
Contents lists available at ScienceDirect

Environmental Toxicology and Pharmacology

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

Research Paper

The role of PPAR alpha in perfluorooctanoic acid induced developmental
cardiotoxicity and L-carnitine mediated protection–Results of in ovo gene
silencing

Meng Zhaoa,1, Qixiao Jianga,⁎,1, Min Genga, Li Zhub, Yunqiu Xiaa, Aashish Khanala,
Chunbo Wanga,⁎

a Qingdao University Medical College, China
b The Affiliated Hospital of Qingdao University, China

A R T I C L E I N F O

Keywords:
Perfluorooctanoic acid
Developmental cardiotoxicity
In ovo gene silencing
Peroxisome proliferator-activated receptor
alpha
L-Carnitine

A B S T R A C T

Perfluorooctanoic acid (PFOA) is a persistent organic pollutant. This study established an in ovo peroxisome
proliferator-activated receptor alpha (PPAR alpha) silencing model in chicken embryo heart, and investigated
the role of PPAR alpha in PFOA induced developmental cardiotoxicity. The in ovo silencing was achieved by
introducing lentivirus expressing PPAR alpha siRNA into ED2 chicken embryo via microinjection (0.05 ul/g egg
weight). Transfection efficacy was confirmed by fluorescent microscopy and western blotting. To assess the
developmental cardiotoxicity, cardiac function (heart rate) and morphology (right ventricular wall thickness)
were measured in D1 hatchling chickens. 2 mg/kg (egg weight) PFOA exposure at ED0 induced significant
elevation of heart rate and thinning of right ventricular wall thickness in D1 hatchling chickens. PPAR alpha
silencing did not prevent PFOA-induced elevation of heart rate; however, it did significantly increase the right
ventricular wall thickness as compared to PFOA exposed animals. Meanwhile, PPAR alpha silencing did not
abolish the protective effects exerted by exposure to 100 mg/kg (egg weight) L-carnitine. In conclusion, PFOA-
induced heart rate elevation is likely PPAR alpha independent, while the right ventricular wall thinning seems to
be PPAR alpha dependent. The protective effects of L-carnitine do not require PPAR alpha.

1. Introduction

Perfluorooctanoic acid (PFOA), a perfluorinated compound (PFC),
was first made into production and entered environment after World
War II (Steenland et al., 2010). It is widely used in the production of
myriad polymer products, such as non-stick plastic coatings, flame re-
tardants and water repellent coatings (Begley et al., 2005). Beginning at
late 1990s, PFOA was associated with various adverse health effects,
such as endocrine disruption, immune toxicity, carcinogenicity and
developmental toxicity (Biegel et al., 2001; Wolf et al., 2007; Dewitt
et al., 2008; Vested et al., 2013). Moreover, PFOA is a highly stable
compound both in environment and biota, resulting in persistent con-
tamination (Fromel and Knepper, 2010). Although its production in the
United States had been phased out in 2015 (Bjerregaard-Olesen et al.,
2016), the production continues in other parts of the world (Liu et al.,
2016), thus its effects throughout the world is expected to continue for
a considerable amount of time.

Efforts had been made to elucidate the mechanism of toxicity for

PFOA. From its chemical structure, it is generally accepted that PFOA
could activate the peroxisome proliferator-activated receptor alpha
(PPAR alpha) (Wolf et al., 2008). In a rodent model, PFOA exposure
resulted in retarded development and higher mortality, while PPAR
alpha knock out seems to abolish such effects (Abbott et al., 2007).
However, PPAR alpha independent effects were also demonstrated in
multiple studies as well (Buhrke et al., 2015; Filgo et al., 2015).

In our lab, the research focused on PFOA-induced developmental
cardiotoxicity in chicken embryo. Previously, PFOA was found to alter
the morphology and function of developing chicken embryo/hatchling
chickens (Jiang et al., 2012), which was partially associated with PPAR
alpha (Jiang et al., 2013). However, that study relied on PPAR alpha
agonist WY 14,643, so further elucidation is still needed. In our recent
study, PPAR alpha antagonist GW6471 was found to partially block the
effects of PPAR alpha as well (Jiang et al., 2016). But again, the lack of
specificity decreased the strength of such conclusions. Additionally, in
Jiang et al. (2016), the potential role of L-carnitine in PFOA-induced
developmental cardiotoxicity was highlighted. L-carnitine is an
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endogenous compound that participates in fatty acid beta oxidation as a
fatty acid carrier (Reuter and Evans, 2012). In Jiang et al. (2016), PFOA
exposure decreased the levels of L-carnitine and its short-chain deriva-
tives in ED6 chicken embryo heart. Such results are consistent with
previous reports that PFOA exposure could decrease L-carnitine level in
other types of cells (Peng et al., 2013). However, the exact role of L-
carnitine in PFOA induced developmental cardiotoxicity is yet to be
elucidated.

