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Simple Summary: Angiogenesis occurs physiologically in the maternal-fetal interface, and both
maternal and fetal angiogenesis are required for a successful pregnancy. The relative transcript
abundance of angiogenesis-related genes in the pig endometrium is controlled by factors that create a
microenvironment that promotes successful embryo implantation. Therefore, we investigated the
transcript abundance of angiogenesis-related genes in the endometrium of pregnant commercial
line and Piau gilts, and their relationship with the phenotypic expression of genes important to the
endometrium during early pregnancy (until 30 days). This research aimed to better understand the
reproductive development of commercial and local Brazilian breeds, so that it can contribute to the
knowledge and practice of pig farming.

Abstract: This study aimed to evaluate the endometrial angiogenesis of pregnant commercial line and
Piau gilts during early pregnancy. We used 27 gilts, divided into three groups according to the type of
mating: Commercial (n = 9), commercial line females mated with commercial line males; Cross-mated
(n =9), Piau females mated with commercial line males; and Piau (1 = 9), Piau females mated with
Piau males. Each group was divided into three subgroups based on gestational age at the time of
slaughter (7, 15, and 30 days of pregnancy). Inmediately after slaughter, endometrial samples were
obtained for histological evaluation and for analysis of the relative transcript abundance (RTA) of
angiogenesis-related genes (HIF1x, FGF9, ANGI1, TEK, VEGFA, ANGPT1, and ANGPT2). The number
of endometrial glands was similar among groups but decreased with gestational age (p < 0.05). Piau
females showed a higher number of blood vessels (p < 0.05) at 7 and 15 days of pregnancy, but no
differences were observed among groups at 30 days, suggesting an influence of the male genotype
on the pattern of uterine vascularization. There were no differences among groups for RTA of the
FGF9, HIF1a, TEK, VEGFA, ANGPT1, and ANGPT2 genes. The HIF1x-gene RTA was higher at 7
and 15 days of pregnancy; for TEK and ANGPT1, the RTA was higher at 15 days of pregnancy; and
the RTA of VEGFA and ANGPT?2 genes were higher at 30 days of pregnancy. The ANGI RTA was
similar for pregnancies in the commercial and Piau groups but was higher (p < 0.05) at 15 days in
the Cross-mated group, suggesting an interaction between genotypes. Overall, the pattern found for
the RTA of angiogenesis-related genes was similar among the groups in this study, although some
phenotypic differences could be noted, such as the highest number of blood vessels being found
during early pregnancy of Piau gilts. The results of the gene RTA when crossed with phenotypic data
led to conclusions that are conflicting with those reported in the literature. However, noteworthy
is that angiogenesis is a complex process in which the balance between stimulatory and inhibitory
factors may be related to time.
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1. Introduction

In the swine industry, there are genetic groups, such as criolla breeds, that may
favorably contribute to breeding programs. Among these groups, the Piau breed has
the following characteristics: rusticity, low management requirement, meat and bacon
production, and meat marbling [1]. Previous studies carried out have demonstrated that
the Piau breed shows a different behavior in terms of reproductive characteristics and
probably is high efficient at developing embryos [2—4].

Early pregnancy in pigs is characterized by elevated endometrial vascular perme-
ability [5,6], which seems to be associated with the induction of angiogenesis in en-
dometrium [7,8]. The blood flow rate of a pregnant uterus varies during gestation due to
differences in the structure and density of the vasculature [9]. The increased embryonic
nutrient demand is supplied by increased blood flow as well as the associated increase in
angiogenesis and the formation of new blood vessels [10,11].

Angiogenesis occurs physiologically in the maternal—fetal interface and is crucial
to the growth and development of a conceptus. Both maternal and fetal angiogenesis
are required for a successful pregnancy [12]. The relative transcript abundance (RTA) of
angiogenesis-related genes in the pig endometrium is controlled by factors that create a
unique microenvironment that promotes successful embryo implantation in this species [8].
Furthermore, endometrial angiogenic support for the placenta is a regulatory means of
embryo survival [13]. Several molecules that participate in angiogenic processes are studied
here, such as VEGF-A (Vascular Endothelial Growth Factor A), which represents the main
vascular development factor [14]. Its transcription is induced by the inducing factor of
hypoxia 1 (HIF-1). The angiopoietin system (ANGPT1 and ANGPT?2) is involved in cell
survival and vascular maturation, and TEK (Tyrosine Kinase Endothelial) acts as a receptor
for both proteins [15]. The RTA of FGF-9 (Fibroblastic Growth Factor 9) acts as an important
embryonic growth factor [16,17]; moreover, ANG1 (angiogenin 1) induces angiogenesis
through biological processes such as the organization microvascular, stabilization, and
survival required for vascular remodeling [18].

