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SUMMARY

Cardiac malformations are very prevalent and
can be caused both by defective genes and envi-
ronmental teratogens. Among the latter, caffeine
causes malformations when exposed during early
cardiac development, whereas its later effects are
still unclear. We exposed three-day incubated (D3)
chick embryos to 2 mg caffeine and analyzed them
at D5, D7 and D9. The embryos were serially sec-
tioned and analyzed two-dimensionally.

Alternatively, the sections of D9 embryos were
reconstructed three-dimensionally using Amira®
software and analyzed volumetrically. The expres-
sion of genes involved in endothelial-mesenchymal
transformation (EMT) was studied by real-time
PCR. Interestingly, caffeine treatment at D3 em-
bryos did not induce cardiac malformations, but did
delay growth, in particular that of the ventricles and
ventricular trabeculae. Furthermore, it affected
EMT in the endocardial cushion and atrioventricu-
lar valves. Gene-expression analysis revealed that
caffeine had a progressively deleterious effect on
the expressions of GATA4, MMP2, SNAIL1,
TWIST1, and VIMENTIN. The effect of late caf-
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feine administration on the chicken embryos would
provide suggestive evident towards a possible
heart developmental defect in humans, particularly
heavy caffeine consumers during pregnancy.
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INTRODUCTION

Recent advances in methodologies to unravel
successive events in organ development often rely
on 3D image reconstruction. This approach offers
a clearer image of the spatial and temporal chang-
es in the development of organs (Carlson, 1981;
Hopwood, 2002). Together with gene expression
analysis, they provide powerful tools to gain insight
into critical developmental events. From these ap-
proaches, several genes and their translational
proteins have emerged to play important roles in
regulating successive steps of cardiac develop-
ment. Two categories of genes are often distin-
guished: 1) those that govern cardiac patterning,
and 2) those that reflect cardiac maturation (Fuster
and Walsh, 2011). Genes that regulate cardiac
morphogenesis belong to the first category (Yelon,
2001), whereas genes that are involved in the es-
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tablishment of functional components of the heart
belong to the second category (Kolanowski et al.,
2017). Examples are the well-known cardiac speci-
fication factor TGF-B that is synthesized and se-
creted by hypoblastic cells to induce the formation
of cardiogenic mesoderm, which then extends to-
wards the lateral plate under the influence of
BMP2 and FGF8 (secreted by the underlying en-
doderm) to become the cells of the first heart field
(Brand, 2003; Evans et al., 2010; Galdos et al.,
2017). These committed cardiogenic cells express
NKX2.5, GATA4 and TBX5 (Ban et al., 2013; Bru-
neau, 2013; Zaffran and Frasch, 2002). The more
caudal part of the cardiogenic plate forms the se-
cond heart field, with TBX18 and ISL1 as patter-
ning genes (Cai et al., 2003; Hoogaars et al.,
2007) and FGFs as mediators of maturation (Kelly
et al., 2001). HNK1 is a factor that regulates neural
crest cells, yet another source of cardiac cells
(Creazzo et al., 1998) to form cardiac outflow tract
(OFT) (Luider et al., 1993).

Cardiac maturation factors play a role in several
steps during late cardiac development, including
chamber maturation and valve formation (Dunn
and Palecek, 2018; Samsa et al., 2013). Chamber
maturation, both atria and ventricles, require the
coordinate expression of many genes, including
GATA4, TBX5, NKX2.5, IRX4, MEF2C, HAND1,
and HAND2 (Brand, 2003; Bruneau, 2002; Kelly,
2012; Paige et al., 2015). Cardiac valve formation
is associated with epithelial to mesenchymal tran-
sition (EMT) (Runyan et al., 2013), starting with
reorganization of endocardial cushion by remode-
ling enzymes, of which MMPs 1, 2 and 13 promote
cell migration, while increased cellularity and colla-
gens provide rigidity to the developing valves
(Combs and Yutzey, 2009). Other important fac-
tors that are associated with EMT during valve de-
velopment include SNAIL and TWIST1, which are
the zinc-finger E-box binding (ZEB) transcription
factors. These factors are activated at the begin-
ning of EMT upon accumulation of vimentin (Liu et
al., 2015).