To further elucidate the mechanism of toxicity of PFOA in devel-
oping chicken embryo heart, it is necessary to knock out/knock down
PPAR alpha. However, to the best of our knowledge, no PPAR alpha
knock out chicken model had been established previously. Readily
available techniques for gene knock-out/silencing are often based on in
vitro system (Kudryavtseva et al., 2016; Canver et al., 2017), which are
inadequate for in vivo developmental study, as the in vitro system could
not mimic the complex developing organisms completely. Nonetheless,
it is indeed possible to introduce viral vectors into developing avian
embryos (Zhang et al., 2012). With reference to the existing methods
and necessary modifications, a new in ovo lentivirus-mediated gene
silencing method was established in our lab. In this study, we took
advantage of this technique to knock down PPAR alpha expression in
developing chicken embryo heart, and further explored the role of
PPAR alpha and L-carnitine in PFOA-induced development cardiotoxi-
city in chicken embryo.

2. Materials and methods

2.1. Materials

PFOA (77262, CAS 3825-26-1), and L-carnitine (C0158, CAS 541-
15-1) were purchased from Sigma (St. Louis, MO, US). Fertile chicken
eggs (Gallus gallus) were purchased from Linwen Trading Co. Ltd
(Jining, Shandong, China). Lentivirus (Control lentivirus or PPAR alpha
silencing lentivirus) were designed and produced by Genechem
(Shanghai, China). Antibody against PPAR alpha was purchased from
Biorbyt (Cambridge, UK). Antibody against GAPDH was purchased
from ZSbio (Beijing, China). Other chemicals and consumables were of
the highest grade obtainable.

2.2. Methods

2.2.1. Chicken embryo incubation
Upon arrival, fertile chicken eggs were cleaned with povidone io-

dide solution and dipped dry with tissue papers. Then eggs were can-
dled to mark the air cell area with pencil, weighed and assigned to
groups evenly based on egg weight. Eggs were incubated in a Keyu
incubator (Dezhou, Shandong, China). Temperature and humidity were
automatically controlled by the incubator. Basically, the temperature
starts at 37.9° Celsius and gradually decreased to 37.1° Celsius as in-
cubation progressed, while the humidity starts at 50% and gradually
increased to 70%. Eggs were turned every 3 h until two days before
hatch. One day before hatching, eggs were moved to individual small
hatch boxes. Hatched chickens were kept in a warmed box supplied
with water until experiments. All procedures followed national in-
stitutes of health guide for the care and use of laboratory animals and
were approved by the Institutional Animal Care and Use Committee
(IACUC) of Qingdao University.

2.2.2. Air cell injection
As described in Jiang et al. (2012), the fertile chicken eggs were

injected with vehicle (sunflower oil), PFOA or PFOA along with L-car-
nitine. Dosing suspensions containing PFOA 20 mg/ml or PFOA 20 mg/
ml + L-carnitine 1000 mg/ml were prepared in sunflower oil so that the
desired final doses (PFOA 2 mg/kg egg weight or PFOA 2 mg/kg egg
weight + L-carnitine 100 mg/kg egg weight) could be achieved at
0.1 ul/g (egg weight) injection. To improve the solubility and stability

of L-carnitine in suspension, 20% distilled water and 10% ethanol were
added to the suspension containing L-carnitine (oil volume was corre-
spondingly decreased to ensure identical total volume).

Briefly, the air cell area was sterilized with 70% ethanol, then a hole
approximately 1 mm in diameter was opened with a metal probe, and
then the dosing suspensions were injected with fine pipette. All dosing
solutions were vortexed prior to injection. After the injection, the hole
was sealed with melted paraffin. The dose selection of PFOA and of L-
carnitine was based on prior studies in the lab (Jiang et al., 2012; Jiang
et al., 2016), along with the reference dose set by FDA on marketed L-
carnitine preparations for human consumption (50–100 mg/kg/day for
infants and children) (USFDA, 2015).

