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Figure 1. Trends in the change of TLR3 (A), TLR4 (B), and TLR7 (C) expression during foals’ growth.
Delivery, sample collected at delivery; 24 h, sample collected 24 h after delivery; 3 days, sample
collected every 3rd day after delivery; 5 days, sample collected every 5 days after delivery; 10 days,
sample collected every 10 days after delivery; 20 days, sample collected every 20 days after delivery; 30
days, sample collected 30 days after delivery; 40 days, sample collected every 40 days after delivery; 50
days, sample collected every 50 days after delivery; 60 days, sample collected 60 days after delivery.
The means are reported with their standard errors.

The expression oftheTLR7 gene remained statistically unchanged throughout the experiment
(Figure 1). The highest values were observed during the day of delivery (9.20 + 1.20), while the lowest
was observed 20 days after delivery (7.20 + 0.61). There was no statistically significant correlation
between the age and the expression of TLR7 mRNA (p > 0.2366) (Table 2).
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Table 2. Expression of TLR3, TLR4, and TLR7 mRNA over the foals’ subsequent days of age from the
control group (mean + standard error (SE).

Age TLR3 TLR4 TLR7
Delivery ! 624+092 1834 +2.6 9212
24h 988117 1538 +22 73£09
3 days 1414C 21 137¢+18 79408
5 days 19.1ABD +22 1234P +15 82:+0.9
10 days 293 ABCE £28 101411 78+0.7
20 days 351 ABCF 137 834P +1.1 72£06
30 days 48.4ABCDG + 49 84 A8 +14 83+09
40 days 53.6 ABCDEF 1 5.8 784BC £12 83+07
50 days 80.4 ABCDEFG 4 g7 73ABC +15 8.6+0.7
60 days 87.9 ABCDEEG 4+ g0 58 ABCD 09 9.2+07

1 Delivery, sample collected at delivery; 24 h, sample collected 24 h after delivery; 3 days, sample collected 3 days
after delivery; 5 days, sample collected 5 days after delivery; 10 days, sample collected 10 days after delivery;
20 days, sample collected 20 days after delivery; 30 days, sample collected 30 days after delivery; 40 days, sample
collected 40 days after delivery; 50 days, sample collected 50 days after delivery; 60 days, sample collected 60 days
after delivery. 2 Means are reported with their standard errors. Means with same letter in column show highly
statistically significant differences (p < 0.01).

3.2. Influence of Stimulation with Biotropina on the Expression of TLR3, 4, and 7 mRNA

Analysis of changes in the expression of TLR3 mRNA after the injection of the immunostimulant
(Group E) showed a decrease by 41.65% (Table 3), while in the control group (Group C), a dynamic
increase in the expression was observed until the last day of observation (116.22 + 13.93). Highly
statistically significant differences were found between immunostimulation and the expression of
TLR3 mRNA.

Table 3. Influence of stimulation with Biotropina on the expression of mRNA for selected Toll-like
receptors (TLR3, TRL4, TLR7) (mean + SE).

TLR3 TLR4 TLR7

Age Group C Group E Group C Group E Group C Group E
Delivery ! 83*+1.82 41*+0.55 199*+4.0 13.7*+0.5 129*+29 76*+09
24h 14.7** £ 3.8 6.5 +1.24 175*+3.3 11.5*+0.6 102+21 7.0+0.8
3 days 20.0** +4.9 8.7 +224 16.7* +2.4 9.9* + 1.1 9.6+17 83+1.1
5 days 28.0+26 15.1*+1.70 145*+1.9 9.7*+1.1 11.4*+22 74*+09
10 days 327+33 30.1+5.43 109 +£0.7 71+13 97 +14 74+0.6
20 days 36.7 +4.6 36.4 +4.93 8.0+12 72+15 87+15 7.0+07
30 days 622%+9.6 39.6*+7.43 82+23 71+£19 10.0 £2.0 71+£09
40 days 78.2* +£6.8 23.1** £ 8.82 6.5%*+1.3 10.0*+2.4 9.7+ 1.6 79+0.8
50 days 107.0** +15.3 26.0 ** +£9.71 55+1.9 68+1.9 11.2*+1.2 69%+09
60 days 116.2* +13.9 44.6 ** +10.20 42+14 65+17 11.5+1.2 7.6+0.7

! Delivery, sample collected at delivery; 24 h, sample collected 24 h after delivery; 3 days, sample collected 3 days
after delivery; 5 days, sample collected 5 days after delivery; 10 days, sample collected 10 days after delivery; 20
days, sample collected 20 days after delivery; 30 days, sample collected 30 days after delivery; 40 days, sample
collected 40 days after delivery; 50 days, sample collected 50 days after delivery; 60 days, sample collected 60 days
after delivery. 2 Means are reported with their standard errors; Group C, control group; Group E, experimental
Biotropina-stimulated group (injection at the 35th and 40th days after delivery). * Means in row/line for receptor
show significant differences (p < 0.05); ** Means in row/line for receptor show highly statistically significant
differences (p < 0.01).

The level of TLR4 mRNA expression at 30 days of age was similar in both groups (Table 3).
After Biotropina injection, TLR4 mRNA expression increased by 41.33% (Group E), while the
expression of TLR4 mRNA in foals from Group C decreased by 20.22%. On the following days
after immunostimulation, TLR4 mRNA expression in the foals from Group E was higher, but we did
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not find statistically significant differences between groups. Statistical analysis showed statistically
significant differences in TLR4 mRNA expression after immunostimulation.

The initial expression of TLR7 mRNA before first suckling was higher in Group C. In Group E,
the highest level of expression was observed during delivery at 7.57 + 0.88 (Table 3). In Group C, the
expression was higher during the experiment compared to Group E, and we found highly statistically
significant differences between groups (p < 0.001). No statistically significant differences were found
between the expression of TLR7 mRNA and immunostimulation.

The Spearman’s rank correlation test showed a strong negative correlation between theTLR3 and
TLR4 genes, and lack of correlation between TLR3 and TLR7as well asTLR4 and TLR7 (Table 4).

Table 4. Correlations (p-value) of the expression of TLR3, TLR4, and TLR7 mRNA over the subsequent
days of age of the foals from the control group.

Gene Age TLR4 TLR7
<lh —0.160 (0.6273) 0.62857 (0.1631)
24h —0.191 (0.4199) 0.462 (0.1400)
3 days ~0.100 (0.6726) 0.492 (0.1276)
TLR3 5 days ~0.095 (0.6912) 0.328 (0.1582)
10 days —0.350 (0.0299) 0.567 (0.1917)
20 days —0.582 (0.0071) 0.423 (0.1634)
30 days —0.04361 (0.0085) 0.368 (0.1098)
40 days —0.56992 (0.0087) 0.472 (0.0355)
50 days —0.46466 (0.0039) 0.76541 (0.0251)
60 days —0.35338 (0.0026) 0.82105 (0.0341)
<lh —0.340 (0.1376)
24h ~0.385 (0.0936)
3 days -0.472 (0.1355)
TLR4 5 days ~0.341 (0.1408)
10 days —0.191 (0.4199)
20 days —0.319 (0.1707)
30 days ~0.271 (0.2468)
40 days —0.53083 (0.1600)
50 days —0.67519 (0.0111)
60 days —0.360 (0.0116)

<1h, sample collected at delivery; 24 h, sample collected 24 h after delivery; 3 days, sample collected 3 days after
delivery; 5 days, sample collected 5 days after delivery; 10 days, sample collected 10 days after delivery; 20 days,
sample collected 20 days after delivery; 30 days, sample collected 30 days after delivery; 40 days, sample collected 40
days after delivery; 50 days, sample collected 50 days after delivery; 60 days, sample collected 60 days after delivery.
Correlations (p-value) bolded show significant differences (p < 0.05) while underlined show highly significant
differences (p < 0.01).

3.3. Influence of Age and Stimulation with Biotropina on the Level of Blood Morphotic Elements

Statistical analysis showed (Table 5):

- Asignificant influence of age on the hematocrit level;

- Ahighly significant influence of age on the hemoglobin level;

- Asignificant influence of age on the level of erythrocytes;

- Ahighly significant influence of age and immunostimulation on the level of leukocytes;

- Ahighly significant influence of age and immunostimulation on the level of lymphocytes;

- Ahighly significant influence of immunostimulation on the number of monocytes;

- Asignificant influence of age and immunostimulation on the number of neutrophils.