Recently, several studies have shown that caf-
feine over-consumption in pregnant women can
interrupt embryonic or fetal heart development
(Chen et al., 2014). In mice, early caffeine expo-
sure can lead to a decreased thickness of the ven-
tricular wall, OFT defect, and defective atrioventri-
cular (AV) valve formation (Wendler et al., 2009).
While early exposure to caffeine (Day 1 embryo)
affects many structures in the developing heart,
the effects of a late exposure of caffeine on car-
diac development remain to be demonstrated. We
experimentally mimicked the situation by exposing
Day 3 chick embryos (equivalent to Carnegie sta-
ge (CS) 14 of human embryos (about 34 day of
development) (Butler and Juurlink, 1987; O'Rahilly
and Muller, 2010) to a single dose of caffeine in
this study. Our combined 2D and 3D image analy-
ses clearly showed that this exposure did not indu-

ce any morphological malformation in the develo-
ping heart, but that the functional maturation of
ventricles was delayed. This finding thus raises
concern about adverse effects of caffeine consum-
ption during pregnancy.

MATERIALS AND METHODS

Animals and caffeine treatment

Day-3 Leghorn chicken embryos were obtained
from the Suwan Vajokkasikit farm at Kasetsart Uni-
versity. Animal handling was approved by the Ani-
mal Care and Use Committee, Faculty of Science,
Mahidol University (SCMU-ACUC, protocol no.
MUSC61-029-431). Chicken embryos were either
injected with a single dose of 2 mg caffeine/egg (a
LD50 dose, N=80, only survival embryos), or with
solvent (0.9% NaCl, N=20). Before caffeine injec-
tion, the pre-incubated eggs were disinfected with
70% ethanol and a hole was drilled in the egg shell
without damaging the embryonic disc. Then, 200
pl of ovalbumin was removed before injection of
100 pl 0.9% NaCl or caffeine solution. The hole in
the egg shell was sealed with paraffin film and
eggs were further incubated at 37°C and 80% hu-
midity for 2, 4 and 6 days to allow analysis of the
embryos at D5, D7, and D9, respectively. All of the
embryos in caffeine-treated and control groups
were subjected to either RNA extraction for real-
time PCR (N= 5) or histological processing for 2D-
and 3D-image analysis (N=5 each).

Tissue processing

The incubated eggs were cracked and transfe-
rred to avian Ringer's solution. The embryonic
discs were dissected, cleaned with PBS and fixed
with Bouin’s solution for 24 hr. The fixed tissues
were then dehydrated in serially graded ethanol,
cleared in xylene, and embedded in paraffin at 60°
C under vacuum in the Leica TP1020 Semi-
enclose Benchtop tissue processor. The tissue
blocks were serially sectioned at 8-10 ym thick
and stained with hematoxylin and eosin. The sec-
tions were digitized with an Olympus VS120 virtual
slide scanning system attached to an Olympus
BX53 microscope.

Two-dimensional image analysis, 3D recons-
truction and volumetric analysis

We initially analyzed 2D-morphometric parame-
ters in coronal sections of caffeine-treated and non
-treated D9 embryos. Sections selected for 2D
morphological analysis had to meet three structu-
ral criteria: (i) presence of four heart chambers; (ii)
presence of at least two leaflets of both left and
right atrioventricular valves; (iii) presence of at
least four large arteries, including aorta, subclavian
artery, common carotid artery and brachiocephalic
trunk (see Fig. 1). The following morphometric pa-
rameters were measured: thickness of ventricular
myocardium, length of valve leaflets, and valvular
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Control

Fig. 1.- Cardiac phenotype in embryos treated with caffeine on D3. Non-treated embryos were studied at day 3

(A-D)

day 5 (E-F), day 7 (I-J) and day 9 (M-N) and caffeine-treated animals at D5 (G-H), D7 (K-L), and D9 (O-P). Three fea-
tures were prominent in caffeine-treated hearts: thinner ventricular wall (VW), lower cell density in endocardial cush-
ions, and retarded valve development with absent papillary muscles at D9 (arrowheads). A: atrium; Ao: aorta; arrow:
atrioventricular junction (A), chordae tendineae (N); AV: atrioventricular cushion; CT: conotrancal; IVF: interventricular
foramen; LA: left atrium; LSH: left sinus horn; LV: left ventricle; MV: Mitral valve; OFT: outflow tract cushion; P: papillary
muscle; PV: Pulmonary vein; TC: trabeculae carneae; VW: ventricular wall; V: ventricle. Scale barsin F, H, J,L, N, P =