Therefore, this study aimed to evaluate the relative transcript abundance of angiogenesis-
related genes in the endometrium of pregnant commercial line and Piau gilts, and their
relationship with the phenotypic data of the endometrium during early pregnancy (until
30 days). The following hypothesis drives this research: there are differences in the relative
transcript abundance and in the uterine phenotypes related to angiogenesis between the
Piau breed and the commercial line.

2. Materials and Methods
2.1. Local

The experiment was conducted at the Pig Breeding Farm, Laboratory of Animal
Biotechnology (Labtec, Vigosa, Brazil) and Laboratory of Structural Biology, of the Univer-
sidade Federal de Vicosa. The farm is located at an altitude of 660 m and at 20°45'16.3"” S
and 42°52/57.02"” W, in Vicosa, MG, Brazil.

2.2. Animals and Experimental Design

We used 27 females, eight months of age, among which nine were from a commer-
cial line (Talent®, Topigs Norsvin, Oak Bluff, MB, Canada) and 18 were from the local
breed Piau.

The females were distributed into three groups according to the type of mating used
in the artificial insemination: commercial (n = 9), commercial line females inseminated with
the semen of commercial line males; cross-mated (n = 9), Piau females inseminated with
the semen of commercial line males; and Piau (n = 9), Piau females inseminated with Piau
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semen. Each group was subdivided into three subgroups (3 animals each) according to
gestational age: 7, 15, and 30 days.

The females were housed in collective bays (25 m?) of five animals, and fed rations
and supplied water ad libitum during the gestational phase.

2.3. Artificial Insemination

The females were inseminated 12 and 24 h after the onset of estrus. The females
were inseminated with semen from a male of a commercial line (commercial and cross-
mated groups) or a Piau male (Piau group) that belonged to the same herd, with proven
reproductive efficiency (andrological examination and reproductive history).

The inseminating doses were prepared as a volume of 100 mL (BTS® + semen,
Delavan, WI, USA) and a concentration of 3 x 10° sperm/dose and stored at 15 °C for
up to 72 h. Artificial insemination was performed by deep intracervical deposition of the
semen [19].

2.4. Slaughter and Collection of Uterine Samples

The females were slaughtered at a predetermined time (7, 15, and 30 days of pregnancy)
after artificial insemination. Uterine samples were collected from the intermediate region
of the uterine horn for histological and molecular analyses. The selection of days was a
function of the embryonic period, where the transition from the embryonic to fetal phases
is completed at around day 35 of pregnancy [20]. The days chosen also represent different
milestones in embryonic formation. At 7 days, the embryos are in a blastocyst state floating
in the uterine lumen. At 15 days, maternal recognition would have already occurred, the
first angiogenic wave would have occurred, and implantation would be close. By day 30,
the embryos would be close to transitioning into the fetal stage.

2.5. Histological Analysis

Uterine fragments with approximately 2.0 x 0.3 cm were used for histological analysis,
preserving the three uterine layers: endometrium, myometrium, and perimetrium. The
fragments were fixed by immersion in 4% buffered paraformaldehyde solution [21] for 24 h.
Then, they were dehydrated in crescent ethanol series (70, 80, 90, and 100%) and embedded
in paraffin. Sections with 4 uM thicknesses were stained with hematoxylin and eosin (HE).