- Ahighly significant influence of immunostimulation, significant influence of age on the number
of basophils;

- A highly significant influence of immunostimulation and age on the number of basophils.
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4. Discussion

Infectious diseases are common in foals between the first and fifth months of age. Analysis of
the concentrations of immune system components during this period in healthy and infected foals
may help understand the basics of the maturation of the immune system and also better understand
infection mechanisms [22]. To the best of our knowledge, there are very limited reports where weekly
collections and the expression of immune-related genes have been performed. Therefore, our results
may be interesting for better understanding the changes during the first weeks of a foal’s life and the
changes it undergoes during this time. Most studies report data from the first 24 h of a foal’s life, from
the first 42 days, and very often from adult horses. Moreover, most data include thoroughbreds, while
we performed our analysis on a primitive horse breed that is known for their adaptation to harsh
conditions. While this study was performed on a primitive domestic breed, the results from this study
may differ from potential results if performed on selectively breed domestic horses. Flaminio et al. [22]
reported that healthy lymphocytes of healthy foals were the lowest at birth and that values increased
until the sixth month of age. In our study, we obtained similar results; however, in Polish Pony,
lymphocyte counts were higher (Table 5).

4.1. Changes in TLR4 Gene Expression

Because of the increased vulnerability of foals to some pathogens (e.g., Rhodococcus equi), it seems
reasonable to analyze changes in the expression of the genes that are responsible for the recognition of
the conserved constituents of pathogens [23]. In the present study, a highly significant influence of
age and stimulation with Biotropina was observed for TLR4. Data available in the literature indicate
that the influence of age on TLR4 expression in horses is contradictory. Vendrig et al. [24] found no
differences between the expression of TLR4 in the blood mononuclear cells of foals at 12 h of life or in
adult horses. Stimulation with lipopolysaccharides (LPS) resulted in higher TLR4 mRNA expression
in adult horses, while no response to LPS stimulation was found in foals in an in vivo study [24].
In contrast, Tessier et al. [25], having compared TLR4 mRNA expression in umbilical cord blood and
peripheral blood from adult horses, demonstrated higherTLR4 mRNA expression in umbilical cord
blood in response to LPS administration. The influence of age on the expression of TLR4was observed
by Hansen et al. [26] in horses aged between 5 and 27 years. Higher TLR4 mRNA levels were found
in younger horses, but the decrease in mRNA levels with age were not statistically significant. TLR4
mRNA levels were higher in blood mononuclear cells compared to the same cells from pulmonary
vascular secretions. Osorio et al. [27] and Strong et al. [28] evaluated the expression of the TLR4
gene in the first weeks of a calf’s life, and their results were similar to the one produced in our study.
The highest level of TLR4 gene expression was observed after birth, and a statistically significant
decrease in expression was reported during the following days. A similar trend was identified in
our study. Yerkovich et al. [29] and Levy et al. [30] showed that the expression of the TLR4 gene was
significantly higher in peripheral blood in premature and full-term infants than in adults, both before
and after LPS stimulation [31]. This trend, indicating a decreasing expression of TLR4 with age, was
also found in humans and mice [32,33]. On the other hand, some results illustrate a higher expression
of TLR4 in newborns compared to adults [34] or decreasing expression of TLR4 after stimulation [35].
The differences in TLR4 expression revealed in these studies and in our experiment may be caused by
different concentrations of LPS in the stimulation.

4.2. Changes in TLR3 Gene Expression

We found that TLR3 mRNA levels increased with the age of the foals. Our results are in agreement
with other reports about horses and mostly human newborns [25,36-38]. Interestingly, there are
reports proving epigenetics control TLR3 expression mechanisms [36]. As Porras et al. [36] reported
in their results from healthy donors, it can be presumed that a low level of TLR3 in newborns is a
developmentally desirable trend. In a mouse model, Zhang et al. [37] reported higher abortion rates
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linked with higher TLR3 levels. It was also mentioned that TLR3 expression was age-dependent,
which can be confirmed by our results. As TLR3 binds double-stranded RNAs (dsRNAs), its decreased
level may increase susceptibility to viral infection in young foals. In our study, the lowest level was
recorded before the first suckling, which is in agreement with other reports in premature infants [38]
and newborns [39,40]. The data presented above, and the results obtained in our study of the TLR3
gene, may explain the higher incidence of equine herpesvirus-1 (EHV-1) and equine herpesvirus-4
(EHV-4), responsible for massive respiratory tract infections in foals and young horses. A severe course
and high mortality due to contracting equine viral arteritis (EVA) in young horses may also be a result
of the decreased expression of TLR3. Hussey et al. [41] suggested that TLR3 plays an essential role in
recognizing EHV-1 infections. In our study, a decrease in TLR3 gene expression was observed after
stimulation with Biotropina. We analyzed the level of expression in foals up to 60 days of age, but the
literature indicates that the immune system of horses develops most intensively until about 90 days of
life [42]. Foals have all of the components of an immune system characteristic of adult horses—but
many mechanisms of the immune response have yet to mature. The results indicate that activation of
horse monocytes by ligands for the TLR2 and TLR4 genes increases their expression, but not that of
TLR3. Additionally, TLR3 gene expression decreases with the increase of TLR4 gene expression after
the stimulation of monocytes [43].

4.3. Changes in TLR7 Gene Expression

TLR?7 is responsible for recognizing guanidine-rich, single-stranded viral RNA (ssRNA) and is
an important mediator of the peripheral immune response. Asquith at al. [41] and Slavica at al. [39]
observed no effect of age onTLR7 gene expression in newborns, similar to Talmadge et al. [22] in
horses. Belnoue et al. [44] reported significantly higher levels of TLR7 gene expression in two-week-old
foals compared to adult horses. Harrington et al. [9] found neither an age-dependent pattern in the
expression of the TLR7/8 genes, nor did they detect the effect of imidazoquinol R848 stimulation on
its expression, despite increasing the levels of IL-6 and IL-8. Our results also did not confirm any
relationship between a foal’s age and expression of TLR7. Until now, little was known about the
signaling mechanisms of Toll-like receptors in foals. Identifying the receptors and describing ligands
that react with them can provide new insights into immunological responses and can also point to new
pathways in the field of therapy and prevention of diseases, particularly infectious ones.

5. Conclusions

In summary, on the basis of the results obtained, it was concluded that the expression of the TLR3
and TLR4 genes in peripheral blood cells is dependent on age. The expression of the TLR3 and TLR4
genes, as well as the levels of immunoglobulins and interleukins, can be modulated by stimulation with
the pharmacological agent Biotropina. This experiment demonstrated a strong negative correlation
between TLR3 and TLR4 gene expression. Detailed knowledge of the molecular mechanisms of
immunoglobulin synthesis appears necessary for a better understanding of foal immunity maturity and
its influencing factors. At the same time, this experiment encourages studies regarding the influence of
the signaling cascade’s proteins on the primary immunological response, providing an opportunity to
develop extremely precise methods of regulating acquired immunity. There is still little information
about the maturity of a horse’s immune system in the pre- and postnatal period, which negatively
affects the planning of health protection strategies for foals.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/11/1966/s1,
Supplementary File 1: TEMPUS SPIN manufacturer protocol and Morphotic Blood Parameters, Figure S1: Birth
system alarm, Table S1: Mastermix reaction, Table S2: Reaction efficiency.
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Simple Summary: Obesity is spreading rapidly in most countries and regions, becoming a
considerable public health concern because it is associated with type II diabetes mellitus, fatty liver
disease, hypertension, and even certain cancers. The biological effects of caloric restriction are
closely related to epigenetic mechanisms, including DNA methylation. Here, rabbits were used as
a model to study the effect of a high-fat diet on the DNA methylation profile of perirenal adipose
tissue. The results indicate that 2906 genes associated with differentially methylated regions were
obtained and were involved in the PI3K-AKT signaling pathway (KO04151), linoleic acid metabolism
(KO00591), DNA replication (KO03030), and MAPK signaling pathway (KO04010). In conclusion,
high-fat diet may cause changes in the DNA methylation profile of adipose tissue and lead to obesity.

Abstract: DNA methylation is an epigenetic mechanism that plays an important role in gene regulation
without an altered DNA sequence. Previous studies have demonstrated that diet affects obesity by
partially mediating DNA methylation. Our study investigated the genome-wide DNA methylation of
perirenal adipose tissue in rabbits to identify the epigenetic changes of high-fat diet-mediated obesity.
Two libraries were constructed pooling DNA of rabbits fed a standard normal diet (SND) and DNA
of rabbits fed a high-fat diet (HFD). Differentially methylated regions (DMRs) were identified using
the option of the sliding window method, and online software DAVID Bioinformatics Resources
6.7 was used to perform Gene Ontology (GO) terms and KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway enrichment analysis of DMRs-associated genes. A total of 12,230 DMRs
were obtained, of which 2305 (1207 up-regulated, 1098 down-regulated) and 601 (368 up-regulated,
233 down-regulated) of identified DMRs were observed in the gene body and promoter regions,
respectively. GO analysis revealed that the DMRs-associated genes were involved in developmental
process (GO:0032502), cell differentiation (GO:0030154), and lipid binding (GO:0008289), and KEGG
pathway enrichment analysis revealed the DMRs-associated genes were enriched in linoleic acid
metabolism (KO00591), DNA replication (KO03030), and MAPK signaling pathway (KO04010).
Our study further elucidates the possible functions of DMRs-associated genes in rabbit adipogenesis,
contributing to the understanding of HFD-mediated obesity.

