
Differential expression pattern of genes involved 
in oxygen metabolism in epithelial oviductal cells 
during primary in vitro culture

Abstract
Oxygen metabolism is crucial in establishing successful pregnancy, since excessive amount of reactive 
oxygen species (ROS) may exert deleterious effects on the developing embryo. There are several defense 
mechanisms against oxidative stress in the female reproductive tract, including production of antioxidant 
enzymes by oviductal epithelial cells (OECs). Undoubtedly, OECs play major part in female fertility and 
may also serve as an in vitro model of the oviduct. Therefore, the aim of this study was to investigate the 
expression of genes involved in oxygen metabolism. We have isolated OECs from oviducts of crossbred gilts 
(n=45) and maintained their in vitro culture for 30 days, collecting their RNA at days 1, 7, 15 and 30. The 
gene expression was determined with the use of Affymetrix® Porcine Gene 1.1 ST Array Strip. Our results 
revealed 166 differentially expressed genes belonging to four ontology groups: „cellular response to oxi-
dative stress”, “cellular response to oxygen-containing compound”, “cellular response to oxygen levels” and 
“cellular response to reactive oxygen species”, most of which are also involved in other major processes in 
the organism. However, our findings provide a valuable insight into porcine reproductive biology and may 
be utilized in optimization of assisted reproduction techniques.
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Introduction
The oviduct is a part of mammalian female re-

productive tract, connecting the ovary to the uterus, 
that plays an invaluable role in female fertility. It is 
involved in gamete and embryo transport, supports 
fertilization and provides an optimal environment 
for gamete survival and preimplantation embryo 
development. The oviductal epithelium consists of 
two types of epithelial cells: ciliated and non-ciliat-
ed secretory cells, the latter producing components 
of oviductal fluid, which participates in gamete 
guidance and embryo cleavage [1].

Oxygen metabolism is particularly important 
in establishing a successful pregnancy, with both 
gametes and embryos producing reactive oxygen 
species (ROS). Porcine preimplantation embryos 
produce ROS via oxidative phosphorylation and in-
hibition of this process results in better outcome in 
in vitro development. Apart from that, there are sev-
eral exogenous factors that can enhance ROS gener-
ation by embryos. However, the excessive presence 
of ROS may exert deleterious effects on embryos 
via lipid, protein and nucleic acid alterations, which 
can result in mitochondrial disfunction, embryo cell 
block, lack of ATP and apoptosis [2].

Taking everything into consideration, there is 
no doubt that defense mechanisms against oxi-
dative stress must be employed to ensure gamete 
and embryo survival and proper development. Ex-
cept for the antioxidant enzymes stored as mRNA 
in the oocyte, there is also an external protection 
through the oviductal environment. Several anti-
oxidant enzymes, such as glutathione peroxidase, 
Cu-Zn-superoxide dismutase, or catalase, have been 
found to be expressed in oviducts of humans and 
mice [3]. Moreover, oviductal epithelial cell (OECs)
membrane proteins bind to the human spermato-
zoa, which results in its protection against oxidative 
stress, as indicated by Huang et al. [4].

OEC in vitro culture may serve as a model of the 
oviduct and be helpful in elucidating complex events 
taking place in this part of the female reproductive 
tract. A deeper understanding of the porcine repro-
ductive biology is of great importance, since the 
pig is one of the most popular meat sources, with 
its anatomy and physiology resembling those of hu-
mans [5]. Therefore, in this study, we established 
a long-term primary culture of porcine OECs and 
performed microarray analyses at specific time pe-
riods, to determine differentially expressed genes 
involved in oxygen metabolism.

Material and Methods
Animals

In this study, crossbred gilts (n=45) at the age of 
about nine months and which displayed at least two 
regular estrous cycles were collected from a com-
mercial herd. All the animals were checked daily for 
estrus behavior and were slaughtered after reach-

ing the anestrus phase of the estrus cycle. The uteri 
were then transported to the laboratory within 30 
min at 38 °C.

