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Cyclooxygenase-2 plays a crucial role
during myocardial patterning of developing chick

BHAVAL K. PARMAR, URJA R. VERMA, JUHI A. VAISHNAYV, SURESH BALAKRISHNAN*

Department of Zoology, Faculty of Science, The Maharaja Sayajirao University of Baroda Gujarat, India

ABSTRACT Cyclooxygenase-2 (COX-2),amember of the Cyclooxygenase family, initiates the biosynthesis
of prostanoids that regulates various cellular functions. Our pilot attempt revealed that the administration
of etoricoxib, an inhibitor specific for COX-2, induces abnormal looping in the chicken heart. The present
study attempts to reveal the mechanistic details of etoricoxib-induced abnormal cardiac looping. The
activity of COX-2 was inhibited by administering 3.5 pg of etoricoxib into the egg’s air cell on day zero
of incubation. The gene and protein expression patterns of key mediators of heart development were
then analyzed on day 2 (HH12) and day 3 (HH20). Reduced COX-2 activity altered the expressions of
upstream regulators of organogenesis like Wnt11, BMP4, and SHH in the etoricoxib-exposed embryos.
The observed expression shifts in the downstream regulators of myocardial patterning (MYOCD, HAND2,
GATAA4, GATAS5, and GATAG) in the treated embryos corroborate the above results. In addition, the reduc-
tion in COX-2 activity hampered cardiomyocyte proliferation with a concomitant increase in the apoptosis
rate. In conclusion, the collective effect of altered expression of signaling molecules of myocardial pat-
terning and compromised cardiomyocyte turnover rate could be the reason behind the looping defects

observed in the heart of etoricoxib-treated chick embryos.
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Introduction

Congenital malformations are observed in at least 1% of
newborn babies and conotruncal heart defects pose the highest
in-utero mortality risks (Lutin et al., 1999; Dees et al., 2000). There
is ample evidence suggesting that mortality remains high even
after postnatal surgical repair (Khoshnood et al., 2012), making it
imperative to understand the genesis of these defects.

Research on heart development has witnessed a renaissance
in recent years. We still do not understand the defects’ correlation
with the looping, convergence, and wedging process. As the seg-
ments of the cardiac tube are in sequence and are not separated,
looping creates an inflow and an outflow tract (proximal and distal
tract) (Vanden Hoff et al., 1999). Both inflow and outflow tracts are
brought together craniocaudally through convergence (Yelbuz et
al., 2002). After the tract has converged, the inflow portion of the
tube nestles behind the ventrally placed outflow tract, beginning a
new period of outflow tract adjustment called wedging (Bartelings
and Gittenberger-de, 1989). These processes occur in heart tubes
and develop into a four-chambered heart in aves and mammals.
In aves, the heart tube development starts at day one, and due to

external development, looping patterns are evident in chick em-
bryos of day 2 and day 3. Further, the molecular signaling was also
reported to be similar in the case of aves and mammals, making
the chick embryo an excellent model to study heart development
(Olson, 2006).

Convergence and wedging of the heart tube require multiple
cellular events such as cell proliferation, migration, and differentia-
tion governed by molecules such as Wnts, BMPs, GATAs, and Shh.
The expression of zinc finger transcription factors (GATA4, GATAS5,
and GATAG®6), which are known to regulate cell differentiation and
cell number in the heart field, has been reported to be conserved
throughout the vertebrate lineage (Nemer, 2008; Van Berlo and
Maillet, 2010). During the initiation of the heart tube, myocardin
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Fig. 1. Immunolocalization of COX-2 in the developing heart of control embryos. (A) HH12 (day 2) control embryo (ventral side) shows COX-2 localiza-
tion in the cytoplasm of a single layer of cardiomyocytes of the developing heart tube. The black asterisk indicates the section plane of the heart region.
(B) HH20 (day 3) control embryo (ventral side) shows COX-2 protein expression in the cytoplasm of cells on the outer wall of the heart; also, the trabecula
shows the presence of COX-2. The black asterisk shows the plane of section of the heart region, D <> V: represent Dorsal-Ventral orientation.

expresses in the cells destined to become cardiac muscle (Chen
et al., 2008). Moreover, HAND2 guides the migrating cells of the
heart to achieve symmetry during the looping process (Laurent
et al., 2017). Studies suggested that T-box transcription factors
(TBX) interact with GATA genes, which coherently help sculpt
vertebrates’ hearts (Stennard et al., 2003). GATAS5 assists in
regular cardiomyocyte migration, especially during ventricular wall
compaction. Trabeculation defects and valvular dysfunction have
been identified as consequences of deviated GATAS expressionin
chick embryos (Pérez-Pomares and Pompa, 2011).

Among the variety of regulatory factors regulating cardiac tube
looping and cardiac patterning, a key molecule is COX-2, an induc-
ible isoform of cyclooxygenase that catalyzes the formation of
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Fig. 2. COX-2 assay for day two and day three embryos. Enzyme activity is
expressed as Mean+SEM, n=3, with 30 eggs per group per day. ***p=<0.001.
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PGE, from arachidonic acid (Ricciotti and FitzGerald, 2011). COX-
2 mediated PGE, synthesis plays a crucial role in cellular events
such as proliferation, migration, and differentiation by modulating
the regulators of signaling pathways such as Wnt/B-catenin, BMP,
and TGF-B (Neil et al., 2008; Jana et al., 2016; Buch et al., 2017).
A study by Xu and coworkers showed that COX-2 inhibition using
celecoxib causes defective heart formationand hinders thelooping
of heart tubes in zebrafish embryos (Xu et al., 2011).

A previous study from our laboratory showed that COX-2 inhibi-
tion by etoricoxib causes defects in limb development, vascular-
ization, tissue integrity, and organ patterning in developing chicks,
where the most lethal malformation was found in the heart region
(Verma et al., 2021). This study observed that selective COX-2
inhibition reduces levels of PGE, while the remaining prostanoids
maintain their average titer. Based on these findings and other
reported interactions of COX-2 with different signaling molecules,
we hypothesize that the pathways regulating heart tube looping
and chamber formation might be affected due to COX-2 inhibition,
resulting in developmental heart defects in embryos.

Inorderto validate this notion, the present study inhibited COX-2
activity using etoricoxib, a selective COX-2 inhibitor, and its effects
on the regulators of heart tube looping and chamber formation
were ascertained in day 2 and day 3 chick embryos.

Results

Defective looping of heart tube on HH12 (day 2)

Immunolocalization indicates that COX-2 is located in the cy-
toplasmic region of the heart tube cells (Fig. 1A).

COX-2 activity was recorded in control and etoricoxib-treated
embryos. There was a significant decrease in the COX-2 activity
on day 2 of the developing embryo (Fig. 2, Table S1).

On day 2 (HH 12), the control group embryo showed a typical

147



COX-2 regulates myocardial patterning in chick 375

CONTROL

DAY 2 (HH 12)

D~ v e C. A
PICTORIAL CONTROL

Fig. 3. Etoricoxib exposure causes abnormal heart tube looping in the embryo on day 2. (A) Normal looping of the heart tube found in the control group of
the embryo on the ventral side (the dotted line represents normal looping of the heart).(B-D) Abnormal looping of heart tube in etoricoxib-treated embryos
represented by orange arrowheads. (E) Pictorial representation of day two heart of control embryo.(F) Isolated heart of control embryo.(G-H) Abnormal

looping in isolated heart tube and uneven thickening of the tube. A: Auricle, V: Ventricle, D «» V: represent Dorsal-Ventral orientation.

S-shaped heart tube (Fig. 3A). In contrast, the embryos from the
treatment group showed obvious signs of defective heart loop-
ing. In addition, the rate of heart tube loop malformations was
significantly high in the treated embryos. Aberrations, such as
underdeveloped heart, distorted heart tube, and defective heart
tube curvature, were frequently observed in etoricoxib-treated
embryos (Fig. 3B-D). A visual comparison of heart tissues isolated
from the control and treatment group of day 2 embryos suggests
heart-loop defect (Fig. 3F-H).

Studies involving gene expression were
carried out to determine heart-loop deviation.
The mRNA levels of genes that play a signifi-
cantrole in heart tube patterning and looping,
viz. WNT11, GATAS5, GATA6, and BMP4 were
significantly reduced in the etoricoxib-treated
embryos (Fig. 4A). However, the transcript
levels of genes involved in the looping and
maturation of the cardiomyocytes showed
an aberrant expression pattern under the ab-

A

Fold change

while those of HAND2 decreased in the treated embryo group
compared to control embryos. Relative mMRNA expression levels
of the cardiomyocyte-specific gene, namely MYOCD, also showed
a significant reduction under the etoricoxib treatment (Fig. 4A,
Table S2).

Concomitantimmunoblot analysis for protein revealed reduced
Shh, MyoCD, PCNA, and Cl.Caspase3 levels in treated embryos on
day 2 compared to control embryos (Fig. 4 B,C, Table S4).

Control Treatment

Shh

lation of COX-2 activity. SHH, PCNA, GATA4,
TBX20, and CASP3 mRNA levels increased,

Fig. 4. Expression pattern of genes and protein regu-
lating the looping of heart tube of day two embryos.
(A) mMRNA levels of various genes of cardiogenesis.
Fold changes are expressed as Mean+SEM. Fold
change values for the controlembryois 1.0 for all the
genes, n=3 with 30 eggs per group per day; *p=<0.05;
**p<0.01; ***p=<0.001. (B) Quantification of western
blots by densitometry. Relative band intensities were
normalizedtotheintensity of GAPDH of the respective
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sample; *p<0.05; **p=<0.01; ***p=<0.001. (C) Protein
levelsof Shh,MyoCD,PCNA,and Cl.Caspase3. GAPDH
was taken as a loading control.
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Fig. 5. Abnormal heart tube thickening and differentiation of chambers in the day three embryo. (A) Control embryo has thickening at ventricle walls,
(B-D) Treatment group of the embryo has delayed development of the heart tube and uneven thickening of ventricular walls; the lower panel shows a
pictorial representation of day three heart for normally developing embryo and under the exposure of etoricoxib. A: Auricle, V: Ventricle, D <> V: represent

Dorsal-Ventral orientation.

Aberration in heart chamber formation on HH 20 (day 3)

Immunolocalization of COX-2 showed its expressioninanormally
developed day three embryo. The expression of COX-2 was found
in the inner wall of the developing heart tube and in the trabeculae
region (Fig. 1B).

Embryos from the day three treated group (HH 20) showed a
significant decrease in COX-2 activity (Fig. 2) accompanied by
a high rate of heart abnormalities. The control group displayed
normal development and achieved the characteristic conical
shape with heart tubes differentiated into auricles
and ventricles (Fig. 5A). In contrast, the treated
embryos showed many defects, including abnor-
mal bending of the heart tube and straight heart
tube. Moreover, the heart chambers, atria, and
ventricles are not fully formed in treated embryos
compared to control embryos (Fig. 5 B,D). Key
signaling molecules involved in heart patterning
and functioning wereinvestigated at transcriptand

Fold change

three treated embryos, relative mRNA expression levels exhibited
remarkable downregulation of WNT11, GATA4, GATA6, TBX20,and
BMP4. Likewise, the PCNA, SHH,and HAND2 transcript levels were
conspicuously reduced in treated embryos (Fig. 6A, Table S3).
On the contrary, g-RT PCR analysis of GATA5, MYOCD, and
CASP3 transcripts revealed an appreciable increase in their ex-
pression levels. To further substantiate the data at the transcript
level, a Western blot was performed for key proteins responsible
for cardiac patterning and loop formation. Densitometry analysis

DAY 3

Control  Treatment

protein levels to corroborate the findings. In day

Fig. 6. Expression pattern of genes and proteinregulating
the hearttube thickening and chamber formationin day
three embryos. (A) mRNA levels of various genes of car-
diogenesis. Fold changes are expressed as Mean+SEM.
Fold change values for the control embryo is 1.0 for all
the genes, n=3 with 30 eggs per group per day; ns-non
significant; *p=<0.05; **p=<0.01; ***p=<0.001. (B) Spot den-
sitometry of western blot. Relative band intensities were

arbitary units

Cl.Caspase3

normalized to the intensity of GAPDH of the respective
sample;ns-non significant; *p<0.05;**p<0.01;***p=<0.001.
(C) Proteinlevels of Shh,MyoCD, PCNA and Cl.Caspase3.
GAPDH was taken as a loading control.
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defects in the axial skeleton and died shortly after
birth due to respiratory distress (Shim et al., 2010).
In a typically developing embryo, COX-2 expression
is present to guide organogenesis, which was de-
picted by theimmunolocalization method that clearly
marked its contribution in the developing heart tube
as well as walls of trabeculae on day 3.

The present study showed that when COX-2 ac-
tivity has hampered, apoptosis in developing heart
tubes dramatically increases, and the number of
cardiomyocytes decreases. Additionally, trabeculae
formation and cardiomyocytes condensation are
impaired, leading to erroneous heart chamberforma-

DAY 3 (40X)

tion under inhibition of COX-2 activity.

The Wnt signaling, both canonical and non-
canonical, primarily regulates the heart tube’s initial
pattering, which plays an important role in deciding
the fate of cardiomyocytes (Panduretal.,2002; Piven
and Winata, 2017). In an isolated study, in a quail
embryo, the dominant-negative Wnt11 construct de-
creased the expression of cardiac markers, hence not
allowing cells to differentiate into cardiomyocytesin
quail embryo. The expression of Wnt11 is found ata
very early stage when paraxial plate mesoderm differ-
entiatesin developing chick embryos (Eisenberg and

Fig. 7. Histology of day three heart. (A) Control heart (10X) has a triangular shape and dense
ventricular walls atlower resolution (showed by the black line segment). (B) Etoricoxib treated
heart have thin ventricular walls visible at 10x resolution (showed by the black line segment).
(C) Inset image of control heart showing tightly packed cardiomyocytes showing normal
trabeculation in the control group, magnification 40x. (D) Inset image of treatment group
heart shows lack of cardiomyocytes packing in the ventricular wall. The loose arrangement
of cells in the treated-embryonic heart confirmed the defect of trabeculation at the same

stage as compared to the control group.

of Shh, MyoCD, and PCNA blots showed their levels significantly
reduced under etoricoxib treatment. In contrast, Cl.Caspase3, an
apoptotic marker, has exceptionally high expression levels in the
embryos of the treatment group (Fig. 6 B,C, Table S4).