Keywords: DNA methylation; high-fat diet; rabbits

Animals 2020, 10, 2213; doi:10.3390/ani10122213 151 www.mdpi.com/journal/animals



Animals 2020, 10, 2213

1. Introduction

From the last 5 decades, the incidence of obesity has sharply increased, becoming one of the
most considerable threats to human health because it is associated with the risk of type II diabetes
mellitus, fatty liver disease, hypertension, and even certain cancers [1]. Obesity is a multifactorial
pathological process, and genetic, environmental, and behavioral factors influence the development of
obesity [2]. Nowadays, an imbalance between energy intake and expenditure is a major contributor to
fat deposition in individuals predisposed to obesity [3]. Fat deposition is characterized by an increase
in the number and size of adipocytes, and its process is closely related to physiological homeostasis,
far beyond simple fat storage [4]. HFD has been shown to induce obesity in animal models and humans,
and further induce a variety of obesity-related clinical diseases, such as osteoporosis, inflammation,
and even neurodegeneration [5-7]. Perirenal fat, as part of abdominal visceral fat, is often used
to elucidate the molecular and pathophysiological mechanisms of metabolic disorders associated
with obesity or adipose development, because it is closely related to kidney injury, metabolism of
triacylglycerol, and other metabolic regulation [8]. For example, detailed studies have shown that the
perirenal fat thickness in obese patients could be a valuable marker to define the risk of developing
hypertension and kidney dysfunction [9,10]. The expression profile of perirenal fat microRNA was
changed during different growth stages of rabbits, and the differential microRNA expression was
enriched for the MAPK signaling pathway, Wnt signaling pathway, aldosterone synthesis, and secretion
pathways [11].

First proposed by Waddington in 1942, epigenetics refers to heritable changes in gene expression
without an altered DNA sequence [12]. Epigenetics is caused by the interaction of environmental
factors and intracellular genetic material, such as dietary factors, microRNA, and genomic imprinting,
etc. Noteworthily, the biological effects of caloric intake are closely related to epigenetic mechanisms,
including chromatin remodeling and DNA methylation [13]. DNA methylation of leptin and
adiponectin promoters in obese children is associated with BMI, dyslipidemia, and insulin resistance [14].
These observations support the hypothesis that epigenetic modifications might underpin the
development of obesity and related metabolic disorders. Hypermethylation of the pro-opiomelanocortin
and serotonin transporter genes has been positively associated with childhood or adult obesity [15].
HFD changes the methylation status of Caspl and Ndufb9 genes in obese mice, which are related to liver
lipid metabolism and liver steatosis [16]. In addition, the leptin promoter was hypermethylated and
Ppar-a promoter was hypomethylated in oocytes of mice fed with HFD, and the same changes were
also observed in the liver of female offspring [17]. However, few studies have reported the changes in
perirenal adipose tissue methylation profile in HFD-induced obese rabbits.

To further understand the epigenetic mechanisms influencing fat metabolism in obese rabbits,
we investigated the role of DNA methylation in perirenal adipose tissue by sequencing and analyzing
DNA methylation libraries from rabbits fed a standard normal diet (SND) and a high-fat diet (HFD).

2. Materials and Methods

2.1. Animals

A total of 24 female Tianfu black rabbits from a strain breed at the Sichuan Agricultural University
in China were randomly divided into two groups and fed either a standard normal diet (SND) or a
high-fat diet (HFD; 10% lard was added to the standard normal diet) for four weeks. The composition
and nutrient content of the standard normal diet (SND) and the high-fat diet (HFD) were described
in our previous report [18]. At the beginning of the trial, all rabbits were 35 days of age and housed
individually in a clean iron cage (600 x 600 x 500 mm) and kept in an environmentally controlled
room. Rabbits were free to access water and fed twice a day. At the end of the trial, rabbits
were screened for obesity using the body mass index (BMI; BMI = bodyweight (kg)/height? (m)),
and three rabbits from each group meeting the experimental requirements were selected for sampling.
All experimental protocols were performed under the direction of the Institutional Animal Care and
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Use Committee from the College of Animal Science and Technology, Sichuan Agricultural University,
China (DKY-B2019202015, 5 December 2019).

2.2. DNA Extraction

Perirenal adipose tissue samples were collected immediately after rabbits were euthanized
(shock and bleed treatment). Tissue blocks were placed in 4 mL EP tubes and stored in a
—80 °C freezer. Total DNA from perirenal adipose tissue was extracted using a commercial
TIANamp Genomic DNA extraction kit (Tiangen, Beijing, China), following the manufacturer’s
instructions. Subsequently, the purity and concentration of DNA were assessed by Agilent 2100
Bioanalyzer (Agilent Technologies, Carlsbad, CA, USA), and only DNA meeting quality criteria
(thresholds: Ajg/Azgy ~ 1.8; concentration > 200 ng/uL) was used for the trial.

2.3. DNA Methylation Library Construction and Sequencing

To identify genome-wide DNA methylation changes in perirenal adipose tissue induced by HFD,
two libraries were constructed by pooling the DNA samples from three SND rabbits and three HFD
rabbits. Briefly, DNA was fragmented by sonication to 100 to 500 bp fragments. The fragments were
end-repaired using T4 DNA polymerase and Klenow enzyme and adaptors were ligated after generating
3’dA overhangs. Bisulfite treatment was conducted using the ZYMO EZ DNA Methylation-Gold
kit (Zymo Research, Orange, CA, USA), following the manufacturer’s protocol. After desalting,
fragments of sizes ranging from 220 to 320 bp were isolated using a 15% PAGE gel and amplified by
adaptor-mediated PCR. Lastly, the libraries were sequenced using the Illumina HiSeq 4000 platform
(Illumina, San Diego, CA, USA) by Chengdu Life Baseline Technology Corporation, China.

2.4. Processing and Comparison of Sequencing Data

By removing adapter sequences and low-quality reads containing more than 50% low-quality bases
(quality score < 5), clean reads were retained. Clean reads were aligned to the rabbit reference genome
(GCF_000003625.3) with software BSMAP 2.90 (http://code.google.com/p/bsmap). Two forward strands,
i.e.,, BSW (++) and BSC (—+) were used as references. The accuracy of DNA methylation detection
depends on the conversion efficiency of cytosine, and the incomplete transformation of cytosine in
sequences may lead to false-positive results. Here, lambda phage DNA was used as a control group to
calculate the bisulfite conversion rate.

2.5. Methylation Site Detection

The methylation C sites were determined using the method described in a previous study [19].
Briefly, a binomial distribution test was performed for methylated reads number and non-methylated
reads number at C sites. C sites were identified as the methylation C sites when the number of reads
was greater than or equal to the binomial distribution expected value and the total effective coverage
was greater than or equal to four.

2.6. Methylation Level Analysis

The average genome-wide methylation level reflects the overall characteristics of the methylation
pattern of the genome. DNA methylation occurs in three sequence contexts: CG, CHG, and CHH
(H=A, C, or T). The average methylation levels of CG, CHG, and CHH were calculated based on
the percentage of methylated cytosine in the entire genome, chromosome, and genomic functional
elements. For each type of sequence (CG, CHG, and CHH), the average methylation level was
calculated according to the following formula: the average methylation level = methylated reads
/ (methylated reads + non-methylated reads) X 100%. To assess the association between sequence
characteristics and methylation bias, we calculated the methylation percentage of nine bases upstream
and downstream of the methylation site.
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2.7. Searching for Differentially Methylated Regions (DMRs)

DMRs were identified using the option of a sliding window method. Briefly, the sliding windows,
which were used for further analysis, had to meet the following criteria: (a) the depth in each cytosine
should be more than four in each sample, and each C site should cover at least four methylation reads;
(b) the number of selected cytosine should be larger than five; (c) after calculating mean methylation
level of each sample, the fold change of mean methylation level between the two samples should
be larger than two. After repeating extension steps, the merged regions with p < 0.05 were defined
as DMRs.

2.8. Functional Enrichment Analysis of Differentially Methylated Genes

To explore the role of epigenetic variation in biological processes and pathways, online software
DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/home jsp) was used to perform Gene
Ontology (GO) terms and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment
analysis of DMRs-associated genes. GO analysis can be used to identify the performance of the gene
product and contains three types of information: cellular component, molecular function, and biological
processes. KEGG is the main public database that integrates the genome, chemistry, and system
function information, particularly the set of genes associated with the systemic functions of cells,
organisms, and ecosystems. Differences were considered to be statistically significant at p < 0.05.