Oviductal epithelial cells (OECs) selection and 
culture

Oviducts were washed twice in Dulbecco’s phos-
phate buffered saline (PBS) (137 mM NaCl, 27 mM 
KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4). Ep-
ithelial cells were removed using sterile surgical 
blades. Then, the epithelium was incubated with 
collagenase I (Sigma Aldrich, Madison, USA), 1mg/
mL in Dubecco’s modified Eagle’s medium (DMEM; 
Sigma Aldrich, Madison, USA) for 1 h at 37oC. The 
cell suspension obtained from this digestion was fil-
tered through 40 μm pore size strainer to remove 
blood and single cells. The residue was collected 
by rinsing the strainer with DMEM. The cells were 
then centrifuged (200 x g, 10 min.). Next, they were 
washed in PBS and centrifuged again. Later, they 
were incubated with 0.5% Trypsin/EDTA (Sigma 
Aldrich, Madison, USA) at 37oC for 10 min. The 
reaction was stopped with fetal calf serum (FCS; 
Sigma Aldrich, Madison, USA). After incubation, 
the cells were filtered and centrifuged for the last 
time. The final cell pellet was suspended in DMEM, 
supplemented with 10% FCS, 100U/mL penicillin, 
100 μg/mL streptomycin and 1μg/mL amphotericin 
B. The cells were cultured at 37˚C in a humidified 
atmosphere of 5% CO2. Once the OEC cultures at-
tained 70–80% confluency, they were passaged by 
washing with PBS, digested with 0.025% Trypsin/
EDTA, neutralized by a 0.0125% trypsin inhibitor 
(Cascade Biologics, Portland, USA), centrifuged, 
and resuspended at a seeding density of 2*104cells/
cm2. The culture medium was changed every three 
days. The culture was maintained for30 days.

RNA extraction from oviductal epithelial cells 
(OECs)

Oviductal epithelial cell were pooled and har-
vested 24h, 7 days, 15 days and 30 days after the 
beginning of culture. Total RNA was extracted from 
the samples using TRI Reagent (Sigma, St Louis, MO, 
USA) and RNeasy MinElute cleanup Kit (Qiagen, 
Hilden, Germany). The total mRNA amount was de-
termined from the optical density at 260 nm, and 
the RNA purity was estimated using the 260/280 nm 
absorption ratio (higher than 1.8) (NanoDrop spec-
trophotometer, Thermo Scientific, ALAB, Poland). 
The RNA integrity and quality were checked on a 
Bioanalyzer 2100 (Agilent Technologies, Inc., Santa 
Clara, CA, USA). The resulting RNA integrity numbers 
(RINs) were between 8.5 and 10 with an average of 
9.2 (Agilent Technologies, Inc., Santa Clara, CA, USA). 
The RNA in each sample was diluted to a concen-
tration of 100 ng/μl with an OD260/OD280 ratio of 
1.8/2.0. From each RNA sample, 100 ng of RNA was 
taken for microarray expression assays.
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Microarray expression analysis and statistics
Total RNA (100 ng) from each pooled sample was 

subjected to two rounds of sense cDNA amplifica-
tion (Ambion® WT Expression Kit). The obtained 
cDNA was used for biotin labeling and fragmenta-
tion usingAffymetrix GeneChip® WT Terminal La-
beling and Hybridization (Affymetrix, Santa Clara, 
CA, USA). Biotin-labeled fragments of cDNA (5.5 μg) 
were hybridized to the Affymetrix® Porcine Gene 
1.1 ST Array Strip (48°C/20 h). Microarrays were 
then washed and stained, according to the technical 
protocol, using the Affymetrix GeneAtlas Fluidics 
Station. The array strips were scanned employing 
the Imaging Station of the GeneAtlas System. Prelim-
inary analysis of the scanned chips was performed 
using Affymetrix GeneAtlasTM Operating Software. 
The quality of gene expression data was confirmed 
according to the quality control criteria provided by 
the software. The obtained CEL files were imported 
into downstream data analysis software.