Additionally, the extent of heart patterning defects in HH 20
embryos was analyzed histologically. Control embryos revealed a
functionally competent ventricular wall with standard compaction
and trabeculation (Fig. 7 A,C). In opposition, the treatment group
showed clear signs of ventricular non-compaction and defective
trabeculation (Fig. 7 B,D).

Discussion

Many studies inmammals and other animal models have shown
that COX-2-derived PGE, is an essential mediator of various physi-
ological and pathological processes (Bondesen et al.,2006; Pakrasi
and Jain, 2008; Ngrregaard et al., 2015). Although studies have
previously implicated the possible association of COX-2-derived
PGE, with an embryonic malformation (Randall etal., 1991),itsrole
in the development of the heart or organogenesis of an embryo is
still unknown. In this study, we hypothesized that aberrant COX-2
expression mightinterfere withembryological development during
acritical period of embryogenesis, especiallyinheart development.
Indeed, the COX-2 single knockout mice fetus exhibited severe
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Eisenberg, 1999). We observed a significant decrease
inWnt11levelinthe heart-formingtissues of day two
and three chick embryos subjected to the selective
inhibitor of COX-2 (etoricoxib). Due to the decrease
in Wnt11 levels in the treatment group of embryos,
the downstream molecules, such as GATA family
members, showed deviated expression patterns.
Furthermore, specific genes and proteins were
analyzed to understand the molecular aspects of
the defects mentioned above. GATAS is one such
transcription factor that regulates myocyte number during heart
development. GATAS decrease in day two embryos hampers the
cardiomyocyte formation, while on day three, it increases, which
can be an outcome of a feedback loop. Its role in migration during
early embryogenesis is also known (Peterkin et al., 2007). Deviant
expression of GATA5was reportedtoinduce trabeculation defects,
valvular dysfunction, epicardia, and mesenchymal malformation
in chick embryos (Chen and Fishman, 2000; Laforest et al., 2011).
Ourfindings also revealed a similar trend in expressing GATA5 and
the anatomical features in the day two and day three embryos. We
found deformed trabeculae in the treated group heart on day 3.
Based on the results highlighted above, it is prudent to presume
that COX-2 inhibition modulates the expression of GATAS.
Another transcription factor that facilitates the migration of
cardiomyocytes is GATAA4. It is reported that GATA4 expresses
during the early stages of heart development, from the migration
of pre-cardiac cells to the complete heart tube formation (Lopez-
Sanchez et al., 2009). It has been observed that in homozygous
GATA4 null mice, the erroneous migration of pro-myocardial
primordia resulted in two independent heart tubes (Molkentin et
al., 1997). The experimental group of embryos showed impaired
expression of GATA4 compared to the control embryos. The data
shows that GATA4 increased on day two and then decreased on
daythree embryos underthe etoricoxib treatment. Reports suggest
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that GATA4 and GATAS5 genes cooperatively in zebrafish perform
functions such as liver and heart organogenesis and myocyte
population regulation. (Singh et al.,2010). There is ample evidence
suggesting that the other GATA gene compensates for each GATA
gene's expression if one gene goes downregulated (Laforest and
Nemer., 2011). The antagonistic expression pattern observed for
GATA4 and GATAS for day two and day three treated embryos
agrees with the above notion.

Recent studies demonstrated that conditional deletion of GATA6
leads to malformation of the cardiac outflow tract and aortic arch
arteries (Lepore et al., 2006). In our studies, the level of the GATA6
transcription factor decreased on day two and day three under the
treatment of etoricoxib. The declined levels of GATAG6 led to defec-
tive outflow track formation in the day three embryo, which was
visiblein histology. Moreover, it has been suggested thatincreased
levels of GATA6 may compensate for the loss of GATA4 in chicks
(Narita et al., 1997). Similar results were also found in our studies
on day three embryos when treated with etoricoxib.

In addition, a vital molecule responsible for cardiac morpho-
genesis is the T-box transcription factor (TBX). The TBX family
members interact with GATA factors and, together, contribute to
sculpting the heart in vertebrates. According to a report, when
TBX20 mutates, heart development is seized at the tube stage
with no further development (Plageman and Yutzey, 2004). More-
over, it has been reported that TBX20 co-express with GATAS and
regulates myocyte population (Laforest and Nemer, 2011). The
morphological observations of day two embryos of the treatment
group revealed looping defects in the heart tube. The transcript
level analysis of TBX20 and GATAS revealed an antagonistic
expression pattern (heightened expression of TBX20 with a con-
comitant reduction in GATAS). It is well known that TBX20 acts
as a transcriptional regulator of the ANF (atrial natriuretic factor).
However, the promoter region of the ANF is responsive to other
factors, one of which is TBX5.

Nevertheless, when TBX5 acts as an activator, TBX20 acts as
a repressor for ANF (Plageman and Yutzey, 2004). This intricate
relationship between T-box transcriptional factors and downstream
genes allows the formation of inflow and outflow tracks, atrioven-
tricular cushions and valves at different time points during cardiac
morphogenesis (Brown et al., 2005). The lowered levels of TBX20
could hinder the standard sculpting of the heart in developing
embryos despite having high levels of GATAS under the etoricoxib
treatment on day 3.

Moreover, the MYOCD gene that directs the myocardin protein
synthesis expresses in an early embryo's heart field (Huang et al.,
2009). The presence of myocardin is reported from the HH9 (day
1) stage of a developing chick when the cardiomyocyte-fated
progenitors start to fuse until the valves and nodes of a developed
heart are fully formed (Brand, 2003). MYOCD protein has also been
reported to have many structural and functional roles in heart de-
velopment, such as cell fusion, cardiomyocyte contractibility, and
more. (Raphel et al., 2012). In the current study, COX-2 inhibition
caused the downregulation of MYOCD compared to control in day
two embryos. It has been informed that MYOCD overexpression
reduces cell death and promotes tissue repairin a murine model of
hindbrain ischemia (Madonna et al.,2013). Therefore, itis believed
that reduced MYOCD expression could be an added reason behind
the apoptosis and ameliorated morphogenesis in the developing
heart tube under the ablated COX-2 activity in day two embryos.
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Additionally, transcriptional factor HAND2 is been shown in the
early heartfieldat HH16, and its downregulation leads to abnormal
correct ventricle formation (Srivastava et al., 1997). It has also
been reported that HAND2 moves to the outflow tract in the later
stages of cardiac looping (Tsuchihashi et al., 2011). Here, treat-
ment was observed to decrease HAND2 expression in embryonic
heart tissue, which, together with a compromised level of MYOCD,
would account for the looping defects noticed in the heart of day
two and day three chick embryos.

SHH is another factor that regulates the right and left looping
of the heart in early-developing embryos. It turns the heart tube in
the right direction, further interacts with HAND, and leads to the
maturation of the heart chambers (Tsuda et al., 1998). In our study,
SHH gene expression increased on day two under the etoricoxib
treatment, while on day three, its levels decreased as compared
to respective controls. Deviant expression of the SHH gene leads
to disruption in the looping pattern of the cardiac tube, which ul-
timately causes congenital heart defects in developing embryos.
SHH signaling pathways are critical in regulating the normal pro-
liferation and migration rate (Dyer and Kirby, 2009).

In this respect, the member of the TGF-B family BMP4 is also
known to control cardiac cell proliferation and differentiation by
interacting with Wnt (Ye et al., 2019). Reports showed that BMP4
provides the left-right integrity of heart structure in developing
zebrafish embryos (Chen et al., 1997). The expression level of
BMP4 was found to decrease in the treated group of day two and
day three embryos. Subsided level of BMP4 suggests its reduced
interaction with Wnt and their downstream molecules, leading to
defective patterning of the heart tube.

The cardiomyocyte population has to be maintained for sculpting
the hearttube. During hearttube development, the cardiomyocytes
are in constantly proliferate (Linask et al., 2005). Initially, when a
heart tube is formed, the apoptosis is found to be minimal; how-
ever, when the heart tube starts differentiating into chambers, the
apoptosis rate in cardiomyocytes increases (Zhao and Rivkees,
2000). The ratio of proliferation and apoptosis maintains the cell
number and progress of heart development. The level of PCNA
in the etoricoxib-treated embryo decreased drastically, while that
of Cl.Caspase3 increased, leading to fewer cells, as seen in the
histology of heart sections.

Overall,due to COX-2 inhibition, a significant signaling molecule
like Wnt11 was affected along with its downstream targets, such
as GATAs and TBXs, which are interconnected for the heart tube
patterning. Alterationinthese might have resulted in the malforma-
tion of the heart in the chick embryo.

COX-2 inhibition resulted in heart tube looping alterations and
defective trabeculation in the ventricular region of day two and
day three chick embryos. The regulatory molecules were affected
when levels of COX-2 went down. Alterations at gene and protein
levels werereflected inthe morphology of the developing heart. Our
findings with chick embryos suggested that COX-2 has a crucial
role in patterning the heart in vertebrates.

Materials and Methods
Animal procurement and maintenance
This study used the fertilized eggs of the Rhode Island Red (RIR)

breed of domestic chicken. They were obtained from the Intensive
Poultry Development Unit, Vadodara, Gujarat, India. Prior to incuba-
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tion, eggs were candled to visualize the air sac and wiped with a
povidone-iodine solution. All experiments were carried out per the
committee’s guidelines for controlling and supervising experiments
on animals (CPCSEA). The institutional animal ethics committee
approved the protocols (IAEC No. MSU-Z/IAEC/09-2020).

Experiment design

Freshly laid eggs were categorized into two different groups,
control, and treatment, randomly after disinfecting with povidone-
iodine solution. All the experiments were performed thrice with 30
eggs in each group. Control and treatment groups of eggs were
punctured at the marked air sac region with a sterile needle under
the laminar airflow (LAF). In the control group of eggs, 50 pl of
Mili-Q water was dispensed. For the treatment group, the same
volume of 70 mg/ml (Low observed effective concentration-LOEC)
etoricoxib prepared in Mili-Q water was administered. Thus, each
treated embryo received 3.5 pg of etoricoxib dissolved in water.

All the experimental eggs were kept in an automated incubator
at37.510.5°C and relative humidity of 70-75% (Forma environmen-
tal chamber, Thermo Scientific USA). The eggs are automatically
rotated every hour and incubated until the desired day embryos
are isolated.

Embryo collection

Embryos were harvested on predetermined days, where their
growth stages were confirmed by following Hamberger Hamilton
(HH) stages of chick development (Hamburgerand Hamilton, 1951).
Embryos belonging to HH stage 12(day 2) and HH stage 20(day 3)
were used for further experimentation and analysis.

Immunohistochemistry

The control embryos of day 2 (HH12) and day 3 (HH20) were
fixed with 4% PFA at room temperature for 1 hour, followed by
sucrose gradient then OCT was used for embedding. 10pm thick
sections were taken through the heart region of the embryos us-
ing a cryostat (Reichert-Jung, cryo-cut). The sectioned embryos
were rehydrated and washed with PBS, and then they were per-
meabilized at room temperature for 30 minutes and blocked. The
embryo sections were blocked with Genei blocking solution for
one hour (Genei Laboratories Private Limited, India). The sections
were incubated at 4 °C overnight with rabbit anti-COX-2 antibody
(1:500 dilution) (Sigma-Aldrich, USA, SAB4200576) and rabbit
anti-Cl.Caspase3 antibody (1:500 dilution) (Sigma-Aldrich, USA,
C8487) followed by secondary antibody goat anti-rabbit Alexa 488
(Invitrogen, USA, Cat no. A-11008) (1:1000 dilution) for one hour
at room temperature in dark condition. Sections were incubated
with nuclear stain DAPI (Invitrogen, USA, Cat no. D1306) for 10
minutes, followed by a wash with PBST and mounted on using
Fluoromount. Imaging was done using Zeiss LSM-710 confocal
microscope and analyzed in Imaged software.

COX activity assay

The heart tissues were collected from both groups on day two
and day three in 0.1 M Tris-EDTA buffer, and 10% homogenate of
tissue was used to estimate COX-2 activity following the manu-
facturer's protocol (Cayman Chemical, USA).