200 um, A-E, G, I, K = 500 ym, M and O = 1000 pm.

cell density. The thickness of the compact ventri-
cular myocardium was measured at 5 randomly
selected areas per embryo in 5 different embryos
(25 areas in total). The length of valve leaflets both
left and right valves was measured proximally from
the boundary line of mesenchymal condensation
towards distal tip of valve leaflets. The valvular
(endocardial-derived) cell density was estimated
with Olympus CellSens software after staining of
cell nuclei and reflected number of cells per um? in
the randomly chosen endocardial mesenchymal
areas. The ventricular compact wall and lumen
were manually segmented and calculated with the
Material Statistics module in Amira 3D. All statisti-
cal data were analyzed by SPSS17 (IBM corporati-
on, Armonk, NY).

RNA isolation and RT-PCR

Gene expression levels were analyzed by a real-
time PCR, which followed the conditions described
by Roche experimental protocol. RNA was extrac-
ted by homogenizing in Trizol and ethanol precipi-
tation immediately after sample collection. Total
RNA concentration was measured at 260/280 nm,
using a NanodropTM 2000/c spectrophotometer
(Thermo Fisher Scientific, Waltham, MA), and
stored at -80°C. The RNA was converted into
cDNA using a Promega cDNA reverse transcrip-
tion kit (Promega, Madison, WI). The primer pairs
for several markers of cardiac maturation (GATA4,
SNAIL1, TWIST1, MMP2, VIMENTIN) and B-actin
(internal control) were designed from the Gallus
gallus gene sequences in the NCBI database
(Table 1). The gPCR was performed in the iCycler
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Table 1. Primers used for cardiac maturation markers

Primers Forward sequence 5’ Reverse sequence 5’ 3’
GATA4 TCAACCGGCCCCTCATTAAG GTGGTGGTAGTCTGGCAGT
SNAIL1 CACACGCTGCCTTGTGTCT GGTCAGCAAAAGCACGGTT
TWIST1 TTCCGAATTTGCCTGTTTTT GTTGGGTGCTTTGCTTTCAT
MMP2 GATGTCGCCCCTAAAACAGAC CAGCCATAGAAAGTGTTCAGGT
VIMENTIN ?SG TGGCTCGTCACCTTCETCAA- GGAGTGTCGGTTGTTAAGAACTAGAGCT
B-actin AAACTGGAACGGTGAAGGTG AGAGAAGTGGGGTGGCTTTT

iQ real-time PCR detection system (Bio-Rad, Kg-
benhavn, Denmark) using SYBR green dye. PCR
mixture included 10 pL of Luna Universal gPCR
Master Mix, 0.5 yL forward and reverse primer, 0.5
ML cDNA templates, 20 yL nuclease-free water.
The thermal cycling conditions included an initial
denaturation at 95°C for 1 min, 45 cycles of dena-
turation at 95°C for 15s, annealing with gradient
temperature optimization at 48.7-57.7°C for 1 min,
extension at 60°C for 30s and melt curve with 60°
C for 1 cycle were carried out. Real-time PCR
reactions were carried out in ftriplicate for each
sample and the data were expressed as
meantS.E.

Data Analysis

Data of all parameters collected from 2D- and
3D-images analysis (N=25 from 5 embryos) were
expressed as means + S.E. and further analyzed
using a Student paired t-test between the control
and 2 mg caffeine/egg samples. The results of
real-time PCR (N=3) for all markers of maturation
were expressed as means * S.E., and the graphs
were plotted by a GraphPad Prism 5.0 software
package (GraphPad Software, San Diego, CA),
and further analyzed using a Paired t-tests. The
relative change of gene expression was calculated
by comparing individual gene expression value in
the caffeine-treated group to the referencing value
of control group at the given incubation days. In all
statistical comparisons, P-value of <0.05 indicated
a significant difference.