2.2.3. Establishment of in ovo lentivirus transfection method
The in ovo transfection method was developed based upon previous

egg injection experiences, with some reference to a previous publica-
tion (Zhang et al., 2012). For all the methods tested, sterile condition
was maintained. A microinjector (1–5 ul) (Anting Scientific Instrument,
Shanghai, China) was used to inject lentivirus into the eggs. The len-
tivirus stock solution (5–6 × 108 TU/ml) was diluted to 3 × 108 TU/ml
with sterile saline, and the injection volume was 0.05 ul/g (egg weight).

In preliminary tests, direct injection into subgerminal cavity at ED0
or into the embryo at ED2 after making a hole 3 mm in diameter in the
center of the air cell area and tearing open the inner membrane resulted
in extremely high embryo mortality (data not shown), thus a new
method was utilized instead: a hole approximately 1.5 mm in diameter
was made in the center of the air cell area, then the lentivirus solution
was injected underneath the center of inner membrane but not too deep
into the yolk (approximately 1.5–2 mm underneath the inner mem-
brane). Subsequently, the hole was sealed with a small piece of tape.
This method maintained acceptable survival rate of embryos and was
used for the following experiments.

Two time points were tested with the transfection method: ED0 and
ED2. Since the lentivirus used will express enhanced green fluorescent
protein (EGFP) in the host organism, fluorescent microscopy for EGFP
was performed in ED15 chicken embryo hearts (ED15 was the earliest
time point to get acceptable freezing sectioning of the heart) to confirm
the transfection efficacy. Briefly, ED15 embryos were taken out of the
shell, quickly decapitated, and the hearts were dissected out, rinsed in
cold phosphate buffered saline, and freeze-embedded with O.C.T.
Compound (Sakura, Tokyo, Japan). A Leica CM1860 cryomicrotome
(Leica, Wetzlar, Germany) was used to section the hearts at 20 um
thickness, and the resulting sections were visualized directly under an
Olympus BX50 fluorescent microscope (Olympus, Tokyo, Japan) with
excitation wavelength 460–490 nm and emission wavelength 515 nm.
At least three independent embryos were assessed per treatment. Based
on the transfection efficacy, ED2 time point was selected for the fol-
lowing experiments.

2.2.4. Compatibility of air cell injection and lentivirus transfection
To confirm that the air cell injection method is compatible with the

lentivirus transfection method, one additional group of embryos were
air cell injected with vehicle (sunflower oil) at ED0 and transfected with
lentivirus at ED2. On ED2, the paraffin seal on top of the hole made
during air cell injection was carefully removed with fine forceps and
enlarged to 1.5 mm in diameter, allowing the lentivirus injection. Then
the hole was sealed with tape and eggs were returned to incubator. The
transfection efficacy was checked with fluorescent microscopy as de-
scribed in 2.2.3.

2.2.5. Confirmation of PPAR alpha silencing
With the method described in 2.2.3, three PPAR alpha silencing

lentivirus and the control lentivirus designed and manufactured by
Genechem (details of siRNA sequences were provided in Table 1, vector
information available at http://www.genechem.com.cn:8080/Zaiti.
aspx?zt=GV248) were transfected into ED2 chicken embryo. Sterile
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saline was used as vehicle control. To confirm the PPAR alpha silencing
efficacy, embryos were returned to incubator and allowed to develop
until ED15, then embryos were taken out of shell, quickly decapitated,
and the hearts were collected for western blotting. The western blotting
protocol was as described in Wang et al. (2014) with slight modifica-
tions. The concentration of anitbodies used was 1:1000 for PPAR alpha

and 1:3000 for GAPDH. Images were visualized with ECL chemolu-
minscence kit (Solarbio, Beijing, China), acquired with UVP 810 (UVP,
Upland, CA, US), and analyzed with ImageJ (NIH, US). Semi-quantifi-
cation was performed by first normalizing the density of PPAR alpha
bands to the corresponding GAPDH bands, and then normalizing each
bands to control. Three blots from three independent groups of samples

Table 1
siRNA sequences of the PPAR alpha silencing lentivirus used in transfection.