Aselective COX-1 inhibitor SC-560 was used for inhibitory wells.
Allthe wells have assay buffer and heme along with samples (stan-
dard, background, and inhibitory wells). The plate was incubated
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TABLE 1

PRIMER SEQUENCE

Accession
Gene Forward primer Reverse primer number
WNT11 GACCTGGGTATCGATGGGGA GGCTTTCAAGACCTGTCTCC NM_204784
GATA4 GGCATGCCAACATCGAATTTTT CTTGTCCGGGGTACTGTGAG NM_001293106
GATA5 GGCAAAACCTCAACAGGGTC CTTGTCCGGGGTACTGTGAG NM_205421
GATA6 GCGCCCTACGACGGATCTC  GGGTGGTGGGCACGTAGAC NM_205420
TBX20 GATATGCCTACCACCGCTCC  CGTAGAGCCTTGCTGGGAGA NM_204144
MYOCD  GTCCCCCAACAGCCACTATC CGTAGAGCCTTGCTGGGAGA NM_001080715
HAND2 AGCGGCGATGAGTCTTGTG CAGCCGTGAAGTAGGGGTTC NM_204966
SHH TGCTAGGGATCGGTGGATAG ACAAGTCAGCCCAGAGGAGA NM_204821
BMP4 TGGAAGAACGTGTCCATCGC AGACTGGCATGGTGGCTCTC NM_205237
PCNA TGTTCCTCTCGTTGTGGAGT TCCCAGTGCAGTTAAGAGCC NM_204170
CASP3 AAAGATGGACCACGCTCAGG TGACAGTCCGGTATCTCGGT NM_204725
18s rRNA  GGCCGTTCTTAGTTGGTGGA GGCCGTTCTTAGTTGGTGGA XR_005840267

for 10 minutes at room temperature, and 20 pl of the calorimetric
substrate was added last. Absorbance was measured at 590 nm,
whichisthe absorbance maxima of oxidized N,N,N',N'-Tetramethyl-
p-phenylenediamine (TMPD) corresponding amount of peroxidase
activity of COX-2 enzyme. COX-2 activity was calculated with
reference to the total protein in a sample. An unpaired t-test was
performedto determine the significance values between the control
and treatment groups.

g-RTPC

Heart tissues were collected from the isolated embryos of both
control and treatment groups. Total RNA was isolated from heart
tissue using the TRIzol method and quantified through Qubit assay
on a Qubit 3.0 fluorimeter (Life Technologies, USA). One ug of iso-
lated RNA was used to prepare cDNA using a high-capacity reverse
transcription kit (Applied Biosystems, Thermo Fisher Scientific,
USA). Quantitative RT-PCR was performed using LightCycler96
(Roche Diagnostics, USA) as per the following protocol: 32 cycles
consisting of denaturation at 95 °C for 10 sec., annealing at 60 °C
for 30 seconds, and extension at 72 °C for 30 seconds. The spe-
cific products were confirmed by analyzing their melting curves.

Cqvalueswere used forfold change calculation and represented
as 2-22¢agccording to Livak and Schmittgen (Livak and Schmittgen,
2001). The internal control was 18s rRNA for this experiment.
Primers were designed using the online primer blast tool from
NCBI (Table 1).

In order to minimize biological variation, tissue samples col-
lected from three embryos were pooled, and each variable was
analyzed by g-RT PCR, three technical replicates were performed
to reduce experimental errors.

Protein expression analysis

Western blot was performed to determine relative protein
expression in various groups. Heart tissue was collected from
control and treated embryos on days two and three. The tissue was
homogenized in lysis buffer with protease inhibitor. Total protein
was isolated and quantified by Bradfor’'s assay (Bradford, 1976).
30 ug of total protein was electroporated on a 12% polyacrylamide
gel and transferred to PVDF membrane, which was then immu-
nostained for MYOCD (Anti-MYOCD IgG raised in mouse, Sigma
Aldrich, USA, SAB4200539), PCNA (Anti-PCNA IgG raised in rab-
bit, Sigma Aldrich, USA, SAB2108448) and Cl.Caspase3 (Anti-Cl.
Caspase3 IgG raised in rabbit, Sigma Aldrich, USA, C8487) using
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primary antibodies diluted 1:1000 times in assay buffer. GAPDH
(Anti-GAPDH IgG raised in mouse, Sigma Aldrich, USA) was used
as an internal control. Biotinylated secondary polyclonal antibody
IgG (Sigma Aldrich, USA, B8895) type was used and probed using
ALP-BCIP-NBT for color development of the blots. The blots’ band
intensity was measured by densitometry analysis using ImageJ
(Supplementary data).

Histological study

Day three control and etoricoxib-treated embryos were isolated
using the filter ring method, then rinsed in PBS and fixed in 10%
neutral buffer formalin. The tissue was further processed for paraf-
fin wax block preparation. Transverse sections of the heart region
were taken using a microtome. These sections were subsequently
stained with Harris Hematoxylin and Eosin (Thermo Fisher Scientific,
USA). The histological details of the tissue section were visualized
using a Leica DM2500 microscope, and pictures were captured
using an EC3 camera (utilizing LAS EZ software).
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Abstract: A recent study from our lab revealed that the inhibition of cyclooxygenase-2 (COX-2) ex-
clusively reduces the level of PGE:2 (Prostaglandin Ez2) among prostanoids and hampers the normal
development of several structures, strikingly the cranial vault, in chick embryos. In order to unearth
the mechanism behind the deviant development of cranial features, the expression pattern of vari-
ous factors that are known to influence cranial neural crest cell (CNCC) migration was checked in
chick embryos after inhibiting COX-2 activity using etoricoxib. The compromised level of cell adhe-
sion molecules and their upstream regulators, namely CDH1 (E-cadherin), CDH2 (N-cadherin),
MSX1 (Msh homeobox 1), and TGF-B (Transforming growth factor beta), observed in the etoricoxib-
treated embryos indicate that COX-2, through its downstream effector PGE:, regulates the expres-
sion of these factors perhaps to aid the migration of CNCCs. The histological features and levels of
FoxD3 (Forkhead box D3), as well as PCNA (Proliferating cell nuclear antigen), further consolidate
the role of COX-2 in the migration and survival of CNCCs in developing embryos. The results of
the current study indicate that COX-2 plays a pivotal role in orchestrating craniofacial structures
perhaps by modulating CNCC proliferation and migration during the embryonic development of
chicks.

Keywords: cranial neural crest cells; embryogenesis; development; cell migration

1. Introduction

Craniofacial development involves the formation of cranial neural crest cells
(CNCCs) via epithelial-mesenchymal transition (EMT), induction, delamination, and mi-
gration, followed by the morphogenesis of various organs of an organism [1]. The above-
mentioned events are tightly regulated by several genes that coordinate for craniofacial
formation and patterning [2]. CNCCs are clusters of multipotent cells and fate-restricted
progenitors that can differentiate into a multitude of tissue types based on the molecular
signals they receive [3]. Their precursors undergo EMT and migrate from the forebrain,
midbrain, and rhombomeres of the hindbrain to populate at the pharyngeal arches and
contribute to the patterning of head and face structures. Once CNCCs pass through the
EMT process, they begin migration. During migration, they proliferate and increase the
pool of cells. The whole process of CNCC migration and proliferation is governed by var-
ious signaling pathways such as Fgf (Fibroblast growth factors), Wnt (Wingless-related
integration site), TGF-f3, and BMP (Bone morphogenetic protein) [3,4]. When the migra-
tion or differentiation of CNCCs is disrupted, defects of descendant tissues occur, which
result in craniofacial malformations, the most common birth defect in humans [5].

Based on studies involving a wide array of model organisms, it can be construed that
the molecular organizers of CNCC migration are conserved across various classes of ver-
tebrates [4,6,7]. The canonical Wnt/{3-catenin signaling pathway is reported to play a ma-
jor role in the formation and progression of CNCCs, as it influences both delamination
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and migration by interacting with BMP4 and TGF-(3, respectively [8-11]. Delamination is
a collective effort orchestrated by downstream targets of Wnt3A and BMP4 signaling. In-
terestingly, BMP also plays a pivotal role in the specification of CNCCs into glial cell lin-
eages [12]. However, the proximate regulators of TGF-f3 such as Snaill (Zinc finger protein
SNAI1), Twist, MSX1, MSX2, and Sox9 (SRY-related HMG-box genes) maintain the plu-
ripotency of CNCCs during migration. Additionally, TGF-{ decreases the levels of E-cad-
herin, with a concomitant surge in N-cadherin, by regulating the expression of Twist,
Snail, and Slug, which triggers the transition of cells from epithelial to mesenchymal lin-
eage in the neural tube [13].

Among the variety of regulatory factors reported to be expressed during delamina-
tion and migration, one key molecule is COX-2, an inducible isoform of cyclooxygenase,
which catalyzes the formation of PGE: from arachidonic acid [14]. COX-2-mediated PGE:
synthesis plays a crucial role in cellular events such as cell proliferation, migration, EMT,
and differentiation by modulating a myriad of signal transduction pathways such as
Wnt/B-catenin, BMP, and TGF-{3 [15-17]. A study by Jang and coworkers (2009) showed
that COX-2 predominantly induces EMT in colon cancer cells by altering the expression
of E-cadherin [18]. COX-2 is known to regulate the metastasis of cancerous cells by inter-
acting with TGF-{3 and its downstream targets [19].

A study from our lab showed that the inhibition of COX-2 by etoricoxib, an NSAID
(Nonsteroidal anti-inflammatory drug) specific for the isoform, results in developmental
defects in limbs, vascularization, tissue integrity, and the organ patterning of developing
chick, where the second most frequently occurring congenital malformations were in the
craniofacial region after limb defects [20]. In this study, it was also observed that the se-
lective inhibition of COX-2 reduced only the level of PGEz, while the remaining pros-
tanoids maintained their normal titer. Based on these findings and the reported possible
interactions of COX-2 with different signaling molecules, we hypothesize that the path-
ways regulating CNCC delamination and migration might be altered due to COX-2 inhi-
bition, resulting in craniofacial defects in developing embryos. In order to validate this
notion, in the present study, the activity of COX-2 was inhibited using etoricoxib, a selec-
tive COX-2 inhibitor, and its effect on the regulators of CNCC migration and neural tube
closure was ascertained in the chicken embryos.

2. Methodology
2.1. Animal Maintenance

Embryos used for experiments were isolated from eggs of the Rhode Island Red (RIR)
breed of Gallus gallus. RIR eggs were obtained from the Intensive Poultry Development
Block (Vadodara, Gujarat, India). Studies were performed in accordance with the guide-
lines set by the national regulatory authority for experiments on animals, the CPCSEA,
and the protocols were approved by the Institutional Animal Ethics Committee (IAEC;
No. MSU-Z/IAEC/09-2020).

2.2. Experimental Design

The eggs were randomly divided into control and treatment groups. Before treat-
ment, air cells were marked by candling the eggs, and thereafter, eggs were wiped with
povidone—iodine solution. The precise volume of drug or vehicle was administered into
the air cells of the eggs by using an insulin syringe in a sterile laminar flow cabinet.

Technical-grade etoricoxib (a generous gift from Sun Pharma Advanced Research
Company (Vadodara, India)) was used for the dosing of embryos. The solution of etoricoxib
was prepared in Milli-Q water by sonication for 2 h at room temperature. Treatment-group
eggs were administered with 50 uL of 0.07 mg/mL of etoricoxib. A dose of 0.07 mg/mL (low-
est observed adverse effect level) was selected based on a previous dose range study con-
ducted in our lab [20]. The final dose concentration injected in each egg was 3.5 pug (w/v) of
etoricoxib. Control-group eggs were treated with 50 uL of Milli-Q water.
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After dosing, eggs were incubated at 37 + 0.5 °C and 67 + 2% relative humidity in a
sterile Forma environmental chamber (Thermo Fisher Scientific, USA) until Days 1-3 of em-
bryonic development. These embryos were analyzed for mortality and morphological de-
formities. For all sets of experiments, 30 and 50 eggs, respectively, were used for control and
experimental groups to circumvent treatment-induced variance. The Sun-Shepard formula
was used to nullify the differences due to the varied sample sizes among groups [21].

2.3. Histological Study

Embryo isolation was carried out by the filter ring method. The isolated embryos
were rinsed with PBS (Phosphate buffered saline) and fixed with 10% neutral buffered
formalin. They were further processed, and paraffin wax blocks of the tissue samples were
prepared. Transverse sections of Day-2 embryos were taken using a microtome. These
sections were subsequently stained with Harris’ hematoxylin and eosin (Thermo Fisher
Scientific, Waltham, MA, USA). Histological details of the prepared samples were visual-
ized using a Leica DM2500 microscope, and images were captured using an EC3 camera
(utilizing LAS EZ software).

2.4. Western Blot

Total protein was isolated from the head region of the embryos using a lysis buffer
containing a protease inhibitor under cold conditions. The Bradford method was used for
protein quantification. Proteins were resolved by Polyacrylamide gel electrophoresis
(PAGE), consisting of 12% resolving and 4% stacking gels. The resolved proteins were
transferred on a Polyvinylidene fluoride (PVDF) membrane by the semidry transfer
method. The PVDF membrane was immune-stained for N-cadherin, E-cadherin, vi-
mentin, FoxD3, PCNA, cleaved Caspase-3, and Sox2 by using respective monoclonal an-
tibodies (Sigma Aldrich, St. Louis, MO, USA) diluted in assay buffer in 1:1000 ratios.
GAPDH (Glyceraldehyde-6-phosphate dehydrogenase) was used as the internal control
for protein levels. Biotinylated secondary antibodies were used to generate colored bands
on the membrane.

2.5. COX-2 Activity Assay

COX-2 activity was measured by using a kit-based assay (Cayman Chemical, Ann
Arbor, ML, USA). The control, treatment, negative control, and positive control were as-
sessed as per the manufacturer’s description. Specific activity was calculated by dividing
the total protein values derived from the Bradford assay. Statistical significance of the data
was calculated by performing a multiple ¢-test.

2.6. RNA Isolation and Quantitative RT-PCR

Total RNA was isolated on Days 1-3 from the head region of embryos using the TRIzol
method (Invitrogen, Waltham, MA, USA) and by following the manufacturer’s instructions.
The One-Step cDNA Synthesis Kit (Applied Biosystems, Foster City, CA, USA) was used to
create cDNA from isolated RNA. Gene amplification reactions were performed using Light-
Cycler96 (Roche Diagnostics, Rotkreuz, Switzerland) and primers for genes WNT3A, TGFB,
CDH1, CDH2, VIM, TWIST, MSX1, PCNA, CASP3, and 185 rRNA (Table 1) to identify their
relative quantities in the control and treated embryos. The program was set as follows: 3
min at 95 °C for initial melting, 35 cycles (each cycle of 10 s at 95 °C, 10 s at 60 °C, and 10 s
at 72 °C), and a final step of 60 s at 65 °C for extra extension. Melting curves for each well
were used to confirm the specificity of the products. 185 rRNA was used as an internal load-
ing control. Mean Cq values of the control gene expression were normalized with the inter-
nal control gene expression of each group. Fold change in the expression of both genes com-
pared to the control group was calculated using 2441 values as described by Livak and
Schmittgen [22]. Data were analyzed by a Student’s f-test for significance of the mean dif-
ference (GraphPad Software Inc., La Jolla, CA, USA).
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Table 1. Oligonucleotide primers used for RT-PCR analysis.