All of the presented analyses and graphs were 
compiled using Bioconductor and R programming 
languages. Each CEL file was merged with a de-
scription file. To correct background, normalize, 
and summarize results, we used the Robust Multi-
array Averaging (RMA) algorithm. To determine the 
statistical significance of the analyzed genes, mod-
erated t-statistics from the empirical Bayes method 
were performed. The obtained p-value was correct-
ed for multiple comparisons using Benjamini and 
Hochberg’s false discovery rate. Selection of signifi-
cantly altered genes was based on a p-value beneath 
0.05 and expression higher than two-fold. 

Differentially expressed genes were subjected se-
lection by examination of genes involved in oxygen 
metabolism. The differentially expressed gene list 
(separated for up- and down-regulated genes) was 
uploaded to the DAVID software (Database for An-
notation, Visualization and Integrated Discovery) 
[6], where genes belonging to the terms of all four 
Gene Ontologies (GOs) of interest were extracted. 
Expression data of these genes was also subject-
ed to a hierarchical clusterization procedure, with 
their expression values presented as a heat map. 

Subsequently, we analyzed the relation between 
the genes belonging to the chosen GO terms using 
the GO plot package [7]. The Go plot package had 
calculated the z-score: the number of up- regulated 
genes minus the number of down- regulated genes 
divided by the square root of the count. This infor-
mation allowed to estimate the change course of 
each gene-ontology term.

Interactions between differentially expressed 
genes/proteins belonging to the studied gene on-
tology groups were investigated by the STRING10 
software (Search Tool for the Retrieval of Interact-
ing Genes) [8]. The list of gene names was used as a 
query for interaction prediction. The search criteria 
were based on co-occurrences of genes/proteins in 

scientific texts (text mining), co-expression, and ex-
perimentally observed interactions. The results of 
such analyses generated a gene/protein interaction 
network where the intensity of the edges reflected 
the strength of the interaction score. 

Finally, the functional interactions between genes 
that belongs to the chosen GO BP terms were inves-
tigated by the REACTOME FIViz application to the 
Cytoscape 3.6.0 software. The Reactome FIViz app 
is designed to find pathways and network patterns 
related to cancer and other types of diseases. This 
app accesses the pathways stored in the Reactome 
database, allowing to perform pathway enrichment 
analysis for a set of genes, visualize hit pathways us-
ing manually laid-out pathway diagrams directly in 
Cytoscape, and investigate functional relationships 
among genes in hit pathways. The app can also access 
the Reactome Functional Interaction (FI) network, 
a highly reliable, manually curated pathway-based 
protein functional interaction network covering over 
60% of human proteins.

Ethical approval
The research related to animal use has been com-

plied with all the relevant national regulations and 
instructional policies for the care and use of ani-
mals. Bioethical Committee approval no. 32/2012.

Results
Whole transcriptome profiling with Affymetrix mi-

croarrays allows us to analyze the gene expression 
changes between 7, 15 and 30 days of porcine oviduc-
tal epithelial cell culture. Using Affymetrix® Porcine 
Gene 1.1 ST Array Strip, we have examined the ex-
pression of 12257 transcripts. Genes with fold change 
higher than abs (2) and with corrected p-value lower 
than 0.05 were considered as differentially expressed. 
This set of genes consists of 2533 different transcripts. 