RESULTS

Caffeine-induced morphological changes in the
developing chick heart

We studied sections of chicken embryos at diffe-
rent time points after the exposure to 2 mg caf-
feine. At day 3 of incubation (D3), heart looping is
nearly complete, while the atrial and ventricular
chambers have become well recognizable (Fig.
1A, B) and separated by an atrioventricular (AV)
canal of considerable length (*). The atrial cham-
ber (A) was a common chamber still without the
separating primary atrial septum. Thickening of AV
cushions along the AV canal was clearly noted
above the inlet of ventricle (Fig. 1C), whereas the
right ventricle formed the ventricular outlet that

was connected with the pharyngeal arch arteries
via the outflow tract (OFT). The OFT was a single
tube on the right hand side of the atrium that was
lined with thick mesenchymal tissue (endocardial
cushions). A ventricular chamber was still a single
chamber in which its wall (VW) was lined by pri-
mary myocardium at this stage (Fig. 1D). The tra-
beculae (TC), which project from the myocardial
wall, gave the ventricles a distinct morphology.

At D5 of normal development, the cavity of pri-
mary atrium increased in size and contained the
venous valves (Fig. 1E, arrow), while the pulmo-
nary vein (PV) approached the future left atrium.
The mesenchymal tissue of AV canal was pro-
nounced and fused (Fig. 1F). Definitive septation
to form aorticopulmonary septum occurred from
downstream to upstream in the OFT (Fig 1F, *).
The ventricular walls were lined extensively with
trabeculae carneae (TC). Two days post-injected
D3 embryos with caffeine (D5), heart development
was somewhat delayed with similarities to the D3
atrium (Fig. 1G). Although the AV cushions had
fused, they lacked the downward mesenchymal
extensions (compared Fig. 1H and 1F, AV). The
thickness of primary myocardium was similar to
that in the control, but the number of trabecular
projections was markedly less (Fig. 1G). The OFT
morphology was similar to that of the control (Fig.
1H, *).

On the 7th day of normal development, the atrial
cavity had expanded and the primary interatrial
septum had extended from the roof of the atrium
(Fig. 11, arrow heads). The AV cushions had fused,
forming the separated left and right atrioventricular
channels. The left and right ventricles were clearly
separated by an interventricular septum. Trabecu-
lae carneae (TC) filled a large part of the lumen of
the ventricles (Fig. 1J). Upon treatment with caf-
feine for 4 days (D7), the atrial chamber appeared
less expanded and the interatrial septum appeared
shorter (Fig. 1K). The AV cushions were fused, but
their cell density was less. The interventricular
septum (IVS) had formed as in the controls (Fig.
1K), but the trabeculae carneae were shorter and
thinner than those in the controls (Fig. 1L). The
development of the OFT appeared normal,
namely, there was a presence of aorticopulmonary
septum in developing OFT.

In the control D9 heart, the atria were separated
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Table 2. Morphogenetic analysis of the 2D and 3D parameters of the control and caffeine-treated embryos

2D-Parameters

Parameters Untreated Embryos Treated Embryos
Atrial thickness (Rt) (um) 25.91+1.45 23.74+2.79
Atrial thickness (Lt) (um) 34.9942.70 22.86+2.47
Ventricular thickness (Rt) (um) 260.18+10.80 78.4045.43*
Ventricular thickness (Lt) (um) 352.25+16.97 124.77+10.20
Length of valve leaflets (Rt) (um) 280.62+15.07 502.89+33.93*

395.75£15.47 542.88+31.05*

Length of valve leaflets (Lt) (um)
Endocardial cell density (Rt) (cells/um?)
Endocardial cell density (Lt) (cells/um?)