Gene Product
Forward Primer (5’-3") Reverse Primer (5-3) NCBI Ref ID Length
Name
(bp)
WNT3A TCGGAAACTCCCCTTTCAGC TGCTCATCTTGCCTGGAG NM_204675.2 106
TGFB TCGACTTCCGCAAGGATC CCCGGGTTGTGTTGGTT HE646744.1 148

CDH1 GAAGACAGCCAAGGGCCTG TCTGGTACCCTACCCTCTTG  NM_001039258.2 183
CDH2 AGCCCAGGAGTTTGTAGTG TTTGGTCCTTTTCTGAGGCCC  XM_025147080.1 114

VIM GACCAGCTGACCAACGA GAGGCATTGTCAACATCC NM_001048076.2 158
TWIST CGAAGCGTTCACGTCGTTAC  TAGCTGCAATTGGTCCCTCG NM_204739.2 156
MSX1 CTTACATAGGGCCGAGCCG  CAGGCACAGAACAGATCCCA  NM_205488.2 66

PCNA  TGTTCCTCTCGTTGTGGAGT TCCCAGTGCAGTTAAGAGCC NM_204170.2 105
CASP3  AGTCTTTGGCAGGAAAGCCA CAAGAGTAATAACCAGGAGCG XM_015276122.2 195
185
rRNA

GGCCGTTCTTAGTTGGTGGA  TCAATCTCGGGTGGCTGAAC NR_003278.3 144

3. Results
3.1. COX-2 Activity

Etoricoxib at a dose of 0.07 mg/mL was administered into the air sacks of fertile eggs
on Day-0 and to check its inhibitory effects, and a COX-2 activity assay was performed. A
significant decrease in COX-2 activity was recorded in the treated embryos during the
early developmental stages, namely Hamburger-Hamilton stage 6 (Day-1), HH 12 (Day-
2), and HH 20 (Day-3), known for EMT and CNCC migration, respectively, compared to
the control group (Figure 1). Further, it was noticed that COX-2 inhibition led to a mar-
ginal yet significant increase in the mortality of embryos at all the stages studied, i.e., Days
1-3 (Table 2). Hence, 50 eggs were incubated for each group to ensure the extraction of 30
live embryos for a given experiment.

Table 2. Mortality analysis of chick embryos.

Group Day-1 Day-2 Day-3
Control 2(1,4) ¥ 2 (1,6) *** 3(2,7)
Treatment 10 (8,13) 13 (8,15) 13 (9,15)

Mortality observed on Days 1-3 of embryonic development in the control and etoricoxib-treated
groups. Values are expressed as mode with the range in parentheses; *** p < 0.001.
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Figure 1. Activity of COX-2 during early development of chick embryos. COX-2 activity in the
control and etoricoxib-treated groups of chicks on Days 1-3; *** p <0.001.
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3.2. Gross Morphology

The sculpting of cranial features coincides with early embryogenesis; hence, the mor-
phology of the cephalic region was studied on Day-1, Day-2, and Day-3 chick embryos.
The control-group embryos on Day-1 showed a well-formed neural tube and rhombo-
meres (Figure 2A), whereas in the treated group, the head fold was disrupted, and the
neural tube remained distorted and incompletely formed (Figure 2B-E). Furthermore, on
Day-2, embryos of the control group showed defined morphology, with a compact neural
tube, perfectly formed rhombomeres, an optic vesicle, and an optic stalk (Figure 3A),
while the treated embryos displayed improper closure of the neural tube, a reduced num-
ber of somites, and distorted rhombomeres and optic stalks (Figure 3B-D). By the third
day, control-group embryos showed a well-structured curved head, perfectly formed op-
tic vesicles, and pharyngeal arches, where neural crest cells further differentiated to form
various structures such as frontonasal processes and a mandible (Figure 4A). However,
etoricoxib-treated embryos showed a malformed head with no optic vesicle and pharyn-
geal arches (Figure 4B-D).

Day-1 Control Day-1 Treatment

W

Fold change

e

0,01
NN SN > P
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SFEFFTIT S T
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N-Cadherin = s
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Caspase-3 .- iy g—
Sox2 \.—-—3' AN

Genes
GAPDH s ———
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Figure 2. Morphological and molecular aberration due to COX-2 inhibition in the Day-1 embryo. (A) Control embryo with
a well-developed neural tube, somite, and neural fold meet at the midbrain level; (B) Etoricoxib-treated embryos have a
defective neural fold formation and meet at the forebrain level (orange arrowheads); (C) Etoricoxib-treated embryo show-
ing delayed development and an abnormal neural fold formation (orange dotted square); (D) Fusion of neural folds im-
paired in the etoricoxib-treated embryo (orange dotted square); (E) Distorted neural fold marked by an orange arrowhead
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in the etoricoxib-treated embryo; (F) mRNA expression pattern of the genes involved in regulation of neural crest cell
migration in etoricoxib-treated embryo. Values are expressed as fold change (mean + SEM). Fold change values are com-
pared with the control embryo for all genes (ns: non-significant, *: p < 0.05, **: p < 0.01, **: p < 0.001); (G) Western blot
image showing the comparative expression of various proteins (E-cadherin, N-cadherin, PCNA, Caspase-3 and Sox2) on
Day-1. GAPDH was taken as the loading control (n = 3 with 30 eggs per group).
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Figure 3. Morphological and molecular changes under COX-2 inhibition in the Day-2 embryo. (A) Control embryo with a
well-developed primary optical vesicle and optic stalk (red arrowhead) and three primary brain vesicles are clearly visible
(where F—forebrain, H—hindbrain, M—midbrain, and NT —neural tube); (B) Etoricoxib-treated embryo showing an open
neural tube (blue arrowhead), incomplete forebrain and optic vesicle (red arrowhead), and a reduced number of somites;
(C) The forebrain, midbrain and hindbrain are not formed, with the absence of an optic stalk and an optic vesicle (blue
dotted square) in the Day-2 etoricoxib-treated embryo; (D) Deformed forebrain region, optic stalk, and optic vesicle are
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not formed (blue dotted square), and fewer somites are formed in the etoricoxib-treated embryo; (E) Transcript-level ex-
pression of genes involved in the migration of neural crest cells in etoricoxib-treated Day-2 embryo. Values are expressed
as fold change (mean + SEM). Fold change values of treated embryo are compared with respective controls for all the genes
(**: p<0.01, **: p <0.001); (F) Western blot image showing the comparative expression of E-cadherin, N-cadherin, FoxD3,
vimentin, PCNA, Caspase-3. and Sox2 on Day-2. GAPDH was taken as the loading control (n = 3 with 30 eggs per group).
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Figure 4. Morphological and molecular observations of Day-3 embryo after treatment. (A) Control embryo showing a
completely developed forebrain, midbrain and hindbrain, visceral clefts, limb buds, and a primitive eye (black arrow-
head); (B) Treated embryo indicating poorly developed brain regions (black arrowheads), the absence of a visceral cleft
(yellow dotted line), and limb buds; (C) Day-3 etoricoxib-treated embryo showing the absence of distinct brain regions,
abnormal curving of the body, visceral clefts not formed (yellow dotted line), and the absence of a primitive eye (black
arrowhead); (D) Etoricoxib-treated embryo showing an abnormal visceral cleft (yellow dotted line), and the head region
is defectively formed (brown dotted line); (E) Transcript level of genes regulating head formation and neural crest cell
migration in the etoricoxib-treated Day-3 embryo. Values are expressed as fold change (mean + SEM). Fold change values
of treated embryo are compared with respective controls for all the genes (ns: non-significant, *: p < 0.05, **: p < 0.01); (F)
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Western blot image showing the comparative expression of E-cadherin, N-cadherin, FoxD3, vimentin, PCNA, Caspase-3,
and Sox2 on Day-3. GAPDH was taken as the loading control (n =3 with 30 eggs per group).

3.3. Histological Observations

The extent of hindrance in the migration of cranial neural crest cells upon COX-2
inhibition was studied by the differential staining of Day-2 chick embryos using hematox-
ylin and eosin stains. The control embryos showed well-formed CNCCs, migrating to-
ward the dorsal side of the neural tube, and a perfectly formed sclerotome (Figure 5A). In
contrast, treated embryos showed sparsely distributed CNCCs, indicating delayed for-
mation and migration. The architecture of the sclerotome was also found improper (Fig-
ure 5B).

Figure 5. Histology of chick embryos in the transverse section. (A) Day-2 control with well-devel-
oped neural crest cells migrating towards the ventral side of the neural tube (red arrowheads); (B)
Day-2 etoricoxib-treated embryo, showing less number of neural crest cells formed along with
delayed migration (red arrowheads) (where E—epithelium, NT —neural tube, and S—sclerotome).

3.4. Expression of Genes Involved in EMT and CNCC Migration.

As mentioned previously, during CNCC migration, Wnt/3-catenin and TGF-{3, along
with their downstream molecules, play an important role in EMT, cell survival, and pro-
liferation. Hence, the transcriptional status of WNT3A, TGFB, MSX1, TWIST, CDH]I,
CDH2, VIM, PCNA, and CASP3 was examined across all three days in the control and
treated embryos. On Day-1, the treated embryos elicited a significant reduction in the ex-
pression of WNT3A, while TGFB transcripts reduced marginally compared to the control.
Meanwhile, MSX1 showed a remarkable ten-fold increase in the treated embryos. TWIST
transcripts increased negligibly in the treated embryos, along with a conspicuous increase
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in the CDHI1 gene expression on Day-1 compared to control embryos. A noticeable reduc-
tion in CDH2 and VIM gene expression was recorded in COX-2-inhibited embryos on
Day-1. PCNA and CASP3 significantly decreased simultaneously (Figure 2F). On Day-2,
the etoricoxib-treated embryos showed a remarkable reduction in the expression of the
migration of specific genes, namely WNT3A, TGFB, MSX1, TWIST, CDH2, and VIM,
whereas CDH1 and CASP3 transcripts increased significantly (Figure 3E). PCNA, a
known cell proliferation marker, reduced noticeably on Day-2 compared to the control.
Furthermore, on Day-3, the levels of WNT3A, TGFB, VIM, and PCNA transcripts de-
creased significantly, and MSX1 expression slightly increased in the treated embryos.
TWIST showed a marginal elevation at this time, while a significant increase in the levels
of CDH1, CDH2, and CASP3 was observed (Figure 4E).

3.5. Levels of Proteins Involved in EMT and CNCC Migration

The protein expression of key regulators of EMT, CNCC proliferation, apoptosis, and
migration such as E-cadherin, N-cadherin, FoxD3, vimentin, PCNA, cleaved Caspase-3,
and Sox2 was measured by Western blot, followed by a densitometric analysis of the
bands. The results revealed a significant upregulation of E-cadherin in the treated em-
bryos compared to the respective control embryos across all three stages studied (Figures
2G, 3F, and 4F). On Day-1, N-cadherin reduced significantly in the treated embryos, which
also continued for the following stages (Days-2 and 3) compared to the control. FoxD3
protein expression was not detected on Day-1 in both control and treated embryos, while
on Day-2, it reduced remarkably in the treatment group. Furthermore, on Day-3, the level
of FoxD3 remained low in the treated embryos compared to the control (Figures 3F and
4F). Another crucial EMT regulator, namely vimentin, was not recorded in both control
and treated Day-1 embryos, while the Day-2 treated embryos showed no visible alteration
compared to the respective control. However, on Day-3, treated embryos expressed a
slight reduction in their expression compared to the Day-3 control. Parallel analysis of
PCNA revealed that, compared to the control, its expression remained unaltered on Day-
1 (Figure 2G) and further plunged significantly at the following stages (Days-2 and 3)
(Figures 3F and 4F). Cleaved Caspase 3, on the other hand, reduced marginally on Day 1
in the treated embryos, while its level significantly increased on Day-2 compared to the
respective controls. On Day-3, its level elevated negligibly compared to the respective
control. Further, Sox2 levels decreased on Day-1 and subsequently on Days-2 and 3 in the
treated group of embryos compared to the respective controls.

4. Discussion

Cranial neural crest cells are the most important pool of progenitors and migrate and
form various structures of the facial region such as frontonasal, maxillary, and mandibular
prominence in developing embryos [23]. In order to understand the mechanisms under-
lying CNCC migration, which plays a crucial role in the early development of craniofacial
structures, the avian model is found to be most suitable. It is closely related to mammals,
and the migration pattern of CNCCs is identical and conserved in both these classes of
chordates [24]. The factors responsible for CNCC migration are widely accepted to be con-
served across various classes of vertebrates. One such factor is COX-2, a member of the
cyclooxygenase family involved in cellular processes such as proliferation, migration, an-
giogenesis, and differentiation [14,15,25]. It is found to be present during the developmen-
tal period of the embryo, which regulates the sculpting of various organs [20]. It is con-
served among vertebrate species, but its role in embryonic development is still not very
well explored. In zebrafish, COX-2-derived PGE2 promotes embryonic vasculature matu-
ration [26,27]. These studies substantiate that COX-2 is involved in the governance of cel-
lular and molecular processes required during the early development of embryos. Hence,
in the current study, the involvement of COX-2 in craniofacial patterning was investigated
by using its specific pharmacological inhibitor, etoricoxib.
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The administration of etoricoxib hampered CNCC migration and survival, resulting
in several downstream morphological defects such as incomplete head vesicle formation,
the absence of an optic vesicle, and defective neural tube formation [28-31]. As all these
are the effects of abnormal CNCC migration or insufficient CNCC survival, the present
study focused on the expression patterns of underlying signaling molecules that contrib-
ute to craniofacial patterning via CNCC fate determination. A COX-2 activity assay was
performed to confirm the inhibition triggered by etoricoxib addition. COX-2 is known to
be localized at the region of the neural tube in developing embryos at Days 1-3 [20,32]. In
the present results, a reduction in COX-2 activity also caused an alteration in the levels of
major regulators of the CNCC migration pathways in the treatment group of embryos.
The expression of TGF-3 and Wnt3A, along with their downstream signaling factors
TWIST, MSX1, Sox2, FoxD3, vimentin, CDH1, and CDH2, was found disturbed under
COX-2 inhibition in the current work.