DAVID (Database for Annotation, Visualiza-
tion and Integrated Discovery) software was used 
for extraction of gene ontology biological process 
terms (GO BP) that contain differently expressed 
transcripts. Up and down regulated gene sets were 
subjected to the DAVID search separately and only 
gene sets with adj. p-value lower than 0.05 were 
selected.  The DAVID software analysis showed that 
the differently expressed genes belonged to 657 
Gene ontology terms. In this paper, we focused on 
166 genes that belong to “cellular response to oxi-
dative stress”, “cellular response to oxygen-contain-
ing compound”, “cellular response to oxygen levels” 
and “cellular response to reactive oxygen species” 
GO BP terms. These sets of genes were subjected 
to hierarchical clusterization procedure and pre-
sented as heatmaps (Fig. 1). The gene symbols, fold 
changes in expression, Entrez gene IDs and correct-
ed p-values of these genes were shown in table 1. 

The enrichment of each GO BP term was calculated 
as a z-score and shown on the circle diagram (Fig. 2).
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The chosen GO BP terms contain 166 differently 
expressed genes. Therefore, we calculated the mean 
fold change ratio value of each gene between 7, 15 
and 30 days of culture. Based on that criteria, we 
chose the 10 most downregulated and 10 most up-
regulated genes for further analysis.

In Gene Ontology database, genes that form one 
particular GO can also belong to other GO term cat-
egories. For this reason, we explored the gene in-
tersections between the selected GO BP terms. The 
relation between those GO BP terms was presented 
as circle plot (Fig. 3) as well as heatmap (Fig. 4).

STRING interaction network was generated 
among the differentially expressed genes belonging 
to each of the selected GO BP terms. Using such pre-
diction method provided us with a molecular inter-
action network formed between protein products 

of the studied genes (Fig. 5). Finally, we investigat-
ed the functional interactions between the chosen 
genes with REACTOME FIViz app to the Cytoscape 
3.6.0 software. The results were shown in (Fig. 6).

Discussion
Oviductal epithelial cells are known for their cru-

cial role in providing an optimal environment for 
gamete survival, supporting fertilization and early 
embryo development [1]. Therefore, the aim of this 
study was to gain a better insight into molecular 
events that influence these cells’ functioning. We 
utilized a microarray approach to determine dif-
ferentially expressed genes in primary long-term in 
vitro culture of porcine OECs, with our results re-
vealing alteration in levels of 2533 transcripts. In 
this paper, we focused on 166 genes belonging to 

FIGURE 1 Heat map representation of differentially expressed genes belonging to the to “cellular response to oxidative 
stress”, “cellular response to oxygen-containing compound”, “cellular response to oxygen levels” and “cellular response 
to reactive oxygen species” GO BP terms. Arbitrary signal intensity acquired from microarray analysis is represented 
by colours (green, higher; red, lower expression). Log2 signal intensity values for any single gene were resized to Row 
Z-Score scale (from -2, the lowest expression to +2, the highest expression for single gene). The 20 genes selected to this 
publication was marked green for upregulation and red for downregulation
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GENE 
SYMBOL

RATIO 
D7/D1

RATIO 
D15/D1

RATIO 
D30/D1

ADJUSTED 
P.VALUE 
D7/D1

ADJUSTED 
P.VALUE 
D15/D1

ADJUSTED 
P.VALUE 
D30/D1

MEAN 
RATIO

AQP9 -4,009 -7,510 -69,247 2,57E-04 2,80E-05 5,88E-07 -26,922
MUC1 -4,154 -28,786 -47,147 4,67E-05 9,76E-07 2,44E-07 -26,695

EDNRB -2,719 -11,232 -53,971 7,06E-04 6,74E-06 4,60E-07 -22,641
IL24 -11,995 -16,079 -14,006 9,50E-06 3,21E-06 1,76E-06 -14,027

CYP24A1 -6,704 -3,398 -25,263 2,69E-05 1,36E-04 7,91E-07 -11,788
KLF4 -4,866 -11,123 -17,404 4,71E-05 3,93E-06 1,01E-06 -11,131
PIM1 -2,278 -7,702 -14,754 8,42E-04 7,24E-06 1,14E-06 -8,245
SNAI2 -5,442 -7,434 -7,688 4,11E-04 1,29E-04 7,85E-05 -6,854
LPAR1 -2,576 -3,932 -5,953 4,96E-03 6,50E-04 1,17E-04 -4,154
IRS1 -3,201 -4,110 -4,254 6,44E-05 1,52E-05 8,37E-06 -3,855