3. Results

3.1. Quality Assessment of Sequencing Data

After raw reads were processed, a total of 1,221,455,488 clean reads were obtained from methylation
sequencing libraries (Table S1). The clean reads were mapped to the rabbit reference genome, and the
mapping rate was 84.910% in the SND group and 84.730% in the HFD group, respectively. The bisulfite
conversion rate was 99.550% for SND, and 99.520% for HFD. In addition, the effective coverage rate of
C base in each chromosome ranged from 89.892% to 97.577% and ranged from 91.822% to 97.804% in
different functional genomic elements (Tables S2 and S3).

3.2. Methylation Level Analysis

Genome-wide methylation level analysis showed that the methylation level of C, CHG, and CHH
in the HFD group was higher than in the SND group but the CG methylation level in the HFD group
was lower than in the SND group (Table S4). Results of the methylation level C, CG, CHG, and CHH on
different chromosomes are shown in Table S5. The greatest differences in C, CG, CHG, and CHH between
the two groups were found on chromosome 20, chromosome X, chromosome 1, and chromosome
11, reaching 0.569%, 2.736%, 0.056%, and 0.047%, respectively. In addition, we classified the various
functional genomic elements into promoter, CDS, intron, mRNA, downstream, CpGlsland, ncRNA,
and transposons. Compared with the SND group, the methylation level of C, CHG, and CHH in
each functional genomic element was increased in the HFD group (Table S6). However, based on
comparison with the SND group, promoter, intron, mRNA, downstream, and ncRNA methylation
levels were decreased in CG, and only CDS, CpGlsland, and transposons methylation levels were
increased in CG.

3.3. Genome-Wide Characteristics of Methylated C Bases

The percentage of methylated C bases in CG were highest, reaching 94.795% (SND) and 94.843%
(HFD) but rarely cytosine methylation was found in CHH and CHG. In addition, we calculated the
methylation percentage of nine bases (methylated C at the fourth base) upstream and downstream
of the methylated site. As shown in Figure 1, CG, CAG, and CAC were the most likely sites to be
methylated in both SND and HFD groups.
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Figure 1. Genome-wide characteristics of methylated C bases. Sequence characteristics of bases near
mCG, mCHG, and mCHH in the SND and HFD group.

3.4. Analysis of Differentially Methylated Regions (DMRs)

A total of 12,230 DMRs were identified in the genome of the HFD group compared to the SND
group. Chromosome 21 was the chromosome with the least amount of DMRs and chromosome 13
was the chromosome with the most amount of DMRs (Figure 2a,b). The total length of DMRs in
each chromosome is shown in Table S7. In addition, the DMRs were mapped to the gene body and
promoter regions, and 2305 (1207 up-regulated, 1098 down-regulated) and 601 (368 up-regulated,
233 down-regulated) methylated genes were obtained, respectively. Some genes involved in adipocyte
growth and development have also been identified, including ACE2, AGTR1, IGFIR, and ACSL4.

3.5. GO and KEGG Enrichment Analysis

To better study the biological functions of the DMRs-associated genes, we used online software
DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/home.jsp) to carry out gene ontology
(GO) terms and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis.
GO analysis of the overlapping DMRs-associated genes in the gene body regions found a total of 6310
enriched GO terms (4796 biological processes (BP), 579 cellular components (CC), and 935 molecular
functions (MF)), of which 12.570% were significantly enriched (p < 0.05) (Table S8). The main
GO terms involved in overlapping DMRs-associated genes in the gene body regions included the
developmental process (GO:0032502), cell differentiation (GO:0030154), and lipid binding (GO:0008289).
The top 10 significantly enriched terms in the BP, CC, and MF categories are shown in Figure 3a.
The KEGG pathway analysis showed that overlapping DMRs-associated genes in the gene body regions
were enriched in 314 pathways including the PI3K-AKT signaling pathway (KO04151), linoleic acid
metabolism (KO00591), and pathways for DNA replication (KO03030). Thirty-nine of these pathways
(12.420%) were significantly enriched (p < 0.05, Table S9). In addition, a scatter analysis was carried out
for the 20 most significant pathways to intuitively show the significance of these pathways (Figure 3b).
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(b)

Figure 2. Analysis of differentially methylated regions (DMRs). Two chromosomes with the least (a) and
the most (b) amount of DMRs. The outer ring represents the position of the genomic chromosome;
the second circle is the DMRs region: the red area represents the higher methylation level of HFD
compared to the SND group and the green area represents the lower methylation level of HFD compared
to the SND group; the third circle represents the methylation rate of each site of sample HFD; the
fourth circle represents the methylation rate of each site of sample SND; the fifth circle represents the
difference of methylation rate.
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Figure 3. GO and KEGG enrichment analysis. (a) GO analysis of the overlapping DMRs-associated
genes in the gene body regions and promoter regions. (b) KEGG pathway analysis of the overlapping
DMRs-associated genes in the gene body regions and promoter regions. Rich factor = (DMRs-associated
genes annotation in term/genes annotation in term)/(DMRs-associated genes with KEGG annotation /
all genes with KEGG annotation).

GO analysis of the overlapping DMRs-associated genes in the promoter regions showed enrichment
of 2223 biological processes (BP), 311 cellular components (CC), and 405 molecular functions (MF),
of which 173 BP (7.780%), 20 CC (6.430%), and 37 MF (9.140%) were significantly enriched (Table S10).
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The significantly enriched GO terms mainly include positive regulation of lipid biosynthetic process
(GO:0046889), regulation of cholesterol metabolic process (GO:0090181), and regulation of lipid
biosynthetic process (GO:0046890). The top 10 significantly enriched GO terms in the BP, CC, and MF
categories of GO analysis are shown in Figure 3a. KEGG pathway analysis found 266 enriched
pathways including the MAPK signaling pathway (KO04010) (Table S11). The top 20 significantly
enriched pathways are presented in Figure 3b.

4. Discussion

DNA methylation represents an important epigenetic marker because it is associated with
chromosomal structural changes, embryonic development, expression of imprinted genes, and causing
corresponding diseases, including X chromosome inactivation and DNA unwinding [20-22].
Nowadays, obesity prevention and treatment strategies have been unsuccessful, and DNA methylation
is one of the epigenetic modifications associated with obesity [23]. The rabbit is an ideal material to
study obesity due to its lipid metabolism and obesity-related clinical manifestations similar to those of
humans [24,25]. Thus far, some DNA methylation related studies have been investigated in rabbit
models but studies of the changes in perirenal adipose tissue methylation profile in HFD-induced
obese rabbits have not been carried out. In this study, DNA methylation patterns were investigated in
rabbit models to understand obesity-related DNA methylation changes.

Here, the mapping rates were 84.910% and 84.730% in the SND group and HDF group, respectively.
The bisulfite conversion rates were 99.550% (SND) and 99.520% (HFD) in the two groups, which was
consistent with previous research, indicating that the libraries were high quality and reliable [26,27].
Methylation is a dynamic process in cells, which can be regulated by methylation and demethylation.
The average methylation level of the whole genome reflects the overall characteristics of the genome
methylation profile. The results of the genome-wide methylation level analysis in this study were
similar to those in mice [28]. The methylation level of CG was higher than the methylation level in C,
CHG, and CHH. However, this result is different from that of plant Arabidopsis Thaliana. The plant
genome has extensive methylation at the CHG site [29]. CG methylation was maintained by Dnmt1.
CHH methylation and some CHG methylation is usually maintained by the activity of the conserved
Dnmt3. The high level of CHG methylation seen in Arabidopsis thaliana is maintained by plant-specific
methyltransferase [30]. In addition, research on chickens suggests that promoter DNA methylation
generally affects chromatin structure and is a signal to inhibit gene transcription, and promoter regions
are lowly methylated [31]. Our study also found that promoter regions showed a lower methylation
level than other regions. However, a study in mice fed with HFD showed that promoter regions
are hypermethylated [32]. Therefore, we hypothesized that differences in methylation level may
be species-specific.

The results of genome-wide characteristics of methylated C bases showed that the proportion
of mCG was the highest, while the cytosine methylation was low in CHH and CHG. Some studies
have shown that no enzyme can maintain mCHG during DNA replication in animals, so the sites of
CHG type in animal cells generally show a very low level of methylation. CHH can only rely on the
methylation mechanism, so CHH methylation is easily lost in the process of DNA replication and is
generally in the state of hypomethylation [33]. The results of this study showed that the characteristics
of methylation in the rabbit genome were similar to those in other animals.