Virus ID 5′ STEM Loop STEM 3′

PPARalpha Virus-1-a Ccgg CTGGGAAATGGTCCAGGATCT CTCGAG AGATCCTGGACCATTTCCCAG TTTTTg
PPAR alpha Virus-1-b aattcaaaaa CTGGGAAATGGTCCAGGATCT CTCGAG AGATCCTGGACCATTTCCCAG
PPAR alpha Virus-2-a Ccgg GATGATATAGGTAGTCCTTTA CTCGAG TAAAGGACTACCTATATCATC TTTTTg
PPAR alpha Virus-2-b aattcaaaaa GATGATATAGGTAGTCCTTTA CTCGAG TAAAGGACTACCTATATCATC
PPAR alpha Virus-3-a Ccgg CTGTGATATAATGGAGCCAAA CTCGAG TTTGGCTCCATTATATCACAG TTTTTg
PPAR alpha Virus-3-b aattcaaaaa CTGTGATATAATGGAGCCAAA CTCGAG TTTGGCTCCATTATATCACAG

PPAR alpha silencing lentivirus were designed and manufactured by Genechem (Shanghai, China). The detailed sequences information were included in this table.
The lentivirus vector was GV248, with the components: hU6-MCS-Ubiquitin-EGFP-IRES-puromycin. For details, please refer to http://www.genechem.com.cn:8080/Zaiti.aspx?zt=
GV248.

Fig. 1. Representative fluorescent microscopy pictures of ED15 chicken
embryo hearts.
Chicken embryos were microinjected with lentivirus expressing enhanced
green fluorescent protein at ED0 or ED2, and incubated to ED15. The
hearts were sectioned at a cryomicrotome (Leica CM1860) at 20 um and
directly visualized with an Olympus BX50 fluorescent microscope
(Excitation: 460–490 nm, emission: 515 nm, magnitude: 200X).
A. Representative pictures from vehicle control embryo. Left panel:
brightfield picture; right panel: fluorescent picture.
B. Representative pictures from embryos microinjected with lentivirus at
ED0. Left panel: brightfield picture; right panel: fluorescent picture.
C. Representative pictures from embryos microinjected with lentivirus at
ED2.Left panel: brightfield picture; right panel: fluorescent picture.
D. Representative pictures from embryos air cell injected with vehicle
(sunflower oil) at E0, and then microinjected with lentivirus at E2. Left
panel: brightfield picture; right panel: fluorescent picture.
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were performed. The lentivirus with best silencing efficacy (Virus-2 in
Table 1) was selected for subsequent experiments.

2.2.6. Assessment of hatchling chicken heart rate
Fertile chicken eggs were evenly assigned into eight groups based on

egg weight: vehicle (sunflower oil); vehicle + control lentivirus; ve-
hicle + PPAR alpha silencing lentivirus; PFOA 2 mg/kg (egg weight);
PFOA 2 mg/kg + control lentivirus; PFOA 2 mg/kg + PPAR alpha si-
lencing lentivirus; PFOA 2 mg/kg + L-carnitine 100 mg/kg and PFOA
2 mg/kg + L-carnitine 100 mg/kg + PPAR alpha silencing lentivirus.
Vehicle/PFOA/L-carnitine were air cell injected at ED0, while control/
PPAR alpha silencing lentivirus were injected at ED2 as described in
2.2.3. Treated embryos were incubated until hatch. Hatchling chicken
heart rates were assessed as described in Jiang et al. (2016).

2.2.7. Assessment of hatchling chicken heart morphology
After the functional assessment, hatchling chickens (anaesthetized

with 33 mg/kg pentobarbital, intraperitoneal injection) were sacrificed.
Hearts were processed, and the morphology was assessed as described
in Jiang et al. (2012). Briefly, seven measurements were equally spaced
radially along the right ventricular wall; the mean of the seven mea-
surements was then normalized to the whole heart weight. For details,
please refer to Supplementary Fig. 1.

2.3. Statistical analysis

Statistical analysis was performed with SPSS 17.0. One way analysis
of variance (ANOVA) was used to detect differences. When ANOVA
returned positive results, post-hoc least significant difference (LSD)
tests were used to compare among groups. Results were considered
statistically significant when P < 0.05.

3. Results

3.1. Establishment of lentivirus transfection method

Fluorescent microscopy revealed higher transfection efficacy in
embryos transfected at ED2 than those transfected at ED0, as indicated
by brighter green fluorescence on the heart tissue (Fig. 1A–C), thus ED2
was selected as the final transfection time point. Additionally, the
transfection efficacy did not appear to be affected by air cell injection at
ED0 and then lentivirus transfection at ED2 (Fig. 1D), indicating that
the lentivirus transfection method is compatible with the classical air
cell injection method.