We analyzed the epithelium type lining the endometrium [22]. The endometrial
thickness was assessed from images taken from 10 fields randomly chosen per animal at
40 x magnificence; in each field, 10 measurements were performed. In the same fields,
the number of endometrial glands in the image was counted. The area of the image was
assessed and the number of endometrial glands was adjusted to the number of glands
per 10° um?. These analyses were performed using Image Pro Plus software (Version 4.5).
The number of blood vessels was counted using a photomicroscope equipped with a
digital camera; images from 10 fields randomly chosen per animal were assessed by
IScapture Software (Version 3.9, Tucsen, Fuzhou, China) at 100 x magnificence. The
area of the image was assessed, and the number of blood vessels was adjusted to the
number of vessels per 10° um?. The volume densities of glands and blood vessels were
also evaluated by using photomicroscope; images from 30 randomly chosen fields per
animal were assessed by Image] software (National Institute of Health, Bethesda, MD, USA,
https:/ /imagej.nih.gov /ij, accessed on 15 February 2022); a grid with 520 intersections
(points) was projected onto each image at 400 x magnificence.

2.6. Gene Relative Transcript Abundance Analysis

To carry out the molecular studies, an endometrial sample of approximately 2.0 x 1.0 cm
was taken and placed in a 15 mL conical bottom tube with RNA Holder® solution (BioA-
gency Biotechnology, Toronto, Canada) at room temperature. Subsequently, the samples
were incubated at 4 °C for 24 h and stored at —20 °C until processing [23].
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The RNA extraction was performed using Trizol (Ambion—Life Technologies, Austin,
TX, USA), and synthesis of the first strand was performed using the GoScript™ Reverse
Transcription System cDNA kit (Promega®, Madison, WI, USA). The cDNA sample con-
centrations were estimated by spectrophotometry and a single strand of cDNA was stored
at —20 °C until use in quantitative PCR in real time (qRT-PCR). Primers (Table 1) for am-
plification of the target genes (HIF1a, FGF9, ANG1, TEK, VEGF, ANGPT1, and ANGPT2)
and endogenous fragments (GAPDH) were designed using the PrimerQuest program
provided by Integrated DNA Technologies, Inc. (Coralville, IA, USA) from nucleotide
sequences obtained from the GenBank database (http:/ /www.ncbi.nlm.nih.gov, accessed
on 1 March 2018).

Table 1. Primers used for amplification in real-time PCR reactions.

Gene Protein Access Number Primer Sequence
HIF1« Hypoxia inducer factor-1oc NM_001123124.1 Ii?i%%?%i?%%éii%%%@%i?ﬁﬁg
FGF9 Fibroblast growth factor-9 NM_213801.1 FRcﬁT%ECTAG%G]ﬂgéggiggiigé?rT
ANGI Angiogenin-1 NM_001044573.2 F giﬁ%%%%ﬁgéﬁgég?g é ASFTEACC
TEK Tyrosine endothelial kinase XM_001926034.5 RF : C? C?TG GCAAACgﬁé ggﬁ%%g%éﬁi&g
ANGPT1 Angiopoietin-1 NM_213959.1 R:FC:J"II} CC; é{iﬁfg ((;:”?TC C?:CC C?AAC?;?%% G
anGer: Angiopoietin? 2135081 FCIGAGCIGIGATCICGICTIG
GAPDH Glyceraldehyde NM_001206359.1 F: CAAAGTGGACATTGTCGCCATCA

3-phosphate dehydrogenase

R: AGCTTCCCATTCTCAGCCTTGACT

The gene RTA was measured by qRT-PCR in real time, and for this, the reactions were
performed in a thermocycler model ABI Prism 7300 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA) using Green® PCR Master Mix SYBR kit (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s recommendations. The
reactions were subjected to a protocol with cycles of the following program: 3 min at 95 °C,
40 cycles at 95 °C for 15 s, and 1 min at 60 °C. All reactions for the same target gene were
conducted in duplicates.

The data obtained from the qRT-PCR reaction were generated as Ct values and were
calculated from ACt (target Ct—endogenous reference Ct) to minimize the possible varia-
tions in the amount of starting mRNA and the efficiency during reverse transcription. The
relative transcript abundance of the target gene (2-2t) was calculated [24,25].

2.7. Statistical Analysis

The experiment was carried out in a completely randomized design, according to the
following mathematical model:

Yijk =u+Gi+ D] + (GD)Z] + €ijk €))

where Yjj is the response, y is a constant, G; is the effect of the group, D; is the effect of the
day of pregnancy, (GD);; is the interaction, and ¢;; is the error.