1836.2+247.36
1700.5+304.68

1543.3+x304.8
1602.6+300.56

3D-Parameters

Parameters
Atrial wall (um®)
Ventricular wall (um?®)

Ventricular lumen (um?®)

Untreated Embryos

Treated Embryos

19.7x10° 7.9x10°
45.4x10° 11.5x10°
10.7x10° 8.3x10°

* P-value < 0.05 are considered statistically significant (paired t-test)

by the primary interatrial septum that attached to
the endocardial cushions (Fig. 1M, arrow heads)
and had formed a secondary foramen. The AV
canal was separated by fused AV cushions for-
ming right and left atrioventricular valves (Fig. 1M).
Papillary muscles were also recognizable (Fig. 1N,
P). Both ventricles were well separated by a pro-
minent interventricular septum and tightly packed
TC on the thick ventricular wall (Fig. 1N). Upon
treating with caffeine for 6 days (D9), the features
of the atria were rather similar to those of control
embryos (Fig. 10). Both AV valves connecting
atria to ventricles could be clearly defined. The
underdeveloped features were more pronounced
in the ventricles, including less-dense mesenchy-
me in the AV cushions and valve leaflets
(appeared plumper than control). Furthermore, the
myocardium of the ventricular wall had fewer tra-
beculae carneae (Fig. 1P).

Two-dimensional morphogenetic analysis

We compared the morphology of developing
hearts upon treating D3 embryos with 2 mg caf-
feine. Comparatively, the size of hearts of D5, D7
and D9 embryos was not significantly altered bet-
ween treated and control groups: 1.15 x 1.59 mm
atD3,1.11 x1.74 mm at D5, 1.6 x 2.15 mm at D7,
and 2.83 x 2.21 mm at D9. Since D9 embryos
showed the most pronounced effect of caffeine on
cardiac development, we carefully analyzed many
areas of developing heart, including chamber for-
mation and thickness, OFT orientation, compac-
tion of the endocardial cushions and valvulogene-
sis. The analysis of the atrial wall thickness
showed that wall thickness was not different, but
the volume was >2-fold decreased in caffeine-
treated embryos (Table 2). Furthermore, both val-

ve leaflets on the left and right ventricles were lon-
ger, while their cell density was less in the caf-
feine-treated hearts. These differences reached
significance at the right side only. Ventricular wall
thickness was more profoundly affected: the wall
thickness in the left ventricle was reduced to ~35%
of control, whereas that in the right ventricle ~30%,
both differences being statistically significant. The
data of this morphologic analysis thus supported
the histological evidence shown in Fig. 1.

Three-dimensional morphogenetic analyses
We constructed three dimensional models of D9
hearts from both groups and compared their quan-
titative volumetric analysis. Three dimensional mo-
dels of the hearts were created from 120 coronal
sections and used as representatives for volume-
tric analysis of the whole or selected heart areas.
Since ventricular compartment was most drasti-
cally affected in the late caffeine treatment, we
monitored more detailed parameters in the ventri-
cular region and analyzed volumetric data of ven-
tricular wall, lumen as well as endocardial cushion.
Three-dimensional volumetric analysis of the
ventricle indicated that the total volume of ventricu-
lar wall was much smaller in the treated animal
(11.5%109 mm?® versus 45.4x109 mm?, which ac-
counted for one-fourth difference) while the volume
of the lumen was only slightly different (Fig. 2C, F
and Table 2). The most striking difference was a
diffused architecture of the loose mesenchymal
cells within an endocardial cushion in embryos
exposing to caffeine while the control heart
showed a clear segmentation of the mesenchymal
cells into two separated clusters, presumably the
future mitral and tricuspids valves (Fig. 2B, E).
This still-fusion of endocardial mesenchyme could
not be easily notable in the 2D coronal sections
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Control

Caffeine-treated

O

— E

— F

Fig 2. Three-dimensional reconstructions of the heart of a control and a 2-mg caffeine-treated embryo. The 3D vol-
umes were generated from 120 coronal sections and the edges of each structure in the developing heart were seg-
mented manually with Amira software. The exterior surfaces of D9 control embryo (A) and caffeine-treated embryo (D)
are compared while their interior surfaces at endocardial mesenchyme and AV valves of both models are shown in
panels B and E. The interior and ventricular wall thickness are represented in panels C and F. Scale bars = 1000 ym.
Red: atrium; Navy blue: ventricle; Cyan: endocardial cushion; Yellow: papillary muscle; Green: cardiac outflow tract;

Blueish grey: ventricular lumen.

analyzed above. We thus strongly believe that 3D
image reconstruction and its volumetric analysis
would give a holistic ventricular analysis and provi-
ded a good evidence of caffeine effect on ventricu-
lar defect.