3.2. Confirmation of PPAR alpha silencing

The efficacy of PPAR alpha silencing was demonstrated by western
blotting on ED15 chicken embryo heart protein extracts. Three lenti-
viruses were tested (as indicated in Table 1). While virus-1 did not
exhibit significant impacts, virus-2 and virus-3 significantly decreased
the expression levels of PPAR alpha in ED15 chicken embryo heart by
68.4% and 34.6%, respectively (Fig. 2). Thus, virus-2 was selected for
subsequent experiments.

3.3. General parameters of hatchling chickens treated with PFOA and/or
lentivirus

The slim body weight (calculated by subtracting the yolk weight
from whole body weight), heart index (heart weight/slim body weight),
liver index (liver weight/slim body weight) and hatchability (total
number hatched/total number reached ED19) were reported in Fig. 3.
No statistical significance was detected among the groups.

3.4. Effects of PPAR alpha knockdown on the hatchling chicken heart rate

Consistent with previous studies in the lab (Jiang et al., 2016),
PFOA 2 mg/kg (egg weight) air cell injection at ED0 induced significant
heart rate elevation in hatchling chickens comparing to those treated
with vehicle, while co-treatment with control lentivirus or PPAR alpha
silencing lentivirus did not significantly alleviate such changes. Mean-
while, 100 mg/kg (egg weight) L-carnitine co-treatment effectively re-
verted the changes in heart rate regardless of lentivirus treatment.
Control or PPAR alpha silencing lentivirus treatment alone did not alter
heart rates remarkably (Fig. 4).

3.5. Effects of PPAR alpha knockdown on the hatchling chicken heart
morphology

Changes to the right ventricular wall thickness of chicken embryo
hearts were reported by our previous studies (Jiang et al., 2012). In the
current study, the D1 hatchling chicken heart right ventricular wall
thickness normalized to heart weight (um/g) was significantly de-
creased following PFOA 2 mg/kg exposure at ED0, while co-treatment
with 100 mg/kg L-carnitine protected the hearts from such changes.
Such results were consistent with previous results (Jiang et al., 2016).
Additionally, co-treatment with control lentivirus had no significant
impact. However, co-treatment with PPAR alpha silencing lentivirus at
ED2 did significantly alleviate such changes. Additionally, 100 mg/kg L-
carnitine treatment together with PFOA exposure and PPAR alpha si-
lencing lentivirus effectively reversed the thinning of right ventricular
wall, with a higher mean, but this result did not statistically differ from
those of the PFOA + PPAR alpha silencing group (Fig. 5).

4. Discussion

The involvement of PPAR alpha in many PFOA-induced effects had
been demonstrated. However, due to the lack of available gene

Fig. 2. Western blotting for PPAR alpha in ED15 chicken embryo hearts.
Chicken embryos were microinjected with three types of PPAR alpha silencing lentivirus
(refer to Table 1 for detail) at ED2, incubated to ED15, and then the hearts were dissected
out, protein samples were extracted with radio immunoprecipitation assay (RIPA) buffer
and subjected to western blotting for PPAR alpha. N = 3 per group. Conv: Control len-
tivirus. V1, V2, V3: The three lentivirus with different designs.
*: Statistically different from vehicle control group (P < 0.05).
A. Representative western blotting picture for PPAR alpha.
B. Quantification for PPAR alpha expression normalized to GAPDH.
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manipulation methods, all previous data regarding to the role of PPAR
alpha in PFOA-induced developmental cardiotoxicity in chicken em-
bryo was based on PPAR alpha agonist/antagonist, which only pro-
vided limited information (Jiang et al., 2013, 2016). In the current
study, a method for in ovo silencing of PPAR alpha in developing
chicken embryo heart was established. With such a model, more details
have been revealed regarding the role of PPAR alpha in this specific
endpoint.