The data for the volume densities of glands and blood vessels were arcsine transformed
(y' = arcsin,/y) and analyzed by ANOVA (GLM Procedure) [26], and a comparison among
means (LS-means) was performed using the Tukey—Kramer test. The relationship among
variables was verified by Pearson’s simple correlation (CORR procedure). The significance
level adopted was « = 0.05.


http://www.ncbi.nlm.nih.gov

Animals 2022, 12, 553

50f12

Piau breed

Cross-mated

Commercial line

3. Results

The histological analysis showed a columnar pseudostratified epithelium lining the
endometrium, with focal areas from a single layer of the columnar epithelium. Moreover,
we observed a lamina propria and submucosa composed of a thin subepithelial vascular
layer of loose connective tissue, and a glandular layer composed of tubular endometrial
glands surrounded by connective tissue near the myometrium (Figure 1).

GD15

Figure 1. Histological sections of the uterus from the Piau breed, cross-mated (Piau breed x commer-
cial line), and commercial line females at 7, 15, and 30 days of gestation (GD). The endometrium
(Em) was composed of an epithelium (thin arrow) supported by a connective tissue (CT) with blood
vessels (*) and endometrial glands (thick arrows). Note the presence of myometrium (Mm) composed
of smooth muscle cells. Hematoxylin and eosin. Scale bar: 50 uM.

Endometrial thickness, number, and volume density of the endometrial glands and
the blood vessels showed no interaction between group and day of pregnancy (p > 0.05);
nevertheless, the number of endometrial glands decreased during pregnancy (p < 0.05), al-
though a clear pattern was not observed for endometrial thickness, and the volume density
of the blood vessels increased from the 7th to 30th day of pregnancy. The percentages of
endometrial glands and blood vessels were smaller in the Piau group (p < 0.05; Figure 2).
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Figure 2. Endometrial thickness (A), number of endometrial glands (B), and volume density of blood
vessel (C) according to days of pregnancy, and volume density of endometrial glands (D) and blood
vessels (E) according to the group with commercial gilts and Piau breed gilts mated with commercial
males (cross-mated) and Piau breed males (Piau). The results are presented as days of pregnancy
(A—C) or group (D,E) since there is no interaction with these variables. Different letters indicate
differences at p < 0.05. Bars, SE.

There was an interaction between groups and days of pregnancy (p < 0.05) for the
number of blood vessels. Overall, both groups of Piau females showed a higher number of
blood vessels at 7 and 15 days of pregnancy, but no differences were observed among the
groups at 30 days (Table 2).
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Table 2. Number of blood vessels (per 10® um?) according to the days of pregnancy in commercial
gilts and Piau breed gilts mated with commercial males (cross-mated) and Piau breed males (Piau)
(Mean =+ SE).

Days of Pregnancy Commercial Cross-Mated Piau
7 785+ 11.8bA 72.8 + 6.8 bA 136.6 + 6.8 37
15 51.5 + 6.8 PA 69.3 + 6.8 A 112.2 + 6.824
30 66.1 + 6.8 34 734 + 6.83A 772 + 6.8 3B

Different lowercase letters within a row and uppercase letters within a column differ at p < 0.05.

There was no effect of group, days of pregnancy, or interaction for the FGF9 gene RTA
(p > 0.05). The day of pregnancy influenced the RTA of the HIF1a, TEK, VEGFA, ANGPT1,
and ANGPT2 genes (p < 0.05; Figure 3).

2.0 -
m7d
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a a m15d
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3 30d
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=
E a
_gl,Zf _[
:2‘10
Qé ab
2%
= 0.6
& b
0.4 [ b b
b b
0.2 - I p 2 ab I b
0.0 - JT
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Figure 3. RTA of the HIF1a, FGF9, TEK, VEGFA, ANGPT1, and ANGPT?2 genes according to gestational
age in commercial and Piau breed gilts. Different letters indicate differences at p < 0.05.

There was an interaction (p < 0.05) between groups and days of pregnancy for RTA of
the ANGI gene (Figure 4). Females of the cross-mated group presented higher ANG1 RTA
at 15 days of pregnancy, but there was no difference among groups at 7 and 30 days.