ABCA1 6,313 5,557 10,336 3,95E-05 3,12E-05 4,36E-06 7,402
TNC 6,573 8,352 8,773 1,83E-05 4,91E-06 2,42E-06 7,899

GAS6 4,336 9,495 16,755 1,66E-05 1,63E-06 2,93E-07 10,195
EPAS1 7,630 6,655 16,828 8,57E-06 5,17E-06 5,84E-07 10,371
MMP2 5,014 11,115 19,107 1,73E-05 1,68E-06 3,42E-07 11,745

COL5A2 5,878 20,359 24,539 7,45E-06 7,45E-07 2,31E-07 16,925
NOX4 11,056 21,128 32,071 4,90E-06 9,73E-07 2,31E-07 21,418
FBN1 3,692 27,547 62,849 1,51E-04 1,63E-06 3,07E-07 31,363
PRLR 8,169 22,945 73,134 7,45E-06 9,73E-07 2,31E-07 34,749

COL1A2 15,573 56,376 61,329 3,63E-06 7,45E-07 2,31E-07 44,426

TABLE 1 Gene symbols, fold change in expression ratio, Entrez gene IDs, corrected p values and mean value of fold change 
ratio of studied genes

FIGURE 2 The circle plot showing the differently expressed genes and z-score of  the “cellular response to oxidative 
stress”, “cellular response to oxygen-containing compound”, “cellular response to oxygen levels” and “cellular response 
to reactive oxygen species” GO BP terms. The outer circle shows a scatter plot for each term of the fold change of the 
assigned genes. Green circles display up- regulation and red ones down- regulation. The inner circle shows the z-score 
of each GO BP term. The width of the each bar corresponds to the number of genes within GO BP term and the color 
corresponds to the z-score
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four ontology groups: „cellular response to oxida-
tive stress”, “cellular response to oxygen-containing 
compound”, “cellular response to oxygen levels and 
cellular response to reactive oxygen species”.

The group of ten most downregulated genes in-
cludes: AQP9, MUC1, EDNRB, IL24, CYP24A1, KLF4, 
PIM1, SNAI2, LPAR1 and IRS1. AQP9 encodes aqua-
porin 9 and, in the course of this study, exhibited the 

FIGURE 3 The representation of the mutual relationship of differently expressed genes that belongs to 20 chosen genes 
from “cellular response to oxidative stress”, “cellular response to oxygen-containing compound”, “cellular response to 
oxygen levels” and “cellular response to reactive oxygen species” GO BP terms. The ribbons indicate which gene belongs 
to which categories. The middle circle represents logarithm from fold change (LogFC) between D7/D1, D15/D1 and D30/
D1 respectively. The color of each block corresponds to the LogFC of each gene (green – upregulated, red – downregula-
ted). The genes were sorted by logFC from most to least changed gene

FIGURE. 4 Heatmap showing the gene occurrence between chosen 20 differently expressed genes that belongs to “cellu-
lar response to oxidative stress”, “cellular response to oxygen-containing compound”, “cellular response to oxygen levels” 
and “cellular response to reactive oxygen species” GO BP terms. The yellow color is associated with gene occurrence in 
the GO Term. The intensity of the color is corresponding to amount of GO BP terms that each gene belongs to
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most significant decrease in expression. The family 
of aquaporins consists of membrane channels that 
are water-selective and enable water transport 
through the cell membrane. The presence of AQP9 

in porcine OECs has already been demonstrated 
by Skowronski et al., with its role in epithelial fluid 
movement in the oviduct suggested [9]. Subsequent 
studies conducted by the same author also revealed 

