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Effects of prostaglandin F,, on angiogenic and steroidogenic pathways
in the bovine corpus luteum may depend on its route of administration
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ABSTRACT

Prostaglandin (PG) F,, and its analogs (aPGF,,)
are used to induce regression of the corpus luteum
(CL); their administration during the middle stage of
the estrous cycle causes luteolysis in cattle. However,
the bovine CL is resistant to the luteolytic actions of
aPGF,, in the early stage of the estrous cycle. The
mechanisms underlying this differential luteal sensitiv-
ity, as well as acquisition of luteolytic sensitivity by
the CL, are still not fully understood. Therefore, to
characterize possible differences in response to aPGF,,
administration, we aimed to determine changes in
expression of genes related to (1) angiogenesis—fibro-
blast growth factor 2 (FGF2), fibroblast growth factor
receptor 1 (FGFRI1), fibroblast growth factor recep-
tor 2 (FGFR2), vascular endothelial growth factor A
(VEGFA), vascular endothelial growth factor receptor
1 (VEGFR1), vascular endothelial growth factor recep-
tor 2 (VEGFR2); and (2) steroidogenesis—steroido-
genic acute regulatory protein (STAR), cytochrome
P450 family 11 subfamily A member 1 (P450scc), and
hydroxy-delta-5-steroid dehydrogenase, 3 3- and steroid
delta-isomerase 1 (HSD3B) in early- and middle-stage
CL that accompany local (intra-CL) versus systemic
(im.) aPGF,, injection. Cows at d 4 (early stage) or
d 10 (middle stage) of the estrous cycle were treated
as follows: (1) systemic saline injection, (2) systemic
aPGF,, injection (25 mg), (3) local saline injection,
and (4) local aPGF,, injection (2.5 mg). Progesterone
(P,) concentration was measured in jugular vein blood
samples during the entire set of experiments. After 4
h of treatment, CL were collected by ovariectomy, and
mRNA and protein expression levels were determined
by reverse transcription quantitative-PCR, and West-
ern blotting, respectively. Local and systemic aPGF,,
injections upregulated FGF2 expression but decreased
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expression of VEGFA in both CL stages. Both aPGF,,
injections increased the expression of STAR in early-
stage CL, but downregulated it in middle-stage CL. In
the early-stage CL, local administration of aPGF,, up-
regulated HSD3B, whereas systemic injection decreased
its mRNA expression in early- and middle-stage CL.
Moreover, we observed a decrease in the P, level earlier
after local aPGF,, injection than after systemic admin-
istration. These results indicate that aPGF,, acting
locally may play a luteotrophic role in early-stage CL.
The systemic effect of aPGF,, on the mRNA expres-
sion of genes participating in steroidogenesis seems to
be more substantial than its local effect in middle-stage
CL.
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INTRODUCTION

Hormonal treatment using either naturally produced
PGF,, or PGF,, analogs (aPGF,) to manipulate the
estrous cycle is commonly used in dairy cow breeding
(Ahuja et al., 2005). Artificial shortening of the estrous
cycle after aPGF,, treatment is likely to influence
follicle selection, subsequent ovulation, or the devel-
opment of a functional corpus luteum (CL) in dairy
cattle (Cuervo-Arango et al., 2011). It is well known
that if pregnancy in cows is not established, PGF,,
is produced by uterine glands at the end of the luteal
phase, which triggers luteolysis and initiates a new re-
productive cycle (McCracken et al., 1999; Schams and
Berisha, 2004; Ginther et al., 2009). Luteolysis can be
induced pharmacologically in cattle during the middle
stage (CL sensitivity to PGF,,; McCracken et al., 1999;
Wenzinger and Bleul, 2012), but the newly formed CL
is resistant to luteolysis induced by exogenous PGF,,
until d 5 of the estrous cycle (Pursley et al., 1995; Tsai
and Wiltbank, 1998; Levy et al., 2000). However, the
mechanisms underlying these differential PGF,, effects
are still not fully understood.

Development of the bovine CL is concomitant with
intensive angiogenesis, which is crucial for its ste-
roidogenic activity (Shirasuna et al., 2012; Miyamoto
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et al., 2013; Skarzynski et al., 2013). Several factors
are involved in the regulation of ovarian angiogenesis
and vascular function, such as fibroblast growth factor
2 (FGF2), which interacts with 4 signaling tyrosine
kinase FGF receptors (FGFR-1 to FGFR-4), and
the vascular endothelial growth factor A (VEGFA)
system, acting through its 2 tyrosine kinase recep-
tors: vascular endothelial growth factor receptor 1
(VEGFR1) and vascular endothelial growth factor
receptor 2 (VEGFRZ2; Berisha et al., 2000; Yamashita
et al., 2008; Woad et al., 2009). The pathways mediat-
ing changes in progesterone (P4) production during the
estrous cycle operate through regulation of the genes
encoding steroidogenic enzymes: steroidogenic acute
regulatory protein (STAR), cytochrome P450 Family
11 Subfamily A Member 1 (P450scc), and hydroxy-
delta-5-steroid dehydrogenase, 3 3- and steroid delta-
isomerase 1 (HSD3B; Hasegawa et al., 2019).

Previous reports have shown that PGF,, differ-
entially regulates mechanisms related to bovine CL
development, maintenance, and regression in a cycle
stage-dependent manner (Tsai and Wiltbank, 1998;
Goravanahally et al., 2009; Mondal et al., 2011; Atli
et al., 2012). Moreover, the effects of PGF,, on bovine
luteal steroidogenic cells may depend on its local, direct
(autocrine/paracrine mode of action) effects or indirect
effects, including several regulatory mechanisms in the
female reproductive tract (e.g., endocrine action, blood
flow regulation, involvement of the immune system:;
Pate, 1995; Korzekwa et al., 2006; Acosta et al., 2009).

We hypothesize that differences in the expression
of genes related to growth factors involved in the
development of blood vessels, cell proliferation, and
steroidogenesis in the bovine CL may depend upon
intra-CL (local) versus i.m. (systemic) administration
of aPGF,,. Therefore, the goal of this study was to
determine the effects of intra-CL versus i.m. aPGF,,
administration on systemic P, concentrations and the
expression of factors related to (1) angiogenesis (FGF2,
VEGFA, and their receptors) and (2) steroidogenesis
(STAR, P450scc, and HSD3B) in early-stage (d 4 of
the estrous cycle) and middle-stage (d 10 of the estrous
cycle) CL at 4 h after aPGF,, injections.

MATERIALS AND METHODS
Animals and Treatments

Our in vivo study was conducted in concordance with
the appropriate guidelines: the EU Directive of the Eu-
ropean Parliament and the Council on the Protection
of Animals Used for Scientific Purposes (22 September
2010; no 2010/63/EU), Polish Parliament Act on Ani-
mal Protection (21 August 1997, Dz.U. 1997 No 111
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poz. 724) with further updates; the Polish Parliament
Act on the Protection of Animals Used for Scientific
or Educational Purposes (15 January 2015, Dz.U. 2015
pos. 266). All animal procedures were reviewed and
accepted following the guidelines of the Local Ethics
Committee for Experiments on Animals in Olsztyn,
Poland (approval no 23/2012/N).

In the present study, 48 healthy, cycling Polish Hol-
stein-Friesian cows from a local commercial dairy farm
(“Wolka Szlachecka,” Jeziorany, Poland) were used.
This study was conducted from July 2015 to December
2015. Cows were bred by AI with a standard, routine
protocol. The farm is monitored by trained veterinary
and nutrition consultants and was free of bovine her-
pesvirus 1 (BHV1), bovine viral diarrhea (BVD)/mu-
cosal disease (MD), tuberculosis, and enzootic bovine
leukosis (EBL). The experiment was performed in a
group of nonpregnant cows (>3 lactations, BCS = 3.5)
that were considered for culling because of their low
milk production. The experimental cows were housed in
an indoor facility, were milked on a 12-h cycle, and fed
a TMR to meet the nutritional requirements of milk-
ing cows (15-20 L/d) with ad libitum access to water
and a salt-based mineral supplement. Before cows were
enrolled in the experiment, an experienced veterinarian
confirmed the absence of reproductive tract disorders
by an ultrasonographic visualization per rectum using
a 7.5-MHz linear array transducer (MyLab 30VET
Gold Color Doppler Diagnostic Ultrasound System,
ESOATE Pie Medica, Genoa, Italy). Moreover, all
experimental cows underwent a general clinical exami-
nation in which rectal temperature, general attitude,
and respiratory and heart rates were determined (data
not shown). The estrous cycle was synchronized in all
cows by 2 injections of aPGF,, (25 mg of dinoprost, 5
mg/mL, Dinolytic, Zoetis Polska, Warszawa, Poland)
11 d apart, as reported previously (Skarzynski et al.,
2009). Follicular development and structural changes of
the CL during the entire estrous cycle were monitored
using transrectal ultrasonography, and visible signs of
estrus (i.e., vaginal mucus and standing behavior) were
taken as its confirmation. The onset of estrus was con-
sidered d 0 of the estrous cycle. Additionally, the stage
of estrous cycle was established by P, concentrations
in blood plasma samples collected from the coccygeal
vessels using RIA. The concentration of P, was 0.38 +
0.09 ng/mL (mean £ SEM) in blood samples collected
during estrus (d 0 of the estrous cycle).

Intra-CL Injection and Ovary Collection

Each cow was treated with xylazine (i.m. 25-30
mg/animal; Xylavet 2%, ScanVet, Gniezno, Poland)
followed by insertion of a polyvinyl catheter (outside
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diameter = 2.1; inside diameter = 1.6 mm; Tomel Sp,
Tomaszow Mazowiecki, Poland) into the jugular vein
for frequent blood sample collections, as described pre-
viously by Skarzynski et al. (2003).

Cows were anesthetized via an epidural block using 4
mL of 2% procaine hydrochloride (Polocainum Hydro-
chloricum, Biowet Drwalew, Drwalew, Poland). Then,
intra-CL injections were administered under ultra-
sound guidance through a sterile 1.25 x 50 mm (2-inch
18-gauge) ovum pick-up disposable veterinary injection
needle (Bovivet, Poznan, Poland). The transducer and
needle guide were coated with a sterile lubricant (Medi-
cum, Lodz, Poland) and positioned within the vagina.
The ovary bearing the CL was positioned via the rectum
to visualize it. The needle was then passed through the
vaginal wall, and aPGF,, was injected directly into the
CL. The injected agent was observed as a white shade
on the monitor and was seen to diffuse within the CL.

Ovaries with CL were removed via the vagina by
ovariectomy using a Hauptner’s efeminator (Hauptner
& Herberholz GmbH & Co. KG, Solingen, Germany).
Ovary collection was described previously by Piotrows-
ka et al. (2006).

Experimental Design

The cows were separated into 2 cohorts based on
the phase of the estrous cycle: group I (early stage;
n = 24) and group II (middle stage; n = 24). On d 3
(group I) and d 9 (group II), a polyvinyl catheter was
inserted into the jugular vein for frequent blood sample
collection. Afterward, the cows at d 4 (group I) or d 10
(group II) were treated as follows: (1) i.m. (systemic)
saline injection (control; n = 6); (2) im. (systemic)
aPGF,, injection (25 mg of dinoprost; n = 6); (3) intra-
CL (local) saline injection (control; n = 6); and (4)
intra-CL (local) aPGF,, injection (2.5 mg of dinoprost;
n = 6). To estimate the required dose of direct injec-
tion of aPGF,, causing luteolysis, a dose of 2.5 mg of
aPGF,, was chosen. In a preliminary study, 3 different
doses of aPGF,, (1.25, 2.5, and 5 mg) were injected
intra-CL to confirm the luteolytic effect of the PGF,,
on the bovine CL (data not published). The time of
saline solution, intra-CL, or i.m. aPGF,, injections was
defined as 0 h. The CL were collected by ovariectomy 4
h after each treatment.

Blood Collection and Plasma
Progesterone Determination

Blood was aspirated from the jugular vein at —2, —1,
0, 0.25, 0.5, 0.75, 1, 2, and 4 h of the experiment into
sterile 10-mL tubes containing 100 pL of 0.3 M EDTA
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and 1% acetylsalicylic acid, pH 7.4. After centrifuga-
tion (2,000 x g, 10 min at 4°C), the plasma was stored
at —20°C for determination of P, concentration.

Corpora Lutea Collection

Two equal parts of CL tissue were divided as follows:
one part was placed into a 1.5-mL microcentrifuge tube
containing 1 mL of Trizol reagent (15596-026, Invit-
rogen, Carlsbad, CA) and the second part was placed
in an empty tube, immediately homogenized, and then
stored at —80°C. The mRNA and protein expression of
angiogenesis- and steroidogenesis-related factors in CL
tissues was measured by reverse transcription quantita-
tive (RT-q)PCR and Western blotting, respectively.

RNA Extraction and cDNA Production

Total RNA was extracted from CL tissues using the
Total RNA Prep Plus Kit (031-50; A& A Biotechnology,
Gdansk, Poland) following the manufacturer’s guide-
lines. The content and purity of RNA were estimated
using the NanoDrop 1000 (ND-1000, Thermo Fisher
Scientific, Wilmington, DE). The absorbance ratio
(260/280 nm) for all samples was ~2.0, and the ratio
at 260/230 nm ranged between 1.8 and 2.2. Then, 1
png of RNA was reverse-transcribed into cDNA using a
QuantiTect Reverse Transcription Kit (205311; Qiagen,
Duesseldorf, Germany) following the manufacturer’s
guidelines. The cDNA was stored at —20°C until real-
time RT-qPCR was carried out.

Real-Time RT-qPCR

Real-time RT-qPCR assays were performed in an
ABI 7900 HT sequence detection system (Applied
Biosystems, Foster City, CA) using SYBR Green PCR
master mix (Applied Biosystems). Primer sequences
to determine the mRNA abundance of FGF2, FGFR1,
FGFR2, VEGFA, VEGFR1, VEGFR2, STAR, P/50scc,
HSD3B, GAPDH, and ACTB were designed in Primer 3
(Koressaar and Remm, 2007; Untergasser et al., 2012).
The housekeeping genes were chosen based on previous
scientific reports: GAPDH (Hojoet al., 2016; Korzekwa
et al., 2016), ACTB (Shirasuna et al., 2010; Herzog et
al., 2012). In the present work, NormFinder (Andersen
et al., 2004) analysis found ACTB to be the most stable
gene. The primer sequences, GenBank accession num-
bers, and product sizes are presented in Table 1. Data
were analyzed using the method described by Zhao and
Fernald (2005). Gene expression data were expressed
relative to the best housekeeping gene (ACTB) and are
presented in arbitrary units. All primers were synthe-
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Table 1. Sequences for primers, product size, and accession numbers for genes

PCR product

Gene Primer sequence (5-3'; F, forward; R, reverse) (bp) Accession no.
ACTB F CCAAGGCCAACCGTGAGAAGAT 256 K00622
R CCACGTTCCGTGAGGATCTTCA
GAPDH F CACCCTCAAGATTGTCAGCA 103 BC102589
R GGTCATAAGTCCCTCCACGA
STAR F GGTGGTGGCACGTTTTCAAT 79 Y17259.1
R CCTTGTCCGCATTCTCTTGG
P450sce F CAGCATATCGGTGACGTGGA 139 K02130.1
R GGCCACCAGAACCATGAAAA
HSD3B F CTAATGGGTGGGCTCTGAAA 473 NM_174343
R CACGCTGTTGGAAAGAGTCA
FGF2 F GAGAAGAGCGACCCTCACA 278 NM_002006.3
R TAGCTTTCTGCCCAGGTCC
FGFR1 F CCGAGGCATGGAGTATCTTG 158 AJ004952
R GGCCGTTGGTTGTCTTTTTA
FGFR2 F AGCTCCTCCATGAACTCCAA 214 768150
R CCTTGTCAATTCCCACTGCT
VEGFA F AGATCGAGTACATCTTCAAGCCATC 66 NM_174216
R CGTCATTGCAGCAGCCC
VEGFR1 F GAAGGACGGGATGAGGATGC 186 X94263
R ATGGCGTTGAGCGGAATGTA
VEGFR2 F TGGCCCAACAATCAGAGCAG 154 X94298
R GAACGGAGCCCATGTCAGTG

sized by Sigma (Custom Oligos Sigma-Aldrich, Madi-
son, WI). The total reaction volume of 20 pL consisted
of 10 pL of SYBR Green PCR master mix, 2 pL of
forward and reverse primers each (250 nM), and 1 pL of
c¢DNA (20 ng/pL). Real-time RT-qPCR was performed
using the following settings: initial denaturation (10 min
at 95°C), followed by 45 cycles of denaturation (15 s at
95°C) and annealing (1 min at 60°C). Melting curves
were generated by stepwise increases in temperature
from 60°C to 95°C after each PCR reaction to ensure
single product amplification. Specificity of the product
was confirmed by electrophoresis on 2% agarose gel.

Western Inmunoblotting

Protein expression levels for FGF2, FGFR1, FGFR2,
VEGFA, VEGFRI1, VEGFR2, STAR, P450scc,

Table 2. Specific antibodies used for Western immunoblotting

HSD3B, and GAPDH in the tissues were determined
by Western blotting as previously described (Hojo et
al., 2016). Specific antibodies are described in detail
in Table 2. Protocols for overnight incubation were
used following dilution of each antibody (Table 2) at
4°C. Subsequently, membranes were incubated with a
1:20,000 dilution of secondary polyclonal anti-goat IgG
(sc-2347; Santa Cruz Biotechnology., Santa Cruz, CA),
anti-rabbit IgG or anti-mouse IgG alkaline phosphatase-
conjugated antibodies (S3687, S3562; Sigma Chemical
Co., St. Louis, MO) for 1.5 h at room temperature. The
immune complexes were detected using the alkaline
phosphatase visualization procedure. The intensity of
immunological reactions was evaluated by measuring
the optical density area of each sample with computer-
ized densitometry via NIH Image (National Institutes
of Health, Bethesda, MD). Representative Western

Antibody Clone Biological source Commercial source' Dilution
Anti-GAPDH Monoclonal Mouse Sigma, G8795 1:10,000
Anti-STAR Polyclonal Rabbit Abcam, ab96637 1:1,000
Anti-P450scc Polyclonal Goat Santa Cruz Biotechnology, sc-18043 1:200
Anti-HSD3B Polyclonal Rabbit Abcam, ab80363 1:10,000
Anti-FGF2 Polyclonal Rabbit Sigma, F3393 1:200
Anti-FGFR1 Polyclonal Rabbit Sigma, F5421 1:400
Anti-FGFR2 Polyclonal Rabbit Sigma, F6796 1:1,000
Anti-VEGFA Polyclonal Rabbit Santa Cruz Biotechnology, sc-152 1:200
Anti-VEGFR1 Monoclonal Mouse Abcam, ab9540 1:100
Anti-VEGFR2 Polyclonal Rabbit Abcam, ab39256 1:400

'Sigma Chemical Co. (St. Louis, MO); Abcam (Cambridge, UK); Santa Cruz Biotechnology (Santa Cruz, CA).
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blot bands for FGF2, VEGFA, and their receptors,
STAR, P450scc, HSD3B, and GAPDH are shown in
Supplemental Figures S1, S2, and S3 (https://doi.org/
10.3168 /jds.2019-16644).

Progesterone Determination

The P, concentrations in blood plasma were mea-
sured in duplicate via direct RIA (RIA Progesterone
kit; IM1188, Immunotech, Prague, Czech Republic).
The standard curve ranged from 0.1 to 100 ng/mL,
and the effective dose for 50% inhibition (EDjy) was
0.05 ng/mL. The intra- and interassay coefficients of
variation were 6.5 and 8.6%, respectively.

Statistical Analysis

The statistical analyses of the results of mRNA and
protein expression were performed using a nonparamet-
ric one-way ANOVA Kruskal-Wallis test followed by
Dunnett’s multiple comparison test (GraphPad Prism
ver. 7.0; Graph Pad Software, San Diego, CA). The
differences in P, concentrations in the blood plasma
between control groups and experimental groups at
the specified time points were calculated using 2-way
ANOVA followed by the Bonferroni comparison test,
in which the treatments and time of sample collection
(hours) were fixed effects with all interactions included
(GraphPad Prism). Data are shown as standard errors
of means (SEM). The results were considered to be
statistically significant if P < 0.05.

RESULTS

Changes in mRNA and Protein Expression
in Response to Local or Systemic Administration
of aPGF,, in Early- and Middle-Stage CL

Figure 1 shows the results for quantitative analysis of
mRNA expression of FGF2, FGFR1, and FGFR2. Lo-
cal and systemic aPGF,, injections upregulated FGF2
expression in early- and middle-stage CL at 4 h after
both treatment routes (P < 0.05; Figure 1a). Addition-
ally, expression of FGF2 was higher after both aPGF,,
treatments in early-stage CL compared with that in
middle-stage CL (P < 0.01; Figure 1a). The FGFR1
and FGFR2 expression levels were elevated after local
aPGF,, injection into the early-stage CL (P < 0.01;
Figure 1b, ¢). Moreover, we observed higher upregula-
tion of FGFR1 and FGFR2 expression in early-stage
CL in response to local aPGF,, administration com-
pared with that after systemic injection (P < 0.01;
Figure 1b, c). However, both routes of aPGF,, treat-
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ment increased FGFR2 expression in middle-stage CL
(P < 0.01; Figure 1c). Additionally, we observed higher
FGFR1 expression after local aPGF,, administration in
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Figure 1. Effect of local or systemic PGF,, analog (aPGF,,) ad-
ministration on the mRNA expression of (a) fibroblast growth factor
(FGF2), (b) fibroblast growth factor receptor 1 (FGFRI), and (c)
fibroblast growth factor receptor 2 (FGFR2) in early- and middle-
stage corpora lutea (CL), respectively. The black bars represent the
control group, and the gray bars represent intra-CL or i.m. aPGF,,
administered groups. Data are the mean + SEM for 6 samples/treat-
ment. Letters (a—d) indicate statistical differences between treatment
groups (P < 0.05).
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early-stage CL compared with that after local aPGF,,
treatment in middle-stage CL (P < 0.01; Figure 1b).

Figure 2 shows results of protein expression analysis
of FGF2, FGFR1, and FGFR2. Expression of FGF2
increased 4 h after both local and systemic aPGF,,
injection in early- and middle-stage CL (P < 0.001;
Figure 2a). However, FGFR1 expression was upregu-
lated after local aPGF,, injection in both CL stages
(P < 0.05; Figure 2 b), whereas systemic aPGF,,
injection affected FGFR1 expression in middle-stage
CL (P < 0.05; Figure 2b). Neither route of aPGF,,
administration altered FGFR2 expression in early- and
middle-stage CL (P > 0.05; Figure 2c). Additionally,
we observed higher FGF2 expression in early-stage CL
after local aPGF,, treatment compared with that in
middle-stage CL (P < 0.01; Figure 2a).

Figure 3 shows results for the quantitative analysis of
mRNA expression of VEGFA, VEGFR1, and VEGFR2.
Both local and systemic aPGF,, treatments decreased
VEGFA expression in early- and middle-stages CL
(P < 0.001; Figure 3a). We observed higher VEGFA
expression in early-stage CL after both aPGF,, treat-
ment routes compared with that after local and sys-
temic aPGF,, administration in middle-stage CL (P <
0.01; Figure 3a). Additionally, systemic administration
of aPGF,, reduced VEGFA expression compared with
the effect of local aPGF,, treatment in early-stage CL
(P < 0.01; Figure 3a). Moreover, VEGFR1 expression
was downregulated in both early- and middle-stage CL
after both aPGF,, injection routes (P < 0.05; Figure
3b); however, its mRNA expression was lower in the
early stage CL in response to local aPGF,, injection
compared with the systemic treatment route (P < 0.05;
Figure 3b). Additionally, we observed lower VEGFR1
expression in early-stage CL after both aPGF,, treat-
ments compared with that after local and systemic
aPGF,, administration in middle-stage CL (P < 0.01;
Figure 3b). In contrast, local aPGF,, injection in-
creased VEGFR2 expression in early-stage CL (P <
0.01; Figure 3c), whereas VEGFRZ2 expression was
downregulated in middle-stage CL by both aPGF,,
treatments (P < 0.05; Figure 3c). The expression of
VEGFR2 was lower after systemic aPGF,, adminis-
tration compared with that after local treatment in
both CL stages (P < 0.01; Figure 3c). Additionally,
we observed lower VEGFRZ2 expression in early-stage
CL after both aPGF,, treatment routes compared with
that after local and systemic aPGF,, administration in
middle-stage CL (P < 0.01; Figure 3b).

Figure 4 shows the results of protein expression
analysis of VEGFA, VEGFRI1, and VEGFR2. Both
aPGF,, injection routes decreased VEGFA expression
in early- and middle-stage CL (P < 0.05; Figure 4a),
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Figure 2. Effect of local or systemic PGF,, analog (aPGF,,) ad-
ministration on the protein expression of (a) fibroblast growth factor
(FGF2), (b) fibroblast growth factor receptor 1 (FGFR1), and (c)
fibroblast growth factor receptor 2 (FGFR2) in early- and middle-
stage corpora lutea (CL), respectively. The black bars represent the
control group, and the gray bars represent intra-CL or i.m. aPGF,,
administered groups. Data are the mean + SEM for 6 samples/treat-
ment. Letters (a—c) indicate statistical differences between treatment
groups (P < 0.05).
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statistical differences between treatment groups (P < 0.05).
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and systemic aPGF,, administration downregulated
VEGFA expression in middle-stage CL compared with
local aPGF,, treatment (P < 0.05; Figure 4a). Ad-
ditionally, we observed lower VEGFA expression in
middle-stage CL after systemic aPGF,, administration
compared with that after systemic aPGF,, treatment
in early-stage CL (P < 0.05; Figure 4a). Both VEGFR1
and VEGFR2 levels were downregulated after local
aPGF,, injection in early-stage CL (P < 0.05; Figure
4b, ¢) and middle-stage CL (P < 0.01; Figure 4b, c).
Moreover, significantly lower VEGFR1 and VEGFR2
levels were observed after local versus systemic aPGFy,
administration in early and middle-stage CL (P < 0.05;
Figure 4b, c).

Changes in STAR, P450scc, and HSD3B mRNA
and Protein Expression in Response to Local
or Systemic Administration of aPGF,,

in Early- and Middle-Stage CL

Figure 5 shows results for quantitative analysis of
mRNA expression of STAR, P/50scc, and HSDSB.
Both aPGF,, treatment routes increased STAR expres-
sion in early-stage CL (P < 0.05; Figure 5a). However,
expression of STAR was higher after local aPGF,, in-
jection compared with systemic aPGF,, administration
(P < 0.05; Figure 5a). Either local or systemic aPGF,,
decreased STAR expression in middle-stage CL (P <
0.01; Figure 5a); however, this effect was greater when
aPGF,, was injected systemically (P < 0.01; Figure
5a). Additionally, we observed lower STAR expression
in early-stage CL after both aPGF,, treatment routes
compared with that after local and systemic aPGF,,
administration in middle-stage CL (P < 0.01; Figure
5a).

Neither local nor systemic aPGF,, injection changed
P/50scc mRNA expression in early- and middle-stage
CL (P > 0.05; Figure 5b).

Local aPGF,, injection upregulated HSD3B mRNA
expression in early-stage CL (P < 0.05; Figure 5¢). In
contrast, systemic administration of aPGF,, reduced
HSDS3B expression in early- and middle-stage CL (P
< 0.05; Figure 5¢). Therefore, opposite effects of local
versus systemic aPGF,, actions on HSD3B expression
were observed in both early- and middle-stage CL (P <
0.001, respectively; Figure 5¢).

Figure 6 shows the results of protein expression anal-
ysis of STAR, P450scc, and HSD3B. Neither local nor
systemic aPGF,, affected STAR, P450scc, or HSD3B
expression in early-stage CL (P > 0.05; Figure 6a, b,
¢). However, local aPGF,, injection decreased STAR,
P450scc, and HSD3B expression in middle-stage CL
(P < 0.05; Figure 6a, b, ¢), whereas systemic aPGF,,
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treatment downregulated only HSD3B expression in
middle-stage CL (P < 0.001; Figure 6¢). Comparison
of local and systemic administration of aPGF,, showed
differences in P450scc and HSD3B expression levels in
middle-stage CL (P < 0.05 and P < 0.001; respectively,
Figure 6b, ¢). Moreover, we observed lower STAR and
P450scc expression after local aPGF,,, injection in mid-
dle-stage CL compare with that after local aPGF,, ad-
ministration in the early stage CL (P < 0.01; Figure 6a,
b). Additionally, we observed higher HSD3B expression
in early-stage CL after both local (P < 0.05; Figure 6¢)
and systemic aPGF,, treatment (P < 0.01; Figure 6¢)
compared with that after both aPGF,, administration
routes in middle-stage CL.

Changes in Plasma Progesterone Concentration
in Response to Local or Systemic Administration
of aPGF,, in Early- and Middle-Stage CL

Figure 7 shows the effect of local or systemic aPGFy,
injections on P, concentrations in blood plasma at
the early and middle stages of the estrous cycle. In
the early stage, local aPGF,, injection increased the
P, concentration in blood plasma at 0.5 h after treat-
ment (P < 0.001; Figure 7a), whereas systemic aPGFy,
injection had no effect on P, concentration (P > 0.05;
Figure 7c). Following local administration of aPGF,,
in the middle stage, circulating P, levels declined be-
tween 1 and 4 h after injection (P < 0.001; Figure 7b).
However, systemic aPGF,, injection caused a transient
increase in plasma P, concentration at 0.5 h after treat-
ment followed by a decrease at 4 h after treatment (P
< 0.05; Figure 7d).

DISCUSSION

The luteolytic role of aPGF,, in cows has already
been well described (Hansel and Blair, 1996; Miyamoto
et al., 2010). The mechanism underlying stage-specific
responses of angiogenesis- and steroidogenesis-modulat-
ing genes toward aPGF,, has been the subject of nu-
merous studies (Goravanahally et al., 2009; Shirasuna
et al., 2010; Mondal et al., 2011; Atli et al., 2012; Zal-
man et al., 2012) and is attributed to crosstalk between
luteal and nonluteal cells in the bovine CL (Townson et
al., 2002; Korzekwa et al., 2006). Importantly, commu-
nication between these cells is required for development
of the bovine CL as well as its regression (Del Vecchio
et al., 1995; Pate, 1995).

Previous studies have examined the effect of aPGFy,
treatment on bovine CL at specific time points after its
administration (Berisha et al., 2010; Hojo et al., 2016).
We elected to collect CL 4 h after aPGF,, treatment
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based on previous reports that identified this as a suit-
able time (Mondal et al., 2011; Zalman et al., 2012;
Hojo et al., 2016). Until now, however, there have been
no reports indicating a clear difference in the actions of
aPGF,, on the CL with regard to local versus systemic
administration. Therefore, the results of the present
study provide the first evidence in the cow that intra-
CL (local) or i.m. (systemic) administration of aPGFy,
affects P, secretion and differentially modulates CL

expression of angiogenic and steroidogenic genes during
the early and middle stages of the luteal phase.

A previous study reported that mRNA expression
of genes related to angiogenesis was upregulated in
early-stage CL and downregulated in middle-stage
CL in response to systemic aPGF,, treatment in cows
(Shirasuna et al., 2010). Our results are in agreement
with another report (Zalman et al., 2012) showing that
expression levels of 2 main proangiogenic factors, FGF2
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Figure 7. Effect of local or systemic PGF,, analog (aPGF,,) administration on progesterone (P;) concentrations in blood plasma in cows
during the early (a, ¢) and middle (b, d) stages of the estrous cycle. Data are the mean + SEM for 6 samples/treatment. Asterisks indicate sig-
nificant differences between aPGF, -treated groups and control groups at the same time point: *P < 0.05; *** P < 0.001. CL = corpus luteum.
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and VEGFA, in bovine middle-stage CL were affected
in opposite directions by aPGF,,; namely, FGF2 ex-
pression increased and VEGFA expression decreased.

During CL formation and growth in cattle, aPGF,, is
involved in regulating development of the luteal capil-
lary network (Schams and Berisha, 2004). In contrast,
the effect of aPGF,, on angiogenesis in bovine CL may
be modulated by FGF2 (Skarzynski et al., 2013). We
determined that FGF2 mRNA expression markedly
increased while VEGFA mRNA expression decreased
in early- and middle-stage CL after both local and
systemic aPGF,, treatments. Therefore, the elevation
in FGF2 expression due to administration of aPGF,,
in the early luteal stage acts as a survival signal for
both endothelial (Woad et al., 2009; Shirasuna et al.,
2010; Zalman et al., 2012) and steroidogenic cells of the
bovine CL (Grazul-Bilska et al., 1995). In the middle
of the luteal phase, FGF2 supports CL steroidogenic
capacity (Miyamoto et al., 1992; Zalman et al., 2012).
Moreover, local neutralization of FGF2 or VEGFA al-
ters genes involved in the regulation of angiogenesis
and P, production, and affects the secretory function
of CL during its formation in the cow (Yamashita et
al., 2008). Additionally, it was previously reported that
FGF2 is immunolocalized to capillary endothelial cells
and smooth muscle cells of arteries during the early
luteal stage, but expressed exclusively in the cytoplasm
of luteal steroidogenic cells during the middle stage
(Schams et al., 1994; Neuvians et al., 2004a). Moreover,
Schams et al. (1994) suggested that the staining pat-
tern for FGF2 is then characteristic for the late luteal
phase, after regression and during pregnancy in bovine
CL. In agreement with these findings, we demonstrated
elevated FGF2 expression profiles in early-stage CL
compared with middle-stage CL, suggesting that FGF2
expression in the early stage CL is more influenced by
aPGF,,. Therefore, FGF2 appears to be an important
autocrine/paracrine regulator of bovine CL function
(Miyamoto et al., 1992; Zalman et al., 2012).

In our study, we found a decline in VEGFA mRNA
expression after aPGF,.-induced luteolysis, which
is consistent with previous reports (Berisha et al.,
2000; Neuvians et al., 2004a,b). Interestingly, systemic
aPGF,, treatment compared with its local administra-
tion resulted in a drastic reduction of VEGFA mRNA
expression in early-stage CL, and VEGFA protein
expression in the middle stage CL. Downregulation of
VEGFA expression after both aPGF,, treatment routes
may indicate an ability of aPGF,, to inhibit angiogen-
esis during CL growth. Moreover, PGF,, downregu-
lated VEGFA expression, suggesting inhibition of the
angiogenic factor in middle-stage bovine CL (Shirasuna
et al., 2010). Therefore, reduced support by angiogenic
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factors, due to the observed lower mRNA and protein
expression of VEGFA levels in middle-stage CL, could
destabilize the luteal vasculature, with subsequent re-
duction of P, secretion from the CL. These findings
suggest that a decrease in one of the main survival
factors for endothelial cells (VEGFA) may play a role
during functional luteolysis after aPGF,, treatment
and possibly that a lack of support of VEGFA results
in regression of blood vessels, as suggested by Hanahan
(1997).

In vitro treatment with an FGFRI1 signaling inhibi-
tor almost totally inhibited the luteal endothelial cell
genesis network, confirming that FGF2 is essential for
bovine luteal endothelial system formation (Woad et
al., 2009, 2012). In agreement with Neuvians et al.
(2004a), FGFR1 protein expression in the bovine CL
was higher during the early luteal stage in our study.
Interestingly, our results showed that local but not
systemic administration of aPGF,, increased mRNA
expression of FGFRI1, FGFR2, and VEGFR2 in
early-stage CL, whereas expression of VEGFRI1 was
downregulated. However, in middle-stage CL, both
aPGF,, treatments upregulated FGFR2 expression
and downregulated VEGFR2 expression. Our results
are in agreement with Neuvians et al. (2004a) showing
that VEGFR2-expression decreased during luteolysis,
resulting in reduced VEGFA functions. We confirmed
that expression of FGF2, VEGFA, and their receptors
were modulated by both aPGF,, administration routes
in early and middle-stage bovine CL.

Previous studies have clearly indicated that key
proteins in P, biosynthesis include STAR, P450scc,
and HSD3B (Stocco, 1997). The STAR protein is
responsible for the transport of cholesterol to the in-
ner mitochondrial membrane (Stocco, 1997), P450scc
converts cholesterol into pregnenolone, and HSD3B
converts pregnenolone into P, (Niswender, 2002). As
shown in this study, changes in the mRNA and protein
abundance of genes involved in steroidogenesis were
accompanied by decreased P, concentrations in blood
plasma during the middle stage, which is in agreement
with the report by Tian et al. (1994). In accordance
with previous studies by Acosta et al. (2009), we have
shown that systemic aPGF,, treatment in the bovine
middle stage causes a transient increase in P, concen-
trations in blood plasma at 0.5 h, followed by a signifi-
cant decrease at 4 h. However, Acosta et al. (2002) and
Rovani et al. (2017) observed an earlier decrease of Py,
which started at 1 or 2 h after injection. The inconsis-
tent results between studies may be attributable to the
different concentrations or types of aPGF,, that were
used for treatment (cloprostenol vs. dinoprost), mean-
ing that cloprostenol seems to induce earlier luteolysis
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than dinoprost. Therefore, the administration method
and various types of aPGF,, used may differentially
modulate the basal secretion of P, by the bovine CL
(Skarzynski et al., 2009). Shirasuna et al. (2010) re-
ported a reduction in STAR mRNA expression after
aPGF,, administration in bovine middle-stage CL,
whereas there were no changes in its expression during
the initial stages of luteolysis (Tian et al., 1994). Our
results are in agreement with previous reports of Tsai
and Wiltbank (1998) showing that systemic adminis-
tration of aPGF,, decreases mRNA expression of the
final P,-converting enzyme, HSDS3B, as well as that of
STAR in bovine middle-stage CL. Moreover, we have
shown that protein expression of HSD3B markedly
decreases in parallel with the decrease in its mRNA
in middle-stage CL after systemic aPGF,, treatment.
Notably, expression of HSD3B and STAR was higher
following local aPGF,, treatment compared with that
after systemic aPGF,, administration in middle-stage
CL. Moreover, we observed that local aPGF,, treat-
ment decreased STAR, P450scc, and HSD3B expression
compared with systemic administration. Additionally,
local PGF,, application led to a quicker reduction in
P, secretion 1 h after aPGF,,, injection compared with
the systemic effect of PGF,, in middle-stage CL. These
changes in P, profiles were not detected in early-stage
CL, in which luteolysis did not occur.

We have shown that P, concentration transiently in-
creased 0.5 h after local aPGF,, treatment accompanied
by greater STAR and HSD3B mRNA expression during
the early luteal phase. In contrast, we observed a per-
sistently high P, level in blood plasma during the early
luteal phase despite a significant decrease in HSDS3B
mRNA expression after systemic aPGF,, treatment.
Therefore, a decrease in HSD3B mRNA expression is
unlikely to be the cause of decreased luteal steroidogen-
esis, as suggested by Tsai and Wiltbank (1998).

CONCLUSIONS

The effects of aPGF,, treatment on the bovine CL
depend on stage-specific actions. We have demon-
strated for the first time that both local and systemic
administration of aPGF,, affect P, secretion and dif-
ferentially modulate gene expression of angiogenic and
steroidogenic factors in early- and middle-stage CL. At
the time of CL formation and development, aPGF,,
acting locally may play a luteotrophic role by regulat-
ing angiogenesis-related factors. Local aPGF,, treat-
ment increases mRNA expression of STAR and HSDS3B
in early-stage CL. Moreover, local aPGF,, treatment

enhances mRNA expression of receptors such as
FGFR1, FGFR2, and VEGFR2 and may be considered
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a major contributor to the angiogenic response in early-
stage bovine CL. However, luteolysis is induced by i.m.
aPGF,, injection when the CL is mature (endocrine
effect of aPGF,, action), and we demonstrated that
local aPGF,, treatment (paracrine effect) may also
influence luteolysis. However, the systemic effect of
aPGF,, on the mRNA expression of genes participating
in steroidogenesis seems to be more substantial than its
local effect in middle-stage CL.

ACKNOWLEDGMENTS

The authors are grateful M. M. Bah (Research Sta-
tion in Popielno, Institute of Animal Reproduction and
Food Research, Polish Academy of Sciences, Olsztyn,
Poland) for his assistance and cooperation in provid-
ing animals for the study from the farm in Wolka
Szlachecka. The authors thank K. Jankowska and W.
Krzywiec (Department of Reproductive Immunology
and Pathology, Institute of Animal Reproduction and
Food Research, Polish Academy of Sciences, Olsztyn,
Poland) for technical support. This research was sup-
ported by the National Science Centre (Krakow, Po-
land; project 2011/03/B/NZ9/01634; 2012-2016) and
is a part of a PhD thesis prepared by Agnieszka W.
Jonczyk. The article processing charge was covered by
the KNOW Consortium: “Healthy Animal - Safe Food”
(Ministry of Sciences and Higher Education; Dec: 05-1/
KNOW2/2015).

REFERENCES

Acosta, T. J., M. M. Bah, A. Korzekwa, I. Woclawek-Potocka, W.
Markiewicz, J. J. Jaroszewski, K. Okuda, and D. J. Skarzynski.
2009. Acute changes in circulating concentrations of progesterone
and nitric oxide and partial pressure of oxygen during PGF,,-
induced luteolysis in cattle. J. Reprod. Dev. 55:149-155.

Acosta, T. J., N. Yoshizawa, M. Ohtani, and A. Miyamoto. 2002. Local
changes in blood flow within the early and midcycle corpus luteum
after prostaglandin F(2alpha) injection in the cow. Biol. Reprod.
66:651-658.

Ahuja, C., F. Montiel, R. Canseco, E. Silva, and G. Mapes. 2005.
Pregnancy rate following GnRH + PGF 2alpha treatment of low
body condition, anestrous Bos taurus by Bos indicus crossbred
cows during the summer months in a tropical environment. Anim.
Reprod. Sci. 87:203-213. https://doi.org/10.1016/j.anireprosci
.2004.12.002.

Andersen, C. L., J. L. Jensen, and T. F. @Orntoft. 2004. Normaliza-
tion of real-time quantitative reverse transcription-PCR data: A
model-based variance estimation approach to identify genes suited
for normalization, applied to bladder and colon cancer data sets.
Cancer Res. 64:5245-5250. https://doi.org/10.1158/0008-5472
.CAN-04-0496.

Atli, M. O., R. W. Bender, V. Mehta, M. R. Bastos, W. Luo, C. M.
Vezina, and M. C. Wiltbank. 2012. Patterns of gene expression in
the bovine corpus luteum following repeated intrauterine infusions
of low doses of prostaglandin F2alpha. Biol. Reprod. 86:130.

Berisha, B., H. H. Meyer, and D. Schams. 2010. Effect of prostaglan-
din F2 alpha on local luteotropic and angiogenic factors during in-


https://doi.org/10.1016/j.anireprosci.2004.12.002
https://doi.org/10.1016/j.anireprosci.2004.12.002
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1158/0008-5472.CAN-04-0496

LOCAL OR SYSTEMIC EFFECTS OF PROSTAGLANDIN F,, ON BOVINE CORPUS LUTEUM

duced functional luteolysis in the bovine corpus luteum. Biol. Re-
prod. 82:940-947. https://doi.org/10.1095/biolreprod.109.076752.

Berisha, B., D. Schams, M. Kosmann, W. Amselgruber, and R. Ein-
spanier. 2000. Expression and tissue concentration of vascular
endothelial growth factor, its receptors, and localization in the
bovine corpus luteum during estrous cycle and pregnancy. Biol.
Reprod. 63:1106-1114.

Cuervo-Arango, J., E. Garcia-Rosellé, A. Garcia-Munoz, X. Valldeca-
bres-Torres, P. Martinez-Ros, and A. Gonzélez-Bulnes. 2011. The
effect of a single high dose of PGF2a administered to dairy cattle
3.5 days after ovulation on luteal function, morphology, and fol-
licular dynamics. Theriogenology 76:1736-1743. https://doi.org/
10.1016/j.theriogenology.2011.07.006.

Del Vecchio, R. P., J. K. Thibodeaux, and W. Hansel. 1995. Contact-
associated interactions between large and small bovine luteal cells
during the estrous cycle. Domest. Anim. Endocrinol. 12:25-33.

Ginther, O. J., R. R. Araujo, M. P. Palho, B. L. Rodrigues, and M. A.
Beg. 2009. Necessity of sequential pulses of prostaglandin F2a for
complete physiologic luteolysis in cattle. Biol. Reprod. 80:641-648.
https://doi.org/10.1095/biolreprod.108.072769.

Goravanahally, M. P.;, M. Salem, J. Yao, E. K. Inskeep, and J. A.
Flores. 2009. Differential gene expression in the bovine corpus
luteum during transition from early phase to midphase and its
potential role in acquisition of luteolytic sensitivity to prostaglan-
din F2alpha. Biol. Reprod. 80:980-988. https://doi.org/10.1095/
biolreprod.108.069518.

Grazul-Bilska, A. T., D. A. Redmer, A. Jablonka-Shariff, M. E. Bion-
dini, and L. P. Reynolds. 1995. Proliferation and progesterone pro-
duction of ovine luteal cells from several stages of the estrous cycle:
effects of fibroblast growth factors and luteinizing hormone. Can.
J. Physiol. Pharmacol. 73:491-500.

Hanahan, D. 1997. Signaling vascular morphogenesis and maintenance.
Science 277:48-50. https://doi.org/10.1126 /science.277.5322.48.

Hansel, W., and R. M. Blair. 1996. Bovine corpus luteum: A his-
toric overview and implications for future research. Theriogenology
45:1267-1294.

Hasegawa, H., R. Nishimura, M. Yamashita, T. Yamaguchi, M.
Hishinuma, and K. Okuda. 2019. Effect of hypoxia on progester-
one production by cultured bovine early and mid luteal cells. J.
Reprod. Dev. 65:67-72. https://doi.org/10.1262/jrd.2018-061.

Herzog, K., K. Striive, J. P. Kastelic, M. Piechotta, S. E. Ulbrich, C.
Pfarrer, K. Shirasuna, T. Shimizu, A. Miyamoto, and H. Bollwein.
2012. Escherichia coli lipopolysaccharide administration transient-
ly suppresses luteal structure and function in diestrous cows. Re-
production 144:467-476.

Hojo, T., M. J. Siemieniuch, K. Lukasik, K. K. Piotrowska-Tomala, A.
W. Jonczyk, K. Okuda, and D. J. Skarzynski. 2016. Programmed
necrosis—A new mechanism of steroidogenic luteal cell death and
elimination during luteolysis in cows. Sci. Rep. 6:38211. https://
doi.org/10.1038 /srep38211.

Koressaar, T., and M. Remm. 2007. Enhancements and modifications
of primer design program Primer3. Bioinformatics 23:1289-1291.

Korzekwa, A. J., M. Lupicka, B. M. Socha, and A. A. Szczepanska.
2016. Estradiol reduces Connexind3 gap junctions in the uterus
during adenomyosis in cows. Pol. J. Vet. Sci. 19:609-617. https://
doi.org/10.1515/pjvs-2016-0076.

Korzekwa, A. J., M. Lupicka, B. M. Socha, A. A. Szczepanska, E.
Piotrowicz, and W. Baranski. 2016. In vitro cow uterine response
to Escherichia coli, leukotrienes and cytokines. Vet. Immunol Im-
munopathol. 182:59-62.

Korzekwa, A. J., K. Okuda, I. Woclawek-Potocka, S. Murakami, and
D. J. Skarzynski. 2006. Nitric oxide induces apoptosis in bovine
luteal cells. J. Reprod. Dev. 52:353-361.

Levy, N., S. Kobayashi, Z. Roth, D. Wolfenson, A. Miyamoto, and R.
Meidan. 2000. Administration of prostaglandin F2a during the
early bovine luteal phase does not alter the expression of ET-1
and of its type A receptor: A possible cause for corpus luteum
refractoriness. Biol. Reprod. 63:377-382.

McCracken, J. A., E. E. Custer, and J. C. Lamsa. 1999. Luteolysis: A
neuroendocrine-mediated event. Physiol. Rev. 79:263-323.

10585

Miyamoto, A., K. Okuda, F. J. Schweigert, and D. Schams. 1992. Ef-
fects of basic fibroblast growth factor, transforming growth factor-
beta and nerve growth factor on the secretory function of the
bovine corpus luteum in vitro. J. Endocrinol. 135:103-114.

Miyamoto, A., K. Shirasuna, T. Shimizu, H. Bollwein, and D. Schams.
2010. Regulation of corpus luteum development and maintenance:
specific roles of angiogenesis and action of prostaglandin F2alpha.
Soc. Reprod. Fertil. Suppl. 67:289-304.

Miyamoto, A., K. Shirasuna, T. Shimizu, and M. Matsui. 2013. Impact
of angiogenic and innate immune systems on the corpus luteum
function during its formation and maintenance in ruminants. Re-
prod. Biol. 13:272-278. https://doi.org/10.1016/j.repbio.2013.09
.006.

Mondal, M., B. Schilling, J. Folger, J. P. Steibel, H. Buchnick, Y.
Zalman, J. J. Ireland, R. Meidan, and G. W. Smith. 2011. Deci-
phering the luteal transcriptome: Potential mechanisms mediating
stage-specific luteolytic response of the corpus luteum to pros-
taglandin F,,. Physiol. Genomics 43:447-456. https://doi.org/10
.1152/physiolgenomics.00155.2010.

Neuvians, T. P., B. Berisha, and D. Schams. 2004a. Vascular endo-
thelial growth factor (VEGF) and fibroblast growth factor (FGF)
expression during induced luteolysis in the bovine corpus luteum.
Mol. Reprod. Dev. 67:389-395.

Neuvians, T. P., D. Schams, B. Berisha, and M. W. Pfaffl. 2004b.
Involvement of pro-inflammatory cytokines, mediators of inflam-
mation, and basic fibroblast growth factor in prostaglandin F2-
induced luteolysis in bovine corpus luteum. Biol. Reprod. 70:473—
480. https://doi.org/10.1095/biolreprod.103.016154.

Niswender, G. D. 2002. Molecular control of luteal secretion of proges-
terone. Reproduction 123:333-339.

Pate, J. L. 1995. Involvement of immune cells in regulation of ovarian
function. J. Reprod. Fertil. Suppl. 49:365-377.

Piotrowska, K. K., I. Woclawek-Potocka, M. M. Bah, M. Piskula, W.
Pilawski, A. Bober, and D. J. Skarzynski. 2006. Phytoestrogens
and their metabolites inhibit the sensitivity of bovine CL on luteo-
tropic factors. J. Reprod. Dev. 52:33-41.

Pursley, J. R., M. O. Mee, and M. C. Wiltbank. 1995. Synchronization
of ovulation in dairy cows using PGF2 and GnRH. Theriogenology
44:915-923.

Rovani, M. T., G. H. Ilha, B. G. Gasperin, J. E. Jr. Nébrega, D. Sid-
dappa, W. G. Glanzner, A. Q. Antoniazzi, V. Bordignon, R. Dug-
gavathi, and P. B. D. Gongalves. 2017. Prostaglandin F2a-induced
luteolysis involves activation of Signal transducer and activator
of transcription 3 and inhibition of AKT signaling in cattle. Mol.
Reprod. Dev. 84:486-494. https://doi.org/10.1002/mrd.22798.

Schams, D., W. Amselgruber, R. Einspanier, F. Sinowatz, and D. Gos-
podarowicz. 1994. Localization and tissue concentration of basic
fibroblast growth factor in the bovine corpus luteum. Endocrine
2:907-912.

Schams, D., and B. Berisha. 2004. Regulation of corpus luteum func-
tion in cattle—An overview. Reprod. Domest. Anim. 39:241-251.

Shirasuna, K., Y. Akabane, N. Beindorff, K. Nagai, M. Sasaki, T.
Shimizu, H. Bollwein, R. Meidan, and A. Miyamoto. 2012. Expres-
sion of prostaglandin F2a (PGF2a) receptor and its isoforms in
the bovine corpus luteum during the estrous cycle and PGF2a-
induced luteolysis. Domest. Anim. Endocrinol. 43:227-238. https:
//doi.org/10.1016/j.domaniend.2012.03.003.

Shirasuna, K., K. Sasahara, M. Matsui, T. Shimizu, and A. Miyamoto.
2010. Prostaglandin F2alpha differentially affects mRNA expres-
sion relating to angiogenesis, vasoactivation and prostaglandins
in the early and mid corpus luteum in the cow. J. Reprod. Dev.
56:428-436.

Skarzynski, D. J., J. J. Jaroszewski, M. M. Bah, K. M. Deptula, B.
Barszczewska, B. Gawronska, and W. Hansel. 2003. Administra-
tion of nitric oxide synthase inhibitor counteracts prostaglandin
Fy,- induced luteolysis in cattle. Biol. Reprod. 68:1674-1681.
https://doi.org/10.1095 /biolreprod.102.008573.

Skarzynski, D. J., K. K. Piotrowska-Tomala, K. Lukasik, A. Galvao, S.
Farberov, Y. Zalman, and R. Meidan. 2013. Growth and regression
in bovine corpora lutea: Regulation by local survival and death

Journal of Dairy Science Vol. 102 No. 11, 2019


https://doi.org/10.1095/biolreprod.109.076752
https://doi.org/10.1016/j.theriogenology.2011.07.006
https://doi.org/10.1016/j.theriogenology.2011.07.006
https://doi.org/10.1095/biolreprod.108.072769
https://doi.org/10.1095/biolreprod.108.069518
https://doi.org/10.1095/biolreprod.108.069518
https://doi.org/10.1126/science.277.5322.48
https://doi.org/10.1262/jrd.2018-061
https://doi.org/10.1038/srep38211
https://doi.org/10.1038/srep38211
https://doi.org/10.1515/pjvs-2016-0076
https://doi.org/10.1515/pjvs-2016-0076
https://doi.org/10.1016/j.repbio.2013.09.006
https://doi.org/10.1016/j.repbio.2013.09.006
https://doi.org/10.1152/physiolgenomics.00155.2010
https://doi.org/10.1152/physiolgenomics.00155.2010
https://doi.org/10.1095/biolreprod.103.016154
https://doi.org/10.1002/mrd.22798
https://doi.org/10.1016/j.domaniend.2012.03.003
https://doi.org/10.1016/j.domaniend.2012.03.003
https://doi.org/10.1095/biolreprod.102.008573

10586

pathways. Reprod. Domest. Anim. 48:25-37. https://doi.org/10
.1111/rda.12203.

Skarzynski, D. J., M. J. Siemieniuch, W. Pilawski, I. Woclawek Po-
tocka, M. M. Bah, M. Majewska, and J. J. Jaroszewski. 2009.
In vitro assessment of progesterone and prostaglandin e(2) pro-
duction by the corpus luteum in cattle following pharmacological
synchronization of estrus. J. Reprod. Dev. 55:170-176. https://doi
.org/10.1262/jrd.20121.

Stocco, D. M. 1997. A StAR search: Implications in controlling ste-
roidgenesis. Biol. Reprod. 56:328-336.

Tian, X. C., A. K. Berndston, and J. E. Fortune. 1994. Changes in
levels of messenger ribonucleic acid for cytochrome P450 side-
chain cleavage and 3beta-hydroxysteroid dehydrogenase during
prostaglandin F2 alpha-induced luteolysis in cattle. Biol. Reprod.
50:349-356.

Townson, D. H., C. L. O’Connor, and J. K. Pru. 2002. Expression of
monocyte chemoattractant protein-1 and distribution of immune
cell populations in the bovine corpus luteum throughout the es-
trous cycle. Biol. Reprod. 66:361-366.

Tsai, S. J., and M. C. Wiltbank. 1998. Prostaglandin F2 alpha regu-
lates distinct physiological changes in early and mid- cycle bovine
corpora lutea. Biol. Reprod. 58:346-352.

Untergasser, A., I. Cutcutache, T. Koressaar, J. Ye, B. C. Faircloth,
M. Remm, and S. G. Rozen. 2012. Primer3—New capabilities and
interfaces. Nucleic Acids Res. 40:e115.

Wenzinger, B., and U. Bleul. 2012. Effect of a prostaglandin F2a ana-
logue on the cyclic corpus luteum during its refractory period in

Journal of Dairy Science Vol. 102 No. 11, 2019

JONCZYK ETAL.

cows. BMC Vet. Res. 8:220. https://doi.org/10.1186/1746-6148-8
-220.

Woad, K. J., A. J. Hammond, M. Hunter, G. E. Mann, M. G. Hunter,
and R. S. Robinson. 2009. FGF2 is crucial for the development of
bovine luteal endothelial networks in vitro. Reproduction 138:581—
588. https://doi.org/10.1530/REP-09-0030.

Woad, K. J., M. G. Hunter, G. E. Mann, M. Laird, A. J. Hammond,
and R. S. Robinson. 2012. Fibroblast growth factor 2 is a key de-
terminant of vascular sprouting during bovine luteal angiogenesis.
Reproduction 143:35-43. https://doi.org/10.1530/REP-11-0277.

Yamashita, H., D. Kamada, K. Shirasuna, M. Matsui, T. Shimizu, K.
Kida, B. Berisha, D. Schams, and A. Miyamoto. 2008. Effect of lo-
cal neutralization of basic fibroblast growth factor or vascular en-
dothelial growth factor by a specific antibody on the development
of the corpus luteum in the cow. Mol. Reprod. Dev. 75:1449-1456.
https://doi.org/10.1002/mrd.20878.

Zalman, Y., E. Klipper, S. Farberov, M. Mondal, G. Wee, J. K. Folger,
G. W. Smith, and R. Meidan. 2012. Regulation of angiogenesis-
related prostaglandin f2alpha-induced genes in the bovine corpus
luteum. Biol. Reprod. 86:92. https://doi.org/10.1095/biolreprod
.111.095067.

Zhao, S., and R. D. Fernald. 2005. Comprehensive algorithm for quan-
titative real-time polymerase chain reaction. J. Comput. Biol.
12:1047-1064.


https://doi.org/10.1111/rda.12203
https://doi.org/10.1111/rda.12203
https://doi.org/10.1262/jrd.20121
https://doi.org/10.1262/jrd.20121
https://doi.org/10.1186/1746-6148-8-220
https://doi.org/10.1186/1746-6148-8-220
https://doi.org/10.1530/REP-09-0030
https://doi.org/10.1530/REP-11-0277
https://doi.org/10.1002/mrd.20878
https://doi.org/10.1095/biolreprod.111.095067
https://doi.org/10.1095/biolreprod.111.095067

	Effects of prostaglandin F2α on angiogenic and steroidogenic pathways
in the bovine corpus luteum may depend on its route of administration
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Treatments
	Intra-CL Injection and Ovary Collection
	Experimental Design
	Blood Collection and Plasma
Progesterone Determination
	Corpora Lutea Collection
	RNA Extraction and cDNA Production
	Real-Time RT-qPCR
	Western Immunoblotting
	Progesterone Determination
	Statistical Analysis

	RESULTS
	Changes in mRNA and Protein Expression
in Response to Local or Systemic Administration
of aPGF2α in Early- and Middle-Stage CL
	Changes in STAR, P450scc, and HSD3B mRNA
and Protein Expression in Response to Local
or Systemic Administration of aPGF2α
in Early- and Middle-Stage CL
	Changes in Plasma Progesterone Concentration
in Response to Local or Systemic Administration
of aPGF2α in Early- and Middle-Stage CL

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