Effect of caffeine on gene markers of cardiac
maturation

Our morphological analysis showed that caffeine
administration in late cardiac development exerted
an apparent effect on cardiac development, parti-
cularly the ventricle. The developing valves stood
out, because they appeared to suffer from a quali-
tative effect in being less populated by endocardial
cells. We, therefore, analyzed a set of genes that
play a key role in EMT, including GATA4, MMP2,
VIMENTIN, SNAIL1 and TWIST1 (Combs and Yu-
tzey, 2009; Liu et al., 2015). Overall, the 2 mg do-
se of caffeine induced down-regulation of the ex-
pression of all these genes except MMP2 and
SNAIL1of D5 embryos. The most pronounced ef-
fect of caffeine treatment was observed for GATA4
and VIMENTIN, of which the expression at D7 and
D9 in the caffeine-treated animals was ~20% less
than that observed in the control animals (P <
0.05; Fig. 3A and B). The differences in expression

of MMP2 and TWIST1 were less pronounced, but
significant. Interesting, the decrease in expression
became more pronounced with age, indicating that
the pejorative effect of caffeine on heart morpho-
logy and function was progressive.

DISCUSSION

In early embryological studies, detailed analyses
and explanations of developmental processes and
several congenital disorders have relied mainly on
either histological section (in case of animal mo-
dels) or plain image sections on CT scan (in case
of clinical diagnosis). One of the major problems
that occur during 2D image analysis is the selec-
tion of the proper planes of the sections to be
analyzed and compared between either the para-
llel treatment groups or control. In order to fix the
plane for 2D analysis, several focal markers in the
sections have to be indicated (as also performed in
this study in Fig.1 and Table 1) so that the closely
aligned/related sections are convincingly compa-
red. Nonetheless, some un-intentional bias or
errors do exist, particularly, in the context of plane
analysis, owing to the difficulty in the choice of fo-
cal markers in the sections. Recently, 3D recons-
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Fig 3. Quantitative measurements of gene expression in control and caffeine-treated embryos using RT-PCR analysis.
The genes studied were GATA4, MMP2, VIMENTIN, SNAIL1, and TWIST1. The data were expressed as mean + S.E.
from triplicate experiments (left panels) while the relative change of the expression levels (right panels) were computed
by comparing the values of gene expressions in the caffeine-treated embryos to that of the referencing values of the
control embryos of the same given day. Late caffeine administration at D3 embryos had minimal effect on cardiac
structural patterning, but apparently affected final structure maturation, particularly those in the ventricles including less
cellular density of endocardial cushion and the associated atrioventricular valve formation as well as ventricular myo-
cardial thickness. Caffeine also had a progressively deleterious effect on the EMT gene-expression patterns that are
related to cardiac maturation including GATA4, SNAIL1, TWIST1, MMP2 and VIMENTIN.

truction plays an important role to improve the vi-
sualization of developing structures and demons-
trate the realistic relationship of the entire tissue
structures without any bias in plane dis-alignment.
Many parameters of morphometric analyses can
also be quantified to precisely describe the change
in the developmental processes (Aanhaanen et al.,
2010; Cavalcanti and Duarte, 2008; de Bakker et
al.,, 2016; Engelmann et al., 1987; Kruepunga et
al., 2018; Li et al., 1994). In our case, we realize

that development of heart is one of the most com-
plicated processes among many organs. Combina-
tion of both 2D and 3D analyses to monitor the
changes in the late developing heart after caffeine
treatment appear to be essential for data interpre-
tation. The clear example of how 3D analysis im-
proved the information of 2D analysis was in the
part of delayed valvular development in caffeine
treated animals. The results in 2D analysis de-
monstrated less mesenchyme density within AV
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cushion and “plumper” shape of valve leaflet in the
treated animals while 3D analysis could further
demonstrate a still-fusing valvular complex in the
treated animals while such complex was well-
segmented in the control animals (Fig. 2) which
otherwise could not be seen in 2D illustration. The-
refore, using both 2D and 3D morphometric analy-
ses would provide sufficient quantitative informa-
tion to verify the effect of caffeine in developing
heart as showed herein (Table 2) and other stu-
dies (Kruepunga et al., 2018). Our results in this
study pointed out the fact that late developing
chick embryos (day 3) exposed to caffeine at its
LC50 dose caused an apparent delay of cardiac
development, most noticeable at the ventricular
wall, AV cushion and valve morphology.