FIGURE 5 STRING-generated interaction occurrence between 20 chosen differently expressed genes that belongs to the 
“cellular response to oxidative stress”, “cellular response to oxygen-containing compound”, “cellular response to oxygen 
levels” and “cellular response to reactive oxygen species” GO BP terms. The intensity of the edges reflects the strength of 
interaction score

FIGURE 6 Functional interaction (FI) between 20 chosen differently expressed genes that belongs to the “cellular re-
sponse to oxidative stress”, “cellular response to oxygen-containing compound”, “cellular response to oxygen levels” and 
“cellular response to reactive oxygen species” GO BP terms. In following figure “->” stands for activating/catalyzing, “-|” 
for inhibition, “-” for FIs extracted from complexes or inputs, and “---” for predicted FIs
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that AQP9 expression reached the highest level on 
days 2-4 and 18-20 of the oestrous cycle, thus it is 
dependent on steroid hormone levels [10].

MUC1 encodes the transmembrane mucin 1, 
which is typically expressed on the apical borders of 
secretory epithelial cells. The study by Lin et al. in-
dicated its role in response to oxidative stress, since 
its expression is upregulated in such conditions 
[11]. MUC1 presence has been detected in human 
fallopian tube epithelium [12], whereas our results 
show its downregulation in porcine OECs after long 
term in vitro cultivation.

Another downregulated gene, EDNRB, encodes 
type B receptor for endothelin. Endothelins exert 
diverse functions throughout the organism, includ-
ing luteolysis, contraction of myometrium and the 
rupture of the follicle. EDNRB presence has been 
described in bovine oviductal epithelial cells and 
smooth muscle [13]. Yamamoto et al. have also sug-
gested this receptor’s involvement in oviductal mo-
tility. Apart from that, EDNRB is known to interact 
with LPAR1 (Fig. 5), encoded by another downreg-
ulated gene in this study. LPAR1 is a receptor for lys-
ophosphatidic acid (LPA) and is abundant in most 
human tissues. However, it reaches the highest level 
of expression in the brain [14]. Abovine study also 
revealed its presence in oviductal epithelial cells 
and the role of LPA in fertilization, as well as in gam-
ete and embryo transport through an influence on 
prostaglandin production [15].

IL24 encodes interleukin 24, a cytokine expressed 
in the tissues of immune system, such as the thy-
mus, spleen, peripheral blood leukocytes and mel-
anocytes, involved in immune regulation, wound 
healing and protection against bacterial infections. 
However, at supra-physiological levels, it exerts an-
ti-cancer properties, such as apoptosis induction, 
inhibition of invasion or autophagy [16]. Moreover, 
IL-24-mediated apoptosis is limited to cancer cells 
without affecting the normal ones, with this process 
dependent on ER stress induction and ROS produc-
tion [17]. Our team, on the other hand, observed a 
significant decrease in this gene’s expression after 
porcine OEC long term in vitro cultivation.

Another downregulated gene, CYP24A1, encodes 
an enzyme involved in catabolism of metabolically 
active vitamin D. Its expression has already been 
described in human OECs, both ciliated and secre-
tory. This protein’s level is cycle-dependent, which 
suggests a tight control of active vitamin D in the 
fallopian tube [18]. A study performed on human 
preeclamptic placentas also revealed a link between 
hypoxia and CYP24A1 upregulation. Therefore, oxi-
dative stress occurring during pregnancy may affect 
vitamin D metabolism and subsequently increase 
the risk of preeclampsia [19].