Buch and colleagues illustrated an alteration in Wnt/p-catenin signaling under the
inhibition of COX-2, which hampers the regeneration of the lizard tail [33]. The involve-
ment of Wnt3A in the delamination of CNCC has been reported during the early embry-
ogenesis of chicks [34,35]. In the current study, a significant reduction in the expression of
WNT3A was noticed upon COX-2 inhibition. Its mRNA level decreased on Day 1 and
continued to stoop across Days 2 and 3 in the etoricoxib-treated embryos compared to the
respective controls (Figures 2F, 3E, and 4E). A decreased WNT3A would have led to a
smaller number of CNCCs formed under etoricoxib treatment. Histology results showed
that the CNCCs formed were disoriented and lesser in number compared to the control,
hence proving the impact of reduced COX-2 activity on normal CNCC formation and mi-
gration during early development.

Wnt and TGEF-3 are known to cooperate in processes involved in EMT [36]. In this
case, along with Wnt, TGF-f also showed an unstable trend in Day-1, Day-2, and Day-3
embryos treated with etoricoxib. The gene expression of TGF-f3 continuously reduced
across all stages in the treated embryos. Sela-Donenfeld and Kalcheim reported that an
alteration in TGF-f3 disturbs the migration pattern, as it plays a crucial role in the switch-
ing of cadherins during CNCC delamination [37]. MSX1 and TWIST, the downstream me-
diators of TGF-f3, also showed an alteration in gene expression at all stages (Days 1-3) in
the etoricoxib treatment group.

Among the downstream regulators of TGF-3, MSX1 controls cellular proliferation
and differentiation during early embryonic development. It is highly expressed in CNCCs
and plays an important role in regulating the EMT process during embryonic develop-
ment [38]. In the current results, a significant increase in MSX1 gene expression on Day-1
was followed by a continuous reduction on Day-2 and 3, which substantiates the results
obtained through histology. The CNCCs might have delaminated on Day-1 due to an el-
evation in MSX1 gene expression, although they could not survive or migrate to their des-
tined locations under reduced COX-2 activity. Parallel to MSX1, TWIST gene expression
also showed concomitant changes at the initial stages observed here, which further con-
solidates the idea of cell survival and cell turnover running concurrently to each other
[39,40]. In normal conditions, a decline in the level of TWIST causes CNCC to reside in
pharyngeal arches and acquire their fates at later stages of migration. In our study, the
level of TWIST remained high even at later stages (until Day-3) under the influence of a
COX-2 antagonist. This might have hampered the ability of CNCCs to proliferate and dif-
ferentiate to form a well-organized cranial feature.

It is well established that epithelial cells undergo an EMT process when E-cadherin
is repressed and the cell-cell adhesion is negatively affected. This further leads to cysto-
skeletal changes in the cells, thus allowing motility [13]. In addition, the loss of N-cadherin
is known to cause an interruption in the directed migration phenotype in Xenopus neural
crest cells [41]. On the other hand, EMT is a function of well-regulated levels of E-cadherin,
N-cadherin, and vimentin [42-44]. A decline in CDHI and an escalation in CDH2 levels
lead to the initiation of EMT in the neural tube to form neural crest cells [45]. In the present
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study compared with respective controls, embryos facing compromised COX-2 activity
displayed an increase in E-cadherin both at the gene and protein levels, along with a sub-
sequent reduction in vimentin and N-cadherin on Days-1 and 2, which visibly impeded
both CNCC formation and migration. However, by Day-3, both CDH1 and CDH2 in-
creased back to a similar level, which could be due to the compensatory nature of the
embryo. Meanwhile, the gene and protein levels of vimentin remained low, even on the
third day, indicating the disturbed EMT. This resulted in perturbed patterning of the head
region, optic vesicle, and neural tube in the treated embryo.

Furthermore, the expression of FoxD3 was checked, as it is a pivotal marker of
CNCCs, facilitating their survival [46,47]. It has been documented that FoxD3 regulates
the expression of cell adhesion molecules such as E-cadherin and N-cadherin [48]. In the
current study, its protein level expression was recorded from Day-2 onward in both the
control and treatment groups. This reinforces the fact that FoxD3 expression only begins
after the HH 8 stage in a developing chick embryo [49]. In the treated embryos, FoxD3
protein expression plunged on both Days-2 and 3 compared to the respective controls.
This implies the deleterious effects of the drug on the CNCC titer and also its migration.

In order to comment on the cell proliferation in CNCCs, the PCNA transcript and
proteins were checked and found to be significantly reduced across all three days in the
treated embryos compared to control embryos. In accordance with these data, cleaved
Caspase-3 also showed a major upregulation in gene and protein expression at the three
stages in the treatment group. These results direct toward the derailed cell proliferation
of the delaminated CNCC due to the lacking PCNA status, while an analogous rise in the
level of Caspase triggers cell death instead. Overall, CNCCs are unavailable for the nor-
mal patterning of frontonasal prominence in the treated embryos due to the deleterious
impact of perturbed COX-2 function. A pictorial overview of the result is presented in
Figure 6.

N-cadherin¥
YFoxD3 E-cadherin A
Vimentin¥

Figure 6. Expression pattern of genes downstream COX-2 upon etoricoxib treatment: a pictorial
overview.
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Based on our observations, it could be construed that COX-2, perhaps through its
downstream effector PGE:, regulates the temporal expression pattern of the factors re-
sponsible for CNCC formation, proliferation, and migration. Any alteration in the normal
titer of COX-2 by accidental prenatal exposure to its commonly used pharmacological in-
hibitors would result in craniofacial dysmorphism, as observed in the current study due
to dysregulation of cranial patterning.

Author Contributions: The work was conceived by S.B. Data acquisition and analysis were con-
ducted by B.P. and U.V. The manuscript was drafted by B.P., U.V. and K.K. The draft was reviewed
by D.D. and S.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any specific grant from any funding agencies.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Animal Ethics Committee (IAEC) Ref No.
MSU-Z/TAEC/09-2020 of The Maharaja Sayajirao University of Baroda, Vadodara, as per the guide-
lines of Committee for the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA), Govt. of India. All the experiments were performed as per the ethical approval and pro-
tocols.

Informed Consent Statement: Not Applicable.
Data Availability Statement: The data presented in this study are available within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

10.

11.

12.
13.

14.
15.

16.

17.

18.

19.

Fish, J.L. Developmental mechanisms underlying variation in craniofacial disease and evolution. Dev. Biol. 2016, 415, 188-197.

Suzuki, A.; Sangani, D.R.; Ansari, A.; Iwata, ]. Molecular mechanisms of midfacial developmental defects. Dev. Dyn. 2016, 245,
276-293.

Snider, T.N.; Mishina, Y. Cranial neural crest cell contribution to craniofacial formation, pathology, and future directions in
tissue engineering. Birth Defects Res. Part C Embryo Today Rev. 2014, 102, 324-332.

Alfandari, D.; Cousin, H.; Marsden, M. Mechanism of Xenopus cranial neural crest cell migration. Cell Adhes. Migr. 2010, 4, 553—
560.

Trainor, P.A. Craniofacial birth defects: The role of neural crest cells in the etiology and pathogenesis of Treacher Collins syn-
drome and the potential for prevention. Am. ]. Med Genet. Part A 2010, 152, 2984-2994.

Vaglia, J.L.; Hall, B.K. Patterns of migration and regulation of trunk neural crest cells in zebrafish (Danio rerio). Int. . Dev. Biol.
2002, 44, 867-881.

Kulesa, P.; Ellies, D.L.; Trainor, P.A. Comparative analysis of neural crest cell death, migration, and function during vertebrate
embryogenesis. Dev. Dyn. An Off. Publ. Am. Assoc. Anat. 2004, 229, 14-29.

Dorsky, R.I; Moon, R.T.; Raible, D.W. Environmental signals and cell fate specification in premigratory neural crest. Bioessays
2000, 22, 708-716.

Wu, J; Saint-Jeannet, ].P.; Klein, P.S. Wnt—frizzled signaling in neural crest formation. Trends Neurosci. 2003, 26, 40—45.

Basch, M.L.; Bronner-Fraser, M. Neural crest inducing signals. In Neural Crest Induction and Differentiation; Springer: Boston,
MA, USA, 2006; pp. 24-31.

Ezin, A.M; Fraser, S.E.; Bronner-Fraser, M. Fate map and morphogenesis of presumptive neural crest and dorsal neural tube.
Dev. Biol. 2009, 330, 221-236.

Gilbert, S.F. The morphogenesis of evolutionary developmental biology. Int. |. Dev. Biol. 2003, 47, 467-477.

Yang, J.; Weinberg, R.A. Epithelial-mesenchymal transition: At the crossroads of development and tumor metastasis. Dev. Cell
2008, 14, 818-829.

Ricciotti, E.; FitzGerald, G.A. Prostaglandins and inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986-1000.

Wu, G; Luo, J; Rana, J.S.; Laham, R.; Sellke, F.W.; L, J. Involvement of COX-2 in VEGF-induced angiogenesis via P38 and JNK
pathways in vascular endothelial cells. Cardiovasc. Res. 2006, 69, 512-519.

Sharma, P.; Suresh, B. Influence of COX-2-Induced PGE: on the Initiation and Progression of Tail Regeneration in Northern
House Gecko, Hemidactylus flaviviridis. Folia Biol. 2008, 54, 193-201.

Jana, S.; Chatterjee, K.; Ray, A K.; DasMahapatra, P.; Swarnakar, S. Regulation of matrix metalloproteinase-2 activity by COX-
2-PGE2-pAKT axis promotes angiogenesis in endometriosis. PLoS ONE. 2016, 11, e0163540.

Jang, T.J.; Jeon, K.H.; Jung, K.H. Cyclooxygenase-2 expression is related to the epithelial-to-mesenchymal transition in human
colon cancers. Yonsei Med. ]. 2009, 50, 818-824.

Neil, J.R.; Johnson, K.M.; Nemenoff, R.A.; Schiemann, W.P. COX-2 inactivates Smad signaling and enhances EMT stimulated
by TGF- through a PGE: dependent mechanisms. Carcinogenesis 2008, 29, 2227-2235.

Appendix-1 Publications from thesis 167



J. Dev. Biol. 2021, 9, 16 13 of 13

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Verma, U.; Gautam, M.; Parmar, B.; Khaire, K.; Wishart, D.S.; Balakrishnan, S. New insights into the obligatory nature of cy-
clooxygenase-2 and PGE: during early chick embryogenesis. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids 2021, 1866, 158889.
Parsad, R. Some Statistical Techniques for Bio-efficacy Trials. Indian |. Agric. Sci. 2010, 16, 62-76.

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2- AACT
method. Methods 2001, 25, 402-408.

Santagati, F.; Rijli, F.M. Cranial neural crest and the building of the vertebrate head. Nat. Rev. Neurosci. 2003, 4, 806-818.

Stern, C.D. The chick: A great model system becomes even greater. Dev. Cell 2005, 8, 9-17.

Evans, C.B,; Pillai, S.; Goldyne, M.E. Endogenous prostaglandin E2 modulates calcium-induced differentiation in human skin
keratinocytes. Prostaglandins Leukot. Essent. Fat. Acids 1993, 49, 777-781.

Grosser, T.; Yusuff, S.; Cheskis, E.; Pack, M.A,; FitzGerald, G.A. Developmental expression of functional cyclooxygenases in
zebrafish. Proc. Natl. Acad. Sci. USA 2002, 99, 8418-8423.

Ugwuagbo, K.C.; Maiti, S.; Omar, A.; Hunter, S.; Nault, B.; Northam, C.; Majumder, M. Prostaglandin E2 promotes embryonic
vascular development and maturation in zebrafish. Biol. Open 2019, 8, bio039768.

Grocott, T.; Johnson, S.; Bailey, A.P.; Streit, A. Neural crest cells organize the eye via TGF-$ and canonical Wnt signalling. Nat.
Commun. 2011, 2, 265.

Beebe, D.C.; Coats, ].M. The lens organizes the anterior segment: Specification of neural crest cell differentiation in the avian
eye. Dev. Biol. 2000, 220, 424-431.

Le Douarin, N.M.; Brito, ].M.; Creuzet, S. Role of the neural crest in face and brain development. Brain Res. Rev. 2007, 55, 237—
247.

Graham, A.; Begbie, J.; McGonnell, I. Significance of the cranial neural crest. Dev. Dyn. An Off. Publ. Am. Assoc. Anat. 2004, 229,
5-13.

Geliflimine, E.N. The effects of meloxicam on neural tube development in the early stage of chick embryos. Turk. Neurosurg.
2010, 20, 111-116.

Buch, P.R; Sarkate, P.; Uggini, G.K.; Desai, I.; Balakrishnan, S. Inhibition of cyclooxygenase-2 alters Wnt/B-catenin signaling in
the regenerating tail of lizard Hemidactylus flaviviridis. Tissue Eng. Regen. Med. 2017, 14, 171-178.

Dorsky, R.I; Moon, R.T.; Raible, D.W. Control of neural crest cell fate by the Wnt signalling pathway. Nature 1998, 396, 370-373.
Patthey, C.; Gunhaga, L.; Edlund, T. Early development of the central and peripheral nervous systems is coordinated by Wnt
and BMP signals. PLoS ONE. 2008, 3, e1625.

Yang, Y.M.; Yang, W.X. Epithelial-to-mesenchymal transition in the development of endometriosis. Oncotarget 2017, 25, 41679—
41689.

