after birth; 2. the non-compaction in these mouse models was
visible in the LV (3 mice), in the RV (4 mice), or both ventricles (10
mice), and also in the interventricular septum; 3. in some hearts, the
non-compaction layer involved the whole myocardial wall and in others
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Fig. 3. Displayed here are representative his-
tological sections of right ventricles (RV) taken
from each group at 40X (a,c,e) and 100X (b,d,f)
magnifications. (a,b are blank control; c,d are
DMSO control; e,f are ATRA). Heart slices were
at the mitral valve plane of the short axis cut
perpendicularly to the long axis from the apex.
HE staining of e, f sections shows 2-layered
myocardium: the obviously thinner compacted
layer (corresponding to letter C) and the non-
compacted layer (corresponding to letter N). In
ATRA group occurs remarkably thinner com-
pacted layer of both ventricles compared to the
blank control (Figure a,b) and the DMSO con-
trol (Figure c,d), in which non-compaction of
the RV was more severe than that of the LV in
ATRA group (Figure e,f).

Fig. 4. Displayed here are measurements of distance between the trabecular recess and trabecular tip (non-compacted (N), red line) and between the epicardium and

trabecular recess (compact (C), black line) on cardiac slices (Figure a,b). Magnification: a. 100X; b. 100 X.
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Table 1
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The measurement value of non-compacted myocardium layer (N) and compact myocardium layer (C) and the value of N/C ratio of the left ventricles in blank control

group (n = 15), DMSO control group (n = 12) and ATRA group (n = 13).

Control group ATRA group P value (N/C)
Blank control group DMSO control group

N(um) C(um) N/C N(um) C(um) N/C N(um) C(um) N/C
66.6 348 0.191 137.2 384.9 0.356 580 74.6 7.775
0 571.5 0 33.2 328.6 0.101 525.5 244 2.154
122.9 482.7 0.255 26.2 337.5 0.078 279.9 81.3 3.443
35.5 345.7 0.103 67.4 369.1 0.183 238.4 166.3 1.434
83.3 346.8 0.240 119.9 326.1 0.368 702.4 205 3.426
113.6 411.6 0.276 86.3 383.4 0.225 496.1 244.2 2.032
151 393.6 0.384 53.8 328.6 0.164 458.4 244.3 1.876
112.6 495.4 0.227 97.7 408 0.239 411.9 169.7 2.427
79.8 367.8 0.217 0 373.8 0 501.6 167.8 2.989
119.1 419.4 0.284 0 390.9 0 417.4 196.6 2.123
108.7 383.2 0.284 107.6 475.4 0.226 542.3 294.4 1.842
58.2 305.3 0.191 66.9 340.6 0.196 472.3 248.4 1.901
104.8 383.4 0.273 589.6 275.9 2.137
0 396 0

0 453.3 0

M = SD 77.1 = 49.1 406.9 = 69.2 0.195 = 0.118 66.4 = 454 370.6 = 43.4 0.178 = 0.119 478.1 * 1244 201.0 = 68.2 2.735 = 1.634 p < 0.0001

N- The thickness of non-compacted myocardium layer; C- The thickness of compact myocardium layer. The mean values (M) of the value of N, C and N/C ratio with
standard deviation (M *= SD). One-way ANOVA and multiple comparisons with SPSS 22.0 statistical software was used to analyze N/C ratio among the three groups.

A p value below 0.05 proved to be statistically significant.

it was seen only in one segment of only one ventricle. Since the RA
overdose was directly involved in the metabolism of fetal mice during
pregnancy, the study approximates well human congenital, naturally
occurring NVM. Given that RA is administered to the mouse foetuses,
the model we propose allows RA to interfere with their in utero meta-
bolism as well as disrupt DNA transcription and translation downstream
of RA binding, as would be expected to happen in human congenital
NVM. Changes in transcriptional and translational levels of downstream
pathway mediators could, in turn, answer important questions for the
prevention and treatment of NVM.

The model we propose can be used as a reference of NVM patho-
logical features to improve the accuracy of diagnosis and avoid mis-
diagnosis. Giving timely clinical treatment can reduce the mortality of
NVM patients. Additionally, by providing an animal NVM model, we
hope this study will facilitate the exploration of novel treatment

Table 2

options. Lastly, additional research may identify novel connections
between RA and NVM, which may further improve diagnosis and
treatment of NVM. Given that NVM frequently occurs in conjunction
with one or more congenital cardiac anomalies, including ventricular
septal defects, atrial septal defects, valvular abnormalities, coarctation
of the aorta and anomalous pulmonary veins [51,52], in future studies
we plan to observe other cardiovascular abnormalities in addition to
non-compaction myocardium. Additionally, we plan to examine mole-
cular changes within the relevant pathway at the transcriptional and
translational level after administrating RA.

Limitations of this study include a small sample size and unknown
translatability to other species.

The measurement value of non-compacted myocardium layer (N) and compact myocardium layer (C) and the value of N/C ratio of the right ventricles in blank

control group (n = 12), DMSO control group (n = 12) and ATRA group (n = 14).

Control group ATRA group P value (N/C)
Blank control group DMSO control group
N(um) C(um) N/C N(um) C(um) N/C N(pum) C(um) N/C
29 206.8 0.140 78.2 456.4 0.171 619.5 39.8 15.565
63.2 330.8 0.191 80.6 233.1 0.346 151.7 14.7 10.320
189.4 269.7 0.702 53.1 218 0.244 259.3 76.4 3.394
98.2 320.1 0.307 135.1 262.8 0.514 475.5 60.7 7.834
59 164.3 0.359 161.2 250.5 0.644 301.3 144.5 2.085
55.3 252.2 0.219 169.5 260.9 0.650 375 143 2.622
83.1 268.1 0.310 140.7 358.1 0.393 338.6 73.6 4.601
61.4 232.2 0.264 168.4 291.2 0.578 457 36.8 12.418
0 190.7 0.000 222.9 255.9 0.871 412.3 254.8 1.618
0 284.1 0.000 182.8 305.9 0.598 216 88.4 2.443
63.5 253.6 0.250 0 334.4 0.000 507.1 151.1 3.356
64.8 277.7 0.233 122 243.6 0.501 503.5 206.1 2.443
414.2 48.5 8.540
375.6 48.7 7.713

M = SD 639 * 49.3 2542 = 495 0.248 + 0.182 126.2 * 62.8 289.2 = 67.0 0.459 * 0.24 386.2 + 126.2 99.1 = 70.6 6.068 + 4.394 p < 0.0001

N- The thickness of non-compacted myocardium layer; C- The thickness of compact myocardium layer. The mean values (M) of the value of N, C and N/C ratio with
standard deviation (M #+ SD). One-way ANOVA and multiple comparisons with SPSS 22.0 statistical software was used to analyze N/C ratio among the three groups.

A p value below 0.05 proved to be statistically significant.
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The results of one-way ANOVA and multiple comparisons of N/C ratio with SPSS 22.0 statistical software in left and right ventricles among the blank control group,

DMSO control group and ATRA group.

Significance (p value)

Left ventricle Right ventricle
One-way ANOVA Blank control group, DMSO control group and ATRA group .000 .000
Multiple comparisons Blank control group DMSO control group 963 .848
ATRA group Blank control group .000 .000
ATRA group DMSO control group .000 .000

A p value below 0.05 proved to be statistically significant. One-way ANOVA of N/C ratio showed: F = 32.550 in left ventricle and F = 20.069 in right ventricle.

5. Conclusions

Here we introduce a fetal mouse model of NVM induced by ad-
ministering excess ATRA to pregnant mice at the stage of embryonic
heart tube elongation and looping. It is the hope of our research group
that this animal model may serve as a platform for fundamental studies
of NVM pathogenesis and potential targeting treatment.
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