4.1. In ovo lentivirus mediated PPAR alpha knockdown in developing
chicken embryo heart

Lentivirus belongs to the family of retrovirus which operates by
integrating DNA segments into host genomes, making it a suitable tool
for introducing exogenous genes into target organisms (Naldini et al.,
1996). While the most common utilization is in vitro transfection, in vivo
application is also available (Sugiyama et al., 2005). Regarding to the in
ovo application, a couple of reports exist (Zhang et al., 2012; Semple-
Rowland and Berry, 2014), but no readily available methods were

found for the specific application in the current study. The method was
designed based on existing reports and preliminary studies in the
lab.We found that the lentivirus applied in this study could effectively
transfect the developing chicken embryo heart, as indicated by fluor-
escent microscopy results. The transfection occurred quite ubiquitously
in the heart, making the model suitable to study roles of specific genes
in heart development. Due to limitations to the instrument and avail-
ability of samples, tissues from other organs were not evaluated for
transfection efficacy, but may be performed in future studies. Inter-
estingly, transfection at ED2 resulted in considerably higher transfec-
tion efficacy than transfection at ED0. A possible explanation is that the
lentivirus could be carried throughout embryo through blood, and heart
receives the highest volume of perfusion throughout the embryo. Since
no blood circulation is present at ED0, no massive amount of lentivirus
was carried to the developing heart tissue via blood, and the lentivirus
will not stay active for more than a few hours under the warm and
humid condition in the incubator, according to the manufacturer.

The method is stable, practical and cost-effective. Lentivirus trans-
fection resulted in persistent expression of siRNA specifically targeting

Fig. 3. General toxicity parameters of the D1 hatchling chickens.
Fertile chicken eggs were cleaned, candled and air cell injected with vehicle control (sunflower oil), 2 mg/kg PFOA (egg weight), or 2 mg/kg PFOA and 100 mg/kg L-carnitine (egg
weight) at ED0, then microinjected with control lentivirus or PPAR alpha silencing lentivirus at ED2, and then incubated to hatch. Incubation condition was 37.9–37.1° celesus, 50%–70%
humidity. Slim body weight (whole body weight− yolk weight), heart index (heart weight/slim body weight * 1000), liver index (liver weight/slim body weight * 1000) and hatchability
for the hatchling chickens (number of chickens hatched/number of embryos reached ED19) were recorded. Data were presented as mean + standard derivation. N = 3–5 per group.
A. Slim body weight of D1 hatchling chickens.
B. Heart index of D1 hatchling chickens.
C. Liver index of D1 hatchling chickens.
D. Hatchability.
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PPAR alpha, resulting in long-lasting downregulation of PPAR alpha
with minimal other effects. In contrast, while antagonists could be
equally or even more potent suppressing the target activity, specificity
and stability often has space of improvement (El-Jamal et al., 2013).
Better stability and specificity of lentivirus revealed more definitive
information regarding to the role of PPAR alpha in the current study.
However it does have drawbacks that need to be improved in future:
most importantly, transfection at ED2 did not cover the first two days of
embryo development, which could be very important. A critical ex-
posure window experiment for PFOA has been planned in near future to
confirm the importance of the first two day exposure. Additionally, this
method only decreased PPAR alpha expression instead of completely
knock it out, so part of it (approximately 30% according to results of
western blotting) still exists in the embryo tissue. Complete knock out
of PPAR alpha via CRISPR-Cas9 method will be performed in the future.

4.2. Effects of PPAR alpha silencing

With the in ovo PPAR alpha silencing model, the role of PPAR alpha
in PFOA-induced developmental cardiotoxicity was investigated. In
previous studies, the two major observed effects following develop-
mental exposure to PFOA was the functional changes (higher heart rate
and other altered functional parameters) and morphological changes
(thinned right ventricular wall) (Jiang et al., 2012, 2016). Interestingly,
we observed distinct differences between these two endpoints in PPAR
alpha knockdown animals.

For the functional changes (heart rate), PPAR alpha silencing did
not exhibit significant protection against PFOA induced elevation of
heart rate in D1 hatchling chickens, suggesting that PPAR alpha is not
involved in this effects. In one of our previous study, PPAR alpha
agonist WY 14,643 induced heart rate elevation (Jiang et al., 2013).
However, the extent of PPAR alpha activation by WY 14,643 was much
higher for WY 14,643 than PFOA in that study, while achieving similar
heart rate changes, suggesting that the significant heart rate change
induced by PFOA is likely independent of PPAR alpha, which is con-
sistent with the current study. Furthermore, in another study, PPAR
alpha antagonist GW6471 failed to protect against PFOA induced heart
rate elevation in hatchling chickens (Jiang et al., 2016). Results of the
current study helped to exclude the possibility that GW6471 was

depleted during the incubation, and further confirmed that the func-
tional changes induced by PFOA is PPAR alpha independent. Ad-
ditionally, PPAR alpha silencing alone did not induce any remarkable
changes to heart rate in the current study, which is consistent with
Guellich et al. (2013), in which PPAR alpha knockout did not sig-
nificantly impact the heart rate. Notably, other functional parameters
seem to be altered in Guellich et al. (2013). When possible, echo-
cardiography will be performed on the PPAR alpha silenced hatchling
chickens.