DMRs refer to the regions of DNA molecules with different methylation status in two samples.
The identification of DMRs is the first step towards the study of DMRs-associated genes [34]. In our
study, a total of 2906 DMRs were identified, and 2305 (1207 up-regulated, 1098 down-regulated)
and 601 (368 up-regulated, 233 down-regulated) methylated genes were associated with differentially
methylated regions. Many genes are related to adipocyte growth and development. For example, as the
members of the renin-angiotensin system (RAS), ACE2 and AGTR1 were reported to participate in the
development and progression of obesity [35,36]. PPARy and aP2 are important transcription factors in
the development and function of the adipose tissue and marker of lipogenesis [37]. Previous studies
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showed that inhibition of IGFIR decreased the expression of PPARY, thereby inhibiting lipogenesis [38].
Moreover, ACSL4 plays a role in the regulation of lipid metabolism. ACSL4 was expressed throughout
the entire differentiation process in pig preadipocytes and showed a similar expression trend with
lipogenesis-associated genes PPARy and aP2 [39].

Gene ontology (GO) analysis is a reliable bioinformatics tool for understanding the characteristics
of genes and gene products. The significantly enriched terms in the BP, CC, and MF categories
indicated the possible roles of the DMRs-associated genes in regulating obesity. The significantly
enriched GO terms showed correlation with adipocyte lipid metabolism and metabolisms, such as lipid
binding (GO:0008289), positive regulation of lipid biosynthetic process (GO:0046889), regulation
of cholesterol metabolic process (GO:0090181), developmental process (GO:0032502), and cell
differentiation (GO:0030154). Some terms were related to adipocyte development, including cytoskeletal
protein binding (G0O:0008092), tubulin binding (GO:0015631), calcium ion binding (GO:0005509).
Cytoskeletal remodeling and cell-cell interaction are a necessary step in the transformation of
preadipocytes into mature adipocytes, and adipocyte development is dependent on «-tubulin [40,41].
Calcium is a complex mediator in adipogenesis because it regulates numerous cellular processes [42].
Furthermore, other GO items related to hormones and enzymes were also significantly enriched,
such as regulation of glucocorticoid secretion (GO:2000849), N-acetyltransferase activity (GO:0008080),
and phosphoric diester hydrolase activity (GO:0008081). Increasing evidence suggests that excess
glucocorticoids leads to increased fat mass and obesity through the accumulation of adipocytes [43].
Acetyltransferase is a regulator of adipogenesis and lipid metabolism, and its regulatory mechanism
is mainly transcription and post-translation modifications [44]. Phosphoric diester hydrolase is a
regulator of systemic glucose and insulin homeostasis [45]. Interference of phosphoric diester hydrolase
expression in 3T3-L1 adipocytes caused a dramatic decrease in adipocyte differentiation key gene
(PPARy, aP2) and lipid accumulation [46].

Adipogenesis is a complex process involving an elaborate network of transcription factors
and signaling pathways. Results of KEGG analysis showed that DMRs-associated genes were
mainly involved in the PI3K-AKT signaling pathway (ko04151), linoleic acid metabolism (KO00591),
DNA replication (KO03030), and MAPK signaling pathway (KO04010). The PI3K-AKT signaling
pathway is a key regulator in cell proliferation, differentiation, and apoptosis [47]. Activation of the
PIBK-AKT signaling pathway promotes the expression of marker genes involved in adipogenesis and
glucose uptake [48]. In our study, 70 DMRs-associated genes were enriched in the PI3K-AKT signaling
pathway, thereby revealing that these DMRs-associated genes may be essential for adipogenesis.
Linoleic acid metabolism (KO00591) is also associated with adipogenesis. Linoleic acid can be
converted to the metabolically active arachidonic acid, which has roles in inducing inflammation
and adipogenesis. Excessive intake of linoleic acid results in increasing magnitudes of adiposity,
inflammatory cytokines, and insulin resistance [49]. In addition, it is becoming clear that DNA
replication (KO03030) and the MAPK signaling pathway (KO04010) play an important role in
adipocyte growth and development [50,51]. Thus, the results of our study indicate that these
DMRs-associated genes might be an important regulator in adipogenesis. However, due to the
limitation of experimental conditions, such as pooled samples, only one library per group, sequencing
methods, etc., functional verification of these DMRs-associated genes will be important to consider in
the future.

5. Conclusions

In conclusion, our study indicates that a high-fat diet may affect genes associated with adipogenesis
by altering DNA methylation patterns. We identified 2906 methylated genes, of which, ACE2, AGTR1,
IGF1R, and ACSL4 may have a key role in adipogenesis. These genes may be involved in the regulation
of adipogenesis through the PI3K-AKT signaling pathway (KO04151), linoleic acid metabolism
(KO00591), DNA replication (KO03030), and MAPK signaling pathway (KO04010).
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Simple Summary: The broiler chicken is one of the most important livestock species in the world,
as it occupies a major role in the modern human diet. Due to uneven artificial selection pressures,
the broiler has increased in size over the past few decades at the expense of its ability to withstand
oxidative damage, the latter of which is often a byproduct of thermal stress. In order to attenuate the
effects of heat stress, thermal manipulation (TM), which involves changes in incubation temperature
at certain points of embryonic development, is increasingly being presented as a way in which to
improve broiler thermotolerance. Therefore, the objective of this study was to investigate how TM
might affect broiler response to post-hatch thermal stress in the context of the genes that help combat
oxidative damage, namely the catalase, NADPH oxidase 4 (NOX4), and superoxide dismutase 2
(SOD2) genes. Expression of all three aforementioned genes differed significantly between TM and
control chickens after exposure to cold and heat stress. Conclusively, TM may act as a viable mode of
preventative treatment for broilers at risk of thermally induced oxidative stress.

Abstract: Thermal stress is a major source of oxidative damage in the broiler chicken (Gallus gallus
domesticus) due to the latter’s impaired metabolic function. While heat stress has been extensively
studied in broilers, the effects of cold stress on broiler physiologic and oxidative function are still
relatively unknown. The present study aimed to understand how thermal manipulation (TM) might
affect a broiler’s oxidative response to post-hatch thermal stress in terms of the mRNA expression
of the catalase, NADPH oxidase 4 (NOX4), and superoxide dismutase 2 (SOD2) genes. During
embryonic days 10 to 18, TM was carried out by raising the temperature to 39 °C at 65% relative
humidity for 18 h/day. To induce heat stress, room temperature was raised from 21 to 35 °C during
post-hatch days (PD) 28 to 35, while cold stress was induced during PD 32 to 37 by lowering the room
temperature from 21 to 16 °C. At the end of the thermal stress periods, a number of chickens were
euthanized to extract hepatic and splenic tissue from the heat-stressed group and cardiac, hepatic,
muscular, and splenic tissue from the cold-stressed group. Catalase, NOX4, and SOD2 expression in
the heart, liver, and spleen were decreased in TM chickens compared to controls after both cold and
heat stress. In contrast, the expression levels of these genes in the breast muscles of the TM group
were increased or not affected. Moreover, TM chicks possessed an increased body weight (BW) and
decreased cloacal temperature (T€) compared to controls on PD 37. In addition, TM led to increased
BW and lower T€ after both cold and heat stress. Conclusively, our findings suggest that TM has a
significant effect on the oxidative function of thermally stressed broilers.

Keywords: broiler; thermal manipulation; antioxidant; heat stress; cold stress

Animals 2020, 10, 126; doi:10.3390/ani10010126 163 www.mdpi.com/journal/animals



Animals 2020, 10, 126

1. Introduction

The term broiler refers to any member of the red junglefowl subspecies, Gallus gallus domesticus,
that has been reared for the purposes of meat production and consumption [1]. Constituting the largest
standing avian population, the broiler has become a vital component of modern human nutrition as a
result of the rapid industrialization of the poultry production process [2]. Since the mid-twentieth
century, broilers have undergone intensive breeding in order to enhance their growth rates, meat
yield, and feed conversion ratios [3]. However, these artificial selection pressures have been largely
consumer-driven, focusing solely on improving certain commercially attractive parameters at the
expense of immune, metabolic, and skeletal function [4]. As a result, the modern broiler has become
increasingly susceptible to the effects of thermal and, in turn, oxidative stresses [5].

Due to impaired metabolic function and expensive energetics, broilers are especially vulnerable
to heat stress, which occurs when the broiler is unable to adequately dissipate body heat to the
environment [6]. Rising global temperatures have consolidated the threats of heat stress to the
development and wellbeing of broiler chickens, and such increases in temperature are exacerbated
during the hotter seasons [7]. In addition, broiler heat stress can be caused by certain stages of the
poultry production process, especially during their transport from rearing to processing facilities [8].
Broilers subject to heat stress will have a lower body weight due to decreased feed intake, and their
innate immune function will be impaired as a result of decreased immune organ weight [9]. In fact,
it has been illustrated that heat stress results in oxidative stress in broilers, resulting in a number of
adverse metabolic changes [10].