Sela-Donenfeld, D.; Kalcheim, C. Regulation of the onset of neural crest migration by coordinated activity of BMP4 and Noggin
in the dorsal neural tube. Development 1999, 126, 4749-4762.

Han, J.; Ishii, M.; Bringas, P., Jr.; Maas, R.L.; Maxson, R.E., Jr.; Chai, Y. Concerted action of Msx1 and Msx2 in regulating cranial
neural crest cell differentiation during frontal bone development. Mech. Dev. 2007, 124, 729-745.

Satokata, I.; Maas, R. Msx1 deficient mice exhibit cleft palate and abnormalities of craniofacial and tooth development. Nat.
Genet. 1994, 6, 348-356.

Soo, K.; O'Rourke, M.P.; Khoo, P.L.; Steiner, K.A.; Wong, N.; Behringer, R.R.; Tam, P.P. Twist function is required for the mor-
phogenesis of the cephalic neural tube and the differentiation of the cranial neural crest cells in the mouse embryo. Dev. Biol.
2002, 247, 251-270.

Theveneau, E.; Marchant, L.; Kuriyama, S.; Gull, M.; Moepps, B.; Parsons, M.; Mayor, R. Collective chemotaxis requires contact-
dependent cell polarity. Dev. Cell 2010, 19, 39-53.

Thiery, ].P.; Acloque, H.; Huang, R.Y.; Nieto, M.A. Epithelial-mesenchymal transitions in development and disease. Cell 2009,
139, 871-890.

Mendez, M.G.; Kojima, S.I.; Goldman, R.D. Vimentin induces changes in cell shape, motility, and adhesion during the epithelial
to mesenchymal transition. FASEB ]. 2010, 24, 1838-1851.

Loh, C.Y.; Chai, ].Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K,; Looi, C.Y. The E-cadherin and N-cadherin switch in
epithelial-to-mesenchymal transition: Signaling, therapeutic implications, and challenges. Cells 2019, 8, 1118.

Scarpa, E.; Szabd, A.; Bibonne, A.; Theveneau, E.; Parsons, M.; Mayor, R. Cadherin switch during EMT in neural crest cells leads
to contact inhibition of locomotion via repolarization of forces. Dev. Cell 2015, 34, 421-434.

Stewart, R.A.; Arduini, B.L.; Berghmans, S.; George, R.E.; Kanki, J.P.; Henion, P.D.; Look, A.T. Zebrafish foxd3 is selectively
required for neural crest specification, migration and survival. Dev. Biology 2006, 292, 174-188.

Teng, L.; Mundell, N.A; Frist, A.Y.; Wang, Q.; Labosky, P.A. Requirement for Foxd3 in the maintenance of neural crest progen-
itors. Development 2008, 135, 1615-1624.

Cheung, M.; Briscoe, J. Neural crest development is regulated by the transcription factor Sox9. Development 2003, 130, 5681—
5693.

Kos, R;; Reedy, M.V.; Johnson, R.L.; Erickson, C.A. The winged-helix transcription factor FoxD3 is important for establishing
the neural crest lineage and repressing melanogenesis in avian embryos. Development 2001, 128, 1467-1479.

Appendix-1 Publications from thesis 168



BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158889

Contents lists available at ScienceDirect

BBA - Molecular and Cell Biology of Lipids

journal homepage: www.elsevier.com/locate/bbalip

ELSEVIER

Check for

New insights into the obligatory nature of cyclooxygenase-2 and PGEy e
during early chick embryogenesis

Urja Verma®, Maheswor Gautam ", Bhaval Parmar *, Kashmira Khaire ?, David S. Wishart ™,
Suresh Balakrishnan
& Department of Zoology, Faculty of Science, The Maharaja Sayajirao University of Baroda, Gujarat 390 002, India

b Department of Biological Sciences, University of Alberta, Edmonton, AB T6G 2E9, Canada
¢ Department of Computing Science, University of Alberta, Edmonton, AB T6G 2E9, Canada

ARTICLE INFO ABSTRACT

Keywords: Temporal expression patterns and activity of two cyclooxygenase (COX-1 and COX-2) isoforms were analysed
Cyclooxygenase during early chick embryogenesis to evaluate their roles in development. COX-2 inhibition with etoricoxib
Embryogenesis resulted in significant structural anomalies such as anophthalmia (born without one or both eyes), phocomelia
Eir;)isésglandms (underdeveloped or truncated limbs), and gastroschisis (an opening in the abdominal wall), indicating its sig-
Development nificance in embryogenesis. Furthermore, the levels of PGE;, PGDy, PGFy,, and TXB, were assessed using

quantitative LC-MS/MS to identify which effector prostanoid (s) had their synthesis initiated by COX-2. COX-2
inhibition was only shown to reduce the level of PGE; significantly, and hence it could be inferred that the later
could be largely under the regulation of activated COX-2 in chick embryos. The compensatory increase in the
activity of COX-1 observed in the etoricoxib-treated group helped to maintain the levels of PGD2, PGFq,, and
TXB,. Though the roles of these three prostanoids in embryogenesis need to be further clarified, it appears that
their contribution to the observed developmental anomalies is minimal. This study has shown that COX-2 is
functionally active during chick embryogenesis, and it plays a central role in the structural configuration of

several organs and tissues through its downstream effector molecule PGE,.

1. Introduction

Cyclooxygenase enzymes, which exist in two isoforms (COX-1 and
COX-2), convert arachidonic acid from the plasma membrane into
various prostanoids such as prostaglandins (PGs) and thromboxanes
(TXs) [1]. Typically, of these two isoforms, COX-2 is considered to be the
inducible type, whereas COX-1 is considered as the constitutive one.
Both these isoforms are stimulated during inflammation to initiate the
production of prostanoids, whereupon specific prostanoids are produced
with the help of tissue-specific prostaglandin synthases to perform
particular functions regionally [1]. The roles of COX-2 and the derived
prostanoids have been elucidated through the genetic modification and
pharmacological inhibition of the enzyme [2,3]. The majority of in-
vestigations over the past decade have focused on the role of COX-2 in
tumorigenesis, which has certainly helped in understanding the aeti-
ology of several cancers [3,4]. On the contrary, only a handful of studies
have explored the involvement of prostaglandins induced via COX-2 in
embryogenesis and other developmental processes. Essentiality of COX-

* Corresponding author.
E-mail address: b.suresh-zoo@msubaroda.ac.in (S. Balakrishnan).

https://doi.org/10.1016/j.bbalip.2021.158889

2 in facilitating appendage regeneration via modulation of the expres-
sion of WNT, FGF, and MMP has been recently identified in reptiles
[5,6]. COX-2 induced PGs are also known to be actively functioning for
ovulation, fertilisation, decidualisation, and implantation in mammals
[7,8]. More recently, COX-2 was found to interfere with blastocyst
hatching, a prelude to successful implantation, in hamsters [9]. Addi-
tionally, Loftin and colleagues reported COX-2 to be necessary for the
closure of ductus arteriosus in mice [2]. Likewise, the ubiquitous
expression of COX-2 in early stages of embryonic development has been
shown to result in skeletal deformities in a novel COX-2 transgenic
mouse model [10]. In an effort to understand what tissues might be
affected, Stanfield and colleagues (2002) localised COX-2 in rat em-
bryonic, and foetal tissues, wherein its presence was found in the heart,
kidney, skin, and cartilage [11]. These studies indeed suggest that COX-
2, either through its inhibition or activation, could have an effect on the
development of a number of organs, organ systems or tissues in
vertebrates.

In the present study, we ascertained the expression of COX-2 in the
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chick embryos during the first ten days of development by measuring its
mRNA levels, protein levels, and enzymatic activity. Chick embryos do
not show inflammation until after three weeks of development [12], and
thus this model is ideal for studying the non-inflammatory roles of COX-
2. After ascertaining its normal basal level, the activity of COX-2 was
inhibited to understand its plausible roles in organ and limb formation.
At the same time, we attempted to identify which prostanoid was most
significantly affected in response to COX-2 inhibition and to ascertain its
role in embryogenesis. The status of COX-1 in the same tissues was also
assessed. Further, the compensatory behaviour of COX-1 for the
temporally regulated functions was studied in detail. Overall, this study
focussed on the functional status of COX-2, its downstream effector
PGE_, and its plausible roles during embryogenesis.

2. Material and methods
2.1. Animals/egg procurement and ethical statement

Experiments involving embryos were carried out in accordance with
the guidelines of the Committee for the Purpose of Control and Super-
vision of Experiments on Animals (CPCSEA), protocols were approved
by Institutional Animal Ethics Committee (IAEC; No. MSU-Z/IAEC/05-
2019). Eggs from Rhode Island Red (RIR) chickens (Gallus domesticus)
were obtained from the intensive unit of the government poultry farm in
Vadodara, Gujarat, India. Eggs were candled for marking air cells and
wiped with a povidone-iodine solution before any treatment and
incubation.

2.2. Experimental design

Eggs were randomly divided into control and treatment groups. Of
which, control groups were treated (via syringe) with 50 pl of Milli-Q
water, while treatment group eggs were administered with the same
volume of 70 pg/ml (LOEC) of etoricoxib prepared by sonicating the
compound-Milli-Q water mixture for 2 h. Each treated egg, therefore,
received 3.5 pg of etoricoxib in a solution form. This etoricoxib solution
was used for all the experiments other than the dose range study. The
eggs were treated with the same concentration of etoricoxib at the in-
tervals of three days as decided based on the COX-2 activity study (as
discussed in Results). Post-treatment, eggs were incubated at 37 + 0.5 °C
and 67 + 2% relative humidity inside a sterile forma environment
chamber (ThermoFisher Scientific, USA) until the isolation day,
depending upon the experiment.

2.3. Dose range and morphometry

Pharmaceutical grade etoricoxib was received as a gift from Sun
Pharma Advanced Research Company, Vadodara. Aqueous suspensions
of etoricoxib at concentrations of 10, 50, 100, 150, 200, 250, 300, 350,
400, 450, and 500 pg/ml. A 50 pl dose was administered into an air cell
using an insulin syringe. Eggs were incubated until day-10 (HH36), and
embryos were checked for mortality and/or deformities. A total of 30
eggs were taken as the control group and 50 for each treatment group to
circumvent treatment-induced variance. Control correction for such
varied sample sizes amongst groups can be done by the Sun-Shepard’s
formula [13]. Corrected mortality was subtracted from 100, which
yielded the % survival in various treatment groups. These data were
used for non-linear fit analysis, with the LDsg being calculated using
GraphPad PRISM software (GraphPad Software Inc., USA). Analysis of
Variance (ANOVA) followed by Dunnett’s multiple comparison (post-
hoc) test was performed for comparison of means (with 95% confidence
interval) of all the groups with that of control survival rate. At this stage,
deformities were observed and noted for their occurrence rates. The
observed malformations were divided into four classes to identify the
most frequent ones. All the head, eye, and beak related deformities were
classified under craniofacial deformities. Varied limb lengths and web
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defects were classified under limb deformities. Embryos possessing
omphalocele or gastroschisis were placed under the visceral deformities
class. Embryos exhibiting haemorrhages were classified separately.
Sample sizes were 30 eggs for control and 50 for treated in each of the
three replicates of this experiment.

2.4. COX-2 immunostaining

Embryos at days 1 and 2 (control group) were isolated with the help
of a modified filter ring method [14]. The obtained embryos were fixed
with pre-chilled methanol, mounted on a clean slide coated with
albumen, and immunostained with a monoclonal primary COX-2 anti-
body according to the manufacturer’s guideline (Abcam immunostain-
ing protocols). Briefly, the slides were submerged three times in wash
buffer (TBST - tris 24 g, NaCl 88 g, 1-1 Milli-Q water; pH 7.6) for 15 min.
The slides were incubated with a blocking buffer (2% BSA prepared in
TBST) for 1 h. They were then placed in the primary antibody-filled
coupling jar for 4 h at room temperature. The excess primary antibody
was removed using three subsequent washes with wash buffer. Next,
they were incubated in secondary antibody for 1 h at room temperature.
The excess of the secondary antibody was removed with the help of three
washes. After this step, the streptavidin and substrate were added in two
different steps with the washing step in between. Water was added as
soon as the colour developed. The same methodology was applied to the
deparaffinised sections of days 3 to 10 embryos pre-mounted on slides,
wherein deparaffinisation was carried out using two xylene dips for 15
min before other part of methodology. Sections were rehydrated by
submerging the slides in 100%, 95%, 70%, and 50% ethanol gradients
for 5 min each. The dilution used both for primary and secondary
antibody was 1: 1000. Anti-COX-2 antibody (Sigma-Aldrich, USA,
SAB4200576) and biotinylated 2° anti-rabbit IgG antibodies were
diluted with assay buffer (diluted 1:200 in assay buffer — 500 mM tris-
HCl; 1500 mM NaCl; 2% BSA; 0.02% Sodium Azide). Photographs
were taken using Catcam eyepiece camera and Catymage software
mounted on a light microscope.

2.5. Quantitative real-time PCR

The standard TRIzol method was used to isolate total RNA from
embryos isolated at each day from days 1 to 10 of development, as per
the manufacturer’s guideline (Applied Biosystems, USA). Three embryos
were pooled from each stage for each of the three replicates of this
experiment. Fluorescence-based qubit assay was used according to the
manufacturer’s protocol (ThermoFisher Scientific, USA) to check RNA
quantities. Complementary DNA was prepared from 1 pg RNA using one
step cDNA synthesis kit (Applied Biosystems, USA). The reaction was
performed in a LightCycler96 (Roche Diagnostics, Switzerland) using
SYBR green master mix. After initial denaturation at 95 °C, 32 cycles
consisting of 95 °C, 60 °C, and 72 °C were set for 10 s each step. The
internal standard was 18srRNA for this experiment. Using the Cq values,
ACq was calculated for each day sample for each gene COX-1 and COX-2
using the methodology described by Livak and Schmittgen (2001) [15].
The initial numbers of fragments of COX-1 and COX-2 in various cDNA
samples were interpolated using these ACq values from a standard
graph. The primer sequences are mentioned in Table 1.