SNAI2 and KLF4,both belonging to zinc finger 
transcription factor family, showed a significant de-
crease in their expression after long term porcine 

OEC cultivation. SNAI2 belongs to an evolutionary 
conserved family of transcription factors and plays 
crucial role in mesoderm formation, embryonic de-
velopment and epithelial-mesenchymal transition 
(EMT). Apart from that, its overexpression has been 
linked to re-epithelialization [20]. Moreover, SNAI2 
expression is sensitive to hypoxia and oxidative 
stress and its downregulation has been associated 
with preeclampsia in humans and rats [21]. KLF4, 
on the other hand, is engaged in many cellular pro-
cesses, such as cell growth, proliferation and dif-
ferentiation and has been indicated as a negative 
regulator of cell growth in e.g. gut epithelium [22]. 
However, this is probably not the case in porcine 
OECs, since we observed its downregulation. KLF4 
is also known to induce apoptosis via transcription-
al activation of BAX and transcriptional repression 
of BCL-2 in the setting of oxidative stress in granu-
losa cells [23].

PIM1 encodes a serine/threonine protein ki-
nase engaged in hematopoietic development, with 
its overexpression occurring in many myeloid and 
lymphoid acute leukaemias [24]. However, it hasn’t 
been described in porcine OECs yet. Regarding ox-
idative stress, PIM1 is thought to be upregulated 
during transient stress and downregulated during 
chronic stress [25]. The last of ten most downregu-
lated genes, IRS1, encodes insulin receptor substrate 
1, which is phosphorylated after insulin binding to 
its receptor and participates in insulin signalling 
pathway [26]. Similarly to PIM1, its presence has 
not been observed in porcine OECs. However, it is 
expressed in all cell lineages of peri-implantation 
mouse embryo, suggesting its important role at this 
stage of development [27].

Apart from previously described downregulated 
genes, we have also observed a significant increase 
in several genes’ expression. In this paper we would 
like to focus on a group of ten most upregulated 
ones, which consist of: ABCA1, TNC, GAS6, EPAS1, 
MMP2, COL5A2, NOX4, FBN1, PRLR, COL1A2.

ABCA1, the most upregulated gene in our study, 
belongs to the family of ATP binding cassette trans-
porters. It is involved in cellular lipid removal path-
way via hydrolysation of ATP, which allows substrate 
transport across the cell membrane [28]. Apart from 
that, ABCA1 is also thought to participate in apoptot-
ic cell clearance by macrophages, with its expression 
occurring in variety of human tissues, such as placen-
ta, lung, liver or ovary. Therefore, its role is not limit-
ed to reproductive events [29].

In the course of this study we have also observed 
a significant increase in expression of alpha chains 
of two types of collagen, namely collagen I and V. 
Collagens are a group of proteins engaged in main-
taining the structural integrity of connective tissue 
and types I, III and V are usually co-expressed, with 
their level depending on the cell type [30]. Type I 
is mostly expressed in skin, bone, tendon and pla-
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centa, whereas little is known about the type V 
presence. Based on our results, as well as previous 
reports by other investigators, both COL5A2 and 
COL1A2 interact with each other (Fig. 5). A study 
conducted by Adrikopoulos et al. indicates that type 
V collagen is crucial in assembly of collagen mole-
cules into three-dimensional aggregates, since mice 
with a deletion of Col5a2 gene exhibited symptoms 
of disorganized type I collagen fibrils [31].

The results obtained in this study indicate that 
both COL5A2 and COL1A2 interact with FBN1 and 
MMP2 (Fig. 5), which were also upregulated in por-
cine OECs after long term cultivation. FBN1 encodes 
fibrillin 1, which is another protein distributed in 
the connective tissue, especially in skin, lung, carti-
lage and tendon. It participates in extracellular mi-
crofibril formation [32]. Since it is well established 
that these genes’ mutations underlie the Marfan 
syndrome, it is obvious that FBN1 exerts widespread 
functions in the organism. Fibrillin 1 is also known to 
interact with previously mentioned matrix metallo-
proteinase 2, which is involved in extracellular ma-
trix degradation, especially that of type IV collagen – 
a major component of the basement membrane [33]. 
Apart from that, MMP2 is thought to be involved in 
Mullerian duct regression and male sexual differen-
tiation, since it acts downstream of AMH (Anti-Mul-
lerian Hormone) and is elevated in male Mullerian 
duct mesenchyme [34].  Moreover, a study by Wu et 
al. indicated that MMP2 is expressed in most of the 
benign and malignant epithelial ovarian tumours 
and that activated MMP2 may serve as a potential 
prognostic marker in epithelial ovarian carcinoma 
[33]. In regards to oxidative stress, a study on hepatic 
stellate cells revealed that hypoxia enhances  MMP2 
expression [35] and we conclude that it may also be 
the case in long-cultured porcine OECs.