Heat stress is a major cause of oxidative stress in broilers, and oxidative damage deteriorates the
appearance, flavor, and nutritional value of broiler meat [11]. Oxidative stress can be defined as the
imbalance that occurs when the amount of reactive oxygen species (ROS) in an animal cell exceeds
the latter’s antioxidant capacity [12]. To prevent oxidative stress, several genes are involved in the
maintenance of cellular homeostasis, including NADPH oxidase 4 (NOX4), superoxide dismutase
(SOD2), and catalase [13,14]. Primarily expressed in renal and vascular cells, the NOX4 gene is
constitutively active and codes for an oxygen-sensing enzyme that can also play a role in antimicrobial
defense [15-17]. If overexpressed, NOX4 leads to oxidative stress due to its production of superoxide
(Oy7) radicals and hydrogen peroxide (H,O,) molecules [18,19]. To prevent NOX4-associated oxidative
stress from occurring, SOD2 and catalase act to dismutate O, ~ and break down H,O,, respectively [20].

Unlike heat stress, cold stress in broilers has not been the subject of much research in the context
of its relation to oxidative stress. Nonetheless, cold stress has been found to induce oxidative stress and
modulate immune function in broilers while also increasing their susceptibility to necrotic enteritis
and ascites development [21-25]. Moreover, cold stress was found to affect the thigh muscle of broilers
more severely than the breast muscle, and it significantly reduced the feed intake and body weights
of broilers but increased their feed conversion ratios [26,27]. As outdoor rearing systems gain more
popularity, preventing cold stress will become increasingly costly to the poultry industry, and such
costs often fluctuate depending on fuel prices, season, and existing heating systems [28].

To mitigate the damage caused by heat and cold stress, thermal manipulation (TM), which
involves embryonic exposure to high or low temperatures, has been found to improve thermotolerance
and enhance physiological parameters of broilers [13,29-33]. However, further research needs to be
carried out in order to understand the effects of heat- and cold-induced oxidative stress in thermally
manipulated broilers. Therefore, the main purpose of the present study was to investigate the
effects of both cold and heat stress on the antioxidant defense mechanisms of thermally manipulated
broiler chickens.

2. Materials and Methods

Ethical approval for all experimental procedures was obtained from the Animal Care and Use
Committee at Jordan University of Science and Technology (approval # 16/3/3/418).
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2.1. Egg Procurement and Incubation

Fertile Cobb eggs (n = 600) were obtained from local distributors based in Madaba, Jordan. Before
incubation, eggs were thoroughly examined, and eggs were excluded if they displayed abnormality or
damage (n = 69). The remaining eggs (n = 531) were then randomly divided into two groups, control
(n = 266) and thermal manipulation (TM) (n = 265), and incubated in semi-commercial incubators
(Masalles S.L., Barcelona, Spain). In the control group, eggs were incubated under standard conditions
(37.8 °C and 56% relative humidity (RH)) throughout embryogenesis. In contrast, TM eggs were only
incubated under standard conditions from embryonic days (ED) 1 to 9 and 19 to 21, as TM was applied
from ED 10 to 18 by incubating the eggs at 39 °C and 65% RH for 18 h/day. On ED 7, candling was
performed on each egg in order to exclude infertile and/or nonviable eggs.

2.2. Hatchery Management

On hatch day, the hatchability, which is the percentage of fertile eggs that hatch, was calculated
according to the following equation: hatchability = (number of hatched chicks/total number of
incubated eggs) X 100. Chicks were left in the incubator to dry for the first 24 h of their post-hatch life,
after which they were transported to a special area designated for the field experiments. On post-hatch
days (PD) 1 and 37, the cloacal temperatures (T€) and body weights (BW) were recorded, and the
number of chicks that died within the whole field experimental period was noted. Dead chickens were
histopathologically examined, but no significant obvious findings were reported. Before exposure to
thermal stress, chicks were randomly distributed into their coops in groups of ten. In the first week, the
temperature of the enclosures was kept at 33 + 1 °C and was steadily reduced to 24 °C by the end of
the third week. The RH during the rearing period was maintained within a range of 45%-52%. Water
and appropriate feed were supplied to the chicks ad libitum during the whole field experiment period.
On PD 8 and 20, chicks were vaccinated against Newcastle disease, and, on PD 15, the chicks were
vaccinated against infectious bursal disease. The overall experimental design is illustrated in Figure 1.

Recorded Recorded  Recorded [ /-\3
& BwW BW Teew | 3

Thermal Heat stress Cold stress
manipulation

40 male chicks from
«each of the control
and TM groups were
randomly selected
(n=80)

60 male chicks from

each of the control
and TM groups were
randomly selected

Control group ™ group
(n=266) (n=265)

Increased
001
temperature

Incubated at

37.8°C and 56%
RH

Selected and euthanized 8

they were incubated
at39°C and 65% RH
for 18 hoursiday chicks from each group

Selected and euthanized 5 chicks from each gro ]
at day Selected and euthanized 8 . vihanized s chicks I grove
chicks from each group
Selecled and euthanized 8
chicks from each gmup
Selected and euthanized 8
chicks from each group
Selected and euthanized 8
chicks from each group

Figure 1. Experimental design showing the three main phases: thermal manipulation, heat stress, and

cold stress.
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2.3. Experiment 1: Post-Hatch Heat Exposure

On PD 26, male chicks (n = 60) were randomly selected from each of the control and TM groups
to be transported to the experimental room for the induction of heat stress. On PD 28, heat stress was
induced by raising the temperature of the experimental room to 35 °C and 45%-52% RH until PD
35. During this period, male chicks (n = 60) from each of the control and TM groups were subject to
normal conditions (not shown in Figure 1). The experimental and rearing rooms were located on the
same floor in order to mitigate transport stress. After 0, 1, 3, 5, and 7 days of heat exposure, chicks
(n = 8) were randomly chosen from the control and TM groups. The T¢ and BW of the chicks were
recorded, after which they were euthanized in order to collect hepatic and splenic organs. Samples
were snap-frozen on-site using liquid nitrogen, transferred to the laboratory, and stored at —80 °C.

2.4. Experiment 2: Post-Hatch Cold Exposure

On PD 32, chicks (n = 40) from each of the two incubation groups (control group and TM group)
were randomly chosen and subdivided into four subgroups: control exposed to cold stress (CS), TM
exposed to cold stress (TS), control exposed to normal conditions (CN) and TM exposed to normal
conditions (TN). Cold stress was achieved by lowering the room temperature to 16 °C and 45%-52%
RH from PD 32 to 37. At PD 37, BW and T€ were recorded for chicks (n = 5) from each subgroup,
and a number of chicks (n = 5) were humanely euthanized in order to collect the liver, spleen, heart,
and breast muscle organs. Samples were snap-frozen on-site using liquid nitrogen, transferred to the
laboratory, and stored at —80 °C.

2.5. cDNA Synthesis

The Direct-Zol™ RNA MiniPrep (Zymo Research, Irvine, CA, USA) was utilized alongside TRI
Reagent® (Zymo Research, Irvine, CA, USA) in order to isolate total RN'A from all the collected samples.
The Biotek PowerWave XS2 Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA) was
employed to determine the quantity and quality of the samples, after which 2 g of total RNA from
each sample were inputted into the Superscript III cDNA Synthesis Kit (Invitrogen, Carlsbad, CA,
USA) to synthesize cDNA.

2.6. Primer Design and Relative mRNA Quantitation Analysis by Real-Time RT-PCR

The primer sequences that were used for real-time RT-PCR analysis are listed in Table 1. Primers
were taken from previous reports [34] and were designed using the PrimerQuest tool on the Integrated
DNA Technologies website (Coralville, IA, USA) (https://eu.idtdna.com/pages) and the Nucleotide
database on the NCBI (Bethesda, MA, USA) website (https://www.ncbi.nlm.nih.gov/nucleotide/). The
QuantiFast SYBR® Green PCR Kit (Qiagen, Hilden, Germany) was utilized on a Rotor-Gene Q MDx 5
plex instrument (Qiagen, USA) according to the manufacturer’s protocol. For the internal control, fold
changes in gene expression were normalized against the 28S ribosomal RNA. Single target amplification
specificity was ensured by the melting curve, and relative quantitation was calculated automatically
by the software on the Rotor-Gene Q MDx 5 plex instrument.

Table 1. Primer sequences used for real-time RT-PCR analysis.

Gene Forward (5" to 3') Reverse (5 to 3")
NOX4 CCAGACCAACTTAGAGGAACAC TCTGGGAAAGGCTCAGTAGTA
SOD2 CTGACCTGCCTTACGACTATG CGCCTCTTTGTATTTCTCCTCT

Catalase GAAGCAGAGAGGTTCCCATTTA ~ CATACGCCATCTGTTCTACCTC
28SrRNA  CCTGAATCCCGAGGTTAACTATT  GAGGTGCGGCTTATCATCTATC
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2.7. Statistical Analysis

IBM SPSS Statistics v23.0 (IBM, USA) was used for all statistical analyses performed in the current
study. The chi-squared test was used to analyze hatchability and mortality rates. T¢, BW, and the fold
changes in mRNA levels of the catalase, NOX4, and SOD2 genes are portrayed as means + SD. An
independent t-test compared between the control and TM groups with respect to several parameters
at each time interval (PD 1, 3,5, 7,9, 11, 13, 15, 19, 22, 25, 28, 30, 33 and 35). Within the treatment
group itself, two-way ANOVA was also used to compare between different parameters at specific time
intervals after thermal stress. Statistical significance for parametric differences was set at 0.05.