2.6. Western blot

Total protein was isolated by homogenisation of three embryos per
stage by placing them in a lysis buffer with a protease inhibitor (P8340,
Sigma-Aldrich, USA) and grinding the tissue with cold mortar-pestles.
Bradford’s method of quantification was used to quantify all isolated
proteins [16]. Proteins were resolved on PAGE (Polyacrylamide Gel
Electrophoresis) consisting of 12% resolving and 4% stacking gels. The
semi-dry method of transfer was used to transfer the gel-separated
proteins onto the PVDF membrane. The membrane was
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Table 1
Primer sequences as obtained from NCBI.

BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158889

Gene name Forward primer Reverse primer NCBI ref id Product length
COX-1 CGGAGCTGCCTATCGCC CACGGTTAACGGTGCC XM_425326.5 133

COX-2 AACACAACTGCCCTACTCCG CTGGTCCTTTGCGGTGATCT NM_001167718.1 86

18s rRNA GGCCGTTCTTAGTTGGTGGA TCAATCTCGGGTGGCTGAAC NR_003278.3 144

immunostained for COX-1, and COX-2 using primary antibodies (Sigma-
Aldrich, USA, MAB5586 for COX-1, SAB4200576 for COX-2) diluted 500
times in assay buffer (diluted 1:200 in assay buffer — 500 mM tris-HCI;
1500 mM NacCl; 2% BSA; 0.02% Sodium Azide). GAPDH (1:500 dilu-
tion, Sigma-Aldrich, USA) was used as an internal control. Biotinylated
2° polyclonal antibody of IgG type (Sigma-Aldrich, USA) was used. The
previously described methodology was adopted for the performance and
evaluation of western blot [17]. The original blot images were corrected
for variations in the background by adjusting contrast. The protein
sample used for COX-2 blot was used for GAPDH as well. The densito-
metric values are detailed in Supplementary Table 1.

2.7. COX activity assay

A kit-based assay was used to detect COX-1, COX-2, and total COX
activity in both the control as well as treated samples from days 1 to 10
(Cayman Chemical, USA). The negative control, standards, controls, and
treatment samples were assayed as per the manufacturer’s description.
Briefly, the embryos were rinsed with tris buffer (pH 7.4) to remove the
red blood cells and were added in the pre-chilled buffer (0.1 M tris-HCl,
pH 7.8, 1 mM EDTA). These were homogenised, and supernatant was
collected after centrifugation at 8000g for 20 min at 4 °C. The super-
natant was filtered using the nitrocellulose membrane filter and was
immediately used for the assay. The assay was done with background
wells (with inactivated boiled sample supernatants for each sample),
standard wells (as provided with kits), sample wells (40 pul sample), and
inhibitor wells (COX-1 inhibitor wells for calculating COX-2 activity and
vice-versa for COX-1). A selective COX-1 inhibitor SC-560 and COX-2
inhibitor DuP-697 were used for the inhibitor wells. All the wells con-
tained the assay buffer and haem along with the subject material (any
one of the inactivated samples, standard sample, or inhibitor and sam-
ple). The plate was then incubated for 10 min at room temperature and
added with 20 pl colourimetric substrate. Lastly, arachidonic acid (20 pl)
was added to the wells and incubated for 10 min at room temperature.
The absorbance was measured at 590 nm, which is the colourimetric
absorbance of oxidised N,N,N',N'-tetramethyl-p-phenyldiamine (TMPD)
corresponding to the amount of peroxidase activity of COX enzymes and
therefore the amount of COX enzymes in the samples. Specific activities
were calculated by dividing total protein values derived from Bradford
assay. Multiple t-test was performed to determine the significant values
between control and treatment groups of each COX isozymes and total
COX. The means of COX-1 and COX-2 activities were also compared
using the same test from the data obtained after three technical and six
biological replicates.

2.8. LC-MS of etoricoxib

The presence of etoricoxib in treated samples and its endogenous
absence in control samples was determined by liquid chromatography-
mass spectrometry (LC-MS). Thirty embryos per group (control and
treatment) were collected and pooled for methanol extraction. Samples
were homogenised using a pre-chilled mortar and pestle in 90 pl cold
methanol per mg of wet tissue weight. The homogenate was vortexed for
1 min, followed by sonication for 5 min. The liquefied homogenate was
then centrifuged for 7 min at 12000g at 4 °C. The supernatant was
collected and filtered via 0.4 pm filters. These samples were kept at
—80 °C until used. For the liquid chromatography separation, a Thermo
Fisher Scientific Syncronis C-18 column was used (250 mm x 4.6 mm, 5
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pm particle size), the mobile phase was acetonitrile-water (90:10). The
flow rate was 0.3 ml/min, with an injection volume of 15 pl. The stan-
dard solution was prepared with 70 pg/ml etoricoxib and was vortexed,
sonicated, as well as centrifuged similarly to that of the samples to
mitigate any technical errors. The Thermo Scientific Surveyor LC-system
was coupled to a Thermo lcq fleet ion trap mass spectrometer operating
in the positive ion mode. The instrument parameters were temperature,
270 °C; ion spray voltage, 5000 V; sheath gas pressure, 50 arb; and
auxiliary gas pressure, 30 arb. Data were analysed on the xcalibur™.

2.9. PGE; concentration assay

Quantification of PGE, was carried out using a sandwich ELISA kit as
per the manufacturer’s suggestions (R&D Lab Systems, USA). Embryos
were weighed, and about a gram of embryos per stage (of days 1 to 10)
were homogenised in a pre-chilled mortar-pestle. The homogenates
were centrifuged at 2000 xg for 15 min to generate a clear supernatant.
1 ml of the supernatant was used for the PGE, assay. Concentrations
were derived using the four-parameter algorithm graph (GraphPad
Software Inc., USA) following the manufacturer’s instructions. The
experiment was repeated thrice. The statistical significance was derived
with the help of two-way ANOVA, followed by Bonferroni’s multiple
comparison post-hoc test. The details of test parameters and values are
included with the supplementary data (Supplementary Table 3).

2.10. LC-MS/MS of prostanoids

The chemicals used for this experiment were purchased from
Cayman Chemicals. Commercial Prostaglandin Dy (12010), Prosta-
glandin E, (14010), Prostaglandin Fy, (10007275), and Thromboxane
B, (19030) were used as reference standard compounds. Prostaglandin
Faq - d4 (10007275) was used as an internal standard for quantification
and calibration, given the close structural similarities of the other
prostanoids. For sample preparation, about 30 day-2 embryos were
collected and placed in methanol (1 ml per gram of tissue) and ground
using pre-chilled mortar-pestles. The homogenised tissue samples were
then spiked with a 10 pg/1 internal standard (ISTD). Vials were vortexed
briefly and ultrasonicated for 5 min at room temperature. The samples
were then shaken gently and centrifuged at 10000 xg for 15 min at 4 °C.
The supernatant was collected and stored at —80 °C until analysis. The
samples were transported to the University of Alberta in tightly sealed
vials at room temperature for LC-MS/MS analysis. Further stand-
ardisation of methodology used for isolation of the peaks of closely
related compounds — the prostanoids was carried out at the University of
Alberta.

An LC-MS system consisting of Agilent 1290 series UHPLC coupled to
a Sciex QTRAP® 5500 mass spectrometer was used for the LC-MS/MS
analysis. The system was controlled by the Sciex Analyst® 1.6.2 LC-
MS software. An Agilent UHPLC system equipped with a Zorbax
Eclipse XDB C18 analytical reverse-phase column (3.0 mm x 100 mm,
3.5 pm particle size, 80 A pore size), connected to a Phenomenex
(Torrance) SecurityGuard C18 pre-column (4.0 mm x 3.0 mm) was used
for the chromatographic separation. The following conditions were used
for the chromatographic separation: mobile phase A: 0.1% acetic acid in
water; mobile phase B: Acetonitrile/isopropanol (90 / 10) with a
gradient profile as: t = 0 min, 38% B; t = 3.5 min, 60% B; t = 4.25 min,
77.5% B; t = 6.25 min, 95% B; t = 9.0 min, 95% B; t = 9.1 min, 38% B; t
=11.6 min, 38% B; with a flow rate of 0.3 ml/min and injection volume
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of 10 pl. The column temperature was set at 40 °C. The mass spectro-
metric analyses were done in the negative ionisation mode with multiple
reaction monitoring (MRM). The instrument parameters used for the
analyses were: Curtain gas, 30 psi; CAD, medium; Temperature (TEM),
500 °C; ion source gas 1 (GS1), 50; ion source gas 2 (GS2), 50; ion spray
voltage —4500 V. The Entrance Potential (EP) and Cell Exit Potential
(CXP) were set at —10 V and — 15 V for all the analytes, respectively.
Collision energy (CE) and Declustering potential (DP) for each analyte
were optimised by manual tuning. The CE and DP for the ISTD were the
same as for PGFy,. The compound-dependent MS parameters used were
as outlined in Supplementary Table 6. The calibration curve for each
analyte was obtained by using a set of seven calibrants and an internal
standard. Specifically, the concentrations of the calibrants were 25,
12.5, 6.25, 3.125, 1.56, 0.78, and 0.313 ng/ml. Calibration curves were
obtained by plotting the ratio of analyte to ISTD response versus the
calibrant concentration. Quadratic regression was used to fit the
response by using 1/x weighting. Concentrations of samples were
determined using the Analyst® 1.6.2 LC-MS software.

3. Results

3.1. COX-2 is expressed constitutively during embryogenesis and is
inducible

COX-2 protein levels showed remarkable variation during the first
ten days of chick embryonic development. Immunostained blot images
showed that the COX-2 protein was present maximally during the first
few days of development, while COX-1 was slightly higher at day-1 than
its concentration at other stages (Fig. 1). Further analysis of the repre-
sentative blot images revealed that the level of COX-2 protein reaches its
maximum on day-1 of development, followed by a steady decline in the
levels of COX-2 until day-4. After this, the levels of COX-2 protein
increased slowly until day-10 (Fig. 1A). Levels of COX-1 protein
remained more or less constant in all the stages except for day-1 in the
control chick embryos (Fig. 1A). In comparison to its protein levels
(Fig. 1A), the transcripts of COX-2 remained steady throughout the same
period and did not show significant fluctuation until day-9 (Fig. 1A).
Similarly, COX-1 gene expression was found to remain unchanged from
days 1 to 10 of development (Fig. 1B).

In order to understand the spatial distribution of COX-2 in the
developing chick embryo, immunolocalisation of COX-2 protein was
performed in embryos from days 1 to 10 of development. As seen in
Fig. 2A, COX-2 was present diffusely throughout the whole of the
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embryo on day-1, with a more prominent presence evident in somites
and optic vesicles. Over the following days, the distribution of COX-2
became even more circumscribed. On day-2, it became restricted to
the areas surrounding the somites and the tubular heart (Fig. 2B). By
day-3, COX-2 became particularly concentrated towards the cephalic
field and surrounding the allantoic vesicle (Fig. 2C), and in the walls of
atria and ventricles on day-4 (Fig. 2D), and limbs by day-5 (Fig. 2E & F).
By day-6, the early cells of embryonic kidneys showed the presence of
COX-2 in their cell membranes (Fig. 2G). COX-2 was also found at the
distal end of the embryonic tail as well as in the somites (Fig. 2H). By
day-7, the notochord showed the presence of COX-2, as seen in the
transverse section of the same (Fig. 2I). COX-2 was detected in semi-
niferous tubule (Fig. 2J) by day-8 and in somites by day-9 (Fig. 2K & L).
No immunoreactivity was observed in the antibody controls, which
clearly demonstrated the absence of background noise (Supplementary
Fig. 1). The temporal progression and presence of COX-2 in these regions
suggest its possible role in early embryogenesis, especially in processes,
such as cell migration, differentiation, or pattern formation.

3.2. Selective inhibition of COX-2 activity using etoricoxib led to stunted
growth, structural anomalies, and mortality in the chick embryo

The presence of COX-2 from the very first day of chick development
points to its possible regulatory role in the embryogenesis. To further
assess this role, the activity of COX-2 was inhibited using etoricoxib, an
isotype-specific pharmacological inhibitor, and the progression of
development was followed for a period of 10 days. As a prelude, a dose-
range study was conducted to select an appropriate treatment concen-
tration of etoricoxib. The result revealed a dose-dependent increase in
the mortality rate, wherein half of the embryos that received a con-
centration of 144 pg/ml of etoricoxib were found dead (Fig. 3A; Sup-
plementary Table 4). The lowest observed effect concentration (LOEC)
of etoricoxib was computed to be 70 pg/ml, at which the survival rate of
malformed embryos was found to be 71%, which was significantly lower
than the control survival rate (Supplementary Table 4, 5). Embryos
subjected to this dose were isolated, and a targeted liquid
chromatography-mass spectrometry (LC-MS) study was performed to
detect and verify etoricoxib inclusion. The standard solution of etor-
icoxib showed that the pure compound eluted from the LC column at 6
min (Fig. 3B), as confirmed by the m/z peak of 359 (positive mode,
molecular weight 358) (Fig. 3C). The same peak was observed in the
treatment group eluting at the same timepoint as well (Fig. 3F & G). The
control group, however, did not show the presence of this mass in any of
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Fig. 1. Gene and protein expression levels of COX-1 and COX-2. A. Western blot images (upper panel), mean band intensity (in arbitrary unit) computed from blots
(lower panel); B. The initial copy numbers of cDNA fragments of COX-1 and COX-2 as replicated using specific primers. n = 3.
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the peaks arising from 4 to 7 min of the LC run (Fig. 3D & E). The only
peak seen in the control group was 243 m/z, which does not correspond
to the etoricoxib peak.