On the other hand, PPAR alpha silencing effectively alleviated the
morphological changes in PFOA-exposed hatchling chicken hearts, re-
verting the average thickness of right ventricular wall to a level com-
parable to vehicle control, which is consistent with previous results as
well, in which PPAR alpha antagonist GW6471 induced similar effects
(Jiang et al., 2016). It is highly likely that PPAR alpha is involved in
PFOA-induced morphological changes in the hatchling chicken heart.
The comparison between the current study and Jiang et al. (2016) re-
vealed more information: the right ventricular wall thickness is ap-
proximately 84% of vehicle control in PPAR alpha silenced animals,
while the treatment of GW6471 resulted in approximately 99% of
control. Since these are not completely parallel studies, it is difficult to
compare statistically. Nevertheless, this difference suggests that the
morphological effects of PFOA are likely mediated through the activa-
tion of PPAR alpha, rather than interactions of PPAR alpha protein with
other physiological components. The partial alleviation following PPAR
alpha silencing is likely the results of incomplete silencing. Ad-
ditionally, this effect seems to be specific to PFOA-induced effects, since
PPAR alpha silencing solo treatment did not result in any significant
changes in the right ventricular wall morphology.

Different outcomes regarding to PPAR alpha suggests that the
morphological and functional changes induced by PFOA in developing
chicken embryo hearts could actually be mechanistically independent
to each other: the functional change is independent to PPAR alpha,
while the morphological change involves PPAR alpha signaling.

4.3. PPAR alpha and L-carnitine

In the previous study, L-carnitine was found to exert protective ef-
fects in PFOA-induced developmental cardiotoxicity in chicken embryo
(Jiang et al., 2016). L-carnitine is the shuttle molecule that facilitates
the entry of long-chain fatty acids into mitochondria for beta-oxidation
(Kerner and Hoppel, 2000). L-carnitine and its short-chain derivatives
such as acetyl-L-carnitine and propionyl-L-carnitine are known to
modulate muscle metabolism and exert cardioprotective effects
(Stephens et al., 2007; Andreozzi et al., 2008). On the other hand, PPAR
alpha activation was known to regulate genes involved in fatty acid
oxidation (Ajith and Jayakumar, 2016),

including important genes of carnitine shuttle/metabolism
(Navidshad and Royan, 2016). It is theoretically possible that L-carni-
tine and PPAR alpha crosstalk to each other in the cardioprotective
effects. In the current study, L-carnitine effectively reverted the heart
rate changes as well as the morphological changes induced by PFOA in
hatchling chicken hearts, further confirming our previous studies (Jiang
et al., 2016), however, no statistical significant heart rate changes were
observed between the PFOA + L-carnitine group and the PFOA + L-
carnitine + PPAR alpha silencing group, indicating that PPAR alpha is
not required for L-carnitine to exert protective effects for the heart rate.

Regarding to the morphological changes, PPAR alpha silencing to-
gether with L-carnitine treatment resulted in effective protection against
the right ventricular wall thinning effect induced by PFOA. While it
does not statistically differ from PFOA + L-carnitine treatment group or
PFOA + PPAR alpha silencing group, the mean value seems to be
higher comparing to PFOA + PPAR alpha silencing group. Observed
effects could be the results of simple additive effects of PPAR alpha
silencing and L-carnitine protection, or unknown interactions between
PPAR alpha and L-carnitine. Decreased endogenous L-carnitine levels