3. Results

3.1. Effect of Thermal Manipulation (TM) on Hatchability and Physiological Parameters of Broiler Chicks

No significant effect was observed in either the mortality (control = 1.7; TM = 1.7) or the hatchability
(control = 85.71; TM = 83.02) rates between the control and TM groups. However, TM led to significantly
lower cloacal temperatures (T€) on PD 1 and 37 and to higher body weights (BW) on PD 37. However,
no significant change was observed in hatchling BW (Table 2).

Table 2. Effects of embryonic thermal manipulation (TM) on post-hatch body weight (BW) and cloacal
temperature (TC) of broiler chickens.

Post-Hatch Day Control ™
TC€ (°Q) 1 39.63 +0.24 39.48 +0.23b
37 39.05 + 0.24 @ 3838 +0.22b
BW (g) 1 442 +£38% 427 282
37 2302.8 +79.72 2440 + 82.5P

b within the same row, means + SD with non-identical superscripts are significantly different.

3.2. Effect of Post-Hatch Heat Stress on Physiological Parameters of Thermally Manipulated Broilers

Table 3 illustrates the effects of heat stress for 7 days (PD 28 to 35) on TS, BW, and BW gain in the
controls and TM broiler chickens. TM significantly decreased the mortality rate during post-hatch
heat exposure (control = 12%; TM = 8%). Moreover, heat stress significantly increased the T¢ in both
groups, but the TC of controls was significantly higher compared to TM chicks. On day 0 (PD 28) of
heat stress, the BW of the TM group was significantly higher than that in controls. Similarly, the BW
of controls was significantly lower compared to TM chicks on day 7 (PD 35) of heat stress, but the
subgroups exposed to heat stress possessed significantly lower BW and BW gain compared to those
exposed to normal conditions.

Table 3. Effects of post-hatch heat stress for 7 days (post-hatch day (PD) 28 to 35) on cloacal temperature
(T€), body weight (BW), and BW gain in broiler chickens subjected to embryonic thermal manipulation
and controls.

Normal Conditions

Heat Stress

(21 °C; RH 45%-52%)

(35 °C; RH 45%-52%)

Control ™ Control ™
TC€ (°C) 39.65 £ 0.28 2 39.08 +0.21° 41.35+0.24°¢ 4015+ 0.26 4
BW (g)
Day 0 (PD28) 13733 +513% 16757 +83.8P  1456.7 +82.8°? 1704 + 74.4 P
Day7 (PD35) 18479 +108.12  2108.8 +95.8P 1645 + 40.6 € 1930 + 50.2 4
BW gain (g) 474.6 7092 433 £39.1° 188.3 +47.3° 226 +34.7°

a-d within the same row, means = SD with non-identical superscripts are significantly different.
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3.3. Effect of Post-Hatch Heat Stress on Antioxidant Enzyme mRNA Levels in Thermally Manipulated Broilers

Figure 2 represents the effects of heat stress on the hepatic and splenic mRNA levels of certain
antioxidant enzymes in broiler chicks subjected to embryonic TM. Tables S1 and S2 includes the mRNA
levels of the same antioxidant genes for broiler chicks (TM and controls) not exposed to heat stress
during the same timeframe.
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Figure 2. Effect of post-hatch heat stress for 7 days (PD 28 to 35) on the mRNA levels of catalase, NOX4,
and SOD? in the liver (A-C) and spleen (D-F) of TM broiler chicks (n = 5). * within the same day,
means + SD of TM and control chicks are significantly different. # within the control group, means * SD
of non-identical days differ significantly. # within the TM group, means + SD of non-identical days
differ significantly.

Catalase. On day 0 (PD 28) of heat stress, TM led to significantly lower catalase mRNA levels in
the liver. In the control group, the hepatic mRNA levels of catalase were significantly higher after
5 (PD 33) and 7 (PD 35) days of heat stress compared to day 0, while, in the TM group, the level was
significantly higher only after 1 day (PD 29) of heat exposure. The hepatic catalase mRNA level was
significantly lower in TM chicks compared to controls after 5 (PD 33) and 7 (PD 35) days of heat stress.

The splenic mRNA level of catalase was not significantly different between TM and control chicks
on day 0 (PD 28) of heat stress. However, the level was significantly lower in TM chicks compared
to controls after 1 (PD 29) and 7 (PD 35) days of heat stress. Within the control group, the splenic
mRNA level of catalase was significantly higher after 1 (PD 29), 5 (PD 33), and 7 (PD 35) days of heat
exposure compared to day 0 (PD 28), whereas, in the TM group, the splenic mRNA level of catalase
was significantly higher after 3 (PD 31) and 5 (PD 33) days (vs. day 0 (PD 28)).

NOX4. In the liver, the mRNA level of NOX4 was not significantly different between the TM and
control groups on day 0 (PD 28) of heat stress. In contrast, the NOX4 mRNA level was significantly
lower in TM chicks compared to controls after 3 (PD 31), 5 (PD 33), and 7 (PD 35) days of heat stress.
Within the control group, the mRNA level was significantly increased after 3 (PD 31), 5 (PD 33), and
7 (PD 35) days of heat stress (vs. day 0 (PD 28)), but, in the TM group, the level did not significantly
change during heat stress compared to day 0 (PD 28).

Similarly, the splenic mRNA level of NOX4 was not significantly different between TM and
control chicks on day 0 (PD 28) of heat stress. However, the level was significantly lower in the TM
group compared to controls after 5 days (PD 33) of heat stress. Within the control group, the mRNA
level of NOX4 was significantly increased after 5 days (PD 33) of heat exposure in comparison with
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day 0 (PD 28), while in the TM group, the level did not significantly change during heat exposure in
comparison with day 0 (PD 28).

SOD2. The liver mRNA level of SOD2 was not significantly different between the TM and control
groups on day 0 (PD 28) of heat stress. However, SOD2 levels were significantly lower in TM chicks
compared to controls after 3 (PD 31), 5 (PD 33), and 7 (PD 35) days of heat stress. Within the control
group, the hepatic mRNA level of SOD2 was significantly higher after 7 days (PD 35) of heat stress
compared to day 0 (PD 28), while, in the TM group, the level significantly increased only after 1 day
(PD 29) of heat exposure (vs. day 0 (PD 28)).

The splenic mRNA level of SOD?2 did not significantly differ between the TM and control groups
on day 0 (PD 28) of heat stress. Contrastingly, the splenic level was significantly lower in TM chicks
compared to controls after 7 days (PD 35) of heat exposure. Within the control group, the splenic
mRNA level of SOD2 was significantly higher after 7 days (PD 35) of heat stress compared to day 0
(PD 28), whereas, in the TM group, the level was significantly higher only after 5 days (PD 33) of heat
exposure (vs. day 0 (PD 35)).

3.4. Effect of Post-Hatch Cold Stress on Physiological Parameters of Thermally Manipulated Broilers

Table 4 represents the effects of cold stress for 5 days (PD 32 to 37) on T¢, BW, and BW gain in
thermally manipulated broiler chickens and controls. Application of TM significantly decreased the
mortality rate during post-hatch exposure to cold stress (control = 5%; TM = 0). In contrast, cold stress
did not significantly affect T, but, in both the TC and TN subgroups, controls exhibited significantly
higher T¢ compared to TM chicks. On day 0 (PD 32) of cold exposure, there was no significant change
was observed in BW between the control and TM groups. After 5 days (PD 37) of cold stress, the BW of
controls was significantly lower in comparison with control chicks exposed to cold stress. Furthermore,
cold stress significantly decreased the BW gain in both the control and TM chicks, although the weight
gain was significantly lower in controls compared to TM chicks.

Table 4. Effect of post-hatch cold stress for 5 days (post-hatch day (PD) 32 to 37) on cloacal temperature
(T€), body weight (BW), and body weight gain in broiler chickens subjected to embryonic thermal
manipulation and controls.

Normal Conditions

Cold Stress

(21 °C; RH 45%-52%)

(16 °C; RH 45%-52%)

Control (CN) TM (TN) Control (CS) TM (TS)
T€ (°C) 39.18 +0.352 385+ 0.34b 39.3+022 38.93 +0.32 2P
BW (g)
Day0(PD32) 17179 +137.5% 1834 +112.82  1720+147.52  18455+119.92
Day5(PD37) 22443 +1344% 2281 +101.92 1993.1+131.3° 2179 +134.82
BW gain (g) 526.4 +41.1°2 447 +422° 273.1+239°¢ 3335 +53.24

a-d within the same row, means + SD with non-identical superscripts are significantly different.