4.0
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e
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Figure 4. RTA of the ANGI1 gene according to gestational age in commercial gilts and Piau breed
gilts mated with commercial males (cross-mated) and Piau breed males (Piau). Within the days of
pregnancy, different lowercase letters indicate differences among breeds (p < 0.05). Within groups,
different uppercase letters indicate differences among days of pregnancy (p < 0.05). Bars, SE.
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The number of blood vessels was negatively correlated with ANGPT1 RTA (r = —0.582).
The number of endometrial glands was negatively correlated with VEGFA RTA (r = —0.606)
and ANGPT2 (r = —0.641) genes and positively correlated to HIF1a RTA (r = 0.510). The
volume density of blood vessels was positively correlated with FGF9 RTA (r = 0.520). The
endometrial thickness was negatively correlated with the RTA of VEGFA (r = —0.597) and
ANGPT? (r = —0.643) genes.

4. Discussion

This study was developed to evaluate the abundance of angiogenesis-related gene
transcripts in the pregnant endometrium of pigs from two different genetic groups, com-
mercial line and Piau gilts, and their relationship with phenotypic data of the endometrium
during early pregnancy (until 30 days). During the embryonic stage of pregnancy, com-
munication between the endometrium and embryos is crucial in their development [27].
Therefore, endometrial glands become essential at this stage to meet the nutritional needs
of embryos [28] at the beginning of pregnancy. In this study, the number of endometrial
glands decreased during pregnancy and the endometrial thickness decreased from day
15 to day 30 in both commercial and Piau breed, suggesting that both genotypes present
similar patterns of endometrial development during early pregnancy.

However, the vascularization pattern was markedly different among groups. Piau
gilts mated to Piau males presented a higher number of blood vessels than commercial
gilts and Piau gilts mated to commercial males (cross-mated group) at 7 and 15 days of
pregnancy; however, the volume density of blood vessels was lower in the Piau group.
These findings may suggest that the embryo genotype may influence the vascularization
pattern in early pregnancy in Piau gilts.

Between 15 and 20 days of pregnancy, there is a gradual transition in the embryo
nutrition, from hystotrophic to hemotrophic, which is dependent on the interactions be-
tween the endometrium and the placenta [29]. With the formation of the placenta, there
is reduction in the number of endometrial glands as the pregnancy advances; angiogenic
support in early pregnancy is involved in creating a favorable uterine microenvironment
for implementation and other events in the embryonic stage [8]. In a previous study [4], we
reported that the embryo survival rate was higher in the Piau breed than in commercial
gilts. In this study, the percentage of blood vessels was lower but the number of blood
vessels was higher in the Piau group, suggesting a different pattern of vascularization in
early pregnancy that may contribute to a more favorable uterine environment for early
embryo development.

In the present study, the HIF1x gene showed higher RTA in early pregnancy and
decreased as the pregnancy advanced in all groups evaluated. This gene plays a key
role in regulating hypoxic adaptation by activating the transcription of genes involved in
angiogenesis, erythropoiesis, and glycolysis [30,31] and regulates the peri-implantation
angiogenesis in gilts with high RTA at 20 days of pregnancy [32].

In this study HIF1a« RTA was positively correlated with number of endometrial glands.
The HIF1«x gene plays a role in the cell differentiation of mouse mammary gland [33], but
its role in regulating endometrial glands development still needs clarification.

The HIF1a gene is also a transcription inducer of VEGFA [34,35], which is considered
the primary vascular development factor [14]. However, in this study, the RTA of the
VEGFA gene had opposite trend compared with HIF1x gene during pregnancy, with a
lower RTA at 7 and 15 days and a higher at 30 days of pregnancy. This suggests a different
pathway for stimulation of the VEGFA gene in swine endometria. Several mechanisms
may be involved in the regulation of VEGF RTA; many cytokines, growth factors, and
hormones, such as transforming growth factor (TGF)-«, basic fibroblast growth factor
(bFGF), intelerukin-6 (IL-6), and follicle stimulating hormone (FSH) could also induce
VEGF RTA in various tissues [36,37]; nevertheless, the signaling pathway for VEGFA
expression in swine endometrial during early pregnancy still remains unclear.
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The negative correlation between VEGFA RTA and the number of endometrial glands
was an unexpected result; it has been reported that VEGF inactivation leads to failure in
mice mammary gland development and function [38]. Nevertheless, this finding may not
suggest that VEGFA inhibits endometrial glands development but may lead to the conclu-
sion that it is not involved in swine endometrial gland development in early pregnancy.
This result may be explained by the fact that the number of endometrial glands decreases
as pregnancy advances [8], which coincides with the lower levels of VEGFA RTA in early
pregnancy (7-15 days), which increases at 30 days. The transition in embryo nutrition, from
hystotrophic to hemotrophic, depends on interactions between the endometrium and the
placenta [29]; the VEGF is expressed in placental tissues and fetal membranes; and this
expression increases with advancing gestation [39].