Fig. 4. Functional changes in hatchling chickens.
Fertile chicken eggs were cleaned, candled and air cell injected with vehicle control
(sunflower oil), 2 mg/kg PFOA (egg weight), or 2 mg/kg PFOA and 100 mg/kg L-carnitine
(egg weight) at ED0, then microinjected with control lentivirus or PPAR alpha silencing
lentivirus at ED2, and then incubated to hatch. D1 Hatchling chickens were anaesthetized
with 33 mg/kg pentobarbital, electrocardiography was recorded with BL-420E+
(Taimeng, Chengdu, China) and heart rates were calculated by 60/RR interval. N = 3–5
per group.
*: Statistically different from vehicle control group (P < 0.05).
#: Statistically different from PFOA 2 mg/kg group (P < 0.05).
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were observed following PFOA developmental exposure in the previous
study (Jiang et al., 2016), which is consistent with other reports such as
Peng et al. (2013), in which PFOA decreased L-carnitine levels in liver
cells. Our speculation is that PPAR alpha might participate in that
endpoint, affecting endogenous L-carnitine levels, which in turn af-
fected heart development. In that case, L-carnitine supplement could
completely overcome such effects, while PPAR alpha silencing could
alleviate the effects, but the protective effects were somewhat less

prominent. Further study on the endogenous L-carnitine levels in
chicken embryo hearts with PPAR alpha silenced has been planned.

4.4. Other potential mechanisms

Our data suggest that L-carnitine seems to be protective against
PFOA-induced developmental cardiotoxicity, while PPAR alpha silen-
cing had limited effects. However, it is worth noting that other

Fig. 5. Morphological changes in hatchling chickens treated with PFOA and/or L-carnitine.
Fertile chicken eggs were cleaned, candled and air cell injected with vehicle control (sunflower oil), 2 mg/kg PFOA (egg weight), or 2 mg/kg PFOA and 100 mg/kg L-carnitine (egg
weight) at ED0, then microinjected with control lentivirus or PPAR alpha silencing lentivirus at ED2, and then incubated to hatch. Hatchling chickens were anaesthetized with 33 mg/kg
pentobarbital (intraperitoneal injection) and sacrificed, hearts were collected and processed for histological assessment. N = 3–5 per group.
*: Statistically different from vehicle control group (P < 0.05).
#: Statistically different from PFOA 2 mg/kg group (P < 0.05).
LC: L-carnitine
PPAR silencing: PPAR alpha silencing lentivirus
A. Representative picture of hatchling chicken heart histology pictures from vehicle control group. Scale bars represent 1000 um.
B. Representative picture of hatchling chicken heart histology pictures from PFOA 2 mg/kg group. Scale bars represent 1000 um.
C. Representative picture of hatchling chicken heart histology pictures from PFOA 2 mg/kg + L-carnitine 100 mg/kg group. Scale bars represent 1000 um.
D. Representative picture of hatchling chicken heart histology pictures from PFOA 2 mg/kg + control lentivirus group. Scale bars represent 1000 um.
E. Representative picture of hatchling chicken heart histology pictures from PFOA 2 mg/kg + PPAR alpha silencing lentivirus group. Scale bars represent 1000 um.
F. Representative picture of hatchling chicken heart histology pictures from PFOA 2 mg/kg + L-carnitine 100 mg/kg+ PPAR alpha silencing lentivirus group. Scale bars represent
1000 um.
G. Quantification of the hatchling chicken right ventricular wall thickness normalized to heart weight.
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mechanisms may exist as well, which will be further pursued. First of
all, the knockdown technique resulted in decreased PPAR alpha ex-
pression, but not complete absence. PPAR alpha may still play a role
even in those knock-down animals. To our best knowledge, the com-
plete PPAR alpha knock out model in chicken is not available yet,
which will be a short-term goal of our team. Secondly, in the current
study, the in ovo and in vivo work were inevitably affected by varia-
bility, along with a relatively small margin of difference (percentage
change approximately 20%–40%). While changes to vital parameters
such as heart rate usually were in the observed range (Bakkehaug et al.,
2016), it is possible that other unknown factors may contribute, such as
oxidative stress (Chen et al., 2017) or other signaling pathways such as
NF-KB (Zhang et al., 2014; Miao et al., 2015). We will continue to re-
veal more information regarding to PFOA-induced developmental car-
diotoxicity.

5. Conclusion

In the current study, an in ovo PPAR alpha silencing chicken embryo
model has been established. PPAR alpha silencing could not counteract
the heart rate elevation in hatchling chickens following developmental
exposure to PFOA, but could alleviate the thinning of right ventricular
wall. On the other hand, L-carnitine effectively reverted both functional
and morphological changes induced by PFOA. Available information so
far had been summarized in Fig. 6. In conclusion, PPAR alpha is par-
tially involved in PFOA-induced developmental cardiotoxicity in
chicken embryo, while L-carnitine is likely a key molecule in the me-
chanism of toxicity.
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