3.5. Effect of Post-Hatch Cold stress on mRNA Levels of Antioxidant Enzymes in Thermally
Manipulated Broilers

Figure 3 represents the effects of cold stress on the mRNA levels of antioxidant enzymes in the
liver, spleen heart and breast muscle of broiler chickens subjected to embryonic thermal manipulation.
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Figure 3. Effect of post-hatch cold stress for 5 days (PD 32 to 37) on the mRNA levels of catalase, NOX4,
and SOD?2 in the liver (A-C), spleen (D-F), heart (G-I), and breast muscle (J-L) in TM broiler chickens
(n = 5). 4 means + SD with non-identical superscripts are significantly different.

Catalase. TM did not significantly change the cardiac, hepatic, and muscular mRNA levels
of catalase in chicks kept under normal environmental temperatures. However, TM significantly
decreased the catalase mRNA level in the spleen. Regarding those chicks exposed to cold stress, the TM
group possessed a significantly lower mRNA level of catalase in the liver, spleen, and heart compared
to controls.

NOX4. In the chicks of the TN subgroup, TM chicks possessed significantly lower splenic, hepatic,
and cardiac mRNA levels of NOX4 compared to controls. Despite this, muscular NOX4 mRNA levels
were significantly higher in the TM chicks. Similar results were observed in the chicks exposed to
cold stress.

SOD2. No significant changes were seen in the hepatic and muscular SOD2 mRNA levels between
the TM and control groups exposed to normal conditions. However, the splenic and cardiac levels of
SOD2 mRNA were significantly higher in controls compared to TM chicks. After cold exposure, the
cardiac, hepatic, and splenic mRNA levels of SOD2 were significantly higher in controls compared to
TM chicks, but the level in breast muscle was significantly higher in the TM group.
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4. Discussion

Oxidative damage is caused by excess reactive oxygen species (ROS), such as superoxide (O,7)
and hydrogen peroxide (H,0O,), which are a necessary product of aerobic metabolism [35]. Heat
stress is a major cause of oxidative damage in poultry, and it is associated with a modulation in the
expression of antioxidant genes, including catalase, NOX4, and SOD2 [10,13]. Thermal manipulation
(TM) has often been suggested as a viable method of improving the acquisition of thermotolerance in
heat-stressed broilers [31,36-38]. However, the effects of TM and subsequent heat challenge on broiler
antioxidant capacity has not been extensively explored. Similarly, a dearth of information exists with
regard to the effects of cold stress on broiler gene expression, especially within the context antioxidant
gene expression. The objective of the present study was two-fold: it aimed to ascertain the effects of
embryonic TM on broilers under conditions of post-hatch heat stress as well as cold stress.

During heat stress, the behavior of broilers is altered as they attempt to decrease their body
temperature (TC), resulting in myriad negative effects on performance [39]. In the current study, TM
was found to result in significantly lower TC on post-hatch days (PD) 1 and 37 and higher body weights
(BW) on PD 37 compared to controls. Correspondingly, it has often been reported that TM treatments
significantly increased broiler BW [37,40,41] and improved their abilities to regulate their T in periods
of heat challenge [31,32,42]. Lower TC during heat stress also improved feed conversion ratios in TM
broilers, and it has been suggested that the lower TC in TM broilers is due to slower metabolic rates as
a result of the TM treatment [43].

With regard to post-hatch heat stress, our findings show that TM chickens had significantly
decreased mortality rates and BT as well as increased BW compared to controls. Heat stress has been
extensively reported to affect broiler physiological parameters [8,44,45]. On a similar note, cold-stressed
TM chickens had significantly lower mortality rates than cold-stressed controls. Previously, TM has
been found to reduce the mortality rates of broilers during heat challenge [46,47]. Contrastingly, one
study reported that heat-stressed TM broilers experienced higher mortality rates than their control
counterparts [48]. These differences in findings may be attributed to the fact that there is no one single
type of TM treatment, and different studies employ different periods and conditions of TM.

The catalase enzyme is found in the majority of aerobic organisms as well as in some obligate
anaerobes [49]. Catalase is responsible for the breakdown of hydrogen peroxide (H,0O,) into oxygen
and water, thereby preventing oxidative damage from occurring in a cell [50]. In the present study,
catalase expression was significantly modulated in heat- and cold-stressed TM and control chickens. In
fact, heat stress resulted in decreased hepatic and splenic catalase expression in TM chickens compared
to controls, while cold stress led to significantly lower cardiac, hepatic, and splenic catalase expression
levels in the TM group. Compared to controls, heat-stressed TM chickens were previously reported to
exhibit decreased catalase mRNA levels [13]. Moreover, broilers were found to exhibit higher levels
of catalase activity during acute heat stress, but this antioxidant capacity decreased with age [51]. In
female broilers, cardiac catalase activity was reduced after cold stimulation [52].

To maintain homeostasis, the NOX4 enzyme is heavily involved in the oxygen-sensing process,
the latter of which causes it to generate significant amounts of ROS [17]. Additionally, NOX4
over-expression is often associated with oxidative stress in a number of different organs [18,53,54]. In
avian muscle cells, ROS production during heat stress and subsequent oxidative damage has been
tentatively attributed to NOX4 up-regulation [55]. In the present study, hepatic and splenic NOX4
expression levels were significantly lower in heat-stressed TM chickens compared to controls. Similarly,
after cold stress, TM chickens exhibited decreased cardiac, hepatic, and splenic but increased muscular
NOX4 expression than that in controls. Hepatic NOX4 mRNA expression was previously reported to
be lower in TM chickens exposed to heat stress compared to controls [13]. In cultured avian cells, heat
stress was found to upregulated NOX4 mRNA expression [55].

The SOD2 enzyme functions to transform the superoxide (O, ™) radical into hydrogen peroxide
and water, and it plays an important cytoprotective role against oxidative stress [56]. Our findings
indicate that both heat and cold exposure led to generally decreased SOD2 expression in several
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organs. Compared to controls, heat-stressed TM chickens displayed lower hepatic and splenic SOD2
expression levels, while cold-stressed TM chickens showed decreased cardiac, hepatic, and splenic
S50D2 expression. Like NOX4, however, muscular SOD2 expression levels were higher in cold-stressed
TM chickens compared to their control counterparts. A previous study found that hepatic SOD2
expression and enzymatic activity were decreased in TM chickens exposed to heat stress [13]. In
contrast, another study found that SOD mRNA levels in two broiler strains (Cobb and Hubbard) were
unaffected by heat stress [57]. Additionally, SOD2 levels remained unchanged in avian cell cultures
exposed to heat stress [55]. The present findings may suggest that lower levels of oxidative NOX4
expression may lead to lower expression of the anti-oxidative catalase and SOD2 genes.

Interestingly, mRNA expression levels of the catalase, NOX4, and SOD2 genes in the breast muscle
differed from those in the heart, liver, and spleen in cold-stressed TM chickens. Such inter-organ
variation in gene expression is to be expected, as expression varies to a larger degree between organs
of a single species than between different species [58]. However, in broilers, the breast muscle in
particular has been subject to rapid changes in size and conformation over the past few decades due to
the artificial selection pressures applied by the commercial poultry industry [59]. This has resulted in a
number of abnormalities and myopathies of the breast muscle that is estimated to affect up to 90% of
broilers worldwide [60-62]. In fact, broiler breast muscle cells were suggested to constantly undergo
hypoxic stress, as the transcriptional profiles of non-stressed broiler breast muscle and heat-stressed
layer breast muscle were similar [63].

A number of strengths can be found in the current study. All samples were taken from male Cobb
chicks in order to reduce inter-strain and inter-sex genetic variation. Moreover, any non-experimental
stress was minimized by ensuring that the rearing and experimental rooms were in close proximity
to one another. However, there are some limitations of the present study. Firstly, the effect of TM
on the developmental parameters of broiler embryos was not investigated, requiring future research.
Secondly, the oxidation levels of lipids, proteins, and DNA in different tissues must still be measured in
order to ascertain the final balance of catalase, NOX4, and SOD2 expression. Lastly, the exact impact of
TM on embryonic mortality was not considered, which mandates future lines of research in this context.

5. Conclusions

Our findings indicate that TM at 39 °C and 65% RH for 18 h/day from days 10 to 18 of embryonic
development might result in positive long-lasting effects on broiler antioxidant capacity. Future
research should focus on the effects of TM and subsequent thermal challenge on various types of broiler
muscle, as the expression dynamics of the breast muscle was found to differ from those of other organs.
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enzymes in broiler chickens subjected to embryonic TM.
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