The angiopoietin system is involved in endothelial cell survival and vascular matura-
tion and involves interactions of ANGPT1 and ANGPT?2 with TEK, the receptor for both
proteins [40]. The ANGPT1 has been reported to be an inducer of vascularization by increas-
ing the number of vessels [41] and/or promoting an enlargement of the existing vessels
without increasing the number of vessels [42]. In this study, ANGPT1 RTA was slightly
higher at day 15 of pregnancy. Additionally, the negative correlation between ANGPT1
RTA and number of endometrial blood vessels was an unexpected result; this may suggest
a non-essential role of ANGPT1 gene in endometrial angiogenesis in the early pregnancy of
gilts. However, further investigations are still needed to clarify these findings. Low-level
and paracrine ANGPT1 RTA controls vascular quiescence and maintains the resting and
anti-adhesive state of the vascular endothelium promoting blood vessel stabilization [43];
this could explain the steady number of endometrial blood vessels during pregnancy in
commercial and cross-mated groups. However, the role of ANGPT1 in the Piau group, in
which the number of blood vessels decreased during pregnancy, still remains elusive.

ANGPT?2 was reported as a competitive inhibitor for ANGPT1 due to its binding to
TEK without receptor activation [44]. It destabilizes mature blood vessels, leading to either
angiogenesis or vascular regression, depending on the presence or absence of VEGFA,
respectively [45,46]. In this study, ANGPT2 RTA was lower at 7 and 15 days and higher at
30 days of pregnancy. In commercial and cross-mated groups, the number of blood vessels
remained the same during pregnancy regardless of the ANGPT2 RTA; however, for the
Piau group, the decrease in the number of blood vessels was accompanied by an increase
in ANGPT2 RTA. This was contradictory to the increase in VEGFA RTA at 30 days, which
would lead to the stimulation of angiogenesis, although the TEK RTA was lower at 30 days.
Therefore, the results of this study indicate the need for further investigations regarding to
the role of the ANGPT1/2/TEK system on endometrial angiogenesis control, especially in
Piau gilts.

Angiogenin (ANGI) is a ribonuclease (RNase) superfamily member, and it is contained
in a vasculature that rarely undergoes proliferation, but in some physiological conditions,
its levels increase in blood, promoting neovascularization [47]. In this study, ANG1 RTA
was markedly higher at 15 days of pregnancy in the cross-mated group. This period
coincides with the transition from hytologic to hemotrophic embryo nutrition [29]; with
the beginning of the wave of angiogenesis [5]; and almost with the stage of embryonic
development, in which it gives rise to a tubular structure about 15 cm long [48,49] and
the elongation pattern seems to be different among Piau, commercial, and cross-mated
embryos [4]. Since ANGI is secreted under stress conditions, such as hypoxia [50], our
findings suggest that, in Piau gilts cross-mated with commercial males, there is a type of
adaptation of the endometrium to accommodate embryo survival. In fact, we demonstrated
that embryo survival rates at 15 days of pregnancy are similar in Piau gilts mated with Piau
males or commercial males [4].

5. Conclusions

Opverall, the patterns of the relative transcript abundance of angiogenesis-related genes
in this study were similar among pregnant commercial and Piau breed gilts on different
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days during early pregnancy, although some phenotypic differences could be noted, such
as the highest number of blood vessels being found in early pregnancies of Piau gilts; this
difference was probably due to the influence of the male genotype since cross-mated Piau
gilts showed the same pattern as commercial gilts. An interaction between genotypes could
also be noted in ANGI RTA and was higher in cross-mated Piau gilts. The results of the
gene expression when crossed with phenotypic data led to conclusions that are in conflict
with that in the literature. However, it is noteworthy that angiogenesis is a delicate and
complex process in which the balance between stimulatory and inhibitory factors may be
related to time. Therefore, the findings of the present study reinforce the need for further
investigations in endometrial angiogenesis of pigs.
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