Embryos treated with LOEC showed phocomelia (Fig. 4C), haemor-
rhages (Fig. 4C & G), anophthalmia (Fig. 4E), gastroschisis (Fig. 4B),
omphalocele (Fig. 4D), abnormal body sizes (Fig. 4F), absence of
feathers (Fig. 4F), and general developmental delay (Fig. 4F). The onset
of limb development itself was delayed by the treatment with no limb
buds seen in the 2-day embryos compared to the corresponding controls
wherein limb buds are conspicuously visible (Fig. 4A). Broadly, COX-2
inhibition led to limb deformities (most commonly), followed by
craniofacial and visceral deformities. The etoricoxib treatment also
resulted in haemorrhage, albeit in relatively few (13%) embryos
(Graphical abstract).

3.3. COX-1 compensates for the reduced activity of COX-2 under the
influence of etoricoxib

To ascertain the possibility of compensatory upregulation of another
COX isoform in response to COX-2 inhibition, 70 pg/ml etoricoxib
(LOEQ), was administered on day-0 of development and the activities of
total COX, COX-1, as well as COX-2, were measured daily until day-10 of
development. The result revealed that the overall activity of COX
diminished significantly from day-1 until day-3 compared to the corre-
sponding untreated controls (Supplementary Table 2). However, on day-
4, significant recovery of total COX activity was observed in the treated
embryos, indicating the appreciable clearance of etoricoxib. Based on
the above observation, the eggs were treated with 70 pg/ml etoricoxib,
on every third day of development, starting from day-0, then on days 3,
6, and 9. The same treatment regime was later used to understand which
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Fig. 2. Chick embryonic tissues immunostained for
COX-2. A. whole mount of day-1 embryo, somites
(yellow circles), optic vesicles (red circles); B. Day-2
embryo whole mount, developing tubular heart
(black arrows); C. Day-3 embryo longitudinal section,
head (h), allantoic vesicle (av); D. Day-4 embryonic
heart longitudinal section, atria (a), ventricles (v); E.
Sagittal section of forelimb of day-5, cartilage
condensation areas shown with black arrows; F. Day-
5 hindlimb sagittal section, the developing bones
near cartilage condensation areas and in the epithe-
lium of limb tissue (black arrows); G. Day-6 kidney
transverse section; H. Day-6 embryo longitudinal
section, somites and tail region pointed by black ar-
rows; 1. Transverse section of day-7 embryonic
notochord; J. Day-8, Seminiferous vesicle (black
arrow); K. Day-9, developing nerve cord (black
arrow); L. Day-9, somites.

COX isozyme showed a similar pattern of activity to that of total COX in
the control group. Our results showed that the activity of COX-2 was
modulated in tandem with that of the total COX activity throughout all
stages of development in the control group. On the other hand, COX-1
activity was negligible at all the stages of development from days 1 to
10 in the control group. However, in the treatment group, when COX-2
activity was reduced, COX-1 activity increased (Fig. 5). Days 2, 6, and 9
corresponded to the days when COX-1 activity increased significantly as
compared to its basal level in the control group. This strongly suggests
the possibility of a compensatory regulation of the activity of COX-1 and
COX-2 isozymes in chick embryogenesis.

3.4. PGE; concentration decreases concomitantly with COX-2 inhibition
in chick embryonic tissues

Despite the apparent compensatory regulation of both COX isoforms,
we hypothesised that the level of PGE,, the ultimate product of the COX
action, is maintained by COX-2 activity. To test this notion, the level of
PGE; was measured using a commercial ELISA kit in both control and
etoricoxib-treated embryos. The temporal trend seen in the tissue PGE,
concentration was similar to that of COX-2 activity for most of the time
points studied in both the control and the treated embryos (where the
activity of COX-2 was significantly compromised). Although a
compensatory increase in COX-1 activity was found in 2, 6, and 9-day
old treated embryos, the PGE; concentration for these days showed
only a marginal, statistically insignificant, increase compared to its basal
level observed in the control embryos (Fig. 6). It is evident from this
result that COX-1, even with its moderate increase in an activity, does
not compensate for the reduced PGE; level in the etoricoxib-treated
embryos. Therefore, PGE; levels seem to be under the regulation of
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Fig. 3. A. Survival rates of embryos subjected to varying doses of etoricoxib. n = 30 for control group and n = 50 for treatment group, ***p < 0.001; B: LC profile of a
pure solution of etoricoxib (standard group); F: LC profile of the treated group; D: LC profile of the control group; C, E, and G represent the mass profiles of the
compounds eluting at highlighted same timepoints in corresponding LC profiles B, D, and F respectively.

COX-2.

The above results were reaffirmed by measuring the levels of all four
major prostanoids, namely PGEy, PGD3, PGFy, and TXB, in control and
treated embryos by employing reversed-phase UHPLC coupled to tan-
dem mass spectrometry (LC-MS/MS). This experiment was performed
on day-2 embryos. This was because at day-2 the activity of COX-2 was
particularly high and the size of the embryos, compared to day-1 em-
bryos, was sufficiently large to collect the biological material needed for
the MS test (Figs. 1A & 4). Due to high levels of COX-2 expression, it was
hypothesised that the prostanoid concentrations would also be elevated
at this stage. We found that our developed LC-MS/MS method was able
to efficiently separate and detect these prostanoids (Supplementary
Fig. 2; Supplementary Table 6) and that optimum calibration curves
could be calculated for each of these prostanoids to permit their accurate
quantification. The LC-MS/MS method was further validated for its re-
covery performance, which further assured the accuracy of our quanti-
fications (Supplementary Table 7).

Out of the four prostanoids measured by our LC-MS/MS assay, only
the level of PGE; was found to be reduced significantly in the etoricoxib-
treated embryos compared to untreated control embryos. In the control
embryos, PGD, was found to have the highest concentration (18.13 +
1.162 ng/g tissue weight), followed by TXB; at about half concentration
of that of PGDy (Table 2). The level of PGE; dropped to half its control
concentration (4.74 £ 0.257 ng/g tissue weight) in the treated group,
which reached similar levels of the least concentrated prostanoid, PGFy,
(2.86 + 0.107 ng/g tissue weight) (Table 2). PGDy, PGFy,, and TXB, did
not show any significant changes between control and treated samples.
PGI, was not detected in the embryos at this stage. Therefore, only PGE,
was affected during embryonic COX-2 inhibition. This allows us to
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conclude that PGE; is the effecter molecule of COX-2 for pattern for-
mation in these embryonic stages.

4. Discussion

Cyclooxygenase enzymes have been the subject of considerable
research since they were first identified as the targets of many of the
most popular and best-known anti-inflammatory drugs. Two COX iso-
forms (COX-1 and COX-2) have been identified and, in addition to their
well-known roles in inflammation, they have also been found to
participate in a plethora of other biological processes, ranging from
ovulation and fertilisation to ageing and death [8,11]. One of the goals
of this study has been to explore the role of COX-1 and COX-2 in
embryogenesis. While a small handful of studies have been published,
relatively few have looked at the differing roles of COX isotypes and the
effects of their downstream effectors on the development of multiple
organs and tissues. To explore this aspect more thoroughly, we sys-
tematically studied the temporal and spatial tissue expression of both
COX-1 and COX-2, as well as their prostanoid by-products in early (1 to
10 days) chick embryos. We also correlated induced changes in COX-2
activity with detectable embryo defects.

In vertebrates, the COX-1 isozyme is constitutively expressed while
COX-2 is an inducible isotype that responds to inflammatory signals.
However, based on the results of the current study, COX-2 appears to be
expressed constitutively during the course of normal chick embryo-
genesis. Our study has also revealed that the activity of COX-2 is unique
for any given day of development and that this activity varied tempo-
rally in the embryonic tissues. This suggests a constitutive nature of this
isoform. A clear temporal trend in COX-2 protein levels was seen in
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Fig. 4. Morphological anomalies caused by COX-2
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(orange arrow); B. Gastroschisis (black arrow) in day-
<= 5 treated embryos; C. Day-7 treated embryo with
phocomelia along with severe haemorrhage (black
arrow); D. Day-7 treated showing microphthalmia
(yellow arrowhead), hydrocephalus (black arrow),
and larger protruding heart (red arrowhead); E.
Anophthalmia (black arrow) in treated day-10 em-
bryo; F. Stunted growth in day-10 embryos; G.
Absence of feathers in treated day-9 embryo (yellow
arrows), Haemorrhage along the neck and other areas
in treated embryos shown with a red arrowhead. n =
50 for each of the three technical replications.
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embryos from day-1 till day-10 of their development when all the
cellular events leading to organogenesis occur in chicks. It is note-
worthy, that differing pattern in protein and transcript abundance as
found in these timepoints, is typical of a protein that is not subject to
induction at the level of gene expression [18]. Our result with chick
embryos, however, contrasts with the data reported in mouse embryos,
wherein organogenesis stages, i.e., gestational days 7 to 13, do not show
the presence of COX-2 [11]. On the contrary, some reports suggest that
COX-2 is required for ductus arteriosus closure and nephrogenesis in
mice and rats [2,19,20].

Another key finding in this study is that experimental inhibition of
COX-2 activity with etoricoxib can lead to multiple deformities in chick
embryos. This reaffirms the role of COX-2 in organogenesis. Moreover,
the inhibition of COX-2 caused anomalies of limbs and craniofacial
structures of chick embryos, all of which were derived from cells
localised with COX-2 on day-2 of development. Several other published
studies have focussed on the roles of COX-2 in mice embryogenesis using
knockout models. These studies found that some mouse embryos
acquiesce in the absence of COX-2 gene and develop without showing
patent ductus arteriosus [2,21]. The authors suggested the compensa-
tory role of COX-1 might have allowed the embryos to survive without
the ductus arteriosus closure defect. Therefore, the compensatory action
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Treated

Treated

of COX-1 was checked in our chick embryo model by studying its activity
along with that of COX-2, in both the control and etoricoxib-treated
groups. COX-1 activity increased when the embryos were challenged
with the COX-2 antagonist, etoricoxib, which partially compensated for
the total cyclooxygenase activity until day-3. However, day-4 experi-
mental embryos experienced a partial revival of COX-2 activity. This
kind of recovery can be either due to the elimination of etoricoxib by
embryonic metabolism, or it could be due to the generation of new COX-
2 protein. In any case, such an increase in COX-1 activity combined with
a measurable decrease of COX-2 activity was shown for the first time in
any tissue. In contrast to our findings with chick embryos, earlier studies
with mice showed functional compensation by COX-2 activity for COX-
1, but not vice versa [22,23]. Research suggests that PGs do not interfere
in compensatory mechanisms of COX isozymes in-vitro in the mouse
lung fibroblasts [24]. They also confirmed the positive regulation of
COX-2 by PGE; and PGFy, in the same system, which could be a plau-
sible mechanism of action for the reactivation of COX-2 in treated chick
embryos. However, the identification of the key mediator molecules for
heightened COX-1 activity needs further experimentation. In an effort to
extend our study to identify the functional compensation of COX-2 by
COX-1, we measured the levels of their downstream effectors — the
prostanoids.
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We performed a concomitant analysis of four major prostanoids —
PGD,, PGE,, PGFy,, and TXAg, whose biosynthesis is initiated by both
COX-1 and COX-2. TXA, is short-lived in most tissues, and so its level
was deciphered using the more stable isoform TXBy [25]. The only
prostanoid to decrease in the etoricoxib treated group as compared to
control group was PGE; in this study. This significant drop in the level of
PGE; may have aroused by an isoform-specific regulation pattern for the
isomerases, downstream of the COX enzymes. Alternately, it could be
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Table 2

Concentration of Prostanoids in the control and etoricoxib treated chick em-
bryos. Values are expressed as Mean + SEM ***p < 0.001, n = 30 for each of the
two groups.

Analyte Concentration (ng/g fresh tissue weight)

Control Treatment
PGFq 03.06 + 0.525 02.86 + 0.107
TXBy 08.73 + 0.229 08.51 + 1.453
PGD, 18.13 + 1.162 17.97 + 2.998
PGE, 04.74 + 0.257 02.00 + 0.608%**

due to differential regulation of the tissue-specific prostanoid synthases.
COX-2, for instance, is known to be functionally coupled to one of the
downstream isomerases mPGES-1 [26]. Therefore, changes in COX-2
activities could affect the levels of PGE; more than those of other
prostanoids. Diaz-Munoz et al. (2010) observed that macrophages
challenged with bacterial lipopolysaccharide (LPS) showed heightened
PGE; production due to the concerted synthesis of these two coupled
enzymes [27]. Moreover, the LPS challenge was also shown to result in
contrasting regulation of COX-1 and COX-2 isoforms in glial cells of mice
as well as in the lungs and hearts of rats [28,29]. Thus, in our system,
wherein the PGE; concentration may be largely COX-2-derived, and
increased COX-1 activity cannot compensate for this loss, the remaining
prostanoids seem to remain unaffected after specific COX-2 inhibition.
Notably, the maintained trend of PGE, hike at day-6 in treatment group
(Fig. 6) suggests that COX-1 might be playing a role in such increase.
This hike also corresponds to the elevated COX-1 activity at the same
timepoint (Fig. 5).

Interestingly, PGE; is suspected as a teratogen if present at abnormal
concentrations since the 1970s [30]. However, earlier studies only
revealed its concentration-dependent mortality data in chick embryos
[30]. The current study throws more light on this idea by suggesting
novel roles of PGE; in organogenesis. On the other hand, Etoricoxib-like
NSAIDs are increasingly used across the globe to reduce pain. However,
their usage during the conception period by women has been found to
result in an increased risk of miscarriage [31]. Our findings, which
demonstrate the induction of serious morphological defects with NSAID-
treated chick embryos along with the concomitant perturbations to PGE,
levels, suggest a possible reason for these epidemiological observations
in humans. Given that the maintenance of prostanoids in the crucial
narrow concentration range during the embryogenesis of chicks is crit-
ical to proper embryo development, our findings certainly suggest that
more detailed studies should be undertaken to assess the risks of NSAID
consumption in pregnant women or those women actively wishing to
conceive.
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