Exposure of D1 chick embryos about 3 mg per
egg of caffeine results in many severe cardiac
malformations, and inhibit morphogenesis of organ
primordia (Kobayashi et al., 1995; Lee et al,
1982). Based on our findings, we posited that the
effect of late caffeine exposure favored develop-
mental delay rather than “structural malforma-
tion” (or cardiac patterning). This claim was based
on the observations of the “still-appearing” develo-
pmental structures in a delayed fashion rather than
normal development. For instance, the presence
of interatrial septum at D5 of normal development
rather than in D7 of late caffeine-treated heart, or
the complete extension of valve leaflets that were
found in D9 rather than in D7 (Fig. 1). While the
mechanism of delayed cardiac development cau-
sed by caffeine has not yet been established and
subjected to be discussed below, the severe effect
of caffeine in the model exposed earlier (D1) has
been suggested to depend on two mechanisms of
action during development. Caffeine is known as a
phosphodiesterase inhibitor, which causes an in-
crease in intracellular cAMP concentration
(Echeverri et al., 2010), which in turn, controls ge-
nes involved in cardiac development such as GA-
TA4, NKX2.5, and HNK-1 (Hutson and Kirby,
2007; Kim and Kass, 2017). Caffeine also acts as
adenosine receptor (AR) antagonist. In the heart,
the isoform of the AR is A1AR, which protects de-
veloping embryos against many harsh conditions
(Buscariollo et al., 2011). Therefore, binding of
caffeine to A1AR in competition with adenosine
would thus directly perturb embryonic protection
mechanisms, leading to many severe congenital
malformations. Selectivity of caffeine towards
either mode of action, which may provide a better
explanation in development perturbance, has not
been clearly established. Nevertheless, the two
modes of caffeine action would likely share a com-
mon interfering downstream signaling, in which the
levels of cardiac patterning genes such as GATA4,
NKX2.5, HNK-1 are highly affected as already
mentioned above for intra cAMP concentration.
Similarly, perturbance of cardiac A1AR receptor by

caffeine administration has also led to down regu-
lation of cardiac patterning gene levels in conjun-
ction with the decreased receptor level (Rivkees
and Wendler, 2012, 2017).

In the case of late caffeine exposure, we obser-
ved that the genes that were affected included VI-
MENTIN, SNAIL1 and TWIST1 (Fig. 3) which are
known to be involved in cardiac endothelial to me-
senchyme transition (EMT) (Liu et al., 2015; von
Gise and Pu, 2012). Since completion of the valvu-
lar complex and myocardial thickening and bran-
ching (to form trabeculae carneae) are both part of
cardiac structural maturation (Combs and Yutzey,
2009; Samsa et al., 2013), we had hypothesized
that late caffeine administration targets the EMT
signaling cascade. Direct or indirect of caffeine
inhibition to EMT process and genes has been
reported, most of which are related to migration of
cancer cells (Chen et al., 2014) or down regulation
of EMT-related genes (Al-Ansari and Aboussekh-
ra, 2014; Chang et al., 2017; Fehrholz et al.,
2014). Regardless of its mechanism in the late
administration, the results in this study should pro-
vide information of health awareness for pregnant
women who are intensive intakers of caffeine-
enriched beverage daily. It should be noted that
the dose that we used in this study (2 mg/ D3 em-
bryos (20 g in weight) or equivalent to 100 mg/kg)
is relative lower than LD50 dose in humans (150-
200 mg/kg), the dose which already posted many
severe effects in the ventricle. Consuming high
amount of caffeine daily would encounter a high
risk of exposing pejorative effect of caffeine, of
which its sensitivity towards receptor may depend
on an individual person that exposes to caffeine.
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