Earlier mentioned FBN1 is also known to interact 
with another two proteins upregulated in this study, 
namely GAS6 and TNC, which interact with each oth-
er as well (Fig. 5). GAS6 (growth arrest-specific 6) 
serves as a ligand for AXL receptor tyrosine kinase, 
activation of which may lead to cell proliferation 
stimulation [36]. Besides, GAS6 supports platelet 
macroaggregate formation, with loss of this protein 
protecting mice against pathological thrombosis, 
as reported by Angelillo-Scherrer et al. [37]. TNC 
encodes tenascin C, an extracellular matrix protein 
typically expressed in tendons and smooth muscle 
in the adult, as well as in developing cartilage and 
bone of embryos [38]. Tenascin C has also been re-
ported to participate in mammalian spinal cord de-
velopment, as it is involved in gliogenic neural pre-
cursor cells maturation [39]. Although both GAS6 
and TNC are not typically involved in reproductive 
events, their upregulation after long term OEC cul-
tivation may indicate these cells’ differentiation and 
changing phenotype.

Another upregulated gene was EPAS1, which en-
codes a HIF2A transcription factor, regulating gene 
expression under hypoxic conditions. The study 
conducted by Tian et al. indicates that EPAS1 plays 
an important role in endothelial cell differentiation, 
since it is expressed mostly in highly vascularized 
tissues of adult humans and in endothelial cells of 
the embryonic and adult mouse [40]. We have also 
observed a significant increase in NOX4 expression, 
which encodes the NAD(P)H oxidase responsible for 
reactive oxygen species production. NOX4 is highly 
expressed in the proximal tubules of renal cortex 
and has been implicated in oxygen sensing and ox-
ygen-dependent gene expression regulation in kid-
neys [41]. Similarly to EPAS1, NOX4 is abundant in 
endothelial cells, with serum removal increasing its 
expression, resulting in suppression of cell prolifer-
ation, as demonstrated by Ago et al. Therefore its 
involvement in endothelial cell growth and surviv-
al has been suggested [42]. It appears that the two 
aforementioned proteins may be involved in oxygen 
metabolism in porcine oviductal epithelial cells.

The last of the ten most upregulated genes in our 
study, PRLR, encodes the prolactin receptor, main-
ly involved in the stimulation of mammary gland 
development during pregnancy and lactation reg-
ulation. PRLR plays crucial role in mammalian re-
production and is expressed in a variety of tissues, 
including oviductal epithelium in humans and mice 
[43]. Ormandy et al. demonstrated that mice carry-
ing a germ-line null mutation of PRLR exhibited ir-
regular cycles, reduced fertilization rates, defective 
preimplantation embryo development and failure 
of embryonic implantation. The failure of embryo 
development in the oviduct possibly occurred due 
to the fact that prolactin stimulates early pregnancy 
factor (EPF) production and the lack of PRLR results 
in adverse environment for an embryo [44].

Summing up, our current results revealed a set of 
genes differentially expressed during porcine OECs 
long term in vitro cultivation. These genes were as-
signed to four ontology groups involved in oxygen 
metabolism, which is crucial for female fertility and 
proper embryo development. Our findings provide 
a valuable insight into porcine reproductive biology 
and may be utilized in optimization of assisted re-
productive